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RÉSUMÉ 

 

Les rayonnements UV ont une grande influence sur tous les systèmes biologiques connus 

et sont considérés comme un des obstacles majeurs à la dispersion de la vie. Dans l’espace, le 

spectre solaire complet comprend les rayonnements UV-A (315-365 nm), UV-B (280-315 nm), 

ainsi que les très énergétiques UV-C (200-280 nm) et VUV (<200 nm). Contrairement à 

aujourd’hui où la Terre est protégée des VUV et UV-C par la couche d’ozone situé dans la 

stratosphère, la vie sur Terre à ses débuts a probablement du faire face à ce rayonnement solaire 

nuisible hautement énergétique. Afin de comprendre la résistance de l’ADN face aux UV, nous 

avons étudié les propriétés d’absorption de l’ADN et de ses composants (nucléotides). Pour les 

organismes, un des moyens pour résister au rayonnement est la biosynthèse d’écrans UV. En 

mesurant, le spectre d’absorption VUV-UV, nous avons estimé les capacités de protection 

d’omniprésents écrans UV supposés (protéines, acides aminés, polyamines, tyramine et 

nucléotides dont ATP) et d’autres spécialisés issus d’organismes provenant de différents groupes 

phylogénétiques (acides aminés de type mycosporine (MAA), scytonemin, caroténoïdes, 

mélanines et flavonoïdes). Les flavonoïdes, composés phénoliques des plantes, apparaissent 

comme les protecteurs anti-UV les plus efficaces pour l’ADN. Ces flavonoïdes sont présents en 

grande concentration dans les graines de plantes. Ce rôle protecteur des flavonoïdes contre les 

UV a été confirmé par des expériences in vivo utilisant des graines d’Arabidopsis thaliana. Ces 

expériences ont permis de quantifier l’exceptionnelle résistance de ces graines au rayonnement 

monochromatique UV-C254 (jusqu’à 6 x 105 kJm-2), et au rayonnement solaire simulé 

polychromatique UV200-400 (1.5 x 105 kJm-2) dans des conditions reproduisant le vide spatial et 

l’atmosphère de Mars simulée. Afin d’évaluer plus avant la résistance des graines au spectre 

solaire complet et de vérifier la plausibilité de la théorie de la panspermie, nous avons préparé 

des échantillons pour les deux missions spatiales EXPOSE menées à l’extérieur de la Station 

Spatiale Internationale (ISS). 

 

 

Mots clés: Résistance aux UV, écrans UV, spectroscopie d’absorption VUV-UV, graines de 
plantes, flavonoïdes, esters sinapiques, espace, origine de la vie, Station Spatiale 
Internationale (ISS) 
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ABSTRACT 

 

Ultraviolet (UV) radiation has a strong impact on all known biological systems and it is 

considered as one of the main limitation factors for dispersal of life on Earth and beyond. In 

space, the full solar spectrum can be encountered, including the UV-A (315-365 nm), the UV-B 

(280-315 nm), and highly energetic UV-C (200-280 nm) and the VUV (<200 nm). Neither VUV 

nor UV-C reaches the surface of the present-day Earth, thanks to filtration by the stratospheric 

ozone layer. However, life on the early Earth had probably to cope with damaging short-

wavelength solar UV. In an effort to better understand the UV viability of DNA, we studied 

VUV-UV absorption properties of DNA and its components (nucleotides). One of the strategies 

for resisting UV radiation is a biosynthesis of UV screens. By measuring VUV-UV absorption 

spectra, we estimated the protection capacities for some ubiquitous potential UV screens 

(proteins, amino acids, polyamines, tyramine and nucleotides, including ATP), as well as 

specialized UV screens, isolated from phylogenetically distinct groups of organisms 

(mycosporine-like amino acids (MAA), scytonemin, carotenoids, melanins and flavonoids). 

Flavonoids, the phenolic compounds in plants, seemed the best suited to provide efficient UV 

screening protection to DNA. Flavonoids accumulate in high concentration in plant seeds. The 

UV protective role of flavonoids was demonstrated in experiments in vivo, using Arabidopsis 

thaliana seeds, which exhibited exceptionally high resistance to monochromatic UV-C254 (up to 

6 x 105 kJm-2), and simulated solar polychromatic UV200-400 (1.5 x 105 kJm-2) under simulated 

space vacuum and simulated Mars CO2 atmosphere. In order to further evaluate the resistance of 

seeds to the full spectrum of solar light and to test the plausibility of panspermia theory, we 

prepared the experiments for space missions EXPOSE carried out on the exterior of the 

International Space Station (ISS). 

 

 

Key words: UV resistance, UV screens, VUV-UV absorption spectroscopy, plant seeds, 
flavonoids, sinapate esters, space, origins of life, International Space Station (ISS) 
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ESA European Space Agency 

EuTEF European Technology Exposure 
Facility 

eV electronvolt (∼1.602×10−19 J) 

EVA Extravehicular Activity 

EVT Experiment Verification Tests  

F10 10% survival rate, equivalent for 
LD90  
(see below) 

FADH- Two-electron-reduced flavin adenine 
dinucleotide 

fah1-2 Ferulate-5-hydroxilase nontransgenic 
mutant of the plant Arabidopsis 
thaliana (formerly named sin1-2) 

Fe(II) Ferrous iron 

Fe(III) Ferric iron 

F5H Ferulate-5-hydroxilase, a key enzyme 
in biosynthesis of sinapate esters 

fw Fresh weight 

Ga Giga annum (billion years) 

GAs Gibberellins (type of phyt hormones) 

Gmax% Maximal germination percentage 
(germination capacity) 

G+C content Total percentage of guanine and 
cytosine nucleic bases in DNA 

GCR Galactic Cosmic Radiation 
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GMOs Genetically modified organisms 

HAI Hours after imbibition 

HPF Hydroxyphenyl fluorescein 
(fluorescent probe for ROS detection) 

HPLC High Performance Liquid 
Chromatography 

HZE High charge (z) and Energy particles 

ISA Institute for Storage Ring Facilities, 
University of Aarhus, Denmark 

ISS International Space Station 

ISTA International Seed Testing 
Association 

I-Glu-Rha Isorhamnetin-glucoside-rhamnoside 

IR Infrared radiation 

I-Rha-Rha Isorhamnetin-di-rhamnoside 

K-Glu-Rha Kaempferol-3-O-glucoside-7-O-
rhamnoside 

K-Rha Kaempferol-rhamnoside 

K-Rha-Rha Kaempferol-3,7-di-O-rhamnoside 

LB Luria-Bertani medium 

LC-MS Liquid Chromatography coupled with 
Mass Spectrometry 

LD90 Lethal dose that kills 90% of the 
population (cells, spores or 
individuals), equivalent for F10 (see 
above) 

LD50 Lethal dose that kills 50% of the 
population (cells, spores or 
individuals) 

LDEF Long Duration Expose Facility 

LEA proteins Late embryogenesis abundant 
proteins 

LEO Low Earth Orbit 

Ler-0 Landsberg erecta ecotype of the plant 
Arabidopsis thaliana  

LET Linear Energy Transfer 

[M]+ In mass spectrometry, molecular ions, 
detectable in positive ionization mode 

MAAs Mycosporine-like amino acids 

MeOH Methanol 

MgF2 window  An optical filter made of magnesium 
fluoride 

MGT Mean germination time 

[M+H]+ In mass spectrometry, protonated 
molecular ions, detectable in positive 
ionization mode 

[M+Na]+ In mass spectrometry, sodium adduct 
ions, detectable in positive ionization 
mode 

[M-H]- In mass spectrometry, deprotonated 
molecular ions, detectable in negative 
ionization mode 

monoA/G/T/C  
Mononucleotides containing one of the 
nucleic bases, 
adenine/guanine/thymine/cytosine 

MS Mass Spectrometry 

MS-MS Tandem Mass Spectrometry, involves 
multiple steps fragmentation and 
analysis of daughter ions  

8-MSOO 8-Methylsulfinyloctyl glucosinolate 
(glucohirsutin) 

3-MSOP 3-Methylsulfinylpropyl glucosinolate 
(glucoiberin) 

8-MTO 8-Metylthiooctyl glucosinolate 

Mw Molecular weight 

m/z In mass spectrometry, mass (m)-to-
charge (z) ratio of analyzed charged 
particles (ions) 

NADH Nicotinamide adenine dinucleotide 
(reduced form) 

NASA National Aeronautics and Space 
Administration 

NER Nucleotide excision repair  
(DNA repair mechanism) 

nptII Bacterial kanamycin resistance gene  

O2 Molecular oxygen 

O3 Ozone 

OD Optical density 

OD560 Optical density measured at 560 nm 

oligoA20/G20/T20/C20  
Homooligonucleotides, the short 
tracts of single-stranded DNA 
composed of 20 identical nucleotides 
carrying one of the nucleic bases, 
adenine/guanine/thymine/cytosine 

oligoA+oligoT Mixture of two complementary 
homooligonucleotides, oligoA20 and 
oligoT20 (see above) 

oligoG+oligoC Mixture of two complementary 
homooligonucleotides, oligoG20 and 
oligoC20 (see above) 

PAs Proanthocyanidins  
(also called condensed tannins) 

PAL Present Atmospheric Level 

PAR Photosynthetically Active Radiation 
(λ = 400-700 nm) 
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PCR Polymerase Chain Reaction, a 
technique in molecular biology to 
amplify a fragment of DNA  

(6-4) photoproducts  
Pyrimidine (6-4) pyrimidinone 
dimers (type of DNA lesions) 

POD Peroxidase 

PR Photoreactivation  
(DNA repair mechanisms) 

PS I and II Photosystem I and II, protein 
complexes involved in 
photosynthesis 

Q-Glu Quercetin-3-O-glucoside 

Q-Glu-Rha Quercetin-glucoside-rhamnoside 

Q-Rha-Rha Quercetin-di-rhamnoside 

Q-Rha Quercetin-3-O-rhamnoside  
(also called quercitrin) 

rcf Relative centrifugal force 

RFOs Raffinose family oligosaccharides 
(e.g. raffinose, stachylose, verbascose 
etc.) 

RNA Ribonucleic acid 

ROS Reactive oxygen species 

RT In chromatography, retention time 

SCR Solar Cosmic Radiation 

Sinapoyl-Ch Sinapoylcholine 

di-Sinapoyl-Glu di-Sinapoylglucose 

Sinapoyl-Glu Sinapoylglucose 

Sinapoyl-Me Methyl-containing sinapate ester 

SOD Superoxide dismutase 

SPs Spore photoproduct  
(type of DNA lesion) 

SPEs Solar Particle Events 

ss break DNA single strand break 

SSM Schaeffer’ Sporulation Medium 

T% Transmittance 

T50% Time necessary for seeds reaching 50% 
of maximum germination (median of 
germination time course) 

T25-75% Time period for seeds reaching from 
25% to 75% of maximum germination 
(measure for germination uniformity) 

T-DNA Transfer DNA, used in 
Agrobacterium-mediated genetic 
transformation of plants 

TC Pyrimidine dimer between two 
neighbouring thymidine and cytidine 
nucleic bases (type of DNA lesion) 

TT Pyrimidine dimer between two 
adjacent thymidine nucleic bases 
(type of DNA lesion) 

tt4-1 Transparent testa 4-1 nontransgenic 
mutant of the plant Arabidopsis 
thaliana 

tt4-8 Transparent testa 4-8 transgenic mutant 
of the plant Arabidopsis thaliana 

TZ test Tetrazolium (salt) test 

u Unified atomic mass unit (synonym of 
atomic mass unit, amu) 

UV Ultraviolet radiation  

UV200-400 Polychromatic ultraviolet radiation  
(λ = 200-400 nm) 

UV-A Ultraviolet radiation  
(λ = 315 -365 nm) 

UV-A365  Monochromatic ultraviolet radiation  
(λ = 365 nm) 

UV-B Ultraviolet radiation  
(λ = 280 -315 nm) 

UV-B312 Monochromatic ultraviolet radiation  
(λ = 312 nm) 

UV-B+UV-A Ultraviolet light composed of  
∼ 8% UV-B312 and ∼ 2% UV-A365 
light 

UV-C Ultraviolet radiation  
(λ = 200 -280 nm) 

UV-C254 Monochromatic ultraviolet radiation 
 (λ = 254 nm) 

UV-C+(UV-B+UV-A) 
 Quasi-monochromatic UV-C light , 
composed of ∼ 90% UV-C254 and ∼ 
10% of combined UV-B312+ UV-A365 
light (see above) 

% (v/v) Percent volume per volume (volume 
percent) 

UV-VIS spectrum 
 In the present work, spectrum 
measured in the wavelength range 
200-700 nm 

VIS Visible light (λ = 390 -750 nm for 
human eye) 

VUV Vacuum ultraviolet radiation  
(λ < 200 nm) 

VUV-UV spectrum 
 In the present work, spectrum 
measured in the wavelength range 
125-340 nm 

Ws-2 Wassilevskija ecotype of the plant 
Arabidopsis thaliana 
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% (w/v)  Weight in volume percentage 

% (w/w) Weight in weight percentage (mass 
percentage) 

z Charge of an ion 

α In statistics, the level of significance 
(critical p-value) 

λ Wavelength of electromagnetic 
radiation 

λmin In spectroscopy, the wavelength of 
minimum absorbance 

λmax In spectroscopy, the wavelength of 
maximum absorbance 

ψw Water potential 
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1. SCOPE AND OBJECTIVES OF THE THESIS 

 

The space environment has been considered as extremely hostile to all forms of life. The 

chances for survival of an organism are determined by its ability to withstand the deleterious 

conditions of space, including highly energetic electromagnetic radiation (UV, X and  

γ radiation), cosmic rays, temperature extremes, high space vacuum and microgravity. The 

complete spectrum of solar UV radiation is known as one of the most deleterious factors of space 

environment due to its highly damaging effects on DNA (Horneck, 1993; Nicholson et al., 2000; 

Horneck et al., 2001). However, some organisms on Earth have developed strategies of survival 

in extreme conditions. Spore-forming bacteria, such as the bacterium Bacillus subtilis, are 

considered as extremely resistant life forms because of their ability to withstand various harsh 

physical and chemical conditions (Nicholson et al., 2000). Past research has therefore mainly 

focussed on bacterial spores as terrestrial models for biotic propagators of life in space (Bücker 

et al., 1974; Horneck et al., 1984a; Horneck, 1993; Horneck et al., 1995). Horneck et al. (1994) 

reported that a considerable percentage of Bacillus subtilis spores remained viable after nearly 6 

years of exposure to space environment. However, without efficient UV-protective shield, 

bacterial spores were killed within a few seconds of exposure to open space (Horneck et al., 

1984b; Horneck et al., 2001; Rettberg et al., 2002). Tepfer and Leach (2006) proposed that plant 

seeds should also be considered as model vehicles for the transfer of life through space. Seeds 

evolved on Earth to conserve the species and their genomes during prolonged periods of stress. 

Seed anatomy and chemistry are adapted to protect the embryo from harsh environmental 

conditions. Seeds are resistant to heat, extreme cold and desiccation. Some plant seeds have 

remained viable on Earth after more than 1200 years, and some seeds were capable of 

germinating even after 2000 years (Shen-Miller et al., 2002; Sallon et al., 2008).  

 

The aim of the present work was to test the resistance of plant seeds to conditions 

encountered in space, particularly to highly deleterious UV radiation, and to prepare the samples, 

pre-flight experimental procedures and post-flight analysis for the EXPOSE space missions, 

supported by the European Space Agency (ESA). The EXPOSE/ SEEDS space experiments are 

carried out on the exterior of the International Space Station (ISS), where the samples (dry plant 

seeds, DNA and UV screening compounds) are exposed to conditions of open space 

environment, including highly energetic solar UV light for about 1.5 years.  

 

The seeds of the Arabidopsis thaliana plant were chosen as an experimental model in our 

experiments due to several reasons. Above all, it is their remarkably small size (< 500 µm) that 

enabled the preparation of relatively large number of seeds per limited exposure surface of the 
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sample carriers used in EXPOSE experiments. Secondly, Arabidopsis plants have a short life 

cycle and high reproductive capacity, making feasible the study of the entire cycle of plant 

development and enabling production of large quantities of seeds in a relatively short time 

period. Due to its small genome that has been entirely sequenced, Arabidopsis represents a 

model plant in molecular biology and plant genetics, which enables the production of a large 

collection of mutants that lack one or more selected chemical compounds. Such mutant 

Arabidopsis seeds that lack UV screening compounds were used in our EXPOSE experiments. In 

addition, Arabidopsis seeds have been already used in previous space experiments studying 

microgravity, and particularly the effects of cosmic radiation (Kranz et al., 1990; Gartenbach et 

al., 1994; Zimmermann et al., 1996; Link et al., 2003). Yet, the full spectrum solar UV radiation 

and its impacts on plant seeds have received little attention in past space studies. In past few 

decades, several radiobiological experiments have been carried out in open space, where plant 

seeds were exposed only to cosmic radiation or in combination with space vacuum (Annex A-1). 

So far, only one study has been reported regarding a 13-day in situ exposure of Arabidopsis 

seeds to complete space conditions, including the full spectrum of solar UV light. Unfortunately, 

UV doses were not recorded during these experiments (Anikeeva et al., 1990). In the literature, 

even less attention was paid to the effects of highly energetic UV-C and VUV part of spectrum 

on plant seeds, since this part of the solar spectrum does not reach the surface of present-day 

Earth thanks to the stratospheric ozone layer. However, due to the high absorption of DNA in 

this part of the spectrum, VUV and UV-C are considered particularly damaging for all 

organisms. These highly energetic UV wavelengths can be encountered in space and 

extraterrestrial environments (e.g. Mars and Moon). In the early history of the Earth, highly 

energetic UV light was likely one of the most limiting factors for the life emergence and its 

evolution.  
 
Following the general introduction chapter, which reviews the issues related to the 

EXPOSE experiments, astrobiology context of the origins of life, evolution and possibilities for 

its distribution, as well as those related to the structure, physiology and chemistry of plant seeds, 

this thesis is organized in two main parts: (1) the chemical basis of UV protection and (2) the 

biological study of UV resistance in Arabidopsis seeds. 
 
The aim of the first part of this work was to provide better understanding of the chemical 

basis of UV resistance, which is attained through a UV screening strategy. Since DNA is a 

strong chromophore for UV light, we aimed to better understand the UV viability of DNA by 

studying the VUV-UV absorption spectra of DNA and its components (nucleotides). We 

attempted to determine whether the UV absorption characteristics of DNA depend on the overall 

base composition and its nucleotide sequence. The UV screens have the function of absorbing 



Chapter 1 INTRODUCTION 3 

 

the incident photons and dissipating their energy away from the DNA target, thus protecting 

DNA from damage. The screening effect should be maximal at wavelengths of maximal 

absorption. In this study we measured the VUV-UV absorption spectra of different putative and 

known specialized UV screens (mycosporine-like amino acids, scytonemin, β-carotene, melanin 

and flavonoids) that are specific for phylogenetically distinct groups of organisms. Comparing 

these absorption spectra to that of DNA, we evaluated the likely effectiveness of these natural 

substances to protect DNA from unfiltered solar UV light. In order to better understand a 

remarkably high UV resistance of plant seeds, which is elaborated in the second part of this 

thesis, we purified and identified the chemical substances that act as efficient UV screens in 

Arabidopsis seeds. We measured their UV absorption spectra using conventional and VUV-UV 

absorption spectroscopy, and we compared these spectra to that of DNA. Moreover, we 

identified a flavonoid compound, which is an abundant secondary metabolite in Arabidopsis 

seeds that likely provides the major screening protection against UV radiation. 
 
The aim of the second part of this thesis was to simulate in the laboratory the conditions of 

the highly energetic UV radiation environment that is encountered in space and to study the 

resistance of Arabidopsis thaliana seeds exposed to these simulated conditions in order to predict 

their survivability after 1.5 years of space mission. In this regard, it was necessary to determine 

the upper limits for survival of Arabidopsis thaliana seeds exposed to monochromatic UV-C254 

light, as well as simulated solar polychromatic UV200-400 radiation, with fluences high enough to 

be compared to those after 1.5 years of mission in space. The UV response of Arabidopsis seeds 

was compared to that of Bacillus subtilis spores, which is used as an extremely resistant 

terrestrial model for studying the feasibility of interplanetary transfer of life. Besides germination 

as the first indicator for viability and seed damage, other biological endpoints induced by UV 

radiation were also studied during the course of plant development, from the early seedling stage 

up to the stage of mature plants. In order to determine in vivo the UV-protection capacity of the 

main plant UV screening compounds (flavonoids and sinapate esters), it was further necessary to 

study the resistance of mutant seeds that are deficient in these compounds. Since previous space 

and laboratory experiments indicated that the damaging effects of UV radiation may be increased 

by simultaneous exposure to space vacuum (Horneck et al., 1984b; Weber and Greenberg, 1985), 

it was further important to determine the resistance of Arabidopsis seeds exposed to the 

combined effects of simulated solar polychromatic UV200-400 radiation and simulated space 

vacuum. Although the effects of other parameters of space environment were not a direct focus 

of this work, we have performed some preliminary simulation experiments on resistance of plant 

seeds exposed to extremely low and high temperatures, as well as accelerated proton particles, 

which represent a dominant component of cosmic radiation. A brief discussion on the effects of 

the other space parameters is included in the annex to this thesis. 
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2. EXPOSE: SPACE EXPERIMENT ONBOARD THE INTERNATIONAL 

SPACE STATION (ISS) 

 

Space technology has developed particular means for transporting terrestrial organic and 

biological material beyond the protective cover of the Earth’s atmosphere, thus providing a 

unique opportunity for studying their responses to conditions encountered in the space 

environment (see Annex A-1). Such studies aim to provide better understanding of processes 

and phenomena pertinent to astrobiology, such as the impact of UV radiation in the early 

evolution of life on Earth, the relevance of extraterrestrial organic matter to the emergence of life 

on Earth or any other planet, and the chances and limits for life to be transported from one planet 

to another (Horneck, 1999).  

 

Derived from the earlier concepts of exposure facilities flown aboard the free flying 

carriers (e.g. ERA on EURECA and BIOPAN on Foton), the European Space Agency (ESA) has 

developed a new multi-user exposure facility, EXPOSE, designed to be attached to the exterior 

of the International Space Station (ISS), and supporting long-duration (1-1.5 years) exposure 

experiments under conditions of free space or selected space parameters (Horneck, 1999). The 

EXPOSE facility hosts astrobiology experiments prepared by scientists from various European 

and other research laboratories (Table 1 and Table 2) (Rabbow et al., 2009). Among selected 

experiments, EXPOSE comprises different photochemical, photobiological and radiobiological 

studies, using biological samples as diverse as bacterial cells and spores, archaea, cyanobacteria, 

algae, fungi, lichens and plant seeds, as well as chemical samples, such as DNA, UV screening 

organic compounds, amino acids, polycyclic aromatic hydrocarbons (PAHs), and other organics 

of prebiotic relevance. The biology experiments use the full extraterrestrial spectrum of solar UV 

radiation and suitable cut-off filters to study the role of the ozone layer in protecting our 

biosphere, as well as the likelihood of resistant terrestrial life forms to survive in outer space. 

The latter has relevance to testing the feasibility of the panspermia hypothesis (see section 3.1.2) 

and it provides basic data to planetary protection issues e.g. by determining the upper limits for 

survival of terrestrial life forms that might contaminate planetary bodies (e. g. Mars) as a result 

of human space exploration activity. To get better insight into the habitability of Mars, one set of 

samples has been assigned for exposure to simulated Martian conditions (extraterrestrial UV 

radiation and simulated Martian atmosphere and pressure), while flown in space. The chemical 

set of experiments is designed to reach a better understanding of the role of interstellar, cometary 

and planetary chemistry in the origin of life (Horneck et al., 2000; Rabbow et al., 2009).  
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The EXPOSE facility hardware is composed of three experiment trays, each one 

containing four square sample carriers, of which some are sealed, thus allowing the samples to 

be kept under selected atmosphere and pressure during space exposure experiments, while other 

sample carriers are vented via a venting system integrated in the tray, enabling the samples an 

access to the space vacuum. Each sample carrier is composed of at least two layers: one top 

sample holder for UV exposure of the samples and underneath one or two carriers that 

accommodated the dark control samples. The sample carriers contain a number of the samples 

cells, which depending on the type of experiment differ in their number and geometry. The 

sample cells were loaded with different biological and chemical samples, which were covered by 

optical windows (MgF2 or quartz) and filters for wavelength selection and/ or attenuation of 

solar UV radiation. The EXPOSE facility is equipped with various sensors, including pressure 

sensors, six temperature sensors attached to the three trays, four broad band UV sensors (220-

380 nm) located at the four corners of the facility and one passive radiation dosimeter for 

measuring ionizing radiation. In addition, the instruments integrated into the R3D compartment 

provide on-line data on UV-A, UV-B, UV-C and visible solar radiation, as well as ionizing 

radiation, measured by one active radiation dosimeter. The EXPOSE facility also accommodates 

an electronic unit for data acquisition, ground telemetry and telecommanding (Baglioni et al., 

2007; Rabbow et al., 2009).  

 

Parallel to the space flight experiments, there is another set of experiments, called the 

mission ground reference experiment, which runs in the Planetary and Space Simulation 

Facilities at the German Aerospace Center (DLR), Institute of Aerospace Medicine and Cologne 

(Fig. 1). For these ground experiments, identical biological and chemical samples were prepared 

in the same way as the samples for the space experiments, using the same EXPOSE hardware 

(carriers and trays). According to the data on solar UV radiation, temperature and vacuum, 

acquired in the space, the ground control samples are exposed to simulated space conditions at 

DLR (Horneck et al., 2000; Rabbow et al., 2009). Since the ionizing radiation in space has a very 

complex nature (for details see sections 3.2.1.1 and 3.2.2), hence difficult to simulate in the 

laboratory, the ground experiments serve as a negative control for the effects of cosmic radiation 

on samples exposed in space (Fig. 1).  
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Two astrobiological experiments, EXPOSE-E and EXPOSE-R, using two separate 

EXPOSE facilities have been successfully prepared and launched to the ISS for exposure in LEO 

(Low Earth Orbit) up to 1.5 years. EXPOSE-E was installed as part of the European Technology 

Exposure Facility (EuTEF) on one of the external platforms of the European Columbus module 

of the ISS. EXPOSE-R that is currently running in space was installed on the external URM-D 

platform of the Russian Zvezda module of the ISS (Fig. 2). 

 

 

 
 

Fig. 1. Schematic representation of the experimental design for EXPOSE mission. Two sets of experiments were 
performed in parallel: the space flight experiment carried out at the ISS (Photo: NASA) and the mission ground 
reference experiment performed in the Planetary and Space Simulation Facilities at the German Aerospace Center 
(DLR), Institute of Aerospace Medicine, Cologne (Photo: DLR). The effects of four parameters of the space 
environment were studied: the solar polychromatic UV radiation, cosmic radiation, space vacuum and temperature 
oscillations. Samples were loaded in two stacked carriers; upper carrier contained the samples exposed to UV light, 
while samples in lower carrier were shaded from sunlight and served as a negative control for UV light (dark 
control). The samples from the mission ground reference experiment served as negative control for cosmic radiation.  

 



Chapter 1 INTRODUCTION 7 

 

 
Fig. 2. The International Space Station (ISS) as seen in 2008 (Photo credits NASA) (A) and schematic 
representations of the Russian module Zvezda (Image: RSC Energia) (B) and European space laboratory Columbus 
(Photo: ESA) (C). Two astrobiological experiments carried out onboard the ISS: the EXPOSE-E was integrated into 
the EuTEF facility that was attached outside the ISS on the starboard cone of the Columbus module (C and close up 
view in D, Image: CNES) and EXSPOSE-R installed on the URM-D platform outside the Zvezda segment (B). The 
arrows show the places of attachment of the EuTEF and URM-D platforms, carrying the EXPOSE-E and EXPOSE-
R facilities, respectively. 
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2.1. EXPOSE-E mission: SEEDS experiment 

 

The selected EXPOSE-E experiments consist of five astrobiological experiments, which 

includes four biological experiments (ADAPT, PROTECT, LIFE and SEEDS) and one organic 

chemistry experiment (PROCESS). In addition, the experiments related to radiation dosimentry 

(R3D, DOSIS & DOBIES) are also included in the EXPOSE-E mission (Table 1) (Rabbow et 

al., 2009). 

 

Table 1. List of experiments in the EXPOSE-E mission (adapted from Rabbow et al., 2009). 
 

Experiment Topic of research Laboratory 

ADAPT 
To study molecular adaptation strategies of 
microorganisms to different space and planetary UV 
climate conditions 

P. Rettberg et al. (DE) 

PROTECT To determine the resistance of spacecraft isolates to outer 
space for planetary protection purposes G. Horneck et al. (DE) 

LIFE To study the resistance of lichens and lithic fungi to 
space conditions S. Onofri et al. (IT) 

SEEDS To test plant seeds as a terrestrial model for panspermia 
vehicle and as a source of universal UV screens D. Tepfer et al. (FR) 

PROCESS To study photochemical organic chemistry relevant to 
comets, meteorites, Mars and Titan H. Cottin et al. (FR) 

R3D Active radiation dosimetry (VIS, UV-A, UV-B, UV-C ; 
LET spectra of cosmic radiation) D-P. Häder et al. (DE) 

DOSIS/ 
DOBIES Passive radiation dosimetry at the sample sites 

G. Reitz et al. (DE) 

F. Vanhavere et al. (BE) 
 

Since the present work was in the context of the preparation of the SEEDS experiment for 

the EXPOSE-E mission, the design of SEEDS carriers and sample preparation, as well as the 

space mission protocol are briefly described here below. 

 

The aim of the EXPOSE-E/ SEEDS experiment was to determine whether dry plant seeds 

are capable of surviving long periods under harsh conditions of the space environment, including 

high vacuum, full spectrum of solar UV radiation, cosmic radiation and temperature variations. 

The results will provide more information concerning the possibility for extreme forms of 

terrestrial life, such as plant seeds, to be transported from one planet to the other and for their 

survival in possible extraterrestrial environments e.g. Mars (Tepfer and Leach, 2006). In 

addition, these experiments aim to determine the chemical stability of known UV screening 

molecules after exposure to the high flux of the full spectrum of solar radiation. The SEEDS 
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experiment consisted of two sets of experiments: the flight experiments and the mission ground 

reference experiments. Each of these two sets comprised the UV exposed samples in the upper 

sample carrier and the dark control samples in the lower sample carrier (Fig. 1 and Fig. 3A). The 

SEEDS experiment included 36 samples per each carrier (Fig. 3B), of which were two lines of 

Nicotiana tabacum (tobacco) seeds and six lines of Arabidopsis thaliana seeds, including 

mutants that lack UV-screening compounds (flavonoids and sinapate esters), as well as a mutant 

with increased seeds flavonoid content that was prepared in our laboratory (Chaudhuri et al., 

2009`, see Article 4 in chapter 9). Dry plant seeds were deposited in monolayers into small 

square cells (9.5 x 9.5 mm), each covered separately by a small MgF2 window. Seed monolayers 

were sandwiched between small metal plates and MgF2 windows and they were held in place by 

the pressure of springs placed beneath the metal plates (Fig. 3C). For details about the design of 

SEEDS sample cells and carriers see the technical drawings presented in Annex B-1, B-2 and B-

3. Beside dry seeds, the SEEDS experiment also included chemical samples, such as purified, 

naked DNA and known UV screening compounds (flavonoids, scytonemin and melanin), which 

were dried onto MgF2 windows inside the sample cells Fig. 3B). No other cut-off or neutral 

density optical filter was used in the SEEDS experiment. All samples had free access to the 

space vacuum. 

 

Loaded EXPOSE-E carriers were first integrated into experiment trays at the DLR. They 

were than transported to NASA’s Kennedy Space Center (KSC) in Florida, USA. At the KSC, 

the EXPOSE-E facility was integrated into the EuTEF platform, which in addition to EXPOSE, 

also carried several other European experiment facilities (Fig. 4). On February 7, 2008, the 

Atlantis Space Shuttle (STS-122 mission) was successfully launched from KSC, carrying the 

EuTEF facility, together with the European space laboratory Columbus and the SOLAR facility 

to the ISS (Fig. 5A and Fig. 5B). Following the integration of the Columbus module to the ISS, 

EXPOSE-E was successfully installed during the third EVA (extravehicular activity) of the STS-

122 mission on the starboard cone of Columbus and began to run on February 20, 2008 (Fig. 5C) 

(Rabbow et al., 2009). After 558 operative days, EXPOSE-E was retrieved, together with the 

whole EuTEF platform from Columbus module on September 2, 2009 and returned back to Earth 

by the Discovery Space Shuttle (STS-128 mission), which landed on September 12, 2009 at 

Edwards Air Force Base, California, USA. After the successful space mission, EXPOSE-E 

samples were returned to the research laboratories, where the sample analyses are currently in 

progress.  
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Fig. 3. Design of the EXPOSE-E/ SEEDS experiment. Drawing of the EXPOSE-E/ SEEDS sample carrier 
assembly (exploded view) (A). Loaded and assembled EXPOSE-E/ SEEDS sample carrier (top view) (Photo taken 
by Andreja Zalar) (B). Detail of a sample cell loaded with seeds (cross-section drawing) (extracted from technical 
drawings made by HTS AG., Wallisellen, CH) (C).  
 

 
Fig. 4. Loaded SEEDS sample carrier integrated into the EXPOSE tray (Photo taken by Andreja Zalar) (A). The 
EXPOSE facility with installed sample carriers loaded with different biological and chemical samples used in 
EXPOSE-E experiments. The position of each experiment is here indicated and the SEEDS experiment is 
highlighted (Photo: ESA) (B). Drawing of the EuTEF platform with integrated different measuring instruments and 
experimental facilities, including the EXPOSE facility here indicated with the arrow (Image: ESA) (C). The EuTEF 
facility photographed at the Kennedy Space Center (NASA), Florida, USA, prior its loading in the space shuttle 
cargo bay. While other instruments are hidden behind the protective covers, the EXPOSE-E facility is here indicated 
with arrow (Photo: ESA) (D). 
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Fig. 5. Space shuttle Atlantis (mission STS-122) lifts off from Kennedy Space Center, Florida, USA on February 
7, 2008 (Photo: NASA/ Jim Grossmann) (A). The EuTEF platform with integrated EXPOSE-E facility (marked with 
arrow) in the open cargo bay of Atlantis shuttle docked at the ISS. The EuTEF facility was delivered to the ISS 
together with the SOLAR facility (right to the EuTEF facility) and Columbus module (in the background) (Photo: 
NASA/ESA) (B). Columbus module installed to the ISS with attached EuTEF platform carrying the EXPOSE-E 
facility (marked with arrow) (Photo: NASA/ESA) (C). 
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2.2. EXPOSE-R mission: AMINO/ SEEDS experiment 

 

The EXPOSE-R experiments consist of seven biological experiments (ROSE consortium 

1-6 and SEEDS) and two organic chemistry experiments (AMINO and ORGANIC) (Table 2) 

(Rabbow et al., 2009). In addition, the EXPOSE-R project also includes several experiments 

proposed by Russian scientists (not presented here).  

 

Besides EXPOSE-E, the aim of the present work was also to prepare the samples and post-

flight analysis for the SEEDS experiment of the EXPOSE-R mission. Due to administrative 

reasons, the SEEDS experiment was integrated within the AMINO experimental group. Some 

details about AMINO/ SEEDS hardware design and sample preparation are given here below. 

 

Table 2. List of EXPOSE-R experiments that are currently running on the ISS (modified from Rabbow et al., 2009)  
 

Experiment Topic of research Laboratory 

AMINO 
SEEDS 

To study photochemical processing of amino acids in 
Earth orbit 
To test survival of plant seeds to extreme conditions 
encountered in space (UV, vacuum and cosmic 
radiation). 

H. Cottin (A. Brack) et al. (FR) 

 

 

ORGANIC To study the evolution of organic matter in space  P. Ehrenfreund et al. (NL) 

ROSE-1/ ENDO To assess the impact of extraterrestrial UV radiation on 
microbial primary producers (algae, cyanobacteria) C. Cockell et al. (UK) 

ROSE-2/ OSMO To asses the protective effects of osmophilic 
microorganisms enclosed within gypsum-halite crust R. Mancinelli et al. (US) 

ROSE-3/ SPORES 
R3D 

To asses the protection of spores by meteorite material 
against space conditions: UV, vacuum and ionizing 
radiation/ Radiation dosimetry 

G. Horneck et al. (DE) 

ROSE-4/ PHOTO 
To determine the photoproducts resulting from exposure 
of dry DNA samples or bacterial spores to solar UV 
radiation 

J. Cadet et al. (FR) 

ROSE-5/ SUBTIL 
To determine the mutational spectra of Bacillus subtilis 
spores induced by space vacuum and/ or solar UV 
radiation 

N. Munakata et al. (JP) 

ROSE-8/ PUR To determine the biologically effective dose of solar 
extraterrestrial UV radiation by biological dosimetry G. Rontó et al. (HU) 

 
 

The AMINO/ SEEDS experiment serves as a backup experiment for the EXPOSE-E/ 

SEEDS experiment, and it is performed to some extent under different local UV radiation 

environment, since it is placed on the opposite side of the ISS (Fig. 2). The EXPOSE-R/ SEEDS 

experiment shares hardware with ORGANIC experiment, occupying one quarter of the sample 

carrier (Fig. 6 and Fig. 7). 
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Fig. 6. Design of the SEEDS sample carrier for EXPOSE-R mission. Drawing of the ORGANIC/ SEEDS sample 
carrier assembly (exploded view) (A). Assembled ORGANIC/ SEEDS sample carrier (B). Detail of the SEEDS 
sample cell loaded with seeds (cross-section drawing) (C) (extracted from technical drawings made by HTS AG., 
Wallisellen, CH).  

 

 

 

 
 

Fig. 7. Loaded ORGANIC/ SEEDS carriers for EXPOSE-R mission: upper (A) and lower (B) flight carrier (Photo 
taken by Andreja Zalar).  
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Fig. 8. Loaded sample carriers integrated into the EXPOSE-R facility. The EXPOSE-R/ SEEDS experiment is 
indicated with arrow (Photo: ESA) (A). Russian cargo vehicle Progress 31-P carrying EXPOSE-R facility prior its 
launch from Baikonour Cosmodrome in Kazakhstan on November 26, 2008 (Photo: S. P. Korolev RSC Energia) (B) 

 

 

 

 
 

Fig. 9. The EXPOSE-R facility (see arrow) installed outside the Russian Zvezda module of the ISS.  
Inset: a close up view of the EXPOSE-R (Photo: ESA). 
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This experiment included 9 samples of Arabidopsis thaliana dry seeds per each sample 

carrier. Seed samples consisted of wild type seeds and mutant lines that lack UV screening 

compounds, flavonoids and sinapate esters. Samples were loaded into small rounded cells  

(∅ ≅ 8 mm), which differed in design from those used in the EXPOSE-E/ SEEDS experiment 

(Fig. 6). For details about the design of EXPOSE-R/ SEEDS sample cells and carriers see the 

technical drawings presented in Annex B-4. Dry seeds were deposited in monolayers, which 

were held in position by supporting cylinders and springs beneath. All 9 cells were covered by 

one bigger square MgF2 window. Just as for EXPOSE-E, no cut-off or neutral density filters 

were used in the EXPOSE-R/ SEEDS experiment. All sample cells are vented, allowing access 

to the space vacuum. Similar to EXPOSE-E, EXPOSE-R/ SEEDS experiments consist of UV 

exposed (upper carrier) and dark control (lower carrier) sets of samples (Fig. 6). EXPOSE-R/ 

SEEDS is composed of three sets of experiments: the flight experiments, mission ground 

reference experiments, and additional laboratory control experiments. The latter includes the 

seed samples that are loaded in the same EXPOSE-R/ SEEDS hardware and stored in the 

laboratory in the dark under argon atmosphere during the whole space mission period. 

 

Following the integration of loaded sample carriers, EXPOSE-R was launched on 

November 26, 2008 with a Russian unmanned Progress 31-P (M-01M) cargo vehicle from 

Baikonour Cosmodrome in Kazakhstan (Fig. 8). After docking with the ISS on November 30, 

2008 EXPOSE-R was transferred from the Progress capsule into the Russian module Zvezda. 

During EVA on March 10, 2009, EXPOSE-R was installed on the URM-D platform outside the 

Zvezda segment of the ISS (Fig. 9), and one day later, the exposure experiments started. At the 

present, EXPOSE-R flight experiments, as well as Mission Ground Reference Experiments at 

DLR are still running. After about 1.5 years of mission, each of the three experiment trays will 

be removed from the EXPOSE-R core facility and returned to Earth on a Russian Soyuz 

spacecraft (Rabbow et al., 2009).  
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3. ASTROBIOLOGY: ORIGINS OF LIFE, EVOLUTION AND 

POSSIBILITIES FOR LIFE PROPAGATION 

 

With the development of our means for extensive exploration of the solar system and 

beyond, astrobiology (also termed exobiology) has been established as a new scientific 

discipline. It comprises knowledge from diverse fields of research and technology, including 

biology, organic chemistry, astrophysics, geology, planetary science, paleontology, space 

technology and engineering etc. Astrobiology can be defined as “the study of the living 

universe” (Chyba and Hand, 2005). Its primary goal is to provide better understanding of the 

processes that have been involved in the origin, evolution and distribution of life on the Earth or 

elsewhere in the universe (Horneck and Brack, 1992; Horneck, 1995). Astrobiology includes the 

study of terrestrial biology, since the search for life elsewhere is influenced by our knowledge of 

life as we know it on the Earth, and on the other hand, studies on conditions in extraterrestrial 

environments may help us with ideas about possible conditions on early Earth, which influenced 

the origin and evolution of terrestrial life (Chyba and Hand, 2005).  

 

3.1. The origins of life on Earth 

 

The origin of life still remains a fundamental mystery that nearly every culture attempts to 

explain. Although it seems reasonable to discuss the term “life” prior its origin, to this date, there 

is no generally accepted definition of this word. Nevertheless, most scientists agree that the three 

main characteristics of living entities are metabolism, growth and reproduction. Life as we know 

it is based on the availability of liquid water and biogenic chemical elements (e. g. C, H, O, N, S, 

P), and it requires some usable source of energy. Water is considered one of the prerequisites for 

life due to its unique properties, such as the formation of hydrogen bonds, high polarity and high 

dielectric constant, which make water an ideal solvent, reactant and stabilizer of the complex 

three-dimensional molecular structures in all known living systems (Horneck, 1995; Brack, 

1999; Chyba and Hand, 2005). Life as we know it is based on carbon as the principal biogenic 

element, which is incorporated into living systems by the use of energy, obtained either 

chemically or by capturing sunlight (Chyba and Hand, 2005). Despite our lack of scientific 

understanding of the origin of life, some points are almost certain; all known organisms depend 

on DNA to store their genetic information and they use a similar genetic code (Crick, 1981; 

Eigen et al., 1989). Therefore it seems reasonable to assume that all life forms on Earth came 

from a single source. Our knowledge about the timescale of the emergence of life on Earth is 
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constrained on the one hand end by the time of planetary formation in our solar system, and on 

the other hand by the available geological evidence of early life on Earth (Chyba and Hand, 

2005). 

 

The age of our solar system is about 4.56 Ga, and the Earth’s crust probably formed as 

early as 4.42 Ga ago (Lehto, 2007). The geochemical signatures of history imprinted into zircon 

crystals indicate that liquid water may have existed on Earth 4.3-4.4 Ga ago (Mojzsis et al., 

2001; Wilde et al., 2001). There is good evidence that life on Earth emerged as early as 3.5 Ga 

ago. Fossil records have revealed a remarkable diversity of ancient microflora existing at that 

time (Schopf and Packer, 1987; Schopf, 1993). The 3.5 Ga old cyanobacteria-like microfossils 

and stromatolites suggest an early existence of photosynthesis, which represents a remarkable 

metabolic sophistication for early life on the Earth (Awramik, 1992; Schopf, 1993; Garcia-

Pichel, 1998; Des Marais, 2000). Moreover, the isotopic signatures of organic carbon brought 

indirect evidence that life on Earth might be as old as 3.8 Ga (Mojzsis et al., 1996). On the other 

hand, heavy cosmic bombardment with potentially sterilizing capacity is believed to have 

occurred until about 3.8-3.9 Ga ago (Sagan, 1974; Maher and Stevenson, 1988). This would 

mean that life had probably a very narrow “time window” to emerge and to evolve up to a well 

advanced cellular level, which seems paradoxical given the complexity of the job and the 

probability that the conditions on early Earth were inhospitable to life (Chyba and Hand, 2005).  

 

In spite of the fact that much essential information is still missing, different theories have 

been proposed to explain the appearance of life on Earth. There are two principal approaches to 

the origin of life on Earth that are currently considered: the hypothesis of abiogenesis, which 

refers to in situ development of life through chemical evolution, starting from inanimate 

(inorganic) matter, and alternatively, the panspermia hypothesis that implies the introduction of 

life from outside the Earth (Crick, 1981; Burchell, 2010).  

 

3.1.1. Abiogenesis 

 

This hypothesis of chemical evolution on Earth is based on the so-called “primordial soup” 

theory. This scenario of prebiotic evolution was first speculated by Charles Darwin (1871), who 

suggested that the life may have begun in “some warm little pond, with all sorts of ammonia and 

phosphoric salts, lights, heat, electricity, etc. present, so that a protein compound was chemically 

formed ready to undergo still more complex changes, …”. This theory of chemical stage of 

prebiotic evolution was further supported by Aleksander Oparin (1924), who considered the 
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synthesis of organic compounds in putatively reducing the Earth’s primitive atmosphere and 

their accumulation in the primitive ocean. It was experimentally tested by Stanley Miller and 

Harold Urey (Miller, 1953; Miller and Urey, 1959), who synthesized complex organic 

compounds, including four naturally occurring proteinogenic amino acids, from a mixture of 

simple, hydrogen-rich molecules, such as methane, ammonia, hydrogen and water, exposed to an 

electric discharge. Since this historical experiment, other prebiotic precursors and seventeen 

natural amino acids have been obtained under simulated putative prebiotic conditions, using 

electric discharge, UV light or ionizing radiation as sources of energy (Dyson, 1985; Horneck 

and Brack, 1992; Kobayashi et al., 1998; Chyba and Hand, 2005). This has encouraged some 

optimistic extrapolations that further reactions would generate more complex compounds, such 

as proteins and nucleic acids, leading eventually to the emergence of life (Chyba and Hand, 

2005). However, Miller-Urey’s type of organic synthesis occurs only under reducing conditions 

in gas mixtures that contain significant amounts of hydrogen. Although the true composition of 

primitive Earth atmosphere remains unknown, recent geochemical and photochemical studies 

favoured the existence of early atmosphere in a neutral oxidation state that was probably 

dominated by carbon dioxide, rather then the existence of reducing atmosphere (Walker, 1985; 

Chyba and Sagan, 1992; Sagan and Chyba, 1997). Under such conditions, the production of 

amino acids appears to be very limited (Dyson, 1985; Horneck and Brack, 1992; Brack, 1999). 

The nucleotides, which are building blocks of nucleic acids composed of nucleic base, sugar and 

phosphate, are even more difficult to synthesize (Dyson, 1985). The most plausible way to 

synthesize a nucleic base was demonstrated by Joan Oró (1960). However, to go from a nucleic 

base to a complete and stereochemically well arranged nucleotide is an even more delicate 

matter. Furthermore, once formed, nucleotides are fairly unstable in solution, since they tend to 

hydrolyse back into their components (Dyson, 1985). In addition, the organic molecules 

presumably formed in primitive Earth’s atmosphere are then supposed to rain down into the 

primitive oceans producing a dilute soup. In such an exceedingly dilute solution, the reaction 

rates would be minimal and complex chemical transformation needed for production of 

biologically important molecules would be hardly feasible. Seeking for the answer of this puzzle, 

it is proposed that evaporation of water from shallow lakes and ponds, as well as at the margins 

of the sea may have led to sufficient concentrations of organics for prebiotic chemistry to 

proceed. Alternatively, possible prebiotic chemical evolution in undersea black smokers has been 

also considered.  

 

Due to serious constraints of prebiotic chemistry on Earth, recent studies have considered 

plausible the extraterrestrial origin of prebiotic chemicals. Recent evidence has revealed that 
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space is a vast laboratory where organic chemistry does occur (Horneck, 1995; Ehrenfreund, 

1999; Ehrenfreund and Charnley, 2000). The evolution of potential precursors of life may have 

happened in space (Ehrenfreund et al., 2006). A large fraction of prebiotic organic molecules 

could have been brought to the Earth by the infall of meteorites, interplanetary dust particles 

(micrometeorites) and comets (Chyba and Sagan, 1992; Horneck and Brack, 1992; Maurette et 

al., 1995; Brack, 1999). A great flux of micrometeorites (3-6 x 105 kg year-1) and meteorites (102 

tons year-1) reaches the surface of Earth each year. This infall of extraterrestrial material might 

be even more considerable during the period of heavy bombardment on Earth. (Chyba and 

Sagan, 1992; Maurette et al., 1995). The carbonaceous meteorites, such as the Murchison 

meteorite, usually contain up to 5% (w/w) of organic compounds (Horneck and Brack, 1992; 

Horneck, 1995; Brack, 1999). Recent evidences demonstrated a high molecular diversity of the 

Murchison meteorite, revealing tens of thousands of different molecular composition and likely 

millions of diverse structure (Schmitt-Kopplin et al., 1010). From the Murchison meteorite, 8 of 

the L-amino acids that naturally occur in proteins have been identified among more than 70 

amino acids that were found in the mixture of both D- and L-enantiomers (Cronin and Pizzarello, 

1983; Brack, 1999; Botta and Bada, 2002). In addition, some purine and pyrimidine bases of 

nucleic acids have been also identified in meteorites (Brack, 1999; Botta and Bada, 2002). Since 

there is evidence for intense meteorite bombardment more than 3.9 Ga ago, when the meteorite 

flux was enhanced by a factor of 104, meteorites may have been an important source of prebiotic 

organics on the primitive Earth (Horneck and Brack, 1992). 

 

Regardless of the source of complex organic compounds on primitive Earth, the prebiotic 

synthesis of polymeric macromolecules (proteins and nucleic acids) remains a still unsolved 

challenge. Even less is known about the process of assembly of macromolecules into the first 

cell-like organized system, which requires at least boundary molecules (membrane lipids) that 

isolate the system from its environment, catalytic molecules that enable basic metabolic reactions 

(enzymes) and information molecules allowing the storage and the transfer of genetic 

information (nucleic acids) (Brack, 1999). 

 

 

3.1.2. Panspermia 

 

As recent paleogeochemical evidences left an extremely narrow “time window” for life to 

evolve from the simple molecular precursors to the level of a metabolically advanced 

photoautotrophic cell, and so far, contemporary research has failed to provide a satisfactory 
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explanation for abiogenesis on Earth, the alternative hypothesis of panspermia has been 

suggested. It proposes that life did not arise on Earth de novo, but rather came from elsewhere in 

the universe. Panspermia (from Greek: pan = all and sperma = seed) was put forward by the 

chemist Svente Arrhenius (1903), who postulated that “life seeds” could be dispersed in space by 

radiation pressure from the Sun, thereby seeding life from one planet to another or even between 

solar systems. Although it is difficult to prove whether panspermia has occurred in the history of 

the Earth, and whether interplanetary transfer of life through our solar system is plausible at all, 

the chances for the different steps of a hypothetical panspermia event to occur can be determined 

experimentally or by calculations (Horneck, 1995). The scenario of interplanetary transfer of life 

would involve the following three hypothetical steps: (1) the escape process, during which the 

organism will have to survive transfer from the planetary surface to high altitudes (e.g. ejection 

of organism caused by volcanic eruptions or giant impact events, such as meteorite, asteroid or 

comet collisions); (2) the interim state in space, during which the organism will have to survive 

interplanetary or interstellar transfer, being exposed for long time periods to the harsh conditions 

of open space (for details about detrimental factors of space environment see section 3.2); (3) the 

entry process, during which the organism, being captured by the gravitational force of the 

hosting planet, will have to survive transit through the atmosphere and landing. In addition, an 

organism has to be capable of growing under the physical and chemical conditions encountered 

on the host planet (Horneck and Brack, 1992; Horneck, 1995; Nicholson et al., 2000; Cockell, 

2008).  

The panspermia hypothesis can be subdivided into distinct classes based on the scenario of 

the transport of the organisms through space (Secker et al., 1996). For instance, radiopanspermia, 

as one of the initial panspermia theories, refers to the transfer of a single exposed organism, 

which is small enough to be accelerated and propelled through space by solar radiation pressure 

(Arrhenius, 1903; Secker et al., 1996). Lithopanspermia refers to the interplanetary transfer of 

organisms embedded within meteorites (Mileikowsky et al., 2000; Bernardini et al., 2003; 

Cockell et al., 2007; Cockell, 2008; Horneck et al., 2008; Sancho et al., 2008; de la Torre et al., 

2010). Cometary panspermia promotes the idea that microorganisms might be transported 

through space by comets, being in freeze-dried state until the time they find a favourable 

environment for their propagation (Hoyle and Wickramasinghe, 1999; Wickramasinghe, 2004; 

Wickramasinghe, 2010). Directed panspermia refers to the hypothesis that life can be 

disseminated through space deliberately by an intelligent civilization, such as human civilization 

(Crick and Orgel, 1973; Crick, 1981). Exospermia tests the plausibility of Earth’s life to be 

propagated through space, for instance following the natural impact events that happened in the 
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history of Earth or by human current activities in space exploration (Tepfer and Leach, 2006; 

Zalar et al., 2007a; Zalar et al., 2007b; Tepfer, 2008). 

 

Nevertheless, ever since its formulation, panspermia has been strongly criticized or even 

severely rejected, arguing that panspermia can not be experimentally tested, that it shunts aside 

the question of the origin of life, and that the living organisms will not survive long exposure to 

the hostile environment of space (Horneck, 1995; Nicholson et al., 2000; Horneck et al., 2001). 

However, several recent discoveries have led to reexamination of the plausibility of panspermia 

theory. Among others, these are: (1) the discovery of meteorites on the Earth, some of which are 

of Martian and some of lunar origin (Warren, 1994); (2) the detection of organic compounds, 

including amino acids and nucleic acid bases in Martian meteorites (for review see Botta and 

Bada, 2002); (3) the discovery, although still fairly controversial, of hints of past microbial life 

on Mars (e.g. putatively biogenic microstructures in ALH84001 meteorite and structures in 

Murchison and Orgueil meteorites that might resemble the terrestrial microfossils of 

cyanobacteria) (McKay et al., 1996; Hoover, 2007); (4) the probability of small particles and 

even boulder-sized rocks reaching escape velocities through the impact of a large meteorite on a 

planet (Melosh, 1985; Melosh`, 1988; Moreno, 1988); (5) simulation experiments revealed that 

bacterial spores are capable of surviving the ejection and landing forces, which may be 

associated with interplanetary transfer caused by meteorite impact (Horneck et al., 2001; 

Burchell et al., 2003; Burchell et al., 2004); (6) the survival of bacterial spores over extended 

periods in space provided they are shielded against intensive solar UV light by e.g. layers of 

clay, rocks or meteorite material (Horneck et al., 1994; Horneck et al., 1995; Horneck et al., 

2001; Rettberg et al., 2002); (7) increased UV resistance of microorganisms at simulated low 

temperatures of deep space (Weber and Greenberg, 1985) (8) the likelihood of directed 

panspermia (exospermia) by man’s space missions to other planets (Mautner, 2004; Tepfer and 

Leach, 2006; Tepfer, 2008). 
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3.2. Physical factors that determine survival in space and extraterrestrial 

environments 

 

The space environment is generally considered as being extremely hostile for all known 

forms of life, thus limiting the chances of life being propagated throughout the solar system and 

beyond. It is characterized by different physical factors including a high vacuum, an intense solar 

electromagnetic radiation and ionizing particle radiation of both solar and galactic origin, 

extreme temperature fluctuations, and microgravity. The parameters of the environment of 

interplanetary space and in Low Earth Orbit (LEO) environments are presented in Table 3. 

 

Table 3. Major deleterious factors of the interplanetary space and low Earth orbit (LEO) environment (modified 
from Horneck et al, 2000). 
 

 
(a) Depending on orientation and distance from the Sun 
(b) Depending on shielding; highest values at mass shielding of 0.15 gcm-2 
(c) Depending on altitude and shielding; highest values at high altitudes and shield of 0.15 gcm-2 

 

 

3.2.1. Deleterious wavelengths of solar electromagnetic radiation 

 

Our Sun is a G2-type star that emits photons over a wide range of wavelengths that span 

several orders of magnitude, from short-wavelength X-rays (occasionally even shorter 

wavelengths, γ-rays, which are emitted during solar flares) up to radio frequencies, as seen in 

Fig. 1 (Grieder, 2001a; Hasan, 2008). At the mean Earth-Sun distance (1 astronomical unit = 1 
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AU), the Sun’s total radiative output is approximately 1365 Wm-2 (± 1.0), which is termed the 

solar “constant”, in spite of smaller variability in energy flux observed during the 11-year cycle 

of solar activity (Lean, 2008). Out of the total electromagnetic radiation emitted from the Sun, a 

large fraction is attributed to infrared radiation (IR, λ > 800 nm) and visible radiation (VIS,  

λ = 400 - 800 nm), which make up about 37% and 43% of the total solar radiant output, 

respectively (Nicholson et al., 2005). However, potentially deleterious radiation for all known 

biological systems is that of the short-wavelength part of the solar spectrum, including highly 

energetic UV radiation, X-rays and γ-rays. 

 

3.2.1.1. Ultraviolet (UV) radiation 

 

Ultraviolet radiation (UV, λ = 100 – 400 nm) constitutes only about 7% of the total solar 

output (Nicholson et al., 2005; Baglioni et al., 2007). Yet, this part of the spectrum has an 

important impact on survival in space and extraterrestrial environments. In contrast to the Earth’s 

environments, a full spectrum of solar UV radiation, including highly energetic UV-C and VUV 

wavelengths can be encountered in interplanetary space. Solar UV radiation has been found to be 

one of the most deleterious factors in space as tested with dry preparations of viruses, bacterial 

and fungal spores (Hotchin et al., 1968; Lorenz et al., 1968; Bücker et al., 1974; Spizizen et al., 

1975; Horneck et al., 1984a; Horneck et al., 1984b; Horneck, 1993; Horneck et al., 1994; 

Horneck et al., 1995). Because it is one of the most important factors that limit dispersal of life 

through space, detailed information about the effects of UV radiation on biological systems, as 

well as the UV regimes on Earth and other extraterrestrial environments are given in section 3.3.  

 

3.2.1.2. Ionizing electromagnetic radiation: X-rays and γ-rays 

 

The Sun emits a small portion of highly energetic photons with wavelengths shorter than 

those of UV radiation. These wavelengths are entirely filtered out by the Earth’s atmosphere, but 

they are present in the space environment. Although the effects of X- and γ-rays may be more 

lethal than UV photons, their total energy input is generally orders of magnitude lower than that 

of the UV (Weber and Greenberg, 1985). 

 

The X-ray region of the electromagnetic spectrum extends from the wavelength of 0.01 nm 

to the short-wavelength side of the UV region. Since X-rays are very energetic, they are usually 

defined in energy terms ranging from 1 to 100 keV (Smith, 2000). The photons carrying energies 

of 1-10 keV are usually classified as “soft “ X-rays due to their relatively modest penetrating 
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power, while those with high energies of 10-100 keV are known as “hard” X-rays due to their 

remarkable penetrating abilities through solid objects. Similarly to UV radiation, the X-ray 

emission of the Sun varies significantly over the 11-year cycle of solar activity. During periods 

of higher solar activity, the Sun can emit powerful bursts of X-rays and other high-energy 

radiation. X-ray bursts accompany essentially every solar flare event, which occurs many times 

per day during times of great solar activity (Smith, 2000; Hasan, 2008). In addition to a solar 

source, X-rays can also originate from other sources in the Universe, including quasars and 

compact objects such as white dwarf stars, neutron stars and black holes. Nevertheless, the 

contribution of X-ray fluxes that comes from these extrasolar sources is relatively small in 

comparison to the Sun, which is the brightest source of X-rays in our solar system (Smith, 2000). 

 

The γ-rays are the shortest and the most energetic electromagnetic waves, exceeding an 

energy of 100 keV (Smith, 2000). Their contribution to the radiation environment of our solar 

system is extremely small. They are occasionally emitted from the Sun, being generated in the 

nuclear reactions during solar flares (Hasan, 2008). γ-rays can also be emitted from other highly 

energetic cosmic sources, including pulsars, supernovas remnants, interstellar clouds etc. (Smith, 

2000; Grieder, 2001b). 

 

Both X- and γ-rays are ionizing radiations, since they are energetic enough to detach 

electrons from any atom or molecule that they strike. Therefore they are potentially hazardous 

for all biological systems. For X- and γ-rays it is characteristic that they produce ionization 

homogenously within the matter that they penetrate and the deposit energy declines 

exponentially with penetration depth (Baumstark-Khan and Facius, 2002; Nelson, 2003). The 

main biological effect of ionizing radiation is the production of highly reactive free radicals (e.g. 

H•, •OH, H2O+) in irradiated cells that mostly originate from ionized water molecules. Besides 

indirect damage through interactions with radicals, X- and γ-rays can also induce direct damage 

to the DNA molecule, causing DNA-strand breaks that may lead to serious chromosome 

aberrations (Baumstark-Khan and Facius, 2002; Nelson, 2003; Bernhard and Close, 2004). At 

the cellular level, ionizing electromagnetic radiation induces mutagenesis, malignant alternations 

and ultimately cellular death (Nelson, 2003; NRC`, 2008).  
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3.2.2. Ionizing particle radiation: Cosmic radiation 

 

Although X- and γ-rays are present in space, the majority of space ionizing radiation is not 

in the form of electromagnetic waves, but rather is dominated by the energetic, highly 

penetrating subatomic particles and ions of galactic and solar origin. The surface of the Earth is 

largely protected from cosmic radiation thanks to the deflecting effect of the Earth’s magnetic 

field. However, other planetary bodies, which have weak magnetospheres (e.g. Mars) or they 

lack it (e.g. Moon) are exposed to deleterious cosmic radiation. In interplanetary space, the 

primary components of the radiation field in our solar system are Galactic Cosmic Rays (GCR) 

and Solar Cosmic Radiation (SCR) (Horneck and Brack, 1992; Baumstark-Khan and Facius, 

2002; Baglioni et al., 2007). In the vicinity of the Earth (e.g. in Low Earth Orbit, LEO), the 

radiation field comprises the third source of radiation: the Van Allen radiation belts. Two 

radiation belts, the inner and outer one, result from the interactions of GCR and SCR with the 

Earth’s magnetic field and the atmosphere. These radiation belts consist mainly of trapped 

protons and electrons, and some low-energy heavy ions (Klecker, 1996; Baglioni et al., 2007; 

NRC`, 2008). The doses of cosmic radiation in interplanetary space and the LEO are compared 

in Table 3.  

 

GCR originates from outside of our solar system (e.g. supernova explosions and quasars) 

and their energy range extends from several hundred MeV to tens of GeV (Usoskin et al., 2001; 

NRC`, 2008). When GCR enter our solar system, they must overcome the outward-flowing solar 

wind. Since the intensity of the solar wind varies during the 11-year cycle of solar activity, the 

GCR flux is also modulated according to the solar cycle; it reaches its highest level during 

minimal solar activity and lowest level during maximal solar activity (Kopp et al., 1999; 

Baumstark-Khan and Facius, 2002; NRC`, 2008). GCR consist of 98% nuclei and 2% electrons 

(Baumstark-Khan and Facius, 2002; Baglioni et al., 2007). The former component is composed 

predominantly of protons (87%), a smaller fraction of α-particles (12%) and a few heavier nuclei 

(∼1%), also called HZE (High charge (Z) and Energy) particles (Horneck and Brack, 1992; Kopp 

et al., 1999; Baumstark-Khan and Facius, 2002). The HZE particles are defined as cosmic ray 

primary ions with charges of Z > 2 and energies high enough to penetrate at least 1 mm of 

spacecraft or spacesuit shielding (Horneck and Brack, 1992; Baglioni et al., 2007). Although 

having only a small contribution to the GCR flux, HZE particles are considered deleterious for 

living organisms due to the special nature of HZE particle-produced lesions and the inefficiency 

of shielding (Horneck, 1992; Reitz et al., 1995; Mileikowsky et al., 2000; NRC`, 2008). The very 

high local concentration of absorbed energy produced by a HZE particle can lead to intense 
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ionization of matter and it can cause serious biological effects, leading ultimately to cell damage 

and its death. Compared to ionizing electromagnetic radiation, charged particle radiation 

interacts with matter in a specific fashion. Charged, accelerated particles penetrate deeply into 

matter, exhibiting localized tracks. They tend to produce the clusters of ionization and deposit 

almost all energy at discrete stopping distance, known as the Bragg peak (Baumstark-Khan and 

Facius, 2002; Nelson, 2003). In addition, penetrating into matter, the charged particles can 

generate a secondary particle emission (NRC`, 2008). This is of special concern for 

radioprotection and usage of shielding materials (Mileikowsky et al., 2000; NRC`, 2008). 

 

SCR consists of the low energy solar wind particles (mainly protons) that flow constantly 

from the Sun and highly energetic particles, known as Solar Particle Events (SPEs) that are 

emitted sporadically from the Sun as a burst of charged particles during solar flares. SPEs 

develop rapidly and generally last for no more than a few hours, although some proton events 

can last over several days (Baumstark-Khan and Facius, 2002; NRC`, 2008). The emitted SPEs 

can reach very high energies up to several GeV (Baglioni et al., 2007; NRC`, 2008). The SPEs 

are composed predominantly of protons (90-95%), with a relatively small fraction of α-particles 

(5-10%), and a minor contribution of heavy ions and electrons (1%) (Horneck, 1992; Baumstark-

Khan and Facius, 2002; Baglioni et al., 2007). SPEs are also modulated by the solar cycles. 

During the solar minimum phase few significant SPE occur, while during each solar maximum 

phase large events may occur even several times (Baumstark-Khan and Facius, 2002)  

 

3.2.3. Space vacuum 

 

In free interplanetary space, extremely low pressures as low as 10-14 Pa can be 

encountered. Nevertheless, within the vicinity of planetary bodies, the pressure is significantly 

higher due to the phenomenon of outgassing. Therefore, in the LEO environment, the pressure 

reaches 10-6 to 10-4 Pa, and it can further increase in the close vicinity of a spacecraft (Nicholson 

et al., 2000; Baglioni et al., 2007) (Table 1). The major effect of extreme space vacuum is severe 

desiccation of biological material. Depending on the time of exposure to high vacuum, living 

cells start first to dehydrate due to the loss of free water. Subsequently the hydrated water, and 

finally chemically bound water and other volatile molecules may be removed from the cells after 

prolonged exposure to high vacuum (Horneck and Brack, 1992; Horneck, 1995). Extreme space 

vacuum is deleterious for many organisms, since it affects the structure and function of many 

biologically important molecules. It induces the DNA-strand breaks, the formation of DNA-

protein complexes, damage to proteins and membranes, changes in carbohydrate structures etc. 
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(Horneck and Brack, 1992; Cox, 1993; Nicholson et al., 2000; Fekete et al., 2005). However, 

some of the organisms as we know on Earth are adapted to withstand harsh conditions in the 

desiccated state. These naturally desiccation-tolerant life forms, such as bacterial and fungal 

spores, lichens and plant seeds, are capable of surviving exposure to space vacuum (Anikeeva et 

al., 1990; Alston, 1991; Horneck, 1993; Horneck et al., 1994; Dose et al., 1995; Horneck, 1995; 

Horneck et al., 1995; Nicholson et al., 2000; Musgrave, 2002; Sancho et al., 2007).  

 

3.2.4. Temperature extremes 

 

The extreme temperatures that are encountered in space and extraterrestrial environments 

are determined by the extreme frigidity of free space, characterized by a temperature of only 4 K  

(-269 °C), and on the other hand, by the position of the body towards an energy source (Table 3) 

(Horneck et al., 1984a; Horneck and Brack, 1992). Hence the average surface temperatures of 

planetary bodies in our solar system decrease with the distance from the Sun and they can range, 

with the exception of Venus, from +167 ºC on Mercury (~ 0.4 AU) down to -236 ºC on Pluto  

(~ 39.5 AU) (Faure and Mensing, 2007a). In addition, the temperature of a body in space, which 

is determined by the absorption and emission of energy, depends also on the size of the body, its 

mass, surface and albedo (Nicholson et al., 2000). Moreover, the presence of an atmosphere that 

contains so-called greenhouse gasses (e.g. CO2, CH4 and water vapour) also influences the 

surface temperatures on planetary bodies. That is why Venus (~ 0.7 AU), which has a very dense 

atmosphere composed mostly of CO2, exhibits an anomalously high average surface temperature 

of +464 °C (Faure and Mensing, 2007a). On the other hand, extreme fluctuations of temperatures 

can be also experienced on bodies that orbit the Sun, since they are periodically shaded from the 

solar irradiation (Nicholson et al., 2000). The temperatures on the Earth’s surface range from -90 

ºC up to +58 ºC, while on Mars from -140 ºC up to +20 ºC (Faure and Mensing, 2007a). 

 

The exposure to extreme temperatures can cause many physical and chemical changes in 

living systems. Freezing leads to cellular destruction due to ice crystals formation, while heating 

to temperatures close to 100ºC induces denaturation of biomolecules. Although temperature is 

one of the important limiting parameters for survival, many terrestrial organisms not only 

tolerate extreme temperatures, but they also grow and develop in extremely hot or cold 

environments that can be also experienced on an otherwise hospitable Earth. For instance, the 

most hyperthermophilic terrestrial organism is archaea Pyrolobus fumarii, which is capable of 

growing at the highest temperature of up to +113ºC (Blöchl et al., 1997). On the other hand, 

many microbes,cell lines and plant seeds can be conserved successfully at temperatures as low as 
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-196ºC, and many terrestrial microorganisms are known to survive extremely low temperatures 

in Arctic and Antarctic permafrost (Rothschild and Mancinelli, 2001; Ponder et al., 2004). 

However, the lowest temperature at which metabolic activity is still recorded in some microbial 

communities is -18ºC (Rothschild and Mancinelli, 2001; Clarke, 2003). In the resting state, the 

organisms can survive even more extreme temperatures than in their vegetative forms. 

 

3.2.5. Microgravity 

 

In interplanetary space, a low gravitational force (< 10-6 g) is experienced (Table 3). At the 

level of the International Space Station (ISS), which orbits the Earth at an altitude of about  

350 km, the gravitational force is reduced to only about 8%, compared to that at the Earth’s 

surface. In order to achieve reduced gravity, the spacecrafts have to accelerate so that the 

gravitational force and centrifugal force are equal in amount, but with opposite vectors. The 

resulting microgravity conditions in the spacecrafts are characterized by the acceleration in the 

range of 10-4-10-6 g (Musgrave, 2002; Baglioni et al., 2007). In microgravity, some physical 

phenomena behave differently than at 1g conditions at the surface of the Earth. For instance, 

hydrostatic pressure, sedimentation and convection, which are all linearly proportional to 

gravity, fall to close to zero values in microgravity. Therefore, many biochemical reactions that 

occur within cells of living organisms will be affected by microgravity (Baglioni et al., 2007). It 

may also result in altered morphology and physiology of various living systems (Horneck et al., 

1996; Ingber, 1999; Musgrave, 2002; Brinckmann, 2007). However, for many terrestrial 

organisms microgravity is not lethal (Rothschild and Mancinelli, 2001; Musgrave, 2002; 

Brinckmann, 2007). Microgravity is of even less concern for life forms that have a low water 

content and that have a significantly reduced metabolic activity, such as dry bacterial spores and 

plant seeds that experience a temporary state of metabolic quiescence.  
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3.3. Solar ultraviolet (UV) light as deleterious factor for life 

 

Although only a small portion of electromagnetic radiation emitted from the Sun is 

assigned to the UV part of the spectrum (∼ 7%), compared to the infrared and visible radiation 

that comprise the majority of the total solar radiant energy (Fig. 11), UV radiation has a strong 

impact on all known biological systems and it is considered as one of the main limitation factor 

for dispersal of life in space (Horneck, 1995; Horneck et al., 2001; Nicholson et al., 2005). 

 

The UV part of the solar spectrum spans wavelengths from about 100 to 400 nm according 

to the International Commission on Illumination (CIE) (Braslavsky, 2007; Sliney, 2007). This 

range is commonly further subdivided into the following four wavebands: UV-A (315-400 nm), 

UV-B (280-315 nm), UV-C (200-280 nm) and VUV (100-200 nm), as seen in Fig. 10 (Bolton et 

al., 1986; Braslavsky, 2007). While in reality a quasi-continuum, these rather arbitrary categories 

of solar UV radiation have been established on the basis of their biological effects. For instance, 

UV-A radiation is known to be responsible for changes in human skin that lead to sun tanning, 

while UV-B radiation can cause skin burning and eventually leads to induction of skin cancer. 

UV-C radiation is extremely dangerous since it is absorbed by proteins, RNA and DNA and can 

lead to cell mutations and cell death. UV-C radiation is sometimes called the germicidal UV 

range since it is effective in inactivating bacteria and viruses. The vacuum UV (VUV) radiation 

can be absorbed by almost all substances, including water and air, and thus it can be transmitted 

only in a vacuum (Bolton et al., 1986).  

 

3.3.1. UV radiation on the present-day Earth, on the early Earth and  

in extraterrestrial environments 

 

Although in interplanetary space the full solar spectrum can be encountered, the UV 

radiation that reaches the planetary surfaces can vary, both in the terms of absolute flux and 

spectral quality (Cockell, 2001b). The UV flux at any point on the surfaces of planetary bodies 

that orbit around the Sun generally depends on a number of factors, including the orbital position 

of the planet, solar angle, latitude, ground reflection, presence of an atmosphere and possible 

cloud covers, etc. (Nicholson et al., 2005). 
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Fig. 10. The spectrum of solar electromagnetic radiation  

 

 

 

 
Fig. 11. The extraterrestrial solar irradiance reference spectrum (0.1 nm - 2400 nm). The spectrum is presented in 
semilogarithmic scale, and it is based on the combined measurements of several instruments during the ATLAS-1 
mission. (adapted from Thuillier et al., 2004).  
Abbreviations: IR = infrared part of spectrum, VIS = visible part of spectrum, UV = ultraviolet part of spectrum 
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3.3.1.1. UV radiation on the Earth 

 

Out of the total solar irradiance (see the solar constant above), about one fourth of the 

energy (∼ 341 mW-2) is delivered to the present-day Earth, which in turns reflects about 31% of 

incoming solar radiation, while the remaining portion is absorbed by the atmosphere or delivered 

to the Earth’s surface (Lean, 2008). The composition of the Earth’s atmosphere, which is made 

up of approximately 78% nitrogen (N2), 21% oxygen (O2) and 0.035% carbon dioxide (CO2), as 

well as its abundance (the average atmospheric pressure sea level is about 1013 mbar), have an 

important effect on the attenuation of the solar flux that reaches the Earth’s surface, especially in 

the UV region (Nicholson et al., 2005; Faure and Mensing, 2007b). For instance, UV radiation 

below 195 nm does not reach the surface of the present-day Earth due to the presence of O2 and 

CO2 (Ogawa, 1971; Cockell, 2001a; Cockell and Raven, 2007). In addition, a portion of the O2 

in the Earth’s upper atmosphere interacts with sunlight and is converted into ozone (O3) (Garcia-

Pichel, 1998; Nicholson et al., 2005). The formed stratospheric ozone layer strongly absorbs UV 

wavelengths shorter than 290 nm (Cockell and Raven, 2007). Therefore, the radiation flux that 

reaches the surface of the present-day Earth is significantly different from the extraterrestrial 

spectrum; it is high in the UV-A, decreases sharply in the UV-B region, and it drops to zero in 

the UV-C and VUV regions, as seen Fig. 12 (Cockell, 1998). 

 

However, the UV flux regimes during the early history of Earth were likely different from 

that of the present Earth. Since almost all oxygen in the present-day atmosphere is thought to be 

produced by photosynthesis (oxygenic photosynthesis), it has been postulated that the 

atmosphere of the early Earth was poor in oxygen, and consequently lacking the protective ozone 

shield (Kasting, 1987; Kasting`, 1993). Therefore, the surface of the early Earth was probably 

exposed to a much higher level of UV radiation than present-Earth, especially in the short-

wavelength UV region (Garcia-Pichel, 1998; Cockell and Knowland, 1999; Cockell, 2001a). 

Four distinct periods of photobiological history of the Earth have been described by Cockell and 

Knowland (1999). 

 

The first period refers to prebiotic Earth during the Hadean era (>3.9 Ga ago). Although 

the environment and chemistry on prebiotic Earth are not known with certitude (Leach et al., 

2006), it is generally accepted that the Hadean atmosphere was anoxic. High fluxes of relatively 

unfiltered solar UV radiation that reached the surface of prebiotic Earth, might have been an 

important driving force for prebiotic chemistry, being involved in molecular complexification, 
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but it also may have been a limitation factor, having an adverse, destructive photolytic effect 

(Cockell and Knowland, 1999; Cockell, 2001a). 

 

The second period refers to the Archean era (3.9-2.5 Ga), for which it is believed, 

according to a diversity of direct geologic and isotopic evidence, that the Earth’s atmosphere 

probably remained essentially anoxic (Kasting, 1987; Kasting`, 1993; Cockell, 2000). However, 

the early Archean microbial fossil records suggested that life existed on Earth 3.3-3.5 Ga ago 

(Awramik et al., 1983; Schopf and Packer, 1987; Schopf, 1993; Westall, 2005; Allwood et al., 

2006; Westall et al., 2006), and probably even as early as 3.8 Ga (Mojzsis et al., 1996). Many of 

these microfossils showed strong morphological similarities with present-day cyanobacteria 

(Schopf, 1994). It suggests that oxygenic photosynthesis may have occurred very early in the 

Earth’s history (for reviews see Awramik et al., 1983; Schopf, 1993; Garcia-Pichel, 1998 and 

references therein; Des Marais, 2000). However, the reasons for absence of significant levels of 

O2 in the Archean atmosphere still remain unclear; either the oxygenic photosynthesis was a later 

innovation or oxygenic photosynthesis did occur in the Archean, but the possible greater flux of 

reductants (e.g. hydrogen) mopped up produced O2, or alternatively, the primary photosynthetic 

productivity was very low at this time (Cockell, 2001a). Regardless of the possible explanations, 

the extremely low partial pressure of O2 in the Archean atmosphere, which was assumed to be at 

most ∼ 1 x 10-4 PAL (present atmospheric level, ∼210 mb), was likely insufficient to give rise to 

a significant ozone column that would have protected the early Earth from UV radiation 

(Cockell, 2001a). In an effort to determine the UV flux that likely reached the surface of the 

early Earth, Cockell (1998) and Cockell and Raven (2007) used the radiative transfer models, 

taking into account the luminosity of the early Sun and the composition of the Archean 

atmosphere (Cockell, 2001a). Although without direct evidences it is difficult to comprehend the 

early history of Sun’s activity, indirect evidences provided by the observation of sun-like early 

stars, indicated that solar luminosity might have been reduced during the Archean era for 

approximately 25-30% of present values (Zahnle and Walker, 1982; Cockell, 1998; Cockell, 

2001a). However, this would not be sufficient to compensate for the increase in UV radiation at 

the surface of the Earth caused by the lack of ozone in the Archean atmosphere (Cockell, 1998). 

In addition, since early stars often emit considerably more UV radiation, it was assumed that 

during the formation of the Earth and its early history, our Sun was emitting UV radiation of 

intensity that was considerably greater than today (Canuto et al., 1982; Zahnle and Walker, 1982; 

Cockell, 2001a). The composition of the Archean atmosphere is not well known, but it was 

assumed that it contained very little or no O2, a similar level of N2 as in the present atmosphere 

(0.8 bar), and CO2 at approximately 1 bar, although the pressure of 10 bar as an upper limit, and 
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values as low as 40 mb have also been suggested (Walker, 1985; Cockell, 2000; Cockell, 2001a). 

The atmospheric CO2 would screen the wavelengths below 195 nm (VUV part of spectrum), 

while nitrogen would probably contribute only to a smaller extent by global scattering of 

sunlight, without any wavelength-specific filtering of the UV part of spectrum (Cockell and 

Raven, 2007). According to these assumptions, the theoretical models showed that the surface of 

Archean Earth was probably exposed to much higher fluxes of UV-B light than the present 

Earth, in addition to highly deleterious UV-C that is not presently encountered on the Earth’s 

surface (Fig. 12) (Cockell, 1998; Cockell`, 2000; Cockell, 2001a). In contrast, the values of the 

UV-A flux are in orders of magnitude comparable to that of the present Earth (Fig. 12), although 

a continuous increasing tendency of UV-A flux during the Earth history is assumed due to 

increasing luminosity of the Sun (Fig. 13). 

 

The third period in the photobiological history of the Earth refers to the Archean-

Proterozoic transition phase. During the early Proterozoic period (∼2.5 - 2 Ga ago), the 

atmospheric O2 partial pressure began to rise as a result of biological activity (oxygenic 

photosynthesis) and geologic changes (Cockell, 2001a). As a consequence, a significant level of 

protective ozone column started to accumulate in the Earth’s upper atmosphere (stratosphere). It 

is assumed that the ozone shield began to form approximately 2 Ga ago (Kasting, 1993; Cockell, 

2000). At the level of atmospheric O2 of about 10-3 PAL, the UV-C flux on the Earth’s surface 

probably began to decline, while at about 0.1 PAL (∼ 2% O2), the O2 levels are thought to be 

likely sufficient to give rise to an effective ozone shield (Kasting, 1987; Cockell, 2000; Cockell, 

2001a). Due to progressive ozone accumulation, the biological effective UV irradiance probably 

dropped to a level similar to its present-day value, about 1-1.5 Ga ago (Fig. 13) (Cockell, 2000).  

 

The fourth period refers to the Proterozoic and Phanerozoic era (2.5 Ga ago to the present), 

during which flourishing life quickly evolved, protected from deleterious UV radiation thanks to 

the formed abundant ozone column (Cockell and Knowland, 1999; Cockell, 2000; Cockell, 

2001a). The VUV and UV-C wavelengths were entirely filtered out, and the fluxes of UV-B 

radiation were significantly reduced (Fig. 13).  

 

However, throughout this period, alternations in UV-B radiation regimes have occurred as 

a result of seasonal and long-term changes in ozone abundance, caused by a number of natural 

events, including volcanism, asteroid and comet impact events, close cosmic events etc. (Fig. 13) 

(Cockell and Knowland, 1999; Cockell, 2000; Cockell, 2001a). Recently, human activity is 
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found to have a considerable impact on progressive ozone depletion, particularly significant in 

the Earth’s polar regions (Rozema et al., 2002; Sinha and Häder, 2002`, and references therein). 

 

 
Fig. 12. Solar UV irradiance curves: the extraterrestrial spectrum from Earth orbit (Nicolet, 1989), the theoretical 
spectrum at the surface of the early Earth ∼ 3.8 Ga ago (assuming a worst-case scenario with no other atmospheric 
attenuation and 40 mbar CO2 in the atmosphere), and the spectrum at the surface of the present-day Earth, seen at 
the equator during the summer (adapted from Cockell, 1998). 
 

 
Fig. 13. The photobiological history of Earth showing changes in UV-A, UV-B and UV-C radiation fluxes at the 
Earth’s surface from 4.5 Ga to the present . The UV flux that has been reaching the surface of the Earth was 
probably influenced by the Sun’s luminosity and the composition of the atmosphere, particularly by the presence of 
ozone (O3) layer. Besides here presented calculated generalized trend of UV flux, Earth has been also subjected to 
certain fluctuations in UV regimen throughout its history due to depletion of atmospheric O3, caused by the natural 
seasonal and diurnal variations, stochastic “catastrophic” changes (asteroid and comet impacts, volcanic eruptions, 
close cosmic catastrophes, solar flares etc.), as well as present-day human activity (not presented here) (modified 
from Cockell, 2001).  
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3.3.1.2. UV radiation in extraterrestrial environments 

 

The UV radiation fluxes in extraterrestrial environments are substantially different from 

those encountered on the surface of the Earth (Cockell, 2001c). Depending on the atmospheric 

composition and their distance from the Sun, extraterrestrial environments encounter different 

intensities and spectra of solar UV radiation. Here are some examples of extraterrestrial 

environments that, beside their proximity to the Earth, are also of astrobiological interest.  

 

Despite its greater distance from the Sun, and thus lower solar constant (43% of that of the 

Earth’s), Mars is exposed to a much higher surface flux of UV radiation than the Earth 

(Nicholson et al., 2005). Mars has an atmosphere one hundredth of the total atmospheric pressure 

of Earth, and it is mainly composed of CO2 (∼ 95%) (Cockell, 2001b). It has also low levels of 

N2 (∼2.7%) and extremely low levels of O2 (∼ 0.13%). Neither of these two gasses nor the 

presence of water vapour (0.03%) contribute significantly to attenuation of UV light at column 

abundances present in the Martian atmosphere (Cockell, 2001b; 2001c). In contrast to the Earth, 

Mars does not have a significant ozone column, although some smaller ozone build-up occurs at 

the poles during the winter and in early spring (Barth et al., 1973; Barth and Dick, 1974; Cockell, 

2001b; Cockell, 2001c). Therefore, UV-B and UV-C radiation reaches the surface of Mars 

relatively unattenuated (Fig. 14). The UV-B levels on Mars are about four times greater than on 

Earth at the subsolar point1, and there is also substantially greater UV-C flux on Mars (Cockell, 

2001b). In contrast, the UV-A radiation fluxes are lower than on Earth (∼ 55% of terrestrial 

levels at comparable latitudes) (Cockell, 2001b; Cockell, 2001c). Due to the presence of high 

CO2 concentrations in the Martian atmosphere, the wavelengths below 195 nm are efficiently 

absorbed, and thus highly damaging VUV radiation does not reach the surface of Mars (Cockell, 

2001c; Córdoba-Jabonero et al., 2003). Due to extremely cold surface temperatures on Mars, a 

significant percentage of atmospheric CO2 freezes into solid CO2 at the poles during winter and 

then resublimates in the spring and summer, resulting in seasonal swings of about 40% in the 

mean atmospheric pressure (between ∼6 and 10 mbar) (Nicolet, 1989; Cockell, 2001c). These 

CO2 partial pressure fluctuations also cause slight variations of the UV flux reaching the Martian 

surface (Nicolet, 1989). 

                                                 
1 Subsolar point refers here to the latitude where the Sun’s rays are perpendicular to the surface of the Earth (or any 
other planet) at noon. It is a point at which the Sun is exactly overhead (at the zenith) (McIntyre et al., 1991). 
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The photobiological history of Mars has been suggested to be almost exclusively 

determined by the increase in solar luminosity and the change in the partial pressure of 

atmospheric CO2, which probably gradually declined over time (from initial 0.5-3 bar, over 0.5-1 

bar at 3.8 Ga to the present-day surface pressure of 6 mbar). A putative ultraviolet history of 

Mars is presented in Fig. 15 (Cockell, 2000; Cockell, 2001b).  

 

In contrast to Earth and Mars, the Moon has no atmosphere and thus the UV flux reaching 

the lunar surface is very similar to that of the extraterrestrial solar spectrum (Fig. 14). The UV-B 

is about nine times higher on the Moon than on the Earth’s surface. Highly deleterious UV-C 

wavelengths also reach the lunar surface, as well as VUV radiation, since there is no CO2 or O2 

atmosphere (Cockell, 2001c). 
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Fig. 14. Solar UV irradiance curves at the surface of present-day Mars and Earth at a zenith angle of 0°. For 
comparison, the spectrum of full solar extraterrestrial radiation that is encountered at near-Earth orbit and at the 
surface of Moon (adapted from Cockell, 2001b). 

 

 
Fig. 15. The ultraviolet history of Mars showing changes in UV-A, UV-B and UV-C radiation fluxes at the 
Earth’s surface from 4.5 Ga to the present. (taken from Cockell, 2001b).  
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3.3.2. Biological effects of high UV radiation flux 

 

UV radiation has been a deleterious to life since its emergence on Earth. It had a strong 

influence on ecosystems and organisms that have evolved on Earth (Caldwell et al., 1998; 

Cockell and Blaustein, 2001). UV radiation is potentially detrimental to all organisms due to its 

strong mutagenic and cytotoxic effects. It can cause a variety of sublethal effects, and ultimately 

mortality in many organisms. UV radiation is also known to inhibit photosynthesis and other 

metabolic processes, and reduce the growth and reproductive capacities of organisms (for 

reviews see Diffey, 1991; Stapleton, 1992; Caldwell et al., 1998; Castenholz and Garcia-Pichel, 

2000; Cockell and Blaustein, 2001). At the cellular level, it causes damage to a wide variety of 

biologically important macromolecules and cellular complexes, inducing DNA damage, protein 

destruction, membrane damage, chloroplast damage, hormone inactivation etc. (for reviews 

seeTevini and Teramura, 1989; Diffey, 1991; Stapleton, 1992; Rozema et al., 1997b; Caldwell et 

al., 1998). This is due to the fact that UV light is readily absorbed by many macromolecules as 

diverse as nucleic acids, proteins and lipids (Caldwell et al., 2003). The absorbed energy is than 

transferred to these molecular targets, causing lesions that can be detrimental to their functions. 

For molecules such as proteins and lipids, UV-induced damage can be in some cases be 

compensated by their de novo synthesis, which in turn represents a significant energetic cost to 

the cell (Cockell and Raven, 2007). On the other hand, UV-induced damage to DNA is heritable. 

Since any structural or chemical change to DNA may interfere with RNA transcription and DNA 

synthesis (replication), UV-induced damage can ultimately lead, depending on the size and 

location of the lesion, to mutation or even death (Wynn-Williams and Edwards, 2002; Cockell 

and Raven, 2007). 

 

Not all UV wavelengths have the same capacity to cause biological damage or stimulate 

photochemical reactions. The biological effectiveness of UV radiation generally increases with 

decreasing wavelength (Xenopoulos and Schindler, 2001). In biological systems, the most 

damaging effects are attributed to the short-wavelength VUV and UV-C radiation. Neither VUV 

nor UV-C reach the Earth’s surface (Fig. 12), and therefore this part of the spectrum is 

considered as of no ecologically relevance for biota on present-day Earth. Nevertheless, this 

short-wavelength UV radiation is considered as an important limitation factor for dispersal of life 

through space and it was likely an obstacle for emergence and expansion of life on the early 

Earth. Although unfiltered solar emission in the short wavelengths is relatively weak (Fig. 11 

and Fig. 16A), the VUV and UV-C part of the spectrum is the most biologically damaging 

because of the high energies involved and because biological targets often strongly absorb in 
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these UV regions. For instance, nucleic acids (DNA and RNA) are considered the prime targets 

for UV damage due to their strong absorption in the UV-C and VUV (Fig. 16B) (Zalar et al., 

2007c). 

 

Generally, the effect of UV radiation on biological systems can be represented by action spectra. 

An action spectrum is a plot of a relative biological effect (usually some measure of damage) as 

a function of the wavelength of radiation (Cockell and Raven, 2007). The most widely accepted 

reference action spectra are those for erythema in human skin or sunburn (McKinlay and Diffey, 

1987), DNA damage (Setlow, 1974; Green and Miller, 1975) and chloroplast photoinhibition 

(Jones and Kok, 1966). These action spectra span the 280-400 nm region, and most of them are 

rarely recorded below 280 nm because of the lesser ecological relevance of short-wavelength UV 

radiation for conditions on present-day Earth. However, by measuring the inactivation of 

Bacillus subtilis spores and formation of DNA lesions in actual and simulated space conditions, 

Lindberg and Horneck (1991), Horneck et al. (1995) and Horneck (1993) extended the action 

spectra down to wavelengths below 280 nm. The action spectrum of the formation of 

photoproducts can be expected to resemble the absorption spectrum of the molecules responsible 

for these photoproducts (Jagger, 1985; Diffey, 1991). For instance, the action spectra for DNA 

damage roughly follow the DNA absorbance profile (Fig. 16). The action spectra for whole 

organisms depend on the combined effects of photoinduced damage, as well as repair and 

protection mechanisms (Cockell, 1998). Nevertheless, in microorganisms, the action spectrum 

for decline in viability often follows the absorption spectrum profile of DNA, indicating that 

DNA is the primary target for UV radiation damage (Jagger, 1985; Diffey, 1991; Horneck, 

1993). 
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Fig. 16. A) Solar UV emission spectrum recorded at 1 AU. The full reference spectrum of extraterrestrial solar 
irradiance (0.1 nm - 400 nm) is presented in Fig. 11 (adapted from Thuillier et al., 2004). B) UV absorption 
spectrum of DNA (taken from Zalar, 2007a; 2007c).  

 

 

 

3.3.3. DNA as a prime target for UV damage 

 

All known life forms depend on DNA to store their genetic information, and despite the 

relative stability of their genomes, DNA represents a prime target to damage. DNA damage can 

be caused by different physical factors (UV and ionizing radiation), as well as chemical agents 

(e.g. nucleic base analogs, intercalating and alkylation agents etc.) (Friedberg et al., 1995; Britt, 

1996). Among those, UV radiation is one of the most DNA-damaging environmental factors.  

 

UV radiation can cause both chemical and structural changes to DNA, which may have 

mutagenic effects (because of base mispairing), as well as cytotoxic effects (because it blocks 

DNA replication and transcription) (Tuteja et al., 2001; Sinha and Häder, 2002). UV radiation 

induces different types of DNA damages, including formation of various nucleic base 

photoproducts, oxidative DNA modification, single- and double-strand DNA breakes, as well as 
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DNA-protein and DNA-DNA cross-links (Friedberg et al., 1995; Kielbassa et al., 1997; Britt, 

1999). Solar radiation can give rise to cellular DNA damage either by direct excitation of DNA 

or by the indirect mechanisms that involve the excitation of other cellular chromophores 

(endogenous photosensitizers) (Kielbassa et al., 1997). The most common, and probably the 

most significant DNA lesions are various types of pyrimidine dimers, such as cyclobutane 

pyrimidine dimers (CPDs) and pyrimidine (6-4) pyrimidinone dimers ((6-4) photoproducts), 

which are generated by direct excitation of UV irradiated DNA (Clingen et al., 1995; Friedberg 

et al., 1995; Britt, 1996; Britt, 1999; Sinha and Häder, 2002). Both types of lesions produce 

different types of structural distortions within DNA; CPDs induce a slight bending of the DNA 

helix, while (6-4) photoproducts cause greater bending, as well as unwinding of DNA strains. 

Therefore, both UV-induced lesions inhibit DNA replication and transcription, and they also 

promote mutagenesis (Tuteja et al., 2001).  

 

CPDs generally make up the bulk of the total UV-induced damage, and depending on UV 

wavelength and DNA nucleobase sequence, they may represent approximately 75% of the total 

DNA damage. The CPDs are formed by the dimerisation of two adjacent pyrimidine bases (TT, 

TC, CT and CC) on the same strand of DNA (Friedberg et al., 1995; Tuteja et al., 2001; Hollósy, 

2002). They arise from a [2+2] cycloaddition of the C5-C6 double bonds of neighbouring 

pyrimidine bases, as seen in Fig. 17A (Ravanat et al., 2001). The CPDs are formed preferentially 

at TT sites, and to the lesser extent TC sites, whereas CT and CC dimers are poorly 

photoreactive (Friedberg et al., 1995; Cadet et al., 2005). However, CC photoproducts, although 

generated in low yields, exhibit a high mutagenic potential (Cadet et al., 2005). 

 

The (6-4) photoproducts are the second most frequent class of UV-induced DNA lesions. 

These photoproducts are formed by a [2+2] cycloaddition of the C5-C6 double bond of the  

5’-end pyrimidine and C4 carbonyl group of the 3’-end thymine, or rarely cytosine, as seen in 

Fig. 17B (Ravanat et al., 2001). Depending upon the UV wavelength and adjacent sequence,  

(6-4) photoproducts can be formed between adjacent TC and CC, and less frequently TT bases, 

while CT products were not observed in irradiated DNA (Friedberg et al., 1995; Tuteja et al., 

2001). Upon the absorption of UV light, unstable intermediates, oxetane (3’-end base is thymine) 

or azetedine (3’-end base is cytosine), are first formed. It is by their spontaneous rearrangements 

that (6-4) photoproducts are finally formed in an irradiated DNA molecule. Absorbing UV-B 

light at wavelengths longer than 290 nm, (6-4) photoproducts are able to photoisomerize into 

related Dewar valence isomers, as seen in Fig. 17B (Clingen et al., 1995; Friedberg et al., 1995; 

Tuteja et al., 2001; Sinha and Häder, 2002). 
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In addition to CPDs and (6-4) photoproducts, other UV-induced lesions have been also 

observed, but they occur at very low frequency in irradiated DNA. These include photohydration 

of cytosine, oxidation of guanine into 8-oxo-7,8-dihydroguanine (8-oxoGuo) and the formation 

of adducts between two adjacent adenine bases or between adenine and thymine bases (Cadet et 

al., 2005).  

 

Under anhydrous conditions, such as within bacterial spores (e.g. Bacillus subtilis spores), 

a distinct type of UV-induced photoproduct, called spore photoproduct (SP) can occur between 

two adjacent thymine residues (Fig. 18), in addition to CPDs and (6-4) photoproducts, which are 

present in small quantities. Instead of TT pyrimidine dimers, SPs are the major deleterious DNA 

lesions found in Bacillus spores, as well as in a purified dehydrated DNA (Friedberg et al., 1995; 

Nicholson et al., 2000; Douki and Cadet, 2003; Douki et al., 2003; Setlow et al., 2006; Moeller 

et al., 2007a). The formation of this lesion appears to be related to the state of hydration of DNA. 

In the dry state, DNA is mostly in the A conformation, rather than in the B conformation. It is 

suggested that irradiated DNA in A-form favours the formation of spore photoproducts, as well 

as inter-strand photoproducts (Douki and Cadet, 2003; Douki et al., 2003).  

 

Short-wavelength UV radiation has mainly direct deleterious effects, inducing mostly 

pyrimidine dimmers (CPDs and (6-4) photoproducts), as seen in Fig. 19. It was observed that the 

action spectrum for the induction of pyrimidine dimers in purified DNA follows the absorption 

spectrum of DNA. Therefore, these lesions are induced most efficiently by UV-C radiation 

(about 2-10 lesions/ 106 bases per Jm-2, Ravanat et al., 2001), particularly at wavelengths close to 

260 nm, which is one of the two absorption maxima of DNA, as seen in Fig. 16B (Britt, 1996). 

UV-B radiation also induces large quantities of dimeric pyrimidine photoproducts, although less 

efficiently than UV-C light (1 lesion/ 107 bases per Jm-2, Ravanat et al., 2001). Compared to UV-

C radiation, UV-B produces a significantly higher yield of Dewar valence isomers (Clingen et 

al., 1995). In addition to these direct effects, UV-B radiation can also cause damage to DNA 

through indirect mechanisms that involve photooxidation reactions, Fig. 19 (see below). Since 

DNA has no chromophore for UV-A radiation absorption, indirect mechanisms are thought to be 

responsible for DNA damage and genotoxic effects observed at these wavelengths, as seen in 

Fig. 19 (Kielbassa et al., 1997; Ravanat et al., 2001). It is likely that UV-A light is first absorbed 

by yet unidentified endogenous photosensitizers, which can damage DNA through the secondary 

photooxidation reactions (Kielbassa et al., 1997; Ravanat et al., 2001; Sinha and Häder, 2002). 

There are two types of photooxidation reaction that occur in the cellular systems (Fig. 19). In a 

type I reaction (one-electron oxidation or hydrogen abstraction), an excited endogenous 
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photosensitizer molecule reacts directly with a DNA molecule without involvement of 

intermediates. In type II reactions, oxidative DNA modifications are induced via reactive oxygen 

species (ROS), mostly singlet oxygen (1O2) and hydroxyl radicals (•OH) that are generated upon 

the absorption of UV light by the endogenous photosensitizers (Kielbassa et al., 1997; Ravanat et 

al., 2001). Among the four nucleic bases, guanine represents the preferential target for 

photooxidative damage (both type I and II), giving rise to 8-oxoGua, which is an ubiquitous 

biochemical marker of oxidative stress (Ravanat et al., 2001).  

 

3.3.4. Strategies for coping with damaging UV light 

 

Prior the build up of atmospheric oxygen, and thus a protective ozone shield, the effective 

UV irradiance to free DNA would have been approximately three orders of magnitude higher 

than on present-day Earth, as suggested in the theoretical study by Cockell (1998). Therefore, 

UV radiation has been a likely limitation factor for emerging life on the surface of the early 

Earth. Any primary colonizers on the Earth, which were probably some kind of phototrophic 

organism (e.g. phototrophic bacteria, cyanobacteria-like organisms etc.), would be particularly 

vulnerable to the effects of an enhanced flux of solar UV radiation because at the same time, for 

energy requirements they need exposure to a relatively high flux of photosynthetically active 

radiation (PAR, 400-700 nm). Ever since then, solar radiation is the primary source of energy for 

life on the Earth. Although the current solar UV flux that reaches the Earth’s surface is 

significantly attenuated by the stratospheric ozone layer, particularly at short wavelengths, UV 

radiation is still an important stressor for many life forms on Earth. Contemporary 

photosynthetic organisms, such as photosynthetic bacteria, cyanobacteria, algae and higher 

plants, are considered to be particularly sensitive to continuous exposure to sunlight. Evolving on 

Earth, organisms developed different strategies for resisting UV radiation, including avoidance, 

protection by UV screens and damage repair (Margulis et al., 1976; Cockell and Knowland, 

1999; Castenholz and Garcia-Pichel, 2000). 
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Fig. 17. Formation of two major UV-induced lesions in irradiated DNA. A) Thymine cyclobutane dimer, CPD 
(TT pyrimidine dimer). B) Pyrimidine (6-4) pyrimidinone dimer ((6-4) photoproduct). Here is presented TT (6-4) 
photoproduct, which is formed via an unstable intermediary (oxetane). Absorption of UV-B light by the (6-4) 
photoproduct leads to photoisomeration into a Dewar valence isomer (adapted from Ravanat et al., 2001).  

 

 
Fig. 18. Principal UV-induced photoproduct in dry Bacillus subtilis spores and dehydrated DNA. 

 

 

 
Fig. 19. Direct and indirect mechanisms for the induction of pyrimidine dimers and oxidative DNA modifications 
by UV radiation (taken from Kielbassa et al., 1997). 
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3.3.4.1.  Avoidance of UV light 

 

Many organisms are able to avoid UV radiation completely, or attenuate UV radiation 

reaching particular parts of organisms. Some simple single-cell organisms may respond by 

reversing direction (negative phototaxis) whenever the intensity of solar light increases, thus 

moving and remaining out of sunlight (NRC`, 1973). Negative phototaxis is observed in many 

planktonic organisms, as well as in many cyanobacterial mat communities (Margulis et al., 1976; 

Castenholz and Garcia-Pichel, 2000). The active migration away from the source of UV light 

may be modulated diurnally (Cockell and Knowland, 1999). Many animals developed specific 

behavioural responses to increased levels of solar radiation. Few animals remain exposed to full 

sunlight, unless they possess some means (e.g. hair, feathers, scales or shells) for preventing the 

entry of light into their skin (NRC`, 1973). Some animals hide by day in rocks, burrows and deep 

water. These animals exhibit usually increased activity at dusk and become again inactive at 

dawn. On the other hand, plants, as sedentary organisms, can only partially attenuate UV light by 

moving their leaves to position of minimal exposure to sunlight. Although avoidance of sunlight 

may reduce damaging effects of UV light, it is not an entirely satisfactory strategy, especially for 

sedentary, as well as photosynthetic organisms that require exposure to sunlight for their energy 

requirements. Therefore, other, more specific mechanisms are necessary for reducing deleterious 

effect of UV radiation (see below). 

 

3.3.4.2. Protection by UV screens 

 

In spite of the fact that all known terrestrial organisms possess relatively efficient, and 

sometimes complex systems for repairing UV-induced damage, UV screens represent a first line 

of defence before damage occurs. UV screens provide passive protection; UV light is absorbed 

and its energy is dissipated away from sensitive cellular targets (Zalar et al., 2007c). Therefore, 

UV screening may represent an energetic advantage by reducing the need for constantly active 

avoidance and biochemical repair processes (Cockell and Knowland, 1999). UV screening 

protection can be physical or biological (Cockell, 1998; Cockell and Knowland, 1999). A 

comprehensive review about the role of UV screening compounds in different species and their 

role throughout the history of life on the Earth is given by Cockell and Knowland (1999). Here is 

presented only a brief overview of known and putative physical and biological UV screens.  
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3.3.4.2.1. Physical UV screens 

 

A variety of physical substrates (e.g. atmospheric compounds, water, soil, rocks etc.), can 

screen sunlight passively by absorption or scattering, thus protecting inhabiting organisms from 

deleterious UV radiation (Cockell, 1998; Cockell and Knowland, 1999). 

 

Although the early Earth’s atmosphere probably lacked a significant ozone column, the 

presence of other compounds in the early atmosphere might have had an important influence on 

the UV regime at the Earth’s surface (Sagan, 1973; Kasting et al., 1989). For instance, it was 

suggested that a sulfur haze in the early atmosphere, formed by the photolytic production of 

sulfur from SO2 (sulfur dioxide) and H2S (hydrogen sulfide) volcanic out gassing, might have 

provided some attenuation of UV radiation reaching the Earth’s surface (Sagan, 1973; Kasting et 

al., 1989; Cockell and Knowland, 1999; Cockell, 2001a). In addition, CH4 (methane), produced 

either by methanogenic organisms or abiologically, has been also suggested as one of the 

possible contaminants in the early Earth atmosphere that might have provided some level of 

attenuation of UV radiation (Cockell, 2001a). Moreover, an organic haze formed from the 

molecules that have been delivered from space (e.g. interplanetary dust particles, meteorites etc.) 

might have also played an important role in the attenuation of UV light reaching the early Earth 

(Sagan, 1973; Cockell, 2001a). Interplanetary dust particles (micormeteorites) have been 

suggested as the major carriers of extraterrestrial carbon-rich compounds reaching the Earth. The 

mass flux of small micrometeorites of sizes about 50-200 µm reaching the present-day Earth is 

reported as about 2 x 104 tons year-1 (Maurette et al., 1995). The delivery of carbon into the 

terrestrial atmosphere by the small meteorites is estimated in the range 3-6 x 105 kg year-1 

(Chyba and Sagan, 1992; Maurette et al., 1995). Larger size meteorites has considerably smaller 

mass flux on Earth, reaching about 102 tons year-1 (Maurette et al., 1995). However, the infall of 

organics by meteorites and micrometeorites might be even more important during the period of 

heavy bombardment ∼ 4 Ga ago(Chyba and Sagan, 1992; Maurette et al., 1995). 

 

UV screening protection by liquid water as a physical substrate has been also suggested 

(Sagan, 1973; Margulis et al., 1976). However, because pure water has a low absorption 

coefficient for UV radiation, several tens of meters of water column would be necessary to act as 

an efficient shield from UV radiation (Sagan, 1973; Garcia-Pichel, 1998). In addition, a 

disadvantage of a deep water column is that it attenuates the flux of sunlight unspecifically, 

meaning that beside UV light, it also reduces the PAR, necessary for photosynthetic organisms. 

In many waters today, the euphotic zone (the zone at which the rate of photosynthesis equals that 
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of respiration) is about 3-8 times deeper than the depth at which the flux of UV-B radiation is 

reduced to 1%. However, the greater incidence of UV-B and UV-C light on the early Earth 

would cause their greater penetration in the water column. On the other hand, the fainter young 

Sun probably emitted less PAR, which may have caused the euphotic zone to be closer to the 

surface, thus causing the rising up of the photosynthetic organisms closer to the zone of UV 

penetration. Therefore, UV light would be likely a limitation factor for an early photosynthetic 

organism that inhabited aquatic environments (Cockell, 1998). 

 

However, the presence of inorganic salts, such as nitrogenous and iron-containing salts, 

which absorb in the UV region, might have assisted in the specific attenuation of short-

wavelength UV radiation in the early oceanic water column (Margulis et al., 1976; Olson and 

Pierson, 1986; Garcia-Pichel, 1998; Cockell, 2001a). In addition, the occurrence of organic 

impurities in water substrates may have provided additional reduction of UV flux that penetrates 

through the water column. Many cyclic or conjugated organic compounds absorb efficiently in 

the UV part of spectrum, and therefore they have been suggested as potentially important UV 

screening compounds in the early oceans. Although the early oceans have been thought to be 

relatively poor in dissolved organic carbon due to low or no biological activity, a significant 

quantity of organics and aromatic compounds (e.g. polycyclic aromatic hydrocarbons, PAHs) 

may have been however delivered from space by interstellar dust particles, meteorites and 

comets (Chyba and Sagan, 1992). 

 

The physical substrates in the terrestrial habitats can also provide protection to some 

organisms by screening the UV light. Different types of rocks provide microenvironments for 

endolithic microbial communities that are hidden from UV light. Even though the PAR is 

significantly reduced in these habitats, the light levels are still high enough to support a slow 

growth of some photosynthetic organisms, such as cyanobacteria and lichens. Sand particles can 

also screen the UV light, protecting microorganisms in desert habitats. Ferric iron (Fe(III)) 

impurities can also provide good protection for organisms inhabiting the soil substrates. Olson 

and Pierson (1986), Pierson et al. (1993) and Gómez et al. (2007) suggested iron as an efficient 

inorganic UV shield that might have protected life on the early Earth. They found that ferric iron 

(Fe(III)) strongly absorbs in the wavelength range 220-270 nm, while ferrous iron (Fe(II)), 

although absorbing in a similar wavelength range, absorbs UV-C radiation less strongly. Both 

forms of iron were probably present in Precambrian sediments. In addition, iron-containing 

compounds provide efficient protection that not only screen UV light, but at the same time, they 

specifically allow transmission of PAR. This was demonstrated by Pierson (1993) who revealed 



Chapter 1 INTRODUCTION 48 

 

that a 1 mm layer of 0.1% FeCl3 is sufficient to reduce the incident UV-C (λ = 254 nm) light to 

1%, while transmitting most of the visible light. 

 

Some extreme environments on the Earth can be occupied by organisms that, by becoming 

adapted to such harsh conditions, benefit from the UV protection provided by such physical 

substrates. For instance, crystalline sodium chloride (NaCl), which is a relatively good UV 

absorber, can provide protection to halophilic microorganisms that naturally inhabit the evaporite 

crusts of halite (Rothschild, 1990; Rothschild et al., 1994; Mancinelli et al., 1998; Fendrihan et 

al., 2009). Thin layers of elemental sulfur that can be generated abiologically or by sulfide-

oxidizing organisms, and deposited on top of the microbial mats (e.g. thermophilic 

microorganisms in hot springs) can provide relatively good protection, since elemental sulfur 

absorbs well in the UV-C and partially in the UV-B region, although it absorbs weakly in the 

UV-A part of the spectrum (Cockell, 1998).  

 

3.3.4.2.2. Biological UV screening strategies 

 

Since most of physical UV screens also exhibit nonspecific attenuation of sunlight, 

particularly in the visible part of the spectrum, evolving life on the Earth had to develop more 

efficient ways of coping with UV. Among those, the matting habits that are characteristic for 

some microorganisms have been proposed as one of the strategies for coping with UV on the 

early Earth (Margulis et al., 1976; Cockell, 1998; Cockell and Knowland, 1999; Castenholz and 

Garcia-Pichel, 2000). Many current cyanobacteria are found to grow within the mats, where dead 

or living upper layers protect lower layers from damaging UV radiation (Margulis et al., 1976; 

Cockell and Knowland, 1999). However, a more efficient and more UV-specific mode of 

protection involves the active biosynthesis of UV screening compounds, which are found in a 

wide variety of organisms within distinct phylogenetic groups. The advantage of the organisms 

that can synthesise their own UV-protecting compounds is that they can occupy a greater 

diversity of habitats (Cockell and Knowland, 1999).  

 

The UV-screening protection of DNA, as one of the most sensitive cellular targets (see 

sections 3.3.2 and 3.3.4), can be achieved at several levels, depending on the structural and 

chemical complexity of the cell (Fig. 20). In the simplest case, DNA is concentrated in the 

interior of the cell, as far as possible from the incident light, and it is surrounded by UV 

absorbing molecules that are ubiquitous in all cells (potential UV screens), such as proteins, 

tyramine and polyamines, which stabilize DNA, forming compact structures that are less prone 
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to damage (Zalar et al., 2007a`; 2007c). Another level of protection involves synthesis and 

accumulation of specialized UV screening compounds within the cells that are exposed to UV 

light (Zalar et al., 2007b`; 2007c). These compounds are small organic molecules that that are 

efficient and specific UV absorbers. Most of these compounds possess a π-electron system 

within conjugated bonds of linear chain molecules, as well as aromatic and many cyclic 

structures. Generally, the size of molecule (number of conjugated bonds) and the number and 

type of substituents influence the absorption characteristics of a UV screening compound. For 

instance, molecules that have longer chains with conjugated bonds have absorption maxima at 

longer wavelengths. A similar bathochromic shift in the maxima of absorption occurs in 

aromatic molecules with an increasing number of substituents (Cockell and Knowland, 1999). 

Some specific UV screens accumulate to high concentrations in response to UV radiation. 

Absorbing UV light, they filter out from the sunlight spectrum those wavelengths that are 

potentially damaging for cellular constituents, particularly for DNA. A further level of protection 

can be achieved by peripheral structures formed around the cell, such as capsules and cell walls, 

which can accumulate large quantities of specialized UV screens. Physical distance between the 

shield and DNA is advantageous because it reduces the risk that energy absorbed by the screen is 

transferred to the target (Zalar et al., 2007c).  

 

The following criteria should be fulfilled for identifying a compound as specialized UV 

screen: (1) a compound must efficiently absorb UV radiation; the screening effect should be 

maximal at the wavelengths of maximal absorption and negligible where compound does not 

significantly absorb, (2) screening activity must be demonstrated in vivo, (3) biosynthesis of the 

UV screen should be inducible by UV light, (4) because of the passive nature of the UV 

screening effect, the correlation between the concentration of compound and resistance to UV 

should still be present under conditions of physiological inactivity or quiescence, even when 

other photoprotection and repair mechanisms are not functioning, (5) loss of protection after 

artificial removal of compound or its blocked synthesis in a biological system (e.g. mutants 

lacking putative UV screen) (Garcia-Pichel et al., 1993; Cockell and Knowland, 1999).  

 

Here below are some examples of known specialized UV screens found in current, 

phylogenetically diverse organisms that inhabit aquatic, as well as terrestrial ecosystems. Details 

about the UV absorption properties of some of these UV-screening substances, as well as their 

UV protection capacities are discussed elsewhere (see chapter 3 results I, section 10. and 

publications attached therein, Zalar et al., 2007a; 2007b; 2007c). 

 



Chapter 1 INTRODUCTION 50 

 

 

 

 

 
 

Fig. 20. Schematic representation of UV protection in a hypothetical cell. Ubiquitous molecules with multiple 
functions, e.g. proteins and polyamines, provide constitutive protection. Another level of protection is induced by 
exposure to UV light, and consists of the accumulation of specialized UV screens, small molecules that are efficient 
UV absorbers. The cell is further protected by peripheral structures, e.g. capsules or cell walls, where these 
specialized UV screens can accumulate, distancing the screen from the target (Adapted from Zalar et al, 2007c). 

 

 

 

 

Scytonemin is a yellow-brown, lipid-soluble pigment, whose synthesis is induced in 

cyanobacteria after exposure to UV-A light (Garcia-Pichel et al., 1992). It is a dimeric molecule 

composed of phenolic and indolic subunits, as described by Proteau et al., 1993 (Fig. 21A). 

Scytonemin accumulates extracelularly in the sheaths of many terrestrial cyanobacteria that 

forms matting communities, while it is not detected in most planktonic species of cyanobacteria 

(Cockell and Knowland, 1999; Castenholz and Garcia-Pichel, 2000). 

 

Mycosporine-like amino acids (MAAs) are group of intracellular, water-soluble, colorless 

compounds that act as UV screen in a wide variety of taxonomically different organisms, 

including cyanobacteria, marine heterotrophic bacteria, eukaryotic algae, fungi, marine 

invertebrates, fish and other marine organisms (Cockell and Knowland, 1999; Castenholz and 

Garcia-Pichel, 2000). MAAs consists of either a cyclohexanone or a cyclohexenimine ring, 

conjugated to the nitrogen of an amino acid or its imino alcohol (Fig. 21B). Depending on their 
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structure, they exhibit different maxima of absorption. Upon the UV exposure, a complement of 

several different MAAs can be found accumulated in a single organism, which enables relatively 

broad-range screening in UV-B and UV-A regions (Cockell and Knowland, 1999; Shick and 

Dunlap, 2002). In some terrestrial cyanobacteria, MAAs occur together with scytonemin, 

improving UV screening efficiency (Cockell and Knowland, 1999). 

 

Flavonoids are UV screening pigments in plants (Li et al., 1993; Stapleton and Walbot, 

1994; Parr and Bolwell, 2000; Ryan et al., 2002; Treutter, 2006). These polyphenolic compounds 

are characterized by a flavan ring structure substituted by different functional groups (Fig. 21C). 

Upon UV exposure, they accumulate in plant cells within vacuoles and cell walls. Each plant 

synthesizes a range of different flavonoid compounds (Le Gall et al., 2005; Routaboul et al., 

2006). These pigments exhibit a high level of UV screening capacity, covering UV-C, UV-B and 

UV-A light (Zalar et al., 2007b`; 2007c). Since flavonoids, as the principle UV protectors in 

plant seeds, are in the focus of this work, more details about their structure, biosynthesis and 

functions are given in section 5.2. The VUV-UV absorption characteristics of flavonoids are 

presented in chapter 3 results I, section 10.2. (see also the publications attached therein, Zalar et 

al., 2007b; 2007c).  

 

Melanin pigments are widely distributed in the animal kingdom, and they are also present 

in fungi, higher plants and some bacteria (Hinojosa-Rebollar et al., 1993). They are highly 

polymeric compounds, containing indolic subunits (e.g. 5,6-dihydroxyindole (DHI) and  

5,6- dihydroxyindole-2-carboxylic acid (DHICA)), as seen in Fig. 21D (Pezzella et al., 1997; 

Wakamatsu and Ito, 2002).The precise structure of natural melanins is not known, because they 

occur in the large aggregates, usually associated with proteins and lipids (Pezzella et al., 1997; 

Meredith et al., 2006). They have a strong broad absorption band in the UV and visible regions 

(Zalar et al., 2007b`; 2007c). 
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Fig. 21. Chemical structures of some known specialized UV screening compounds: A) scytonemin;  
B) mycosporine-like amino acids (MAAs); C) flavonoids; D) main building units of melanins (eumelanin) (modified 
from Zalar et al., 2007b). 
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3.3.4.3. Repair of UV-induced damage to DNA 

 

For the survival of all organisms, it is crucial that genetic information stored in DNA is 

transmitted with high accuracy to descendant cells (or organisms). Since avoidance and UV 

screening are strategies that do not work with absolute efficiency, organisms had to develop 

DNA repair mechanisms in order to counteract the lethal effects of UV radiation that penetrated 

into the interior of cell. The principal repair mechanisms of UV-induced DNA lesions include 

photoreactivation, excision repair, lesion bypass and recombinational repair (Sinha and Häder, 

2002). 

 

Photoreactivation (PR) is one of the simplest and probably the oldest DNA repair 

mechanisms that occurs in a variety of prokaryotic and eukaryotic cells. However, it is not 

ubiquitous, since many species, including humans, lack this DNA repair system (Tuteja et al., 

2001; Sinha and Häder, 2002). PR is a light-dependant repair pathway, which can directly 

reverse the DNA damage in an error-free manner (Britt, 1996). It is a single-enzyme repair 

system, which involves DNA photolyases that specifically bind either to CPDs (CPD photolyase) 

or 6-4 photoproduct (6-4 photolyase). DNA photolyases have two prosthetic chromophors; one 

of them acts as a light-harvesting antenna, which transfers the absorbed energy to the second 

chromophore, a two-electron-reduced flavin adenine dinucleotide (FADH-) (Drapkin et al., 1994; 

Tuteja et al., 2001; Sinha and Häder, 2002). Upon the absorption of a photon of the appropriate 

wavelength (350-450 nm), the excited FADH- donates an electron to the pyrimidine dimer, 

inducing its reversal to monomers (Drapkin et al., 1994; Britt, 1996). PR is very efficient repair 

system, which generally occurs within a few hours. Once photolyases are bound to DNA lesion, 

approximately one dimer is split for every photon of UV-A or blue light (Drapkin et al., 1994; 

Britt, 1996; Walbot et al., 1997). 

 

Excision repair (or “dark” repair) includes the pathways that do not directly reverse 

damage, but rather involve removal of a DNA lesion, followed by the synthesis of a nucleotide 

repair patch (Britt, 1996; Walbot et al., 1997; Sinha and Häder, 2002). Compared to 

photoreactivation, this repair system is more complex and considerably slower (Walbot et al., 

1997; Sinha and Häder, 2002). There are two major categories of excision repair pathways: base 

excision repair (BER) and nucleotide excision repair (NER) (Britt, 1996; Tuteja et al., 2001; 

Sinha and Häder, 2002). BER mechanism is based on the elimination of a single damaged base 

residue in DNA. It is catalyzed by a number of different enzymes and involves several steps, 

including recognition of the DNA lesion, removal of the damaged base, incision of the DNA 
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strand at 5’ or 3’ to formed apurinic/ apyrimidinic (AP) site, filling of one-nucleotide gap and 

finally sealing of repaired DNA strand (Britt, 1996; Tuteja et al., 2001; Sinha and Häder, 2002). 

The NER pathway acts through a complex of repair enzymes that recognize damaged DNA 

strand and cut out the damage as a part of an oligonucleotide fragment, usually containing 24-32 

nucleotides. The gap in the DNA strand is than filled through DNA synthesis and ligation of the 

nick (Tuteja et al., 2001). NER is one of the most widespread DNA repair pathways, present in 

both prokaryotes and eukaryotes (Tuteja et al., 2001). Unlike other DNA repair mechanisms that 

are lesion-specific, NER is capable of removing a wide range of types of DNA damage, 

including CPDs, 6-4 photoproducts and spore photoproducts (SPs) (Nicholson et al., 2000; 

Tuteja et al., 2001; Sinha and Häder, 2002).  

 

Lesion bypass (or mutagenic repair) is a mechanism employed in a case when other DNA 

repair pathways for some reason do not occur (Sinha and Häder, 2002). As the pyrimidine 

dimers act as blocks to DNA replication, the only chance of cell to survive is to try to bypass 

such UV-induced DNA damages, even at the expense of accuracy in the genetic information 

(Britt, 1996; Tuteja et al., 2001). Some organisms possess modified, low fidelity and usually 

error-prone DNA polymerases that are capable of bypassing such lesions, and they promote the 

replication of damaged DNA (Tuteja et al., 2001). These DNA polymerases are involved in the 

process called the translesion synthesis in which an incorrect nucleotide is inserted opposite the 

site of the DNA lesion (Britt, 1996; Sinha and Häder, 2002). Since these modified DNA 

polymerases generally install the adenine residue opposite the lesion, the UV-induced thymidine 

dimers are usually not mutagenic, but cytosine-containing dimers are (Britt, 1996).  

 

Recombinational repair, in contrast to lesion bypass, fills the daughter strand gap by 

transferring a preexisting complementary strand from a homologous region of the DNA to the 

site opposite the damage. However, the lesion is left unrepaired, but the cell manages to get 

through another round of replication (Britt, 1996). Besides pyrimidine dimers, DNA double-

strand breaks and DNA single-strand gaps can be efficiently repaired by cellular mechanisms 

associated with recombination (Sinha and Häder, 2002).  
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4. PLANT SEEDS 

 

4.1. Development and structure of plant seeds 

 

Plant seeds are complex structures composed of cells. They undergo a series of cell 

divisions and differentiation events during the various stages of seed development, being finally 

organized into the following main seed structures: (1) an embryo, (2) the endosperm, and (3) the 

seed coat (testa) (Ohto et al., 2007). Seed development comprises three overlapping phases: (1) 

the embryo development, which is the initial phase characterized by cell division and 

morphogenesis, (2) seed maturation, a phase which involves the accumulation of storage 

material, and (3) seed desiccation that is the final phase during which the embryo prepares for 

desiccation and enters into a state of developmental and metabolic quiescence until germination 

(West and Harada, 1993; Ohto et al., 2007). Seed development is initiated with fertilization of 

the ovule, which consists of the embryo sac (female gametophyte) surrounded by the nucellus 

and one or two enveloping integuments. The point where the integuments meet at the nucellar 

apex is called the micropyle, which is an opening that serves for entrance of the pollen tube 

during fertilization. Usually at the opposite (non-micropylar) end, which is called the chalaza, 

the base of an ovule is attached to the ovary tissue via the structure known as the funiculus 

(Boesewinkel and Bouman, 1995; Copeland and McDonald, 2001a). In angiosperms, including 

both monocotyledonous (e.g. maize) and dicotyledonous plants (e.g. Arabidopsis thaliana), the 

process of double fertilization leads to the formation of the main three seed structures, and each 

of them has a distinct genotype (see Fig. 22). The haploid egg cell (n) and the diploid nucleus of 

the central cell (2n), which is formed prior to fertilization by the fusion of two polar nuclei 

within the female gametophyte, each fuses with one of the haploid pollen sperm cells (n) to form 

a zygote and an endosperm nucleus, respectively (Ohto et al., 2007). Therefore, the embryo that 

develops from a diploid zygote (2n) combines the genotypes of both male and female gametes. 

On the other hand, a triple nuclear fusion, followed by multiple nuclear divisions and subsequent 

cellularization, leads to the formation of triploid endosperm tissue (3n), which has two thirds of 

maternal and one third of paternal origin (Léon-Kloosterziel et al., 1994; Copeland and 

McDonald, 2001b; Ohto et al., 2007). The seed coat (2n) is entirely of maternal origin, since it is 

derived from the ovular integuments. (Boesewinkel and Bouman, 1995; Debeaujon et al., 2007).  
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Fig. 22. Schematic representation of double fertilization in angiosperms: (A) Pollen tube with two sperm cells 
(male gametes) and tube nucleus, passing through the micropyle and approaching the embryo sac (female 
gametophyte), which contains the egg cell (female gamete) inserted between two synergid cells, two polar nuclei 
and three antipodal cells. (B) Two sperm cells approach the egg cell and polar nuclei. (C) Double fertilization 
occurred: the egg cell and the nucleus of the central cell, which is formed by the fusion of two polar nuclei, each 
fuse with one of the sperm cells to form a diploid (2N) zygote and a triploid (3N) endosperm nucleus, respectively 
(taken from Copeland and McDonald, 2001). 

 

 

 
 

Fig. 23. Overview of embryogenesis and seed development in Arabidopsis thaliana. The ovule contains the 
embryo sac (female gametohyte) surrounded by the nucellus and two integuments. The micropyle is located between 
the inner integuments. Following double fertilization, the zygote divides into the terminal and basal cells, which 
give a rise to the embryo proper and the suspensor, respectively. The funiculus attaches the ovule to the central 
replum of the silique. The suspensor connects the embryo proper to maternal tissue within the ovule. The early 
embryo in the immature seed is surrounded by the nutritive tissue (endosperm). The growing embryo passes through 
different developmental stages: the globular, heart, torpedo and curled cotyledon stages. The mature embryo, 
protected within the seed coat, with established main structures: shoot apex, radicle, hypocotyl and cotyledons 
(adapted from Castle and Meinke, 1993; Meinke, 1994). 
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4.1.1.  Embryo 

 

Following fertilization, the zygote divides into two separate cells, which have different 

features and developmental fates; the terminal cell develops into the embryo proper, while the 

basal cell gives rise to the structure known as the suspensor, which holds the embryo proper 

fixed to the maternal tissue at the micropylar pole of the ovule (Yeung and Meinke, 1993; 

Meinke, 1994). Besides this passive role, the suspensor also plays an active role in synthesizing 

growth factors and transporting nutrients to the early-stage embryo. Nevertheless, the suspensor 

degenerates in the later stages of embryogenesis and it disappears completely in the mature seeds 

(Yeung and Meinke, 1993). During embryogenesis, the early embryo undergoes a series of cell 

divisions and complex morphological and cellular changes that ultimately result in the formation 

of the mature embryo, which is a new generation plant in miniature. In dicotyledonous plants, 

the growing embryos have stages of development according to their cell numbers and shapes, 

and the following stages are commonly distinguished: the octant, globular, heart-shape, torpedo-

shape and cotyledonous (West and Harada, 1993; Meinke, 1994). At the latter stage, the basic 

plan and the polar organisation of the plant body are established; the mature embryo consists of 

the polar embryonic axis with a distinct shoot apex and radicle (embryonic root) at opposite 

ends, and the hypocotyl to which the cotyledons (embryonic seeds) are attached (West and 

Harada, 1993; Bewley and Black, 1994b). Characteristic stages of embryo development within 

the seed of Arabidopsis thaliana, as representative of dicotyledonous plants, are illustrated in 

Fig. 22.  

 

4.1.2. Endosperm 

 

The triploid endosperm tissue is the product of the second fertilization event. The fertilized 

central cell undergoes a series of free nuclear divisions without cytokinesis to form the 

endosperm syncytium2. Subsequent cellularization leads to the formation of endosperm tissue 

(Ohto et al., 2007). One of the principal functions of the endosperm is to provide nutritive 

support for the developing embryo. Depending on the plant species, the endosperm is either a 

transient or a persistent seed structure. Therefore, seeds can be grouped as endopsermic or 

nonendospermic in accordance with the presence or absence of the endosperm in the mature 

seeds (Bewley and Black, 1994b). The endosperm is retained to varying degrees in endopsermic 

seeds. In many monocotyledonous species (e.g. maize), the endosperm is well-developed and it 

                                                 
2 Syncytium (pl. syncytia, Gr. syn = together + kytos = cell) is a cellular structure containing many nuclei in 
cytoplasm that is not separated into individual cells. Syncytium can be also formed by the cell fusion. 
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remains abundant throughout embryo development and germination, comprising a major part of 

the mature seed. In cereal grains and in seeds of some endospermic legumes, the majority of the 

cells in the well-developed endosperm are non-living due to abundant deposition of the storage 

material, and only the outermost layer of the endosperm (aleurone layer) consists of the living 

cells, which do not store many reserves (Bewley and Black, 1994b; Young and Gallie, 2000; 

Black et al., 2006). In some dicotyledonous plants, the endosperm is either undeveloped or may 

be consumed by the developing embryo, so that it is completely absent or present only as a very 

thin layer of tissue in mature seeds. In these cases, other embryonic structures, usually 

cotyledons, become the primary source of nutrients for embryo growth during germination and 

emergence (Bewley and Black, 1994b; Boesewinkel and Bouman, 1995).  

 

4.1.3. Seed coat (Testa) 

 

As endosperm and embryo grow, the surrounding maternal tissues form the seed-covering 

structure, known as the seed coat. The tissue of the seed coat is generally derived from the ovular 

integuments, but in some species it may be also formed from the chalaza tissue, and sometimes 

from the layers of nucellus that may be included on the inner side of the seed coat (Boesewinkel 

and Bouman, 1995). The seed coat is a multifunctional organ that plays an important role in 

embryo nutrition during seed development (Weber et al., 1996; Debeaujon et al., 2000). It also 

represents the seed's primary defense against adverse environmental conditions, since the seed 

coat acts as an efficient physical and chemical barrier between the embryo and external 

environment. It protects the embryo and the endosperm from various biotic and abiotic stresses, 

including seed predators, pathogenic microorganisms, UV light, desiccation and mechanical 

injury etc. (Mohamed-Yasseen et al., 1994; Black et al., 2006). The importance of the seed coat 

in seed longevity has also been reported, e.g. seeds with hard seed coats are generally long-lived, 

while seeds with weak seed coats that crack easily are prone to infection by microorganisms that 

can cause fast seed deterioration (Christiansen et al., 1960; Christiansen and Justus, 1963; Mayne 

et al., 1969; Bass, 1980; Mohamed-Yasseen et al., 1994). The seed coat has also an important 

function in regulation of seed germination and dormancy by restricting oxygen and water uptake 

(see section 4.2.3.3). In some plant species, the seed coat develops special structures that are 

used as the means of the seed dispersal (Black et al., 2006). The mechanical resistance of the 

seed coat is usually provided by the cells that have thickened secondary cell walls with various 

amounts of deposits of lignin, suberin, cutin or callose substances. Seed coats may contain the 

mucilage that, upon contact with water (e.g. during imbibition), expands and extrudes from the 

seed surface, providing a water-retaining barrier around the seeds. The cuticle, often impregnated 
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with waxes or fats, provides additional protection to the seeds, but it also makes the seed coat 

impermeable to water, restricting the metabolism and further growth of the embryo (Bewley and 

Black, 1994b; Boesewinkel and Bouman, 1995; Black et al., 2006). In addition, the coats of 

numerous seeds contain large amounts of phenolic compounds (Côme, 1982; Corbineau and 

Côme, 1995), especially flavonoids (e.g. proanthocyanidins, also called condensed tannins). 

Proanthocyanidins are usually deposited in the tannin vacuoles or in the cell walls in the outer 

layer of the seeds, but sometimes the tannin cells may also occur in the internal layers of the seed 

coat (Boesewinkel and Bouman, 1995). These polyphenolic substances improve the mechanical 

resistance of the seed coat and they make it impermeable to water and oxygen (Côme, 1982; 

Corbineau and Côme, 1995; Debeaujon et al., 2000; Debeaujon et al., 2007). Due to the toxic 

properties of many phenolic compounds, seed coats provide additional protection against 

predators and soil-born pathogenic microorganisms (Mohamed-Yasseen et al., 1994). Many 

phenolics, including flavonoids, also play important roles in seed physiology (Mohamed-

Yasseen et al., 1994; Debeaujon et al., 2000; Debeaujon et al., 2007). More information about 

the role of testa flavonoids in the regulation of seed dormancy and germination are provided 

further in this chapter (see section 4.2.3.3). Since phenolic compounds, notably flavonoids, play 

an important role in seed protection against various biological and physical stress factors, their 

chemistry, biosynthesis and physiological functions in plants are described in detail elsewhere 

(see section 5). 

 

4.2. Seed physiology: Dormancy and germination 

 

Seeds, as dispersal units of the plants, are structurally and physiologically equipped to 

sustain the early growth and development of the progeny plants, before they become the self-

sufficient, autotrophic organisms (Bewley, 1997). The new plant starts as an embryo within the 

developing seed. The mature seed separates from the mother plant and the embryo becomes 

ready to develop further into a young new plant, the seedling, which emerges out from 

germinating seed. However, many seeds are unable to germinate immediately after reaching 

maturity, but they rather enter into the quiescent state prior to germination. Quiescent seeds are 

resting organs generally having low moisture content and drastically reduced, sometimes hardly 

detectable, metabolic activity. A remarkable property of many seeds is that being in the dry, 

quiescent state, they can survive extended periods of time, ranging from decades to centuries, 

and even millennia (Kivilaan and Bandurski, 1981; Steiner and Ruckenbauer, 1995; Shen-Miller 

et al., 2002; Buitink and Leprince, 2004; Walters et al., 2005; Buitink and Leprince, 2008; Sallon 

et al., 2008). Soon after the seeds are hydrated and environmental conditions become suitable, 



Chapter 1 INTRODUCTION 60 

 

germination may occur, leading to the resumption of normal, high level metabolism and further 

growth. Nevertheless, some seeds fail to germinate, even if conditions are apparently favourable 

for germination. Such seeds experience dormancy, a state that can be released by dormancy-

breaking factors (Bewley and Black, 1994b) (see section 4.2.3). In summary, following 

dissemination from the mother plant, the seeds may enter into one of three states: (1) they are 

non-dormant and can germinate immediately, (2) they are non-dormant, but in the quiescent 

state, and (3) they are dormant (Geneve, 1998). 

 

4.2.1. Seed dormancy 

 

The term dormancy usually refers to a state of a whole plant or its parts, characterized by a 

temporal arrest in growth and development. Dormancy was likely acquired during evolution as a 

strategy for surviving in adverse environmental conditions, such as heat, cold and drought. Seed 

dormancy results in the absence of germination. However, the absence of germination can have 

several causes: the seed can be nonviable, the environmental conditions may be insufficient to 

sustain germination or the seed itself may block germination (Hilhorst, 2007). Seed dormancy 

has therefore been defined as the incapacity of an intact, viable seed to germinate under 

conditions that are normally favourable for germination (Bewley, 1997; Finch-Savage and 

Leubner-Metzger, 2006; Bentsink and Koornneef, 2008). Seed dormancy, as an intrinsic block of 

germination, is an adaptive trait that allows plants to determine the timing of germination for 

seeds in a population (e. g. germination at a particular time of the year or preventing pre-harvest 

germination) (Geneve, 1991; Bewley, 1997; Bentsink and Koornneef, 2008). Seed dormancy is a 

common condition found in many plant species. It is determined by the genetic factors, but is 

also influenced by environmental factors, which often act via plant hormones as mediators 

(Finch-Savage and Leubner-Metzger, 2006).  

 

4.2.1.1. Types of seed dormancy 

 

There are two main categories of seed dormancy based on the timing of the occurrence; 

these on primary and secondary dormancy (Karssen, 1982). Primary dormancy refers to the 

innate dormancy possessed by freshly harvested mature seeds. It is acquired prior to seed 

dispersal as a part of the seed developmental program. On the other hand, secondary dormancy 

occurs after seed dispersal, when mature imbibed seeds acquire dormancy as a result of the lack 

of proper conditions for germination. In nature, it is often associated with annual seed dormancy 

cycles, which can be lost and reintroduced repeatedly as seasons change until favourable 



Chapter 1 INTRODUCTION 61 

 

conditions for germination and subsequent plant growth occur (Karssen, 1982; Finch-Savage and 

Leubner-Metzger, 2006; Hilhorst, 2007). Dormancy is determined both by the physiological and 

the morphological properties of the seed (Nikolaeva, 2004). Seed dormancy may be related to 

factors within the embryo (endogenous dormancy) or it may be imposed by the tissues that 

surround the embryo, e.g. the seed coat (exogenous dormancy) (Hilhorst, 2007). In this respect, 

Baskin and Baskin (2004) have proposed a classification system for “whole seed” dormancy, 

which includes five classes: (1) physiological dormancy, (2) morphological dormancy, (3) 

morphophysiological dormancy, (4) physical dormancy and (5) combinational dormancy. 

 

4.2.2. Germination 

 

The term “germination” generally refers to the process in which the resting forms of life 

(e.g. seeds, spores and pollen) reinitiate their growth and metabolic activity once they have met 

the propitious conditions (Nonogaki et al., 2007). Since the term “seed germination” is 

sometimes used loosely in the scientific literature, it is necessary here to clarify its meaning. 

Seed quality analysts define seed germination as the process of the emergence and development 

of the seedling to a stage where the aspect of its essential structures, the root, hypocotyl and 

cotyledons, indicates whether or not it can develop further into a vigorous plant under favourable 

conditions (ISTA, 1999). On the other hand, seed physiologists define germination in the strict 

sense (sensu stricto; Perino and Come, 1991) as the process that begins with water uptake by the 

quiescent dry seed (imbibition) and ends with the elongation of the embryo axis (Bewley and 

Black, 1994b; Bewley, 1997; Nonogaki et al., 2007). Usually, the visible sign that germination is 

completed is the penetration of the extended embryo radicle through the covering tissues (e.g. 

seed coat and endosperm) (Bewley, 1997). Therefore germination sensu stricto does not include 

seedling growth, which begins when germination terminates, as well as the processes that occur 

in the nascent seedling, such as mobilization of the storage reserves (Bewley and Black, 1994b). 

Accordingly, the term “seed germination” is used throughout this work only in the strict sense.  

 

In general, germination is constituted of the three processes, seed imbibition, the activation 

processes and intra-seminal growth that is completed with embryo protrusion (Ranal and de 

Santana, 2006). It includes numerous events, such as enzyme activation, respiration, subcellular 

structural changes, repair of DNA and organelles, synthesis of macromolecules (DNA, RNA, 

proteins etc.), cell elongation etc., as seen in Fig. 24 (Bewley and Black, 1994b; Bewley, 1997; 

Nonogaki et al., 2007). However, the crucial step of germination is the imbibition of mature dry 

seeds in order to resume their metabolic activities. The uptake of water in most seeds is a 
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triphasic process; it begins with a rapid initial uptake (phase I), followed by the plateau phase of 

variable duration (phase II) and it ends with resumption of relatively fast water uptake (phase 

III), which occurs only after germination is completed, as seen in Fig. 24 (Bewley, 1997; 

Nonogaki et al., 2007). The initial uptake of water is a physical process driven by the matric 

potential of the seed and it occurs in both the living and dead cells. It is also thought that the 

rates of water uptake are controlled initially by the permeability of the seed coat (Nonogaki et 

al., 2007). During phase I, the influx of water into the cells causes temporary structural 

perturbations of membranes. Therefore, shortly after the start of water uptake, the leakage of 

solutes and low molecular weight metabolites can be detected in imbibed seeds (Fig. 24). This 

phenomenon is likely related to a transition process of membrane phospholipids from the gel 

phase, which is achieved during the seed maturation drying, to the normal, hydrated liquid-

crystalline state (Crowe et al., 1984; Crowe et al., 1992; Buitink et al., 2002). However, this 

process last only until shortly after imbibition, when membranes return to their more stable 

configuration (Bewley, 1997). Following the initial rapid water uptake, the seed water content is 

nearly constant during imbibition phase II, where further embryo swelling is prevented either by 

internal hydraulic pressure (turgor) developed in imbibed embryo, which offsets the osmotic 

gradient for water uptake, or by the resistance of the tissues that surround the embryo (Nonogaki 

et al., 2007). In contrast to viable seeds, dead seeds absorb more water during phase II, since 

they can not develop a turgor due to the loss of membrane integrity in dead cells (Nonogaki et 

al., 2007). Therefore, dead seeds do not enter into the imbibition phase III. Imbibed dormant 

seeds also remain in phase II until dormancy is released (Bewley, 1997; Nonogaki et al., 2007).  

 

In viable seeds, metabolism commences as soon as they are hydrated. One of the first 

changes that occurs after imbibition is the resumption of respiratory activity (Fig. 24). Following 

initial rapid oxygen consumption, the rate declines until the radicle penetrates the enclosing 

tissues, at which point the respiratory activity increases again steeply (Bewley, 1997).  

 

Proteins are also synthesised in the very early phase of germination. Their synthesis occurs 

within minutes of imbibition, using preformed mRNAs that remain conserved in dry seeds 

(Bewley, 1997; Black et al., 2006). In the later germination phases, new mRNAs are transcribed 

and de novo synthesis of proteins occurs (Bewley, 1997). Numerous enzymes are synthesized 

during germination, including those that are specifically associated with the germination process 

(Black et al., 2006). 
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With the resumption of metabolic activity, the repair of existing DNA and organelles occur 

in germinating seeds, as well as de novo synthesis of macromolecules, including DNA. Two 

discrete phases of DNA synthesis were observed in the radicle cells of germinating seeds. The 

first occurs soon after imbibition and it is likely preceded by repair of damaged DNA that is 

caused by maturation drying, rehydration or adverse conditions during seed storage. The second 

DNA synthesis phase occurs during the late imbibition phase (phase II) and it further continues 

although the phase III, being associated with postgerminative cell division (Bewley, 1997; Black 

et al., 2006).  

 

As the emergence of the radicle that protrudes out of the seed coat is considered as the 

final event of germination, the extension of the radicle is usually associated with cell elongation, 

which is a turgor-driven process that requires the cell walls of the radicle to yield and expand 

(Bewley, 1997; Black et al., 2006). Although DNA synthesis may begin in the meristem cells 

prior to radicle emergence, in most cases cell division does not occur until radicle emergence 

(Nonogaki et al., 2007). There is also the possibility that in some seeds, for instance in those with 

coat-imposed dormancy, the structures that surround the radicle tip (micropylar region) start to 

weaken, allowing the radicle to elongate (Bewley, 1997; Black et al., 2006; Nonogaki et al., 

2007). In many endospermic seeds, including those with a single cell endosperm layer (e.g. 

Lepidium sativum and Arabidopsis thaliana), germination is a two-step process, where the testa 

rupture precedes endosperm rupture, as seen in Fig. 25 (Arcila and Mohapatra, 1983; Müller et 

al., 2006).  

 
Fig. 24. Time courses of seed imbibition and major events associated with germination and seedling growth as a 
postgerminative process (adapted from Bewley, 1997 and Nonogaki et al., 2007).  



Chapter 1 INTRODUCTION 64 

 

 

 
Fig. 25. Germination of Arabidopsis thaliana seeds, which is two-step process with distinct testa (seed coat) 
rupture and endosperm rupture (adapted from Müller et al., 2006) 

 

 

4.2.2.1. Measurement of germination 

 

Since water uptake and respiration measurements give only a rough indication of the stage 

of the germination process, and the universal biochemical marker of the germination progress 

has not yet been found, the only stage that can be relatively precisely determined is the end of the 

germination process, characterized by visible emergence of the radicle (Bewley and Black, 

1994b). The degree to which germination has been completed is usually expressed as a 

percentage of germinated seeds in the population of sown seeds, observed at time intervals 

during the germination period (Bewley and Black, 1994b; Ranal and de Santana, 2006).  

 

Generally, germination curves have a similar shape; they are usually sigmoidal and most of 

them are positively skewed because a greater percentage of seeds germinates in the first half than 

in the second half of the germination time course (Fig. 26 and Fig. 27) (Bewley and Black, 

1994b). However, seed populations may differ in their germination behaviour, having different 

characteristics that can be measured, including the germination capacity, germination time, 

germination rate and uniformity. These quantitative germination characteristics vary among 

species, but also within the same species (e.g. among different cultivars or ecotypes (Black et al., 

2006). 

 

Germination capacity refers to the maximal (final) percentage of germinated seeds, which 

is reached at the end of the germination period (Bewley and Black, 1994b).  
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The germination time is defined as the period required for the seed population to reach an 

arbitrary percentage of germinated seeds, usually 50%, or alternatively, to complete the 

germination process (Bewley and Black, 1994b). Frequently, the mean germination time (MGT) 

is used to express the average length of time required for maximum germination of a seed 

population (Ranal and de Santana, 2006). It can be calculated according to the equation of Ellis 

and Roberts (1981) as follows: 

∑
∑=

n
Dn

MGT  (1) 

where n is the number of seeds, which were germinated on a particular day/ hour D; D 

corresponds to number of days/ hours counted from the beginning of germination. 

 

The germination rate (also called the germination speed or germination velocity) can be 

defined as the reciprocal of the time taken for the germination process to be completed (Bewley 

and Black, 1994b; Black et al., 2006). It can be determined for individual seeds, but it is more 

frequently expressed for the whole population, where the mean germination rate (R) is defined as 

the reciprocal of the MGT. Since in the scientific literature the term “germination rate” has 

sometimes the other meanings e.g. it may refer to the “cumulative germination percentage” 

(Black et al., 2006), further in this work we will use only the term “germination speed”, in order 

to avoid any possible confusion.  

 

Germination uniformity represents the degree of synchrony in germination of seeds in the 

population. A highly uniform seed population is that in which the germination speed of 

individual seeds is close to the mean germination speed for the population as a whole. The 

steepness of the germination curve is an indicator of the seed population uniformity, reflecting 

the fact that the majority of the seeds complete germination over a relatively short time period 

(Bewley and Black, 1994b).  

 

Some examples of different germination behaviours of seed populations are shown in  

Fig. 26 (Bewley and Black, 1994b). The germination curves a and b represent seed populations 

with the same germination capacity and highly uniform germination behaviour. Both of them 

have slightly positive skewed germination as seen from the distribution curves in Fig. 27 

(Bewley and Black, 1994b). However, these two populations differ in germination speed, since 

the start of the germination is delayed in the population b. On the other hand, the germination 

curve c represents a seed population which has the same germination capacity as population a, 

but it lacks uniformity as individual seeds complete their germination in very different periods of 
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time. The germination curve d flattens off when only a low percentage of the seeds has 

germinated, showing that the population has a low germination capacity, which may be related 

either to a low viability of seeds, or to a high percentage of dormant seeds, or alternatively, to the 

environmental conditions that do not favour germination of most of the seeds. Although having a 

high germination capacity, similar to that of population a, the germination curve e exhibits poor 

germination uniformity, where a limited percentage of seeds germinates fairly early, while the 

remainder germinate only after a delay. It indicates that the population e consists of two discrete 

groups of seeds: the quick and slow germinators (see also a distribution curve e in Fig. 27).  

 

 
Fig. 26. Some examples of theoretical germination curves for populations of seeds with different  
germination behaviours (taken from Bewley and Black, 1994b).  

 

 

 
Fig. 27. Distribution of germination with time. The distribution curves are derived from the germination curves 
presented in Fig. 5. The vertical line on the curve b indicates that the germination is positively skewed, where more 
seeds germinate in the first half (i) than in the second half (ii) of the germination time course (taken from Bewley 
and Black, 1994b). 
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4.2.3. Factors affecting seed dormancy and germination 

 

Although the release of dormancy and the subsequent initiation of germination should be 

considered as two distinct phenomena, sometimes the apparent continuum between these two 

processes makes it difficult to distinguish the factors that break dormancy from those that induce 

germination. Usually, one set of environmental factors will release dormancy, while another set 

of conditions may be required for subsequent germination (Hilhorst, 2007). However, the action 

of these two sets may overlap. Some of the factors that influence seed dormancy and germination 

are presented in Fig. 28. Certain conditions are essential for germination of all seeds, such as 

water for rehydration, oxygen for respiration and favourable temperature (Copeland and 

McDonald, 2001c).  

 

4.2.3.1. After-ripening  

 

After-ripening usually refers to the extended period of dry storage at room temperature of 

freshly harvested, mature seeds (Finch-Savage and Leubner-Metzger, 2006). It is widely used in 

seed technology laboratories as a method to release seed dormancy, while in field it occurs in the 

period between seed shedding and the beginning of germination. Seed after-ripening is 

influenced by the temperature, seed moisture and oil contents, as well as by the seed-covering 

structures (Finch-Savage and Leubner-Metzger, 2006). Hydration of seeds often prevents after-

ripening and maintains dormancy (Allen et al., 2007). On the other hand, after-ripening is 

prevented in very dry seeds, in which the threshold value of the moisture content is found to be 

species-specific (it is lower in oilseeds compared to starchy seeds) (Finch-Savage and Leubner-

Metzger, 2006). Although its molecular mechanisms remain still unknown, it is thought that 

dormancy loss through after-ripening is associated with a breakdown of dormancy imposing 

factors, e.g. abscisic acid (ABA) (Allen et al., 2007; Hilhorst, 2007).  

 

4.2.3.2. Stratification 

 

In many cases, physiological dormancy may be released in seeds exposed for extended 

periods to chilling, while in an imbibed state (Copeland and McDonald, 2001c). This stimulatory 

effect of cool moist conditions has been known for the centuries, and it was in common use for 

breaking dormancy in many horticultural seeds. Historically, the term stratification originates 

from the procedure in which the seeds were arranged in layers in moist sand or soil and stored at 

low temperature prior to planting (Copeland and McDonald, 2001c; Allen et al., 2007).  
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In nature, seed stratification is an environmental adaptation of many temperate-zone plants, 

which have seeds that ripen in the fall, remaining over winter in the moist substrate, and 

germinate in the spring (Geneve, 1998; Allen et al., 2007). Temperature is the most important 

factor controlling stratification. Temperatures near freezing (1-10°C) are the most effective in so 

called “cold stratification” (prechilling) (Geneve, 1998). Nevertheless, some seeds require 

stratification at high temperatures (warm stratification) (Copeland and McDonald, 2001c). The 

dormancy-breaking effect of stratification is likely achieved through the increased sensitivity of 

seeds to other environmental factors, such as light and nitrate, and also to gibberellins (GAs), 

which are the germination stimulating plant hormones (Hilhorst, 2007). 

 

 
 

Fig. 28. Schematic presentation of the processes controlling seed dormancy and germination (Arabidopsis 
thaliana seed is here take as an example). The seed can be either in non-dormant or dormant state. Dormant seed 
will not germinate even when exposed to favourable environmental conditions (e.g. water and light). The seed 
dormancy can be broken by dry storage (after-ripening) or by cold imbibition (stratification). Germination 
promoting factors are marked with the green arrows, while germination inhibiting factors are indicated with red 
arrows (adapted form Bentsink and Koornneef, 2002; 2008).  
ABA - abscisic acid, GA - gibberellins, BR – brassinosteroids 
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4.2.3.3. Coat effects 

 

The tissues surrounding the embryo can influence germination in several ways: (1) by 

inhibiting water uptake, (2) providing mechanical restraint to embryo expansion and radicle 

protrusion, (3) limiting gas exchange (particularly oxygen and carbon dioxide), (4) preventing 

the leakage of germination inhibitors from the embryo, (5) supplying inhibitors to the embryo or 

(6) filtering out light, which is an environmental factor that affects germination (Geneve, 1998; 

Debeaujon et al., 2007).  

 

In many seeds the seed coat confers mechanical constraint, which can be overcome either 

by increased growth potential of the embryo or by testa weakening. Therefore, the germination 

in many seeds with coat-imposed dormancy may be improved by scarifying or by softening 

coats, mechanically or chemically. In nature, seed coat weakening may occur by mechanical 

abrasion, exposure to fire or by alternating freeze - thaw cycles. In addition, seed coats may be 

softened by the activity of soil-born microorganisms or by the passage of seeds through the 

digestive tract of animals (Geneve, 1998). Particular arrangements of testa cells and the presence 

of some chemicals, notably proanthocyanidins (condensed tannins), which are the flavonoid 

compounds particularly abundant in the seed coats, promote coat-imposed dormancy by 

increasing the rigidity and mechanical strength of the testa. Being oxidized, proanthocyanidins 

crosslink with proteins and carbohydrates in the cell wall, resulting in reinforced testa structure 

(Debeaujon et al., 2007). This also affects the permeability of the seed coat, restricting water 

entry and gas-exchange (oxygen entry and carbon dioxide escape) (Marbach and Mayer, 1974; 

Debeaujon et al., 2000; Debeaujon et al., 2007). Phenolic compounds, especially flavonoids, are 

also efficient antioxidants (Rice-Evans et al., 1997). When present in seed coats, they may fix 

molecular oxygen through enzymatic and non-enzymatic oxidation, reducing oxygen supply to 

the embryo (Côme, 1982; Corbineau et al., 1986; Lenoir et al., 1986; Corbineau and Côme, 

1995). Therefore, flavonoids and other phenolics (e.g. caffeic, p-coumaric, ferulic, sinapic, 

vanillic acids and lignans) act as direct or indirect germination inhibitors (Toole et al., 1956; 

Debeaujon et al., 2007). On the other hand, testa flavonoids play a protective role against solute 

leakage, imbibition damage and oxidative stress, thus improving seed vigour, germination and 

longevity (Powell, 1989; Mohamed-Yasseen et al., 1994; Kantar et al., 1996; Debeaujon et al., 

2000).  
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4.2.3.4. Environmental factors 

 

Seedling emergence in the field occurs only when all environmental conditions are within 

the ranges permissive for seed germination. Some of these conditions are germination-promoting 

factors, while others are dormancy-release factors (Allen et al., 2007). Nevertheless, some 

environmental factors are thought to regulate both the dormancy and germination processes or in 

some cases their roles are difficult to distinguish, due to a continuous transition between the 

dormancy and nondormancy states (Allen et al., 2007; Hilhorst, 2007). Among different 

environmental factors, soil water content, temperature, light, gases (air composition) and 

chemicals (e.g. nitrates), which may act independently or collectively, are thought to have an 

important role in the control of seed dormancy and germination (Côme and Tissaoui, 1973; 

Corbineau and Côme, 1995; Allen et al., 2007; Bentsink and Koornneef, 2008). 

 

Water is a basic requirement for germination. Since quiescent seeds have a 

characteristically low moisture content, water is necessary for the activation of the enzymes 

related to embryo respiration and growth, as well as the mobilization of reserve storage material 

during germination (Copeland and McDonald, 2001c). Metabolically activated, imbibed seeds 

become capable of receiving the external signals that can stimulate germination (e.g. light, 

temperature variations, chemical signals, etc.) (Bewley, 1997). Therefore, the substrate water 

potential is one of the most important germination regulatory factors. 

 

Temperature  is an important environmental factor that regulates both dormancy and 

germination (Finch-Savage and Leubner-Metzger, 2006; Hilhorst, 2007). The interactions of 

temperature with other environmental factors, such as light, moisture of the substrate and gases 

have been also reported (Côme and Tissaoui, 1973; Cone and Spruit, 1983; Corbineau and 

Côme, 1995; Bair et al., 2006; Batlla and Benech-Arnold, 2006; Bradford et al., 2007). Great 

variability in the temperature requirement for germination was found among different species 

and within species (Toole et al., 1956). The effect of temperature on germination can be 

generally expressed in terms of the “cardinal temperatures”, including the minimum (base), 

optimum and maximum temperatures at which germination can occur (Toole et al., 1956; 

Copeland and McDonald, 2001c; Allen et al., 2007). Although the base temperature is 

sometimes difficult to determine, since the germination may occur, but at a very slow rate, it was 

found that many seeds can germinate at temperatures close to the freezing point. The optimum 

temperature for germination of most plant seeds is between 15°C and 30°C, while the maximum 

temperatures usually range between 30°C and 40°C (Copeland and McDonald, 2001c). 
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Alternating temperatures is also found to regulate the dormancy status in many seeds. In nature, 

the changes in seasonal and diurnal temperatures drive dormancy cycling of seeds in soil (Allen 

et al., 2007; Hilhorst, 2007). 

 

Light can promote, but also inhibit the germination of imbibed seeds (Toole et al., 1956). 

The majority of seeds need to be exposed to the light, whereas others species require dark 

conditions to germinate (Toole et al., 1956; Geneve, 1998). While it is widely accepted that light 

plays a role in the regulation of germination, it still remains unclear whether light can also 

directly affect seed dormancy (Finch-Savage and Leubner-Metzger, 2006; Hilhorst, 2007). Both 

light intensity and light quality influence germination. Light is perceived through photoreceptors, 

the pigments in the phytochrome family. Upon red light irradiation, phytochromes undergo a 

reversible photoconversion between the red light (R)-absorbing form (Pr) and the far-red light 

(FR)-absorbing form (Pfr). Phytocromes are synthesized as Pr, a physiologically inactive form, 

which upon exposure to red light turns into the physiologically active Pfr form that triggers a 

variety of complex physiological responses, including seed germination. In some seeds, such as 

Arabidopsis, the effects of light on seed germination were found to be interrelated to other 

factors, such as plant hormones, as seen in Fig. 28 (Cone and Spruit, 1983; Bentsink and 

Koornneef, 2008). 

 

Gaseous environment also affects the seed germination and dormancy processes. Most 

plant species are adapted to an oxygen-rich environment, and require oxygen for seed 

germination. However, the gaseous composition of the soil may differ from that of the air, since 

it depends on the structural characteristics of the soil, the diffusion and solubility coefficients of 

different gases, as well as O2 uptake and CO2 and ethylene release by the living soil-born 

organisms (Corbineau and Côme, 1995). As respiration, an essentially oxidative process, 

increases sharply during seed germination upon imbibition, most seeds require an adequate 

supply of O2 during germination (Copeland and McDonald, 2001c). However, the sensitivity of 

seed germination to the partial pressure of O2 depends widely on the plant species, physiological 

status and the dormancy state of seeds. It is also modulated by other environmental factors, 

including water potential, light and temperature e.g. the lower the temperature, the less O2 is 

required for germination (Corbineau and Côme, 1995; Bradford et al., 2007). Most of seeds in 

conditions of partial or total deprivation of O2 have retarded or even inhibited germination. 

However, some seeds can tolerate hypoxic and anoxic conditions by entering into secondary 

dormancy (Corbineau and Côme, 1995; Copeland and McDonald, 2001c; Naeem et al., 2009). 

Other seeds are adapted to germinate at very low O2 concentrations, e.g. aquatic plants germinate 
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under water where O2 is present only in limited concentrations. A few plant species, including 

rice, are known to germinate under complete anoxia (Corbineau and Côme, 1995, and references 

therein). Scarification or removal of the seed coat may help germination under hypoxic 

conditions, where isolated embryos are found to germinate well in an atmosphere containing 

only 1-3% O2 (Côme, 1982; Corbineau and Côme, 1995).Carbon dioxide (CO2) has been shown 

to stimulate germination, but only at relatively low concentrations (0.5-5%) (reviewed by 

Corbineau and Côme, 1995). Higher concentrations of CO2 (above 10%) are found to have 

inhibitory effects on germination. Nevertheless, in the soil, the concentrations of CO2 are rarely 

above 1-2% under natural conditions. Ethylene which is a gaseous phytohormone (see section 

4.2.3.5 and Fig. 28) also stimulates germination in many plant species. The elevated CO2 is often 

associated with enhanced production of ethylene. Both gases possibly stimulate seed 

germination, acting either in additive or synergistic manner (Corbineau and Côme, 1995).  

 

Nitrate is another factor of the soil environment that can influence germination. Many 

species are reported to respond positively to low doses of nitrates during laboratory seed quality 

tests (ISTA, 1999). Although the mechanisms of germination stimulation by nitrate remain still 

unknown, it is thought that it directly affects the dormancy rather than just promoting seed 

germination (Finch-Savage and Leubner-Metzger, 2006).  

 

4.2.3.5. Plant hormones 

 

Some phytohormones, such as abscisic acid (ABA), gibberellins (GAs), ethylene and 

brassinosteroids (BRs) are important regulators of dormancy and germination (Fig. 28). ABA 

and GAs are two types of hormones that act antagonistically; ABA induces dormancy during 

seed maturation and maintains the dormant state in imbibed seeds, while GAs play a key role in 

dormancy release and in the promotion of germination (Finch-Savage and Leubner-Metzger, 

2006).  

 

In most species, ABA levels increase during the first half of seed development and decline 

during late maturation, coinciding with the decline in seed water content. In seeds, ABA has 

been related to different developmental processes, including suppression of precocious 

germination and induction of desiccation tolerance (Hilhorst, 2007). ABA deficiency during seed 

development is associated with the absence of primary dormancy, whereas overexpression of 

ABA biosynthesis genes can increase a seed ABA content and enhance seed dormancy (Finch-

Savage and Leubner-Metzger, 2006 and references therein). Upon imbibition of dormant seeds, 
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the concentrations of endogenous ABA increase (Le Page-Degivry and Garello, 1992; Wilson et 

al., 1995; Debeaujon and Koornneef, 2000). Therefore, de novo biosynthesis of GAs is required 

during imbibition to overcome this ABA-induced dormant state (Karssen et al., 1989; Nambara 

et al., 1991). 

 

Two mechanisms have been proposed by which GAs promote germination; the first is the 

induction of the expression of genes encoding enzymes hydrolyzing the endosperm, which 

finally leads to endosperm weakening, allowing the radicle to emerge, while the second 

mechanism consists of a direct stimulating effect on the growth potential of the embryo 

(Debeaujon and Koornneef, 2000 and references therein). In addition, it was found that a 

dynamic balance of hormone synthesis and catabolism, which ultimately controls the ABA:GA 

ratio in seeds, is the major regulator of dormancy/ germination status, rather than the absolute 

concentrations of these hormones. While dormancy maintenance depends on a high ABA:GA 

ratio, dormancy release involves a net shift to increased GA biosynthesis and ABA degradation, 

resulting in low ABA:GA ratios (Finch-Savage and Leubner-Metzger, 2006). 

 

In addition, the effects of some environmental factors, such as light and cold, are mediated 

by plant hormones. In many seeds, light and GAs can both release dormancy and promote 

germination (Debeaujon and Koornneef, 2000; Finch-Savage and Leubner-Metzger, 2006; 

Hilhorst, 2007). In Arabidopsis seeds, light-induced phytochrome may induce GA biosynthesis 

during the early phases of germination, while cold treatment, on the other hand, may increase the 

sensitivity of the embryo to GAs, finally resulting in the enhanced growth potential of the 

embryo, as seen in Fig. 28 (Derkx and Karssen, 1993a; Yamaguchi et al., 1998; Debeaujon and 

Koornneef, 2000).  
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4.3. Chemistry of plant seeds 

 

The chemical composition of seeds is basically determined by genetic factors and hence 

varies widely among species and their varieties. In addition, the environmental conditions that 

prevail during seed development and maturation may also influence seed chemistry (Bewley and 

Black, 1994b; Copeland and McDonald, 2001d). Aside from the chemicals that are found in all 

plant tissues, which play important structural and functional roles, seeds contain large amounts 

of food reserves that are mobilised during germination, supporting early seedling growth. The 

seed storage material generally includes carbohydrates, lipids and proteins. Reserves may be 

stored in different seed parts, including embryonic and extraembryonic tissues. For example, the 

carbohydrates are mostly located in the endosperm, while the embryos (particularly the 

cotyledons) may contain large quantities of storage proteins and lipids (Bewley and Black, 

1994b). In addition to food reserves, seeds contain smaller amounts of other chemical 

substances, which have a minor storage role, but a rather important function in the regulation of 

the growth and metabolism of the developing embryo and early seedling, as well as in seed 

protection. 

 

4.3.1. Water content 

 

In spite of the fact that plants are composed mainly of water (plant cell protoplasm 

contains about 85-90% water), the mature seeds are the plant parts that have the least amounts of 

water (Larcher, 2003). For comparison, the water content in the soft leaves and roots is about 80-

90% (fw) and 70-95% (fw), respectively. Freshly cut wood contains about 50% (fw) water. In 

contrast, most plant seeds have an extremely low water content. It is known that at some point of 

their development, the seeds of the majority of plant species undergo massive desiccation 

(Berjak and Pammenter, 2000; Black et al., 2006). Consequently, mature dry seeds contain in 

average only about 10-15% water (fw), although the water content in some oilseeds may drop 

down to 5-7% (fw) (Larcher, 2003). In dry state, seeds are capable of surviving for extended 

periods of time (sometime for decades, or even millennia) (Kivilaan and Bandurski, 1981; 

Steiner and Ruckenbauer, 1995; Shen-Miller et al., 2002; Walters et al., 2005; Sallon et al., 

2008). In most other organisms, the extreme desiccation leads to irreversible injuries to the 

cellular structures and macromolecules (e.g. membrane disintegration, protein denaturation etc.). 

Plant seeds developed a particular desiccation tolerance strategy, moreover using it as an 

ecological advantage for surviving long time periods even under unfavourable environmental 

conditions. During process of seed drying, cytoplasmic viscosity increases dramatically, and 
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finally it transforms into so-called glassy state (Buitink and Leprince, 2004). A glass could be 

defined as an amorphous metastable state that resembles a solid, brittle matter, but retains the 

disorder and physical properties of the liquid state; it is a highly viscous solid liquid (Buitink et 

al., 2002; Buitink and Leprince, 2008). The formation of intracellular glasses is indispensable to 

survive the dry state. Due to a high viscosity, the molecular mobility is extremely limited, thus 

decreasing the probability of all chemical reactions that depend on molecular diffusion (Buitink 

and Leprince, 2004; Buitink and Leprince`, 2008). That is why the dry seeds enter in 

metabolically quiescent state. On the other hand, due to low molecular mobility, generation of 

ROS and their diffusion is drastically reduced in intracellular glasses, thus leading to decreased 

oxidative damage and slowing down ageing process in dry seeds (Buitink and Leprince, 2004). 

Soluble non-reducing sugars (sucrose and oligosaccharides), together with proteins (LEA, 

HSPs), which are both good glass-formers, play an important role in seed resistance to 

desiccation (Buitink et al., 2002; Buitink and Leprince, 2004; Boudet et al., 2006) (for details see 

sections 4.3.2 and 4.3.4). Nevertheless, not all seeds are tolerant to desiccation. Accordingly, 

seeds can be generally classified into two groups, the orthodox and the recalcitrant seeds (Basu, 

1995). The orthodox seeds are those which can be dried to a low moisture content (≤ 5%, fw), 

without being damaged, and whose longevity is extended if stored at low moisture content and 

low temperature (Roberts, 1973; Basu, 1995; Berjak and Pammenter, 2002). The orthodox seeds 

acquire desiccation-tolerance during their late phase of development, the seed maturation 

(Leprince et al., 1993). Dry orthodox seeds usually retain their viability for a long time periods, 

if stored under adequate conditions (Basu, 1995; Doijode, 2001). In contrast, recalcitrant seeds 

can not be dried and cooled below a certain critical level without being damaged. Therefore, 

these seeds do not complete maturation drying. They remain desiccation-sensitive both during 

their development and after harvest, containing a relatively high percentage of water (about 40-

80%, fw) (Pammenter et al., 1994; Berjak and Pammenter, 2000). Recalcitrant seeds, which are 

characteristic of many tropical and subtropical species, can not be stored for long periods, even 

under favourable conditions (Corbineau and Côme, 1988, , 1989; Basu, 1995; Berjak and 

Pammenter, 2000; Doijode, 2001; Baskin and Baskin, 2001b).  
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4.3.2. Carbohydrates 

 

Starch is the most widespread storage carbohydrate that is usually found abundant in seeds, 

in addition to the soluble sugars and other non-storage carbohydrates, such as cellulose, pectins 

and mucilages (Bewley and Black, 1994b; Copeland and McDonald, 2001d).  

 

Starch occurs in seeds in two related forms, amylose and amylopectin, which are both 

polymers of D-glucose; former is a linear-chain molecule, while latter is a branched, high-

molecular-weight molecule (Fig. 29). Starch is accumulated in small subcellular bodies (2 to 100 

µm in diameter), called the starch grains. They are usually composed of about 50-75% 

amylopectin and 20-25% amylose. Starch grains are found in the endosperm and embryo’s 

cotyledons (Bewley and Black, 1994b; Copeland and McDonald, 2001d). 

 

Free, soluble sugars are rarely the main storage carbohydrates. However, some 

disaccharides (e.g. sucrose) and some oligosaccharides (e.g. raffinose family oligosaccharides), 

as seen in Fig. 30, are commonly found as minor reserves in embryo and storage tissue of mature 

seeds (Bewley and Black, 1994b). Nevertheless, soluble carbohydrates, particularly sucrose, are 

an important source of available carbon and energy, necessary for respiration during germination 

and early seedling growth. (Hopkins and Hüner, 2004a). They are the principal products of the 

sugar interconversions that occur in seeds during the mobilization of food reserves in 

germinating seeds. During the early developmental phase (morphogenesis phase), sucrose is first 

enzymatically hydrolyzed in seeds, and soluble monosaccharides (glucose and fructose) 

accumulate in relatively large amounts in the embryo and endosperm. In contrast, during the late 

phase of seed development (maturation phase), the embryo accumulates predominantly 

unhydrolyzed sucrose (Weber et al., 1995; Weber et al., 1997; Ohto et al., 2007). 

 

The raffinose family oligosaccharides, RFOs (e.g. raffinose, stachylose, verbascose), occur 

almost ubiquitously in plant seeds (Peterbauer and Richter, 2001). They are soluble, low-

molecular weight chains formed by the α(1→6) polymerization of galactose units, attached to 

the glucose moiety of sucrose (Fig. 30). The ROFs accumulate in the late stages of seed 

maturation and desiccation (Taji et al., 2002). Non-reducing sugars, such as sucrose and RFOs 

play an important role in seed desiccation-tolerance. Together with late embryogenesis abundant 

(LEA) proteins (see section 4.3.4), these non-reducing sugars are involved in the formation of 

intracellular glassy state, a state that enables seeds to resist almost complete removal of 

intracellular water and confer an exceptional longevity of seeds in dry state (Buitink and 
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Leprince, 2004; Buitink and Leprince`, 2008). These non-reducing sugars increase a density of 

intracellular glasses, thus reducing molecular mobility in the matrix, preventing ultimately from 

oxidative damage during the long-term storage of seeds. During desiccation process, sucrose and 

RFOs preserve proteins from unfolding, thus helping in preserving enzyme activity upon re-

hydration (Buitink and Leprince, 2004). In addition, these non-reducing sugars act as protectants, 

being involved in the stabilization of the cell membranes during the dehydration (Crowe et al., 

1984; Vertucci and Farrant, 1995; Buitink et al., 2002). A positive relationship between an 

increase in sucrose and RFO content and the acquisition of seed desiccation-tolerance was 

demonstrated in various species (Leprince et al., 1990; Bernal-Lugo and Leopold, 1992; Black et 

al., 1996; Bochicchio et al., 1997; Brenac et al., 1997; Corbineau et al., 2000).  

 

Among non-storage carbohydrates, cellulose, pectins and mucilages can be found in seeds, 

as well as in other parts of plants. Cellulose and pectins are the two structural carbohydrates that 

make the matrix of primary cell walls of all land plants. Cellulose is a long, linear polysaccharide 

chain, constituted of many β(1→4) linked D-glucose units. (Hopkins and Hüner, 2004b). Pectins 

are complex, heterogeneous mixtures of polysaccharides that are especially rich in galacturonic 

acid (Bewley and Black, 1994b). Mucilages are chemically complex mixtures, predominantly 

composed of different polysaccharides (Willats et al., 2001; Copeland and McDonald, 2001d). 

Their essential components are polyuronides, which are acidic polysaccharides that are mainly 

composed of D-galacturonic acid, rhamnose, galactose and arabinose, resembling the pectic 

compounds, (Western et al., 2000; Copeland and McDonald, 2001d; Izydorczyk et al., 2005). 

Apart from the mucilages, which are sometimes present in rather large amounts in seeds, other 

non-storage carbohydrates occur in quantities found in other plant organs.  

 

4.3.3. Lipids 

 

The occurrence of large amounts of lipids differentiates the seeds from other plant parts 

(Bewley and Black, 1994b; Copeland and McDonald, 2001d). The majority of lipids stored in 

seeds are triacylglicerols, which are esters of glycerol and three molecules of fatty acid (Fig. 

31A). In addition to these simple lipids, compound and derived types of lipids may also occur in 

the seeds. The compound lipids are esters of fatty acids, containing additional chemical groups 

(e.g. phospholipids and glycolipids that constitute the cell membranes), while the derived lipids 

are hydrolytic products of simple and compound lipids, which include various free fatty acids 

and some large molecular alcohols, such as sterols (e.g. cholesterol) (Copeland and McDonald, 

2001d).  
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Fig. 29. Chemical structures of amylose and amylopectin, the two components of the starch. Amylose is a long 
chain of α(1→4)-linked glucose residues. Amylopectin is multibranched polymer of α(1→4)-linked glucose 
containing α(1→6) branch points (Adapted from Copeland and McDonald, 2001). 

 

 

Fig. 30. Chemical structure of soluble sugars ubiquitous in plant seeds: sucrose and raffinose family 
oligosacharides (raffinose, stachyose and verbascose) that are formed by the α(1→6) polymerization of galactose 
units, added to the sucrose moiety (Adapted from Hopkins and Hüner, 2004a). 

 
Fig. 31. Chemical structures of triacyglycerols and fatty acids that are commonly found in the storage material of 
plant seeds. A) Triacylglycerols are composed of glycerol with three attached fatty acids molecules (R1, R2 and R3). 
Some examples of unsaturated (B) and saturated (C) fatty acids that are frequently found in seeds. 
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The characteristic of seed storage lipids is their high content of unsaturated and relatively 

low content of saturated fatty acids. The most common unsaturated fatty acids found in seeds are 

oleic (18:1∆9) 3  and linoleic (18:2∆9,12)3 acids (Fig. 31B). Examples of less common 

unsaturated fatty acids in seeds are α-linolenic (18:3∆9,12,15)3 and erucic (22:1∆13)3 acids, as 

seen in. Among the saturated fatty acids, palmitic acid (16:0)3 is frequently found in seed storage 

lipids (Fig. 31C) (Bewley and Black, 1994b; Copeland and McDonald, 2001d). In seeds, most of 

the lipids are stored in the endosperm and the cotyledons, within the small subcellular structures, 

called oil bodies, which vary in size from 0.2 to 6 µm (Bewley and Black, 1994b). The lipid 

storage material in many oilseed species is mobilized during the seed germination; the lipids are 

stepwise hydrolysed by the lipases, and a massive conversion of triacylglycerols to sugars leads 

to a significant decrease in lipid content and an increase in sucrose content (Copeland and 

McDonald, 2001d).  

 

4.3.4. Proteins 

 

Proteins comprise an important part of the seed mass, especially in leguminous species, in 

which they can reach more than 40% of dry seed weigh (Lambert and Yarwood, 1992; Shewry et 

al., 1995). They provide the embryo with carbon, nitrogen and sulfur resources for subsequent 

growth and development. The majority of seed proteins are metabolically inactive, serving as 

nutrient stores, necessary for seed germination and early seedling establishment (Copeland and 

McDonald, 2001d; Öpik and Rolfe, 2005). Some metabolically inactive proteins play a role in 

the structural architecture of the seeds. Only a small portion of the total protein content includes 

proteins that are metabolically active during the phases of seed development and germination. 

Among these are the enzymes that catalyze all metabolic process related to the respiration, 

growth and development of the embryo, as well as the storage of food reserves and their 

mobilization during germination (Copeland and McDonald, 2001d). Dry mature seeds also 

accumulate particular types of protective proteins, such as late embryogenesis abundant (LEA) 

proteins and heat shock proteins (HSPs), which are associated with desiccation-tolerance in 

orthodox seeds (Wehmeyer and Vierling, 2000; Buitink et al., 2002; Buitink and Leprince, 2004; 

Boudet et al., 2006; Buitink and Leprince, 2008). According to Osborne (1924), seed proteins 

can be classified on the basis of their solubility into following four groups: albumins (soluble in 

water), globulins (soluble in saline solutions, but not in water), glutelins (soluble in dilute acid or 

                                                 
3 Fatty acids (X:Y∆n,m,k, …) are identified according to the number of carbon atoms (X), as well as the number of 
double bonds (Y) and their positions in fatty acid chain (n,m,k,…). Unsaturated fatty acids contain one or more 
double bonds in their long aliphatic tail, while saturated fatty acids have all carbon-carbon single bonds in their 
aliphatic chain and therefore are labelled as X:0. 
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alkali solutions) and prolamins (soluble in aqueous alcohols) (Bewley and Black, 1994b; Shewry 

et al., 1995; Ogawa and Okita, 2000; Copeland and McDonald, 2001d). Prolamin-type proteins 

are found only in monocotyledonous seeds (e.g. cereals) (Shewry et al., 1995; Copeland and 

McDonald, 2001d). Most seed albumins are metabolically active proteins that posses enzymatic 

activity (Copeland and McDonald, 2001d). Nevertheless, some albumins act as storage proteins 

(e.g. napins found in Brassicaceae family). The globulins are the most widely distributed group 

of storage proteins in dicotyledonous as well as monocotyledonous seeds (Shewry et al., 1995). 

Two major classes of seed storage globulins can be identified according to their sedimentation 

coefficients: 7-8S (the vicilin group) and 11-14S (the legumin group) (Danielsson, 1956; Ogawa 

and Okita, 2000). Seed storage proteins accumulate primarily in the protein storage vacuoles 

(PSVs) within the cells of the embryo, as well as in the endosperm, but they can be also 

deposited within small subcellular structures (1-20 µm in diameter), called the protein bodies 

(PBs), which contain a mixture of different proteins (Shewry et al., 1995; Herman and Larkins, 

1999; Copeland and McDonald, 2001d). 

 

4.3.5. Other chemical substances found in seeds 

 

In addition to structural and storage materials, a variety of other chemical compounds are 

present in seeds, but they occur in much smaller quantities. Some of these substances are 

involved in the regulation of embryo growth, germination and subsequent seedling development, 

while others are involved in seed interactions with the environment, notably in protection against 

different biotic and abiotic stresses. Many of these substances belong to the class of substance 

known as plant secondary metabolites, including alkaloids, glycosides, terpenoids and phenolic 

compounds (Hopkins and Hüner, 2004c). The latter group includes the flavonoids, cinnamic acid 

and its derivatives (p-coumaric, ferulic, caffeic and sinapic acid) (Dixon and Palva, 1995; 

Hopkins and Hüner, 2004c). Relatively large amount of phenolics, especially flavonoids, are 

found in plant seeds. Some flavonoids (e.g. condensed tannins) accumulate in large quantities in 

the seed coats. More information about the role of testa flavonoids in the regulation of seed 

dormancy and germination are provided in section 4.2.3.3. Since flavonoids play an important 

role in seed protection against various biological and physical stresses, including UV radiation, 

their chemical structures, biosynthesis and physiological roles are discussed in detail elsewhere 

(see section 5.2).  
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4.4. Arabidopsis thaliana seeds 

 

4.4.1. Morphology and anatomy of Arabidopsis thaliana seeds 

 

As in other Brassicaceae, the seeds of Arabidopsis thaliana are produced in fruits, known 

as siliques. Each silique contains two carpels and a central septum (replum) to which the seeds, 

arranged into two long rows, are attached by the funiculus that serves as a pipeline for the 

nutrients coming from the mother plant to developing embryo (Meinke, 1994). Since the life 

cycle of the Arabidopsis plant is relatively short, reproductive development from fertilization to 

the phase of seed desiccation, as shown in Fig. 23, is usually completed in two weeks when 

plants are grown under optimal conditions (23°C and 16/8-h (light/dark) photoperiod) (Meinke, 

1994). The most remarkable feature of Arabidopsis seeds is their small size (Fig. 32); depending 

on the seed line, the size of mature dry seed ranges from 300-500 µm and they weight about 20-

30 µg (Meinke, 1994; Al-Shehbaz and O'Kane, 2002). Mature wild type Arabidopsis seeds have 

a characteristic brown colour, which originates from flavonoids, particularly proanthocyanidins 

deposited in the seed coat (Fig. 32A). At the surface of mature seeds, some ovular parts can be 

still recognized: the micropyle region forms a small depression at one of the seed poles, while 

the hilum, visible as a small white point at the same pole, represents a scar where the funiculus 

was connected prior to seed detachment (Fig. 32A and Fig. 32B). Within the seeds, the mature 

embryo is made of about 15 000 to 20 000 cells that are organised into organs that define the 

principal pattern of the plant body. These organs, necessary for the subsequent development of 

young seedlings, are: the shoot apical meristem, the cotyledons, the hypocotyl, the radicle and 

the root meristem (Jürgens, 1994). In Arabidopsis seeds, the radicle tip is situated below the 

micropyle region (Fig. 33D), which facilitates the piercing of the seed coat at germination 

(Boesewinkel and Bouman, 1995). During early seed development, the establishment of three 

domains of the endosperm (the micropylar, the peripheral and the chalazal regions) occurs in 

Arabidopsis seeds (Ohto et al., 2007). However, most of the endosperm is absorbed by the 

growing Arabidopsis embryo, so that only little of this tissue remains in the mature seed (Fig. 

33A and Fig. 33C). Therefore, at maturity, the curled embryo occupies most of the volume of 

the Arabidopsis seed (Fig. 33D). The embryo is surrounded by a thin hyaline layer and the 

single-cell layer, known as aleurone layer, which corresponds to reduced peripheral endosperm. 

The aleurone layer, is tightly associated with the protective seed coat that encapsulates the whole 

structure (Debeaujon et al., 2000; Debeaujon et al., 2007). In contrast to the seed coat, which 

contains dead cells, the cells in the aleurone layer remain physiologically active even in the stage 

of seed maturity (Debeaujon et al., 2000). The Arabidopsis seed coat develops from two ovular 
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integuments and the chalazal tissue (Debeaujon et al., 2007). As seen in Fig. 33A, Fig. 33B and 

Fig. 33C, the inner integument forms the tegmen that consists of three cell layers, of which the 

innermost one (ii1), called endothelium, contains the cells specialized in the synthesis of 

proanthocyanidins (condensed tannins) (Beeckman et al., 2000; Penfield et al., 2001; Debeaujon 

et al., 2007). These polymeric flavonoid compounds accumulate in the vacuoles of the 

endotelium cells as colourless compounds at an early stage of seed development (Debeaujon et 

al., 2007). Yet, during the desiccation stage, they become enzymaticaly oxidized by the 

polyphenoloxidases into brown pigments that confer the characteristic colour of the mature wild 

type Arabidopsis seeds (Pourcel et al., 2000; Pourcel et al., 2005). The outer integument 

develops into the two-layered testa (Fig. 33A, Fig. 33B and Fig. 33C). The subepidermal cell 

layer (outer integument, oi1) undergoes secondary thickening of the inner tangential cell wall 

and accumulates pale yellow flavonols, a class of flavonoid pigments (Beeckman et al., 2000; 

Pourcel et al., 2005). The epidermal cells in the outermost layer of the outer integument (oi2) 

differentiate into mucilage-containing cells, which secrete large quantities of mucilage, deposited 

in a ring between plasma membrane and primary cell wall. Consequently, the remaining 

cytoplasm of the epidermal cells is forced into a columnar shape, forming a central elevation 

called the columella, visible at the surface of Arabidopsis seeds (Fig. 32B). A thick secondary 

cell wall is also deposited external to the columella, reinforcing the testa epidermal cells 

(Beeckman et al., 2000; Western et al., 2000; Penfield et al., 2001; Ohto et al., 2007).  

 

4.4.2. Physiology of Arabidopsis thaliana seeds 

 

Arabidopsis thaliana seeds exhibit physiological non-deep dormancy, meaning that even if 

the embryos are released from surrounding structures (testa and endosperm tissues), intrinsic 

factors (e.g. plant hormones, for details see section 4.2.3.5) keep them in a dormant state 

(Bentsink and Koornneef, 2008). However, seed dormancy in Arabidopsis can be overcome by 

the common germination promoting factors, including after-ripening (dry storage), moist chilling 

(stratification) and light (Fig. 28). Like in many other seeds, the germination of Arabidopsis 

seeds is under phytochrome mediated photocontrol (Fig. 28). Furthermore, applied chemicals, 

such as KNO3, NO and treatment with exogenous gibberellins also have germination promoting 

effects (Derkx and Karssen, 1993a; Derkx and Karssen, 1993b; Bentsink and Koornneef, 2008). 

The requirement for these exogenous factors depends largely on the genotype. For instance, 

genetic variations related to the control of germination and dormancy are observed among 

different natural occurring Arabidopsis ecotypes, as well as mutants obtained in the laboratory 

(Bentsink and Koornneef, 2008).  
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Fig. 32. Arabidopsis thaliana wild type seeds. A) Dry mature seeds were photographed at x32 magnification, 
using Wild Photomakroskp M400. Scale bar: 500 µm (Taken by Andreja Zalar). B) Scanning electron micrograph of 
a dry seed. Visible are hexagonal epidermal cells that have thickened radial cell walls and central elevations called 
the columellae. Scale bar: 100 µm (Taken from Western et al., 2000).  

 

 
Fig. 33. Anatomy of the Arabidopsis seed (Adapted from Debeaujon et al., 2007; Debeaujon et al., 2003). A) 
Schematic representation of a developing seed at the heart stage embryo (longitudinal section). B) A detail of the 
mature seed coat (cross section). For A) and B) cells accumulating flavonoid compounds, either proanthocyanidins 
(condensed tannins) or flavonols are highlighted in black or grey, respectively. C) Micrograph of the longitudinal 
section of wild-type seed at the heart stage of embryo development (toluidine blue O staining). The innermost inner 
integument (ii1) (dark coloured), called the endothelium, contains proanthocyanidins. The arrowheads show the 
limits of the ii1’ layer D) Micrograph of the longitudinal section of wild-type seed at the cotyledonary stage of 
embryo development (toluidine blue O staining). The arrowhead shows the endothelium layer (ii1).  
Abbreviations: al - aleurone layer (corresponds to reduced peripheral endosperm); c - chalaza; cec - chalazal 
endosperm cyst; cl - columella; cpt - chalazal proliferating tissue (remnant of nucellus); cv - central vacuole;  
cw - cell wall; e - embryo; h - hyaline layer (remnant of central endosperm); ii - inner integument (tegmen);  
m - micropyle; mu - mucilage; oi = outer integument (testa); pe - peripheral endosperm; s - suspensor 
Scale bars: 40 µm in A), 7 µm in B), 65 µm in C) and 80 µm in D). 
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4.4.3. Chemical composition of Arabidopsis thaliana  seeds 

 

The seeds of Arabidopsis thaliana are orthodox seeds that withstand a strong desiccation. 

Harvested, mature seeds have a very low water content, usually around 10% (fw). Yet, 

Arabidopsis seeds withstand drying down to 5-6% (fw) moisture content, which extends the seed 

longevity during long-term storage (Rivero-Lepinckas et al., 2006). Therefore, more than 90% of 

the seed mass is made of proteins, lipids and carbohydrates. Since mature dry Arabidopsis seeds 

contain a single-cell layer of vestigial endosperm, surrounded by the thin seed coat, the seed 

mass is the embryo,where compounds serve as storage materials or they are involved in the 

structure, development and metabolism of the embryo. 

 

Proteins compose about 47% of the Arabidopsis seed mass (e.g. each seed contain about  

8 µg of proteins, Focks and Benning, 1998). The bulk of the proteins in mature seeds is 

represented by different 12S and 2S storage proteins (Focks and Benning, 1998). The 12S α- and 

12S β- subunits resemble those of cruciferin, a legumin-type storage globulin, which represent 

50-55% of the total proteins in the mature seeds (Koornneef and Karssen, 1994; Gallardo et al., 

2002). In contrast to many other seeds, Arabidopsis does not contain detectable 7-8S vicilin-type 

storage proteins in the mature seeds, although a vicilin-like gene is present in its genome 

(Fujiwara et al., 2002). Instead, the 2S proteins that resemble napin, an albumin-type protein, are 

the second most abundant group of storage proteins found in mature Arabidopsis seeds. The 

reserve storage proteins are deposited within the protein bodies, which are found both in the 

hypocotyl and the cotyledons of the mature embryo (Koornneef and Karssen, 1994).  

 

As in most plants of the Brassicaceae family, Arabidopsis seeds contain large amounts of 

lipids. The lipid content may reach about 19% (fw) of the total seed weight (3.2 µg of lipids per 

seed) (Focks and Benning, 1998) . Storage lipids provide the major source of carbon for 

respiration and growth for developing young Arabidopsis seedlings (Eastmond et al., 2000). 

Arabidopsis oilseeds accumulate lipids as triacylglycerols, which represent the major carbon and 

energy reserves (Koornneef and Karssen, 1994; Focks and Benning, 1998). The triacylglycerols 

in Arabidopsis seeds are mainly constituted from unsaturated fatty acids, predominantly linoleic 

(18:2∆9,12), oleic (18:1∆9) and eicosenoic (20:1∆11) acid (Fig. 31B), which together make 

about 70% of the total triacylglycerol content (Koornneef and Karssen, 1994; Focks and 

Benning, 1998). Lower concentrations of unsaturated linolenic (18:3∆9,12,15) fatty acid and 

saturated palmitic fatty acids (16:0) are also present, while only small amounts of stearic (18:0), 

arachic (20:0), behenic (22:0) and erucic (22:1∆13) acids can be detected in mature Arabidopsis 
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seeds, as seen in Fig. 31B and Fig. 31C (Focks and Benning, 1998). During development, 

Arabidopsis seeds accumulate lipid storage material in the endosperm, within the oil bodies. 

Since the endosperm is almost completely resorbed by the developed embryo, in mature seeds, 

the triacylglycerols are mostly found in the embryonic tissue, notably in the cotyledons, in which 

oil bodies can occupy about 60% of the cell volume (Patton and Meinke, 1990; Mansfield and 

Briarty, 1992; Koornneef and Karssen, 1994; Penfield et al., 2004). After germination, the 

cotyledons in epigeally4 developed Arabidopsis seedlings are progressively transformed into 

photosynthetic organs (Eastmond et al., 2000).  

 

Mature Arabidopsis seeds are relatively poor in storage carbohydrates. Soon after 

fertilization, developing seeds accumulate starch, but it degrades during the late stages of seed 

maturation (Caspar et al., 1991; Koornneef and Karssen, 1994). Therefore, mature dry seeds 

contain only about 1.5% (fw) of starch (0.25 µg per seed, Focks and Benning, 1998 ), which is 

stored in the starch grains of embryo cells, but can also be found in the cells of the seed coat 

(Beeckman et al., 2000). In developing oilseeds, such as Arabidopsis, photoassimilates are 

imported to the embryo in the form of carbohydrates, notably sucrose, but the majority of them 

are finally converted into the triacylglycerols (Focks and Benning, 1998). Therefore, soluble 

sugars, including sucrose, glucose and fructose, are present in mature seeds only in small 

amounts, making together about 3% (fw) of the total seed weight. Sucrose is the main soluble 

carbohydrate in mature seeds (∼ 0.5 µg per seed, Focks and Benning, 1998). Sucrose 

concentration increases gradually over the course of seed development (Focks and Benning, 

1998). In contrast, the concentrations of glucose and fructose are relatively high in the very early 

stage of seed development, but soon after, their amounts drop steeply to only about 0.06%, 

which is the final content determined for each monosaccharide in the mature seed (≤ 0.01 µg per 

seed, Focks and Benning, 1998 ). In addition to sucrose, as the first major soluble sugar, mature 

Arabidopsis seeds also accumulate the raffinose family oligosaccharides (ROFs), particularly 

stachyose, and to the lesser extent raffinose, which act as osmoprotectants during Arabidopsis 

seed desiccation (Taji et al., 2002). Interestingly, stachyose does not accumulate in the vegetative 

parts (e.g. leaves) of Arabidopsis plants grown under normal conditions; instead, stachyose is 

found accumulated only in seeds (Taji et al., 2002; Nishizawa-Yokoi et al., 2008). 

 

                                                 
4 Epigeal germination (Gr. epi = upon + gaia = earth) refers to the emergence of cotyledons above the surface of the 
soil due to the rapid growth and elongation of the hypocotyl. When above ground, the cotyledons often become 
photosynthetic as the stored reserves are being depleted. Cotyledons finally dry up and fall off once the seedling 
becomes an independent plant (Black et al., 2006). (Opposite of hypogeal germination) 



Chapter 1 INTRODUCTION 86 

 

In addition to cellulose and lignin, which are the structural elements that reinforce the seed 

coat, the Arabidopsis seed contains considerable amounts of mucilage that is concentrated in the 

outermost layer of the seed coat (see section 4.4.1 on the Morphology and anatomy of 

Arabidopsis thaliana seeds). The most abundant monomer constituents of Arabidopsis seed 

mucilage are rhamnose and galacturonic acid, indicating that the principal mucilage 

polysaccharide is rhamnogalacturonan I (RG I) (Goto, 1985; Western et al., 2000). In mature 

seeds, mucilage is present in a dehydrated form within each epidermal cell. Upon imbibition, 

mucilage bursts out of the epidermal cells, forming a halo of pectin hydrogel around each seed 

(Western et al., 2000; Penfield et al., 2001; Ohto et al., 2007). 

 

As in other plant seeds, a broad spectrum of secondary metabolites is also found in 

Arabidopsis thaliana seeds. Most of them have protective functions, but some of them also play 

important functions in the regulation of dormancy and germination. Among different secondary 

metabolites, flavonoids are accumulated in relatively large amounts in mature Arabidopsis seeds. 

Depending on Arabidopsis ecotype, the total flavonoid content in mature wild type seeds may 

range between 13 and 15 mg g-1 seeds (Lepiniec et al., 2006; Routaboul et al., 2006). 

Accordingly, flavonoids make about 1.3-1.5% of total weight of dry Arabidopsis seed (0.26-0.30 

µg per seed, if the weight of one seed is taken as 20 µg). Another important group of secondary 

metabolites that is found in Arabidopsis seeds are the esters of phenolic acids, notably sinapic 

acid (sinapate esters). According to Ruegger and Chapple (2001), the total concentration of 

sinapate esters is estimated about 740 pmol mg-1 seeds (238 µg g-1 seeds). In addition, the 

glucosinolates, as the third class of important secondary metabolites, can also be found in 

Arabidopsis seeds. Glucosinolates accumulate primarily in the seeds of the Brassicaceae family, 

in which they play a prominent role in plant-herbivore and plant-pathogen interactions. More 

details about the chemistry and biosynthesis of flavonoids, sinapate esters and glucosinolates that 

occur in Arabidopsis seeds can be found in section 5.  
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5. FLAVONOIDS AND OTHER SECONDARY METABOLOTES IN 

Arabidopsis thaliana 

 

Plants are well known producers of a large array of low molecular weight compounds of 

which most are classified as secondary metabolites. In contrast to primary metabolites, 

secondary metabolites are compounds that are usually present in specialized cells, and which are 

not required for the basic functioning of cells, but are rather necessary for plant survival in the 

environment. The catalogue of known secondary metabolites in higher plants is huge, including 

at least several hundred thousand compounds. Their structural diversity is usually generated by 

differential modification of common backbone structures, which enables the production of 

derivatives with potentially different biological activities (Kliebenstein, 2004). In Arabidopsis 

thaliana plants, as many as 170 secondary metabolites have been identified so far and many 

more substances are likely to be added to this inventory in the near future (D'Auria and 

Gershenzon, 2005). Arabidopsis seeds contain large amounts of secondary metabolites, of which 

the great majority are flavonoids, derivatives of hydroxycinnamic acid, and the glucosinolates 

(Table 4). 

 

Phenylpropanoids (including flavonoids and sinapate esters) are the major class of plant 

secondary metabolites. Due to their high absorption in the UV part of the spectrum, it is 

generally considered that one of their major roles is UV protection (Kliebenstein, 2004; D'Auria 

and Gershenzon, 2005). Some phenylpropanoids, such as lignin, are important structural 

elements of the secondary cell wall, providing mechanical support to land plants (Parr and 

Bolwell, 2000). Other phenylpropanoids act as pigments, signalling molecules, or protectants 

against different biotic and abiotic stresses (Weisshaar and Jenkins, 1998). The biosynthesis of 

phenylpropanoid compounds is activated in specific tissues and cell types, in response to 

environmental stress, such as UV radiation, wounding, pathogen attack etc. (Dixon and Palva, 

1995). Phenylpropanoid synthesis is an ubiquitous pathway in terrestrial plants (Böttcher et al., 

2008). All phenylpropanoids are derived from cinnamic acid that is formed from phenylalanine 

amino acid by the action of phenylalanine ammonia-lyase (PAL), a key enzyme that switches 

primary metabolism into secondary (phenylpropanoid) metabolism (Dixon and Palva, 1995; 

Weisshaar and Jenkins, 1998; Parr and Bolwell, 2000). The general phenylpropanoid pathway is 

schematically presented in Fig. 34. Phenylpropanoids are a chemically diverse family of 

compounds ranging from simple phenolic acids (e.g. p-coumaric, caffeic, ferulic and sinapic 

acids) to very large and complex polymers such as lignin, suberin and tannins (Koes et al., 1994; 

Parr and Bolwell, 2000). In Arabidopsis plants, the principal products of the phenylpropanoid 
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pathway are: flavonoids, lignin and derivatives of hydroxycinnamic acids, particularly sinapate 

esters. Structure, biosynthesis and function of flavonoids and sinapate esters will be discussed in 

detail in sections 5.2 and 5.3.1, respectively. 

 
Table 4. Major secondary metabolites found in Arabidopsis thaliana seeds. The substances were chemically 
characterized and identified by Böttcher et al., 2008a ; Routaboul et al., 2006b; Kliebenstein et al., 2001c. 
 

5.1.1.1.1.1. Metabolite 5.1.1.1.1.2. Compound 
5.1.1.1.1.5. Quercetin-deoxyhexosea (= Quercetin-
5.1.1.1.1.6. Quercitin-rhamnoside dimer 1,2,3,4 b

5.1.1.1.1.7. Quercetin-(deoxyhexose)2 
a

 (= Quercetin-di-
5.1.1.1.1.8. Quercetin-deoxyhexose-hexosea

 (= Quercetin-
5.1.1.1.1.9. Quercitin-hexoside-rhamnoside b 
5.1.1.1.1.10. Quercetin-hexosea (= Quercetin--3-O-
5.1.1.1.1.11. 3’-O-methylquercetin-(deoxyhexose)2

a

5.1.1.1.1.12. 3’-O-methylquercetin -deoxyhexose-
a

5.1.1.1.1.13. Kaempferol b

5.1.1.1.1.14.Kaempferol-deoxyhexosea
 (= Kaempferol--

5.1.1.1.1.15.Kaempferol-(deoxyhexose)2
a

 (= Kaempferol--
5.1.1.1.1.16.Kaempferol-deoxyhexose-hexosea

 (=
5.1.1.1.1.17. Kaempferol-3-O-glucoside-7-O-

b
5.1.1.1.1.18. Isoramnetin-rhamnoside b 
5.1.1.1.1.19. Isoramnetin-di-rhamnoside b 
5.1.1.1.1.20. Isoramnetin-hexoside-rhamnoside b

5.1.1.1.1.21. Epicatechin-hexosea 
5.1.1.1.1.22. Epicatechina

5.1.1.1.1.3.  
5.1.1.1.1.4. FLAVONOIDS 

5.1.1.1.1.23. Procyanidin oligomers (n=2-7) b 
5.1.1.1.1.26. 1-O-Sinapoyl Glucose 
5.1.1.1.1.27. Sinapoyl Choline Isomer 1and 2 

5.1.1.1.1.25. S
INAPATE 
ESTERS a 5.1.1.1.1.28. Sinapoyl Choline dehydro dimer Isomer 1 

d 25.1 5.1.1.1.1.30. 4-Hexosyloxycinnamoyl Choline Isomer 1 
5.1 5.1.1.1.1.32. 4-Hydroxybenzoyl Choline 
5.1 5.1.1.1.1.34. 4-Hexosyloxybenzoyl Choline 
5.1 5.1.1.1.1.36. 3-(4-Hexosyloxyphenyl) propanoyl 

Ch li5.1 5.1.1.1.1.38. Feruloyl Choline 
5.1 5.1.1.1.1.40. Unknown Phenolic Choline Ester 1, 2, 3, 

4 d55.1 5.1.1.1.1.42. Sinapoyl Choline (4-O-β) Guaiacyl 
5.1 5.1.1.1.1.44. Syringoyl Choline (4-O-β) Guaiacyl 
5.1 5.1.1.1.1.46. Feruloyl Choline (4-O-β) Guaiacyl 

5.1.1.1.1.24. HY
DROXYCINNAMI

C ACID 
ESTERSa 

5.1 5.1.1.1.1.48. Feruloyl Choline (5-β) Guaiacyl 
5.1.1.1.1.50. Bis(sinapoyl) Spermidine 5.1.1.1.1.49. HYDROXYCINNAM

IC ACID AMIDES 
a

5.1.1.1.1.51. Bis(sinapoyl) Spermidine-Hex 
5.1.1.1.1.54. 2-propenyl glucosinolate (allyl) 
5.1.1.1.1.55. 3-butenyl glucosinolate 
5.1.1.1.1.56. 4-pentenyl glucosinolate 
5.1.1.1.1.57. 3-hydroxypropyl glucosinolate 
5.1.1.1.1.58. 3-hydroxybutyl glucosinolate 
5.1.1.1.1.59. 2(S)-hydroxy-3-butenyl glucosinolate 
5.1.1.1.1.60. 2(R)-hydroxy-3-butenyl glucosinolate 
5.1.1.1.1.61. 3-methylthiopropyl glucosinolate 
5.1.1.1.1.62. 4-methylthiobutyl glucosinolate 
5.1.1.1.1.63. 6-methylthiohexyl glucosinolate 
5.1.1.1.1.64. 7-methylthioheptyl glucosinolate 
5.1.1.1.1.65. 8-methylthiooctyl glucosinolate 
5.1.1.1.1.66. 3-methylsulfinylpropyl glucosinolate 
5.1.1.1.1.67. 4-methylsulfinylbutyl glucosinolate 
5.1.1.1.1.68. 7-methylsulfinylheptyl glucosinolate 
5.1.1.1.1.69. 8-methylsulfinyloctyl glucosinolate 
5.1.1.1.1.70. 3-benzoyloxypropyl glucosinolate 
5.1.1.1.1.71. 4-benzoyloxybutyl glucosinolate 

5.1.1.1.1.52.  
5.1.1.1.1.53. GLUCOSINOLATESc 

5.1.1.1.1.72. Indolyl-3-methyl glucosinolate 
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5.2. Flavonoids: Structure, biosynthesis and biological activity 

 

5.2.1. Chemical structures of flavonoids 

 

Flavonoids are the largest class of polyphenolic secondary metabolites, and they are 

widespread through the plant kingdom. To date, more than 6000 different flavonoids have been 

identified in plants, and the list is still growing (Schijlen et al., 2004; Lepiniec et al., 2006). 

However, they all share the same basic structure, the flavan skeleton (C6-C3-C6), composed of 

two aromatic rings (ring A and ring B) that are interconnected by a three-carbon bridge, which is 

cyclized with oxygen, giving rise to the ring C (Fig. 35) (Koes et al., 1994; Pourcel et al., 2000; 

Schijlen et al., 2004). Based on the degree of oxidation of the C ring, flavonoids can be divided 

into six major subclasses: (1) flavanones (e.g. naringerin), (2) flavonols (e.g. kaempferol, 

quercetin, myrcetin), (3) flavones, (4) isoflavonoids, (5) anthocyanins and (6) flavanols, which 

include both flavan-3-ols (e.g. catechin) and flavan-4-ols (precursors of phlobaphenes) (Schijlen 

et al., 2004; Saraf et al., 2007) (Fig. 37). The great diversity in flavonoid structures arises from 

various modifications of their aromatic cycles, including hydroxylation, methylation, acylation 

or glycosylation (Koes et al., 1994; Pourcel et al., 2000; Schijlen et al., 2004). In addition, the 

combination, degree of polymerization and linkages between the basic units allow for the 

multitude of these compounds characterized in plants (Lepiniec et al., 2006).  

 

5.2.2. Biosynthesis of flavonoids 

 

The first committed step in flavonoid biosynthesis is catalyzed by the enzyme chalcone 

synthase (CHS), which enables a stepwise condensation of three molecules of malonyl-CoA 

(derived from carbohydrate metabolism) with one molecule of p-coumaroyl-CoA (derived form 

the general phenylpropanoid pathway, see Fig. 34) to form naringenin chalcone (Koes et al., 

1994; Parr and Bolwell, 2000; Schijlen et al., 2004). In the majority of plants, chalones are not 

the end-products, but they are rather converted into a naringenin flavanone by the enzyme 

chalcone flavanone isomerase (CHI). From these central intermediates, the pathway diverges 

into several side branches, each resulting in a different class of flavonoids (Fig. 37) (Koes et al., 

1994).  
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Fig. 34. General phenylpropanoid pathway. The principal phenylpropanoid products in Arabidopsis plants are 
labelled with asterisks. Enzymes involved in the synthesis of phenylpropanoid compounds: phenylalanine ammonia-
lyase (PAL),cinnamate-4-hydroxylase (C4H),  p-Coumaroyl:CoA ligase (4CL).  

 

 
Fig. 35. Basic flavonoid structure (flavan skeleton) and numbering scheme for the flavonoids. 

 

 
Fig. 36. Chemical structures of flavonoids encountered in Arabidopsis thaliana seeds. A) Three principal flavonol 
aglycones found in Arabidopsis seeds: kaempferol, quercetin and isorhamnetin. B) Dominant glycosilated flavonol 
in Arabidopsis seeds, quercetin-3-O-rhamnoside (quercitrin). C) Proanthocyanidins (PAs), also known as condensed 
tannins, which in Arabidopsis seeds are composed of polymerized units of epicatechin. 



Chapter 1 INTRODUCTION 91 

 

Within the cell, flavonoids usually accumulate in the vacuoles, but some are also found 

deposited in the cell wall (e.g. in seeds). The type, amount and localization of flavonoids vary 

according to plant species, developmental stage, as well as plant tissue, and can be modulated by 

environmental factors (Lepiniec et al., 2006). In plant seeds, large amounts of flavonoids are 

accumulated in seed coats (see section 4.4.2). Some flavonoid compounds are ubiquitous, while 

others are restricted to specific families or species. For instance, aleurones are widespread, but 

not ubiquitous flavonoids. Some plant species also synthesize specialized forms of flavonoids, 

such as isoflavonoids, which are colourless compounds found in legumes and in a small number 

of nonlegume species (Winkel-Shirley, 2001). Phlobaphenes are red coloured flavonoid 

polymers of flavan-4-ols found in seeds of maize and other monocotyledons (Winkel-Shirley, 

2001; Lepiniec et al., 2006). Proanthocyanidins (PAs), also known as condensed tannins, are 

colourless flavonoid polymers that result from the condensation of flavan-3-ol units (e.g. 

catechin). PAs specifically accumulate in plant seeds, where being oxidized by the enzymes 

polyphenol oxidases (PPO), they turn into coloured derivatives that confer a typical brown 

colour to the mature seeds (Pourcel et al., 2000; Lepiniec et al., 2006; Routaboul et al., 2006). 

During seed maturation PAs can interact with other phenolics, proteins or cell wall 

polysaccharides (Lepiniec et al., 2006; Routaboul et al., 2006). Anthocyanins are the major 

pigments in flowers and fruits, providing them blue, purple or red colouring. They can also 

contribute to pigmentation of some seeds, where they occurred mainly as copigments with 

flavonols (Holton and Cornish, 1995; Harborne and Williams, 2000; Winkel-Shirley, 2001; 

Lepiniec et al., 2006). Flavonols represent one of the most abundant and diverse group of 

flavonoids that occur abundantly in seeds, as well as in vegetative plant tissues. The most 

frequent flavonol forms are glycoside derivatives, containing one or more sugar moieties, usually 

glucose and rhamnose, attached to the positions C-3 and C-7 of the flavan skeleton (Kerhoas et 

al., 2006; Lepiniec et al., 2006). 

 

Flavonoid biosynthesis in Arabidopsis thaliana plants is relatively simple compared with 

that in many other plants. Arabidopsis plants synthesize only three major classes of flavonoids, 

including flavonols, proanthocyanidins (condensed tannins) and anthocyanins (Owens et al., 

2008). However, mature Arabidopsis seeds accumulate only two end-products of the flavonoid 

biosynthesis pathway, flavonols and proanthocyanidins. In Arabidopsis seeds, flavonols are 

present both in the seed coat and the embryo, where they occur in the form of glycoside 

derivatives of quercetin, kaempferol and isorhamnetin aglycones (Fig. 36A) (Kerhoas et al., 

2006; Lepiniec et al., 2006; Routaboul et al., 2006). In the wild type, about 85% of the flavonol 

glycosides from seeds are derived from quercetin, whereas in leaves and flowers the majority of 
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flavonols are glycosides derivied from kaempferol. Quercetin-3-O-rhamnoside, also known as 

quercitrin is found to be a dominant flavonoid compound in Arabidopsis seeds (Fig. 36B) 

(Routaboul et al., 2006). PAs in Arabidopsis seeds accumulate exclusively in the seed coat, and 

unlike many other plants that use catechin, they are composed only of polymerised epicatechin 

units (Fig. 36C) (Lepiniec et al., 2006; Routaboul et al., 2006). 

  

Plant mutants that affect flavonoid synthesis have been widely used to elucidate the 

flavonoid biosynthetic pathway. They have been isolated in different plant species (e.g. 

Arabidopsis, maize, Antirhinum, tobacco and Petunia), based on alternations in flower and seed 

pigmentation (Holton and Cornish, 1995; Winkel-Shirley, 2001; Schijlen et al., 2004). 

Arabidopsis thaliana is a particularly suited genetic model, since all but one enzyme (flavonol 

synthase, FLS) is encoded by single-copy genes (Winkel-Shirley, 2001; Owens et al., 2008). 

This lack of redundancy allowed Arabidopsis mutants to be identified on the basis of reduced 

pigmentation in the seed coat. A large collection of Arabidopsis mutants with yellow or pale-

brown seed colour has been created, and today, it includes 24 members (tt1-19, fls1, ban, ttg1, 

ttg2 and aha10), as seen in Table 5 (Lepiniec et al., 2006). The mutated transparent testa (tt) 

loci were named by Maarten Koornneef (1990), who isolated many of the first mutants, which 

lack or have a reduced level of pigments in the seed coat (testa). The transparency of the testa 

reveals the underlying yellow colour of the cotyledons in the mature embryo. The search for new 

lines producing altered seed pigmentation is still ongoing (Lepiniec et al., 2006). Of special 

interest in the present study is Arabidopsis mutant line tt4, which lacks chalcone synthase (CHS) 

and is thus deficient in all flavonoids, including flavonols, proanthocyanidins (only in seeds) and 

anthocyanins (only in vegetative parts) (Fig. 37 and Table 5). 
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Table 5. Loci involved in flavonoid biosynthesis in Arabidopsis seeds (adapted from Lepiniec et al., 2006).  
 

 
 

a Wild-type seed coat colour is brown. 
b Affected metabolic branch: P, proanthocyanidins (only in seeds); F, flavonols; A, anthocyanins (only in vegetative 
parts). 
c Seeds brownish with storage time. 
d Also called anthocyanidin synthase (ANS).  
Abbreviation: C = Chalaze; M= Micropyle. 
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Fig. 37. Flavonoid biosynthetic pathway. The key enzyme, chalcone synthase (CHS), of the first committed step 
in flavonoid biosynthesis is labelled in red, as well as the glycosilated derivatives of flavonols, which represent the 
major group of flavonoids in plants. Proanthocyanidins (condensed tannins), together with glycosilated derivatives 
of flavonols (e.g. qercetin, kaempferol and isorhamnetin) are the only two groups of flavonoids found in 
Arabidopsis thaliana seeds (adapted from Lepiniec et al., 2006).  
Enzyme names are abbreviated as follows: acetyl CoA carboxylase (ACCase), anthocyanidin reductase (ANR), 
anthocyanidin synthase (ANS), aureusidin synthase (AS), condensing enzyme (CE), chalcone synthase (CHS), 
dihydroflavonol 4-reductase (DFR), 7,2-dihydroxy, 4-methoxyisoflavanol dehydratase (DMID), flavanone 3-
hydroxylase (F3H), flavonoid 3’-hydroxylase (F3’H), flavanoid 3’5’ hydroxylase (F3’5’H), flavonol synthase 
(FLS), flavone synthase (FS1/ FS2), isoflavone 2’-hydroxylase (I2’H), isoflavone reductase (IFR), isoflavone 
synthase (IFS), isoflavone-O-methyltransferase (IOMT), leucoanthocyanidin reductase (LAR), leucoanthocyanidin 
dioxygenase (LDOX), O-methyl transferase (OMT), rhamnosyl transferase (RT), UDP flavonoid glucosyl 
transferase (UFGT), polyphenol oxidase (PPO), vestitone reductase (VR). 
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5.2.3. Biological activity of flavonoids 

 

In most plant species, flavonoids are found in the leaves, stems, flowers, seeds, fruits and 

roots. Some flavonoids are found as constitutive compounds, but their synthesis can be induced 

by various biotic and abiotic stresses, such as UV radiation, a high level of visible light, 

pathogen attack, low temperature and a low concentration of some nutrients in the soil (Dixon 

and Palva, 1995). Flavonoids act as important stress protecting agents, feeding deterrents and 

attractants. To pollinating insects they are also involved in plant-microbe signalling processes, in 

plant sexual reproduction, as well as in various developmental and physiological functions, 

including seed physiology.  

 

It is generally considered that photoprotection is a predominant role of flavonoids 

(Treutter, 2006). Plants expose themselves to sunlight in order to drive their photosynthesis, and 

since the plants are immobile, they employ some mechanisms that make them resistant to 

adverse environmental conditions, including UV radiation (Koes et al., 1994; Treutter, 2006). 

Flavonoids, and in particular the flavones and flavonols, are important UV screens, protecting 

plants from damage to DNA, proteins and lipids (membranes). This property of flavonoids is 

attributed to their particular chemical structure, resulting in high absorption of UV light (Parr and 

Bolwell, 2000). Besides their suitable absorption properties, flavones and flavonols tend to occur 

in highest levels in plant tissues exposed to strong light (Parr and Bolwell, 2000). Flavonoids 

accumulate primarily in the epidermal and hypodermal layers of leaves and stems (the most 

illuminated layers), indicating their function as a protective shield (Koes et al., 1994; Dixon and 

Palva, 1995). The importance of UV shielding to plant health has been demonstrated by several 

physiological and genetic studies (Li et al., 1993; Stapleton and Walbot, 1994; Rao et al., 1996; 

Ryan et al., 2001; Ryan et al., 2002).  

 

Furthermore, the basic chemistry of flavonoids makes them good antioxidants. Catechin-

and epicatechin-based flavonoids are particularly efficient antioxidants (Miller, 1996). The 

interaction of hydroxyl groups of flavonoids with the π-electrons in aromatic rings, gives the 

flavonoids special properties, notably the ability to generate free radicals where the radical is 

stabilized by electron delocalisation (Parr and Bolwell, 2000). Therefore, flavonoids may act as 

efficient scavengers of ROS, which can be produced as result of the indirect reactions of UV 

light, particularly UV-A wavelengths, with cell components (for details about indirect 

mechanisms of UV-induced DNA damage see section 3.3.3). 
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In addition to their UV protective role, flavonoids have an important function in plant 

defence against pathogens, such as fungi, viruses, pathogenic bacteria, parasitic plants and 

insects. Flavonoids can inhibit the growth of pathogenic microbes and they can act as inhibitors 

of viral replication (Winkel-Shirley, 1998). Condensed tannins have a strong astringent taste and 

they can precipitate proteins. They accumulate in high concentration in plant seeds, and in leaves 

of some species, thus acting as efficient herbivore deterrents (Winkel-Shirley, 1998).  

 

However, flavonoids do not act only as repellents. Most flower pigments are flavonoids 

belonging to the class of red to purple coloured anthocyanins or the yellow coloured aurones and 

chalcones. Besides, many plant species accumulate flavonols and flavanones in the petals. In 

most species, flower pigments act as a visual signal to attract pollinating animals (insects and 

birds) (Koes et al., 1994). Flavonoids are also important compounds in symbiotic plant-microbe 

interactions. In some leguminous plants, a specific set of different flavonoids is released from 

plant roots into the soil, which attracts symbiotic bacteria (rhizobia) and contributes in host 

plant-bacteria recognition (Koes et al., 1994; Treutter, 2006).  

 

Flavonoids have an important function in plant sexual reproduction, since they play an 

essential role in pollen development and male fertility (Koes et al., 1994). It seems that they are 

also involved in controlling seed dormancy and germination. In flavonoid-deficient mutants, an 

increase in germination rate has been found related to a lack of downstream products of 

flavonoid metabolism (Winkel-Shirley, 1998; Debeaujon et al., 2000). 

 

In man, flavonoids are thought to have health-promoting and disease-preventing properties 

(Luceri et al., 2008). There is growing evidence that the flavonoids present in some fruits and 

vegetables posses beneficial antioxidant, antibacterial, antiviral, anti-inflamatory, antiallergic, 

hepatoportective, antithrombotic and anticarcenogenic activities (Miller, 1996; Saraf et al., 

2007`, and references therein ) 
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5.3. Other secondary metabolites found in Arabidopsis thaliana plants 

 

5.3.1. Sinapate esters as important derivatives of hydroxycinnamic acids 

 

The second major class of soluble phenylpropanoid compounds found in Arabidopsis and 

other members of Brassicaceae are esterified derivatives of hydroxycinnamic acids (p-coumaric, 

caffeic, ferulic and sinapate acids), where sinapic acid represents the major phenolic acid 

(Kozlowska et al., 1983; Böttcher et al., 2008). The biosynthetic pathway for these monocyclic 

phenolic acid esters diverges from the general phenylpropanoid pathway prior to the committing 

step in flavonoid biosynthesis (Fig. 38) (Li et al., 1993). The major hydroxycinnamates in 

Arabidopsis plants are the esters of sinapic acid (sinapate esters), which together with flavonoids 

represent the most abundant secondary metabolites that have an important role in UV protection 

(Chapple et al., 1992; Landry et al., 1995; Sheahan, 1996). In the angiosperms, sinapic acid is an 

intermediate in the biosynthesis of so called syringyl lignin. Arabidopsis and other members of 

the Brassicaceae accumulate three major sinapate esters: sinapoylglucose, sinapoylmalate and 

sinapoylcholine. The relative abundance of each of these compounds is tissue-dependant and it 

varies through the plant developmental cycle. Leaves contain only sinapoylmalate, while seeds 

accumulate primarily sinapoylcholine (also called sinapine) and smaller amounts of 

sinapoylglucose, which serves as a common intermediate in the biosynthesis of both 

sinapoylmalate and sinapoylcholine (Ruegger et al., 1999). Within the cell, the vacuole has been 

found to be a place of the biosynthesis and deposition of hydroxycinnamic acids and their 

derivatives, including sinapate esters (Strack and Sharma, 1985). In leaves and seeds, 

sinapoylmalate and sinapoylcholine are synthesized de novo via the phenylpropanoid pathway, 

while in cotyledons of developing seedlings, sinapoylmalate is derived from seed reserves of 

sinapoylcholine (Ruegger and Chapple, 2001). Triggered by the imbibition of seeds, a series of 

interconversion reactions occurs during the germination process. During seed germination and 

subsequent seedling development, seed sinapoylcholine is first hydrolyzed to sinapic acid, which 

is than re-esterified by sinapic acid:UCPG sinapoyltransferase (SGT) to form sinapoylglucose. 

This product has high free energy of hydrolysis, providing the necessary energy for the 

subsequent transacylation step, in which sinapoylglucose is converted into sinapoylmalate by the 

enzyme sinapoylglucose:malate sinapoyltransferase (SMT) (Lorenzen et al., 1996; Ruegger et 

al., 1999) (Fig. 38). These interconversions are complete after about 6 days of seedling 

development, when de novo synthesis of sinapoylmalate recommences in developing leaves 

(Ruegger et al., 1999).  
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Fig. 38. Biosynthetic pathway of hydroxycinnamic acids and their derivatives in Arabidopsis thalinana. A key 
enzyme for synthesis of sinapate esters, ferulate-5-hydroxylase (F5H) is labelled in red. Arabidopsis fah1 mutants 
are blocked in F5H enzyme, thus lack all sinapate esters. 
Enzyme names are abbreviated as follows: hydroxycinnamyl alcohol dehydrogenase (CAD), hydroxycinnamyl 
coenzyme A reductase (CCR), p-coumarate-3-hydroxylase (C3H), cinnamate-4-hydroxylase (C4H), p-coumarate 
(hydroxycinnamate) coenzyme A ligase (4CL), chalcone-flavone isomerase (CHI), chalcone synthase (CHS), 
ferulate-5-hydroxylase (F5H), caffeate/5-hydroxyferulate O-methyltransferase (OMT) phenylalanine ammonia-lyase 
(PAL), peroxidase (POD), sinapoyl glucose:choline sinapoyltransferase (SCT), sinapate:UDP-glucose 
sinapoyltransferase (SGT), sinapoyl glucose:malate sinapoyltransferase (SMT). 

 

 

 

 

 

 

 

Fig. 39. General structure of glucosinolates and some typical side chains (R) occurring in Brassicaceae plants 
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Although Arabidopsis seeds are relatively rich in sinapate esters, the role of these 

compounds in plants is still unclear. Sinapoylcholine is the major derivative of phenolic acids in 

Arabidopsis seeds, as well as in some other Brassicaceae seeds, where it represents more than 

80% of all choline esters (Kozlowska et al., 1983; Pokorny and Reblova, 1995; Böttcher et al., 

2008). In mature seeds, sinapoylcholine probably serves as a choline reserve, which during 

germination is used in the biosynthesis of phospholipid membranes in developing seedlings. 

However, it is still not clear whether this reserve is essential. In addition, sinapate esters have 

been suggested to play an important role in UV light resistance of plants because they have high 

absorption in the biologically damaging UV-B part of the spectrum and they are primarily 

accumulated in the epidermis of plant organs (Chapple et al., 1992; Sheahan, 1996). Similarly to 

flavonoids, the concentrations of sinapate esters are found to increase in Arabidopsis plants as a 

response to exposure to UV-B light (Li et al., 1993). Mutants defective in sinapate ester 

synthesis have been also used to study this branch of the phenylpropanoid biosynthetic pathway. 

Few loci that affect sinapic acid ester biosynthesis have been identified in Arabidopsis thaliana 

(Chapple et al., 1992; Ruegger and Chapple, 2001). Among those, FAH1 (formerly SIN1) locus 

has been found to encode ferulate-5-hydroxylase (F5H), the enzyme required for synthesis of 

sinapate esters and sinapic acid-derivied syringyl lignin. Plants homozygous for the fah1 

mutations are blocked at the biosynthetic step catalyzed by F5H, and therefore lack all sinapic 

acid esters (Chapple et al., 1992). Experiments with fah1 mutants demonstrated that 

sinapoylmalate is an important UV-B screen in the vegetative parts of Arabidopsis plants 

(Landry et al., 1995; Sheahan, 1996).  

 

Besides esterified derivatives of phenolic acids, plants contain also small amounts of 

hydroxycinnamic acid amides, in which phenolic acid is covalently linked to polyamines (e.g. 

spermine, spermidine and putrescine). Ubiquitous in nature, polyamines are believed to be 

important growth regulators in both eukaryotic and prokaryotic cells (Tabor and Tabor, 1984; 

Smith, 1985). Conjugated polyamines are widely distributed in the plant kingdom. The 

hydroxycinnamoyl substituents of polyamines can be coumaroyl, caffeoyl, feruloyl, 

hydroxyferuloyl, or sinapoyl acyl groups. Hydroxycinnamic acid amides are closely related to 

the flowering process and sexual organogenesis, as well as host-pathogen interactions. 

Conjugation of amines to hydroxycinnamic acids probably has a role in regulation of the level of 

free polyamines in tissue, which are biological active form of these metabolites (Martin-Tanguy, 

1985; Martin-Tanguy`, 2001). In Arabidopsis seeds, two derivatives of sinapoyl spermidine have 

been identified (Table 5) (Böttcher et al., 2008; Luo et al., 2009).  
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5.3.2. Glucosinolates 

 

Glucosinolates are amino acid-derived secondary metabolites that are found almost 

exclusively in plants of the order Capparales, including the family Brassicaceae (Chen and 

Halkier, 2000; Brown et al., 2003). In spite of their large diversity, glucosinolates share the same 

general structure, containing a thioglucose group linked to a side chain (R-group) through a 

sulfonated oxime group (Fig. 39). Over 100 different side chains, and thus glucosinolates, have 

been identified (Elfakir et al., 1994). These compounds are classified as aliphatic, aromatic and 

indole glucosinolates, depending on whether their side chain is derived from methionine, 

phenylalanine and tyrosine, or tryptophan, respectively (Halkier and Du, 1997). Glucosinolates 

are present in all parts of the plant, but their types and abundance vary in different tissues and 

different developmental stages, and are influenced by environmental factors (Chen and Halkier, 

2000). Within the cells, glucosinolates are usually localized in vacuoles (Halkier and Du, 1997). 

Arabidopsis thaliana, as a member of Brassicaceae family, also possesses glucosinolates. In 

Arabidopsis seeds, 18-19 different glucosinolates have been isolated (Table 5) (Kliebenstein et 

al., 2001; Brown et al., 2003). Compared to the vegetative parts, the glucosinolates of 

Arabidopsis seeds are distinguished by their high concentration, unique aliphatic constituents 

and the low level of indole-containing compounds. The majority of glucosinolates in Arabidopsis 

seeds belong to the aliphatic class, where 4-methyltiobutyl glucosinolate (4MTB) is the 

predominant compound, representing about 41% of the total seed glucosinolate content. The 

aromatic glucosinolates make about 18% of the total seed glucosinolate content, while indolic 

glucosinolates occur only in a small amounts (~ 2%) in Arabidopsis seeds (Brown et al., 2003).  

 

All plant species containing glucosinolates also contain a specific set of enzymes, 

thioglucosidases, also called myrosinases, which can hydrolyze glucosinolates (Brown et al., 

2003). Glucosinolates and myrosinases are spatially separated within the plant, but they can be 

brought into contact by a tissue damage that yields a variety of toxic hydrolysis products, such as 

thiocyanates, isothiocyanates and nitriles, which are biologically active substances that act as 

deterrents to many pathogens and herbivores (Kliebenstein et al., 2001; Lambrix et al., 2001; 

Brown et al., 2003). Therefore, glucosinolates are believed to have important role in plant 

defence (Chen and Halkier, 2000; Brown et al., 2003). 
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6. BIOLOGICAL MATERIAL 

 

6.1. Plant material 

 

Arabidopsis thaliana seeds were used as an experimental model for testing resistance of 

plant seeds to UV light. Seven different genotypes were used in this study, including three wild 

ecotypes: Wassilevskija (Ws-2), Columbia (Col-0) and Landsberg erecta (Ler-0), as well as three 

mutant types of seeds: a mutant line dyx (dyx), transparent testa 4-8 (tt4-8), transparent testa 4-

1 (tt4-1) and ferulate-5-hydroxilase mutant (fah1-2). Wild type seeds Ws-2 and Col-0, together 

with transgenic mutants tt4-8 (DFW34) and dyx (Bouchez et al., 1993), both prepared in Ws-2 

background, were obtained from the Versailles Arabidopsis thaliana Resource Centre (INRA, 

Versailles, France). The Ler-0 wild type seeds (NASC: NW20), as well as nontransgenic mutant 

seeds tt4-1 (NACS: N85) in Ler-0 background and fah1-2 (NASC: N6172) in Col-0 background, 

were purchased from The Nottingham Arabidopsis Stock Centre (NASC, The University of 

Nottingham, UK).  

 

A T-DNA5 insertion mutant tt4-8 is a flavonoid-lacking mutant, due to the absence of 

chalcone synthase (CHS), one of the key enzymes in the central pathway of flavonoid synthesis. 

The absence of flavonoids in seed coat results in yellow-coloured appearance of tt4-8 seeds  

(Fig. 40). A transgenic dyx line carries a T-DNA inserted in it its genome, with no known 

alternations in flavonoid accumulation. The dyx seeds appear brown, like the seeds of wild type 

Ws-2 background (Fig. 40); they thus served as T-DNA insertion control for the tt4-8 seeds. 

Moreover, a T-DNA of both tt4-8 and dyx mutant, carries a bacterial kanamycin resistance gene 

(nptII) as a selectable marker. A nontransgenic tt4-1 line was produced by chemical mutagenesis 

(ethylmethane sulfonate treatment), and it is a flavonoid-deficient mutant with altered flavonoid 

metabolism(Koornneef et al., 1982; Shirley et al., 1995). The seeds of the tt4-1 mutant appear 

yellow, similarly to tt4-8 seeds (Fig. 40). Another nontransgenic fah1-2 line, previously named 

sin1-2 (Chapple et al., 1992), is a sinapate ester-deficient mutant, with altered phenylpropanoid 

                                                 
5 The T-DNA (transfer DNA) is about 20 kbp long DNA segment of the tumor-inducing (Ti) or root-inducing (Ri) 

plasmid, carried by the soil bacteria Agrobacterium tumefaciens and Agrobacterium rhizogenes, respectively 
(Chilton et al., 1982; Tepfer, 1983, , 1984, , 1995; Hansen and Chilton, 1999). It derives its name from the 
naturally occurring process, where the bacterium transfers the T- DNA fragment into the nuclear DNA of the host 
plant. Today, the Agrobacterium-mediated T-DNA transfer is widely used in laboratory to introduce a foreign 
gene of interest, usually together with a selectable marker gene (e.g. nptII gene), into the genome of the host 
organism. Hence this method is widely used as one of the most efficient biotechnological tools for the production 
of transgenic plants (Tepfer, 1995; Galun and Galun, 2001). The same principle of the T-DNA transfer can be 
used in so called T-DNA mutagenesis, where the gene of the interest in the host genome is disrupt by the insertion 
of the T-DNA fragment (Sessions, 2005). 
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metabolism, probably lacking the conversion of ferulate to 5-hydroxyferulate catalyzed by 

ferulate-5-hydroxylase (F5H). 

 

Arabidopsis plants were cultivated during the spring and summer, under controlled 

greenhouse conditions. Three months after planting, the seeds were harvested from dry siliques 

of mature plants, air-dried at room temperature and stored at 4°C. 

 

 
 

 
 

Fig. 40. Different genotypes of Arabidopsis seeds used in experiments to test resistance to UV light: Landsberg 
erecta (Ler-0) ecotype, flavonoid-deficient nontransgenic mutant transparent testa 4-1 (tt4-1), Columbia (Col-0) 
ecotype, sinapate ester-deficient mutant that lacks ferulate-5-hydroxilase (fah1-2), Wassilevskija (Ws-2) ecotype, 
flavonoid-deficient T-DNA insertion mutant transparent testa 4-8 (tt4-8), T-DNA insertion mutant dyx. The wild 
type lines are shown on the left and marked with asterisks. Mutant lines are labelled on the right, and their 
background ecotypes are noted in parentheses. Scale bar: 1 cm. 
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6.2. Bacillus subtilis spore culture 

 

Dry spores of Bacillus subtilis wild type strain WT 168 were kindly provided by the 

German Aerospace Center (DLR), Institute of Aerospace Medicine, Cologne, Germany. 

Vegetative Bacillus cells were first propagated in 5 ml of Luria-Bertani (LB) medium inoculated 

with a stock culture of dry Bacillus spores. The preculture was grown overnight at 37°C and 

aerated by shaking at 300 rpm. 3 ml of growing vegetative cells were further inoculated in  

300 ml of sporulating medium, consisting of LB medium (tryptone 10g l-1, yeast extract 5g l-1 

and NaCl 10g l-1), supplemented with salts from Schaeffer’Sporulation Medium (SSM), 

including KCl (1 g l-1) and MgSO4 x 7H2O (0.25 g l-1), as described in (Schaeffer et al., 1965). 

After adjusting the pH to 7.0 and autoclaving, filter sterilized solutions of the following SSM 

salts were added to the medium: CaCl2 (5 x 10-4 M), FeSO4 x 7H2O (1 x 10-6 M) and MnCl2 x 

4H2O (1 x 10-5 M). The spore culture was grown for 73 hours at 37°C, with shaking at 225 rpm, 

and sporulation was confirmed by microscopic examination as described below. Growth of the 

spore culture was monitored by measuring the optical density (OD) of the culture at 560 nm6, 

reaching the stationary state (OD560 = 2.0), when spores were harvested (Horsburgh et al., 2001; 

Kreuzer-Martin et al., 2003; Duport et al., 2004). The spore culture was first incubated on ice 

and spores were collected by centrifuging at 8,000 rcf for 10 min at 10°C. The pellet was twice 

resuspended in 1/2 volume (150 ml) of sterile water, followed by centrifugation at 8,000 rcf for 

10 min at 10°C. The spore culture was than resuspended in 1/4 volume (75 ml) of sterile water, 

recentrifuged, and finally resuspended in 1/5 volume (60 ml) of sterile water. The cell lysis step, 

where spore culture was heat-treated for 10 min at 80°C in the water bath, was performed in 

order to remove remaining vegetative cells and to facilitate release of endospores from the 

sporulating cells. Spores were purified by incubation at 37°C and shaking (250-300 rpm) in 

sterile water for at least one week, centrifuging each day for 20 min at 20,000 rcf and 

resuspending the resulting pellet (Nicholson and Setlow, 1990). Finally, the spore pellet was 

resuspended in 1 ml sterile water and stored at 4°C. The purity of the spore culture was 

determined by microscopic examination (described below), scoring 99.4% free spores, 0.6% 

                                                 
6 Besides optical density (OD) determined at 600 nm, which is commonly used to measure the density of cells in 

suspension (turbidity), the OD at 560 nm is also proposed as a reference for measuring the turbidity of Bacillus 
spores in culture (Levinson and Hyatt, 1970; Horsburgh et al., 2001; Kreuzer-Martin et al., 2003; Duport et al., 
2004). When light passes through bacterial culture, it will be scattered more or less by the cells depending on the 
cell density. Bacteria cells scatter the light in the visible wavelengths rather than absorbing it, explaining why 
bacteria cultures appear turbid. Light scattering of a particle is a function of its size, shape and concentration, as 
well as the wavelength of the incident light: the smaller wavelength, the more intense scattering and more sensitive 
the detection. It also depends on chemical composition and colour of the culture medium The short wavelengths 
above 400 nm are used to measure the turbidity of the cells suspended in buffer or saline (colourless solutions), 
while the wavelengths at 530-600 nm are preferable for broth cultures since these media contain the materials that 
absorbs strongly at short wavelengths (Carlberg, 2005).  
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sporulating cells and 0% vegetative cells. No spore aggregates were observed. The number of 

spores in prepared culture was determined by plating diluted spore suspensions on LB agar 

plates. After 12 hours of incubation at 37°C, Bacillus spores were quantified as colony forming 

units (CFU), reaching finally 3.1 x 108 spores/ml suspension. 

 

6.2.1. Microscopy 

 

The sporulation process of Bacillus subtilis in prepared liquid culture was followed by 

regularly microscopic inspection of Bacillus subtilis dry mounts stained by methylene blue and 

malachite green/safranin stains (Harisha, 2006). The purity of the spore culture was determined 

by microscopic examination of dry mounts stained by the Fulton & Schaeffer method (Schaeffer 

and Fulton, 1933). 

 

6.2.1.1. Methylene blue staining  

The heat-fixed smears from the Bacillus subtilis spore culture were flooded with  

2.5% (w/v) solution of methylene blue (Sigma-Aldrich, France) for 1 min (Aneja, 2003; Harisha, 

2006). After rinsing with distilled water, samples were examined using oil-immersion 

microscopy under bright field at x 2000 magnification. Growing vegetative cells were stained 

blue, while free spores and endospores found in sporulating cells remained unstained due to 

impermeable nature of the spore coat to methylene blue solution (Levinson and Sevag, 1953).  

 

6.2.1.2. Schaeffer-Fulton staining 

The samples of Bacillus subtilis spore culture were prepared as heat-fixed smears on 

microscopic slides. Small pieces of filter paper were placed above each smear and saturated with 

a 5% (w/v) solution of malachite green (Sigma-Aldrich, France). The smears were heat treated 

over a steam bath for 5 min. Stained smears were rinsed thoroughly with distilled water for at 

least 30 sec in order to decolorize the vegetative cells. The samples were counterstained for 1 

min with safranin (ready Gram’s safranin solution purchased from Fluka, France) (Harisha, 

2006). The smears were rinsed briefly with distilled water, gently blotted dry and examined 

using oil-immersion microscopy under bright field at x 2000 magnification. Since endospores 

retained malachite green, they appeared green, and they could be easily differentiated from red/ 

pink coloured vegetative cells that were counterstained with safranin (Schaeffer and Fulton, 

1933). 
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7. CHEMICAL AND SPECTROSCOPIC ANALYSES OF 

COMPOUNDS FROM ARABIDOPSIS THALIANA SEEDS, 

INCLUDING UV SCREENS  

 

7.1. Determination of moisture content in Arabidopsis thaliana seeds 

 

The seed moisture content is usually expressed as a percentage of the weight loss 

determined after seeds are dried in accordance with the prescribed rules. The seed moisture 

content is one of the important parameters, which influence the seed quality and longevity. 

Although dry seeds have drastically reduced metabolic activity, the ageing process is suspended 

in seeds with low moisture content (Harrington, 1972; Copeland and McDonald, 2001e; Buitink 

and Leprince, 2004). Low moisture content in anhydrobionts7 is closely related to increased 

desiccation tolerance, as well as heat and freezing-stress resistance (Buitink et al., 2002; 

Wharton, 2002; Buitink and Leprince, 2004; Buitink and Leprince`, 2008). It may also play a 

role in seed resistance to UV light and ionizing radiation, since dry seeds are likely more 

resistant than hydrated seeds (Torres et al., 1991; Qin et al., 2007).  

 

Seed moisture content was determined by the oven drying method prescribed by the 

International Seed Testing Association (ISTA, 1999). Moisture content is defined as the loss of 

weight when seeds are dried in accordance with the prescribed rules. It is expressed as a 

percentage of the fresh weight (fw) of the sample prior to drying. Small glass Petri dishes  

(∅ 4.5 cm, 1 cm high), fitted with covers, were used as drying containers. Petri dishes were first 

pre-dried in the oven for 30 min at 130°C and cooled afterwards in desiccators for 30 min. 

Empty pre-dried dishes were weighed and then filled with 100 mg (fw) of seeds. The total mass 

of each loaded dish was determined and each open dish with seeds was immediately placed in 

the oven, on top of its cover, and dried using a low constant temperature method, in which seeds 

were heat-treated for 18 hours at 103°C. After drying, Petri dishes with seed samples were 

immediately closed and placed in the desiccator on a top of thick metal plate.  

                                                 
7 Anhydrobionts (anhydobiosis, from the Greek for "life without water") are the organisms with ability to reversibly 

lose almost all intracellular water. These organisms are capable to withstand extended periods of dehydration 
entering in metabolically quiescent state (Hochachka and Guppy, 1987; Crowe et al., 1992).  
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After cooling for 45 min, Petri dishes with dried seeds were rapidly weighed and seed 

moisture content was determined according to the following formula (ISTA, 1999): 

 

100
)12(
)32((%) x

MM
MMM

−
−

=  (2) 

where M(%) stands for determined moisture percentage (fw) in seeds, M1 represents a 

weight (in grams) of empty container and its cover, M2 is weight (in grams) of container, cover 

and its content before drying and M3 represents the weight (in grams) of container, cover and its 

content after drying.  

 

All experiments were performed in triplicate (n=3) and moisture content in seed samples 

was determined as a mean value. Variability around the mean was represented as ± standard 

deviation. 

 

7.2. Preparation of crude extracts from Arabidopsis thaliana seeds 

 

Crude extracts from Arabidopsis seeds were prepared from 100 mg (fw) of Ws-2 and tt4-8 

seeds that were frozen in liquid nitrogen and ground to a powder with mortar and pestle. Ground 

seeds were extracted with 600 µl of 75% (v/v) methanol and the resulting suspension was 

sonicated for 5 min (Transsonic TP690, Prolabo), followed by centrifugation at 14.1 rpm for  

5 min (Eppendorf Mini Speed centrifuge). The supernatant was collected and stored at -20°C 

until analysis. 

 

7.3. Flavonoid extraction  

 

Flavonoids were isolated from 1.358 g (fw) of Ws-2 Arabidopsis seeds. Crude extracts 

were prepared in 8.148 µl of 75% (v/v) methanol following the procedure described above. After 

centrifugation, 7.2 ml of supernatant was diluted in 120 ml ultrapure water (Milli-Q® purified, 

Millipore) and defatted by three successive extractions with 120 ml cyclohexane. The aqueous 

phase was further purified by Solid-Phase Extraction (SPE) in order to remove coextracted non-

flavonoid compounds. SPE was performed using a 200 mg C18 cartridge (Alltech, Templemars, 

France), which was conditioned by rinsing twice with 100% (v/v) methanol, followed by a 

washing step where the C18 matrix was rinsed twice with ultrapure water. A flavonoid- extract 

was than applied to the top of the C18 packing bed and pushed through the column at a flow rate 

of 1-5 ml min-1. The SPE cartridge was than washed with ultrapure water and flavonoids were 



Chapter 2 METHODS AND MATERIALS 107 

 

eluted twice with 1 ml of 100% (v/v) methanol. Two flavonoid-containing elutes were pooled 

together and stored at -20°C until further analyses. Flavonoids were further purified by High 

Performance Liquid Chromatography (HPLC) as described below. 

 

7.4. Glucosinolate extraction 

 

A crude extract from Ws-2 Arabidopsis seeds was prepared in a 75% (v/v) aqueous 

solution of acetonitrile as described in Kerhoas et al., 2006. Further purification and extraction of 

glcosinolate compounds was performed by SPE using cation and anion exchange cartridges (see 

details below). The pH of the aqueous extract was first adjusted to 2.5 using 0.1 N HCl and 

purified on a strong cation exchanger, 400 mg-cartridge Chromafix® PS-H+ (Macherey-Nagel, 

Hoerdt, France), in order to eliminate coextracted cationic compounds. The resulting acidic 

extract was than neutralized with 0.1 N NaOH and diluted to 500 ml with ultrapure water. The 

extract was applied to a 1g-cartridge SAX Bond Elut® (Varian, les Ulis, France), used as strong 

anion exchanger (Kerhoas et al., 2006). Since glucosinolates are negatively charged molecules in 

neutral medium, carrying a sulphonic acid group, they were retained by the SAX cartridge, while 

coextracted flavonoids and other neutral compounds were eluted from the anion exchanger. The 

packing bed of the SAX cartridge was then washed with ultrapure water. Glucosinolate elution 

was performed by through a stepwise increasing ionic strength gradient (from 0 to 0.5 M NaCl) 

and a stepwise decreasing pH gradient (0.1M Tris-HCl buffer from pH 8.0 to pH 7.4) in the 

eluent solution. Glucosinolates were further purified by HPLC as described below. 

 

7.5. High-Performance Liquid Chromatography (HPLC) 

 

7.5.1. Purification and separation of flavonoid-containing fractions  

 

The flavonoids-containing extract, obtained from Ws-2 Arabidopsis seeds (see above), was 

further purified by semipreparative HPLC. Two millilitres of methanolic extract were dried 

under a stream of nitrogen and the residue was redissolved in a 10% (v/v) methanol solution. 

HPLC was performed with a Waters 600 multisolvent delivery system, using a reverse phase 

Kromasil C18 column (250 x 21.2 mm i.d., 10 µm particle size, Alltech, Templemars, France). 

The mobile phase consisted of acetonitrile and pure water at flow rate of 15 ml min-1. HPLC 

solvents were filtered through 0.45 µm Millipore filters and degassed by flushing through with 

helium. The C18 column was first stabilized with 10% (v/v) acetonitrile (initial conditions), 
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followed by 20 min linear gradient of acetonitrile from 10% to 90% (v/v). The column was than 

washed with 90% (v/v) acetonitrile for 2 min and equilibrated for 16 min at 10% (v/v) 

acetonitrile. Data were acquired with a Waters 990 photodiode array detector set at 330 nm for 

chromatographic data and λ = 190-400 nm for spectroscopic data. The total volume of flavonoid-

containing extract was divided in two aliquots that were purified by HPLC separately in two 

batches. Separated HPLC fractions were manually collected and matching fractions from two 

batches were pooled together. Eight fractions were evaporated until dryness and the resulting 

residues were weighed and redissolved in 1 ml of the following methanolic solutions. The 

residue of fraction F1 (2.33 mg) was dissolved in 33.3 % (v/v) methanol, while fractions F2  

(1.6 mg), F3 (0.5 mg), F4 (≤ 0.17 mg) and F5a (1.5 mg) were dissolved in 100 % (v/v) methanol. 

Fraction F5b (0.25 mg) was redissolved in 50 % (v/v) methanol and fractions F6 (0.5 mg) and F7 

(≤ 0.125 mg) were dissolved in 12.5% (v/v) methanol. All prepared fractions were stored at  

-20°C until further analysis. 

 

7.5.2. Purification and separation of glucosinolate-containing fractions  

 

The extract containg glucosinolates was purified by semipreparative HPLC, using the same 

instrumental system described above. The mobile phase consisted of a mixture of acetonitrile 

and pure water at flow rate of 15 ml min-1. However, chromatographic conditions were different 

from those used for purification and isolation of flavonoids. After stabilization with 5% (v/v) 

acetonitrile, the C18 column (250 x 21.2 mm i.d., 10 µm particle size, Alltech, Templemars, 

France) was first eluted with 5% (v/v) acetonitrile for 20 min under isocratic conditions, 

followed by 30 min linear gradient of acetonitrile from 5 % to 50% (v/v). During the washing 

step, the column was rinsed with 50% (v/v) for 2 min and finally equilibrated to initial conditions 

with 5% (v/v) acetonitrile. The data were acquired with UV detector set at 230 nm for 

chromatographic data and λ = 190-400 nm for spectroscopic data. Seven separated HPLC 

fractions were collected manually and the dry residues of evaporated fractions were weighed and 

redissolved in 1 ml of pure water, pure methanol or methanolic solutions. The HPLC fractions 

G-F1 (83.3 mg), G-F2 (8 mg), G-F3 (10 mg) were redissolved in pure water and fractions G-F4 

(6 mg), G-F5 (7.4 mg), G-F6 (5.7 mg) were redissolved in 50% (v/v) methanol, while fraction  

G-F7 (0.4 mg) was dissolved in 100% methanol. HPLC fractions were immediately stored at  

-20°C. 
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7.6. Sinapate ester detection 
 

Sinapate esters display a bright blue fluorescence under long wave UV light (Lorenzen et 

al., 1996; Sheahan, 1996), allowing easy preliminary detection of these compounds directly in 

crude extracts of Arabidopsis seeds, as well as HPLC purified fractions. Crude extracts of Ws-2, 

Col-0 and fah1-2 lines were prepared from 50 mg (fw) of seeds extracted in 75% methanol or 

75% acetonitrile, according to the protocol described above. 10 µl of each sample was applied to 

chromatography paper (Whatman® Chromatography paper 3 MM, Maidstone, UK), used only as 

a support for the samples, and dried under a stream of cool air. Standard solutions of sinapic acid 

(0.6 mg/ml), quercitrin (3 mg/ml), kaempferol-3-O-rutinoside (2 mg/ml) and epicatechin  

(3 mg/ml) were prepared in 100% methanol and 10 µl of each standard was applied to 

chromatography paper, together with the seed extracts. Dried dots of samples were examined for 

blue fluorescence under UV-A light, using VL-4L lamp (Vilber Lourmat, Marne-la-Vallée, 

France) as a source of UV (λ = 365 nm) light. Sinapate esters were further detected and 

identified by mass spectrometry (LC-MS), as described below.  

 

7.7. Liquid Chromatography - Mass Spectrometry (LC-MS) 

 

Mass analysis was conducted on 5 µl aliquots of flavonoid-containing HPLC fractions, as 

well as glucosinolates-containing HPLC fractions. Each purified fraction of flavonoids was 

diluted in 250 µl of acetonitrile: water (80:20) solution, containing finally 50-100 µg of analyte. 

LC-MS was performed according the procedure described in (Routaboul et al., 2006), using an 

Alliance 2695 (Waters, Milford, USA) reverse phase separation module coupled to Quadro LC 

instrument (MicroMass Co, Manchester, UK) with an electrospray ionization (ESI) “Z-spray” 

interface. Data acquisition and analyses were performed by MassLynx software. Separation was 

carried out on a C18 Uptisphere column (150 x 2 mm i.d., 5µm particle size, Interchrom, 

Montluçon, France), connected to a Waters 2487 UV detector set at 290 nm for flavonoid 

detection or 229 nm for glucosinolate detection. The column was eluted at a flow rate of 0.15 

ml/min, with a mobile phase comprised of a mixture of solvent A (acetonitrile : water, 95 : 5, 

v/v, acidified with 0.5% acetic acid) and solvent B (acetonitrile : water, 5 : 95, acidified with 

0.5% acetic acid). The gradient profile comprised: initial conditions with 10 : 90, v/v (A : B) for 

5 min, a linear gradient up to 70 : 30 v/v ( A : B) over 35 min, a washing step 100 : 0, v/v (A : B) 

for 15 min, followed by the final equilibration of the column with 10 : 90, v/v (A : B) for 20 min. 

Nitrogen was used as nebulization (100 l/h) and desolvation gas (500 l/h) at 400°C. Argon was 

used as collision gas at 3.5 x 10-3 mbar. Formed ions were detected in positive and/ or negative 
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modes of operation. Chemical compounds were identified by analysis of data for molecular 

weight and retention times of formed ions. The data were compared with those of known 

compounds (standards) and previously reported data (Routaboul et al., 2006). When necessary, 

the mass fragmentation patterns were subsequently obtained by collision induced dissociation 

(CID) MS-MS experiments, where collision energy of 2.5 - 40 eV was employed to achieve the 

fragmentation of molecules. 

 

7.8. Spectroscopy 

 

The UV absorption properties of DNA and its components (mononucleotides and 

oligonucleotides), ubiquitous putative UV screening compounds (amino acids, proteins, 

polyamines) and substances associated with UV resistance in phylogenetically distinct groups of 

organisms (scytonemin, mycosporine-like amino acids, β-carotene, dipicolinic acid, melanin and 

flavonoids) were determined by two spectroscopic methods: conventional UV absorption 

spectroscopy in solution and VUV-UV absorption spectroscopy in dry films. Besides 

spectroscopic analysis of chemically pure standard samples, the UV absorption spectra were also 

measured in crude extracts from Arabidopsis seeds, and their flavonoid-containing, sinapate 

ester-containing and glucosinolate-containing fractions isolated and purified by HPLC. The 

VUV-UV spectra were also determined for derivatives of cinnamic acid, which are involved in 

the phenylpropanoid biosynthetic pathway, and could be considered as molecules that have a 

potential UV screening role in plants. 

 

7.8.1. Conventional UV-VIS absorption spectroscopy in solution 

 

Prior to the VUV-UV absorption spectroscopy, where samples were prepared in dry films, 

all samples were first analysed in solution by conventional UV absorption spectroscopy, using a 

Shimadzu Multipurpose Recording HPS-2000 spectrophotometer. About 5 - 20 µl of each 

sample were diluted in 1 ml of the appropriate solvent and UV absorption spectra were recorded 

in the range λ = 200 - 400 nm, using a 1 ml-quartz cuvette with a 1 cm path length.  

 

A DNA sample was prepared by amplifying a 773 bp long sequence, carrying the greater 

part of kanamycin resistance gene (nptII), by Polymerase Chain Reaction (PCR). The nptII PCR 

product was synthesized using Hybaid thermal cycler (Thermo Fisher Scientific, US) according 

to the following amplification protocol: initial denaturation step at 95°C for 5 min, followed by 
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35 amplification cycles consisted of 1 min at 95°C (denaturation), 1 min at 55°C (annealing) and 

2 min at 72°C (extension), with a final extension step at 72°C for 5 min.  

 

The primers for the nptII sequence were 5’-GAACAAGATGGATTGCACGC-3’ (forward) and  

5’-AGAAGGCGATAGAAGGCGATGC-3’ (reverse). The nptII PCR product was first analysed by 

agarose gel electrophoresis and obtained the 773 bp PCR product was purified using QIAquick 

PCR purification kit (Qiagen, France). The final concentration of DNA (10 ng µl-1) was 

determined by measuring the OD at 260 nm. 10 µl of the DNA stock solution were diluted to  

1 ml and the UV absorption spectrum was recorded using conventional UV absorption 

spectroscopy. 

 

Two types of proteins, bovine serum albumin (BSA) and histones (unfractioned whole 

histones from calf thymus, type II-A), both purchased from Sigma-Aldrich, France, were 

prepared as standard stock solutions (10 mg ml-1 in pure water, pH 7.5). 5 µl of BSA and 20 µl of 

histones were diluted up to 1 ml prior the UV spectroscopic analysis. 

 

Standard solutions of polyamines, spermine (Sigma-Aldrich, France), spermidine (Sigma-

Aldrich, France) and putrescine (Fluka, France), were freshly prepared in pure water pH 7.5.  

10 µl of a stock solution of spermine (30 mg ml-1), spermidine (30 mg ml-1) and putrescine  

(50 mg ml-1) were analysed and their UV absorption spectra were recorded. An aromatic amine, 

tyramine (Sigma-Aldrich, France), was prepared in 100% (v/v) methanol as a stock solution  

(30 mg ml-1) and 10 µl of a standard solution was analysed by conventional UV absorption 

spectroscopy. 

 

The flavonoids analysed in this study were: quercitrin (Quercetin-3-O-rhamnoside), 

nicotiflorin (kaempferol-3-O-rutinoside), robinin (kaempferol-3-O-robinoside-7-O-rhamnoside), 

(+)-catechin (+ 3,3’,4’,5,7,-pentahydroxyflavan) and condensed tannins (oligomeric 

proantocyanidins extracted from apples). Standard stock solutions (3 mg ml-1) of quercitrin 

(Sigma-Aldrich, France), nicotiflorin (Extrasynthese, Genay, France), (+)-catechin 

(Extrasynthese, Genay, France), condensed tannins (kindly provided by Dr Nour-Eddine Es-Safi) 

were prepared in 100% methanol (v/v), while a standard stock solution of robinin (2 mg ml-1) 

was prepared in pure water. Prior the spectroscopic measurements, stock solutions of flavonoids 

were diluted to the concentration of 0.3 mg ml-1 and 10 µl of each diluted standard solution was 

analysed. Beside the UV absorption data measured in the range of 200 - 400 nm, absorption 

spectra of the flavonoids were also measured in visible (VIS) region from 400 - 800 nm. 
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A standard stock solution (1 mg ml-1) of β-carotene (Extrasynthese, Genay, France) was 

prepared in 100% (v/v) ethylacetate and stored at - 20°C, protected from light. 25 µl of standard 

solution was diluted up to 100 µl in ethyl acetate and UV absorption was measured using a  

100 µl-submicro cell cuvette. The absorption spectrum was recorded in the region 260 - 700 nm, 

avoiding the interference of ethyl acetate solvent, which had strong absorption in the UV region 

at 200 - 260 nm. 

 

Melanin (Sigma-Aldrich, France) was purchased as a synthetic melanin, made by the 

oxidation of tyrosine with hydrogen peroxide. A standard stock solution (1 mg ml-1) of melanin 

was prepared in 1 N NH4OH and 10 µl of diluted (0.3 mg ml-1) melanin solution was used for 

measuring UV absorption properties of melanin. The absorption spectrum was also measured in 

the 400 - 600 nm VIS region. 

 

Dipicolinic acid (DPA) was purchased from Sigma-Aldrich, France. A standard solution  

(4 mg ml-1) of DPA was prepared in 100% (v/v) methanol. The calcium chelate of DPA  

(Ca-DPA) was made by mixing (1:1) equimolar volumes of the DPA standard solution and 

aqueous solution of CaCl2 (2.4x10-2 M). 10 µl of prepared stock solution of Ca-DPA was used 

for measuring the UV absorption, as well as the absorption in the VIS part of the spectrum  

(400 - 800 nm). 

 

Scytonemin was extracted from UV-A induced cells of the cyanobacterium 

Chroococcidiopsis (generously provided by Prof. Richard Castenholz), purified by HPLC and 

analyzed by LC-MS as described elsewhere (Zalar et al., 2007b).  A standard solution (0.5 mg 

ml-1) of scytonemin was prepared in 100% (v/v) ethyl acetate and 100 µl of two times diluted 

solution was analyzed using a 100 µl-submicro cell cuvette. UV/VIS absorption spectrum was 

measured in 260 - 700 nm region, avoiding the interference of ethyl acetate solvent, which had 

strong absorption in 200 - 260 nm UV region. 

 

Two samples of mycosporine-like amino acids (MAA), generously provided by Prof. 

Donat-Peter Häder, were isolated from the marine red alga Corallina officinalis. The MAAs 

were identified by LC-MS and mass spectra showed that sample MAA-9 contained essentially 

porphyra-334, while MAA-6 sample contained palythine (Zalar et al., 2007b). MAA samples 

were prepared in 0.2% (v/v) acetic acid and 10 µl of MAA-9 and 20 µl of MAA-6 were analysed 

by conventional UV absorption spectroscopy. The absorption properties of MAA samples were 

also analysed in the VIS part of spectrum (400 - 800 nm). 
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Crude extracts from Ws-2 and tt4-8 Arabidopsis seeds were prepared as stock solutions in 

75% (v/v) methanol and 20 µl of each crude extract was used for UV absorption spectroscopy 

analysis. 

 

Flavonoid-containing HPLC fractions F1, F2, F3, F5a, F5b and F6 were diluted to a 

concentration of 0.125 mg ml-1, where the F2, F3 and F5a fractions were prepared in 100% (v/v) 

methanol, while the F1, F5b and F6 fractions were prepared in 33.3% (v/v), 50% (v/v) and 

12.5% (v/v) methanolic aqueous solutions, respectively. Fractions F4 (0.17 mg ml-1) and F7  

(≤ 0.125 mg ml-1) were used as undiluted solutions prepared in 100 % (v/v) and 12.5% (v/v) 

methanol, respectively. 10 µl of the F2, F3, F4, F5a, F5b and F7 fractions, as well as 20 µl of F1 

and F7 fractions were used to measure UV absorption spectra by conventional UV spectroscopy 

in solution. 

 

Glucosinolate-containing HPLC fractions G-F2 (8 mg ml-1 in water), G-F3 (10 mg ml-1 in 

water), G-F4 (6 mg ml-1 in 50% methanol), G-F5 (7.4 mg ml-1 in 50% methanol), G-F6  

(5.7 mg ml-1 in 50% methanol) and G-F7 (0.4 mg ml-1 in 100% methanol) were analysed as 

undiluted stock solutions, while a stock solution of the G-F1 fraction (83.3 mg ml-1 in water),was 

diluted ten times prior the spectroscopic analysis. The UV absorption spectra were recorded 

using 10 µl of each glucosinolate-containing HPLC fraction. 

 
 

7.8.2. VUV-UV absorption spectroscopy in dry films 

 

7.8.2.1. Experimental setup and procedures 

 

The VUV-UV absorption spectroscopy measurements were performed at the UV1 

beamline at the synchrotron radiation source ASTRID (Fig. 41), at the Institute for Storage Ring 

Facilities (ISA), University of Aarhus, Denmark. Synchrotron radiation was the light source for 

measuring absorption spectra in the range from 125 nm to 340 nm. The VUV-UV absorption 

spectra were measured in a vacuum and samples were prepared as thin, solid films in order to 

avoid background absorption from organic solvents, which absorb strongly below 200 nm. Since 

all spectroscopic measurements were performed in a high vacuum, all samples were in a 

dehydrated state. Thin films of samples were prepared by drying substances onto MgF2 

windows. Four MgF2 discs were than placed in a sample holder (Fig. 42b), which was inserted 

vertically in the vacuum chamber of the UV1 absorption spectroscopy installation (Fig. 42a).  
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In each experiment, one MgF2 window was kept blank and used as a reference, while three 

MgF2 windows carried dried samples. The samples were placed perpendicular the beam, one at a 

time. Monochromatized light from the beamline passed through the entrance LiF window into 

the vacuum chamber containing the samples. Transmitted light exited the sample chamber 

through the exit MgF2 window and it was detected by a VUV-UV sensitive photomultiplier tube 

(shown in Fig. 42a). For wavelength scans below 200 nm, helium was flushed through the small 

gap between the photomultiplier tube and the exit window, in order to prevent any UV 

absorption by air, which could interfere with the VUV-UV spectra measurements. 

 

The resulting spectra were based on transmission measurements and the absorption was 

calculated from: 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

tI
I

A 0log  (3) 

where A stands for the absorption of sample, I0 represents the intensity of the light 

transmitted through the reference (blank window) and It is the intensity of the light transmitted 

through the sample. 

 

Recorded spectra were the result of two phenomena, absorption and scattering, but for the 

sake of simplicity and due to the small contribution from scattering, all spectra were called 

absorption spectra. The scattering problems of dry films are discussed elsewhere (Zalar et al., 

2007a). 

 
 
Fig. 41.  Schematic representation of the ASTRID storage ring facility at the Institute for Storage Ring Facilities 
(ISA), University of Aarhus, Denmark. Arrow shows the position of the UV1 beamline. (Layout of ASTRID taken 
from http://www.isa.au.dk/facilities/astrid/astrid.html). 
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Fig. 42. a) The VUV-UV absorption spectroscopy installation at the UV1 beamline. (1) shows the sample holder, 
carrying the samples inserted vertically into the vacuum chamber. The UV beam passes horizontally through the 
sample, and transmitted light is detected by a VUV-UV sensitive photomultiplier tube (2). b) A detail of the sample 
holder, carrying three samples dried onto MgF2 discs and one blank MgF2 window that served as a reference for 
spectroscopy measurements.  

 

 

7.8.2.2. Preparation of samples 

 

All samples used in VUV-UV spectroscopy were prepared as thin, sold films, which were 

air dried onto MgF2 windows (∅ 23 mm, thickness 1.5 mm). Samples of specialized UV screens 

and some putative UV screens were prepared from their stock solutions (see section 7.8.1). 

 

For the VUV-UV absorption spectroscopy, a sample of salmon sperm DNA (Sigma-

Aldrich, France) was prepared and purified from proteins as previously described in (Zalar et al., 

2007a). DNA was air-dried onto MgF2 windows. Since VUV-UV absorption measurements were 

performed in high vacuum, DNA was considered to be in the dehydrated state. 

 

Dry films of mononucleotides (dATP, dGTP, dTTP, dCTP, as well as ATP) and 

synthesized 20-mer homooligonucleotides (oligoA, oligoG, oligoT and oligoC) were prepared as 

described in Zalar et al. 2007a. The samples of complementary 20-mer homooligonucleotides 

(oligoA20 + oligoT20 and oligoG20 + oligoC20) were obtained by mixing (1:1) equimolar volumes 

of oligoA20 with oligoT20 and oligoG20 with oligoC20. All homooligonucleotides (Genosys-

Sigma, France) were prepared as 100 µM solutions in pure water (pH 7.5). Synthetic 60-mer 

oligonucleotides (Fig. 43) with different G+C contents (30%, 50% and 63%), purchased from 
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Genosys-Sigma, France, were designed to encode the same protein, containing one of each of the 

20 amino acids. In order to mimic the contribution of both DNA strands, equimolar (25 µM) 

mixtures of sense + antisense strands were prepared. 

 

 
 

Fig. 43. Synthetic 60-mer oligonucleotides with different G+C content (30%, 50% and 63%), represented by the 
coding sense (+) strand and the complementary antisense (-) strand. These oligonucleotides have different 
nucleotide compositions and sequences, but they encode the same peptide, which contains one of each of 20 
different amino acids. The amino acid sequence is presented under each oligonucleotide pair. (Zalar et al., 2007c). 

 

 

Dry films of putative ubiquitous UV screens, such as proteins (histones from calf thymus 

and bovine serum albumin), amino acids (L-arginine, L-valine, L-aspartic acid and  

L-tryptophan), polyamines (spermine, spermidine and putrescine) and the aromatic amine, 

tyramine, were prepared as described in Zalar et al. 2007a. 

 

Thin solid films of known specialized UV screens, including flavonoids (quercitrin, 

isoquercitrin, robinin and catechin), melanin, β-carotene, scytonemin and two samples of 

mycosporine-like amino acids (MAA-6 and MAA-9) were prepared as described elsewhere 

(Zalar et al., 2007b), as is the preparation of dry films of chlorophyll a and b, as well as Ca-DPA 

chelate. 

 

Standard solutions, containing 0.5 mg ml-1 of t-cinnamic acid and its derivatives  

(p-coumaric acid, ferulic acid and caffeic acid) were prepared in 50% (v/v) methanol. Dry films 

were made with 9 x 500 µl of t-cinnamic acid, 4 x 500 µl of p-coumaric acid and 7 x 500 µl of 

ferulic acid, as well as caffeic acid standard solutions that were dried stepwise on MgF2 

windows. The final mass per MgF2 window was 2.25 mg of t-cinnamic acid, 1 mg of p-coumaric 

acid, 1.75 mg of ferulic acid and 1.75 mg of caffeic acid. 

 

5’ ATGTTTTGGCAAAGAGCTAATGATGTATGTAAACATGGTATATTACCAACTTATGAATCT 3’
3’ TACAAAACCGTTTCTCGATTACTACATACATTTGTACCATATAATGGTTGAATACTTAGA 5’

30% G+C

Sense (+)
Antisense (-)

Peptide H2N-Met-Phe-Trp-Gln-Arg-Ala-Asn-Asp-Val-Cys-Lys-His-Gly-Ile-Leu-Pro-Thr-Tyr-Glu-Ser-COOH

5’ ATGTTCTGGCAGCGAGCTAATGACGTATGTAAGCATGGAATCCTCCCTACCTACGAGTCG 3’
3’ TACAAGACCGTCGCTCGATTACTGCATACATTCGTACCTTAGGAGGGATGGATGCTCAGC 5’

50% G+C

Sense (+)
Antisense (-)

Peptide H2N-Met-Phe-Trp-Gln-Arg-Ala-Asn-Asp-Val-Cys-Lys-His-Gly-Ile-Leu-Pro-Thr-Tyr-Glu-Ser-COOH

5’ ATGTTCTGGCAGCGGGCGAACGACGTCTGCAAGCACGGGATCCTGCCGACCTACGAGTCC 3’
3’ TACAAGACCGTCGCCCGCTTGCTGCAGACGTTCGTGCCCTAGGACGGCTGGATGCTCAGG 5’

63% G+C

Sense (+)
Antisense (-)

Peptide H2N-Met-Phe-Trp-Gln-Arg-Ala-Asn-Asp-Val-Cys-Lys-His-Gly-Ile-Leu-Pro-Thr-Tyr-Glu-Ser-COOH

5’ ATGTTTTGGCAAAGAGCTAATGATGTATGTAAACATGGTATATTACCAACTTATGAATCT 3’
3’ TACAAAACCGTTTCTCGATTACTACATACATTTGTACCATATAATGGTTGAATACTTAGA 5’

30% G+C

Sense (+)
Antisense (-)

Peptide H2N-Met-Phe-Trp-Gln-Arg-Ala-Asn-Asp-Val-Cys-Lys-His-Gly-Ile-Leu-Pro-Thr-Tyr-Glu-Ser-COOH

5’ ATGTTCTGGCAGCGAGCTAATGACGTATGTAAGCATGGAATCCTCCCTACCTACGAGTCG 3’
3’ TACAAGACCGTCGCTCGATTACTGCATACATTCGTACCTTAGGAGGGATGGATGCTCAGC 5’

50% G+C

Sense (+)
Antisense (-)

Peptide H2N-Met-Phe-Trp-Gln-Arg-Ala-Asn-Asp-Val-Cys-Lys-His-Gly-Ile-Leu-Pro-Thr-Tyr-Glu-Ser-COOH

5’ ATGTTCTGGCAGCGGGCGAACGACGTCTGCAAGCACGGGATCCTGCCGACCTACGAGTCC 3’
3’ TACAAGACCGTCGCCCGCTTGCTGCAGACGTTCGTGCCCTAGGACGGCTGGATGCTCAGG 5’

63% G+C

Sense (+)
Antisense (-)

Peptide H2N-Met-Phe-Trp-Gln-Arg-Ala-Asn-Asp-Val-Cys-Lys-His-Gly-Ile-Leu-Pro-Thr-Tyr-Glu-Ser-COOH
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Beside chemically pure substances (standards), dry films of seed extracts and their purified 

HPLC fractions were also prepared. Dry films of crude extracts from Arabidopsis seeds were 

produced by air-drying 500 µl of Ws-2 and tt4-8 extracts (prepared in 75% (v/v) methanol) on 

the surface of a MgF2 window. 

 

Samples of flavonoid-containing HPLC fractions, F1 (2.33 mg ml-1), F2 (1.6 mg ml-1), F3 

(0.5 mg ml-1), F4 (≤ 0.17 mg ml-1), F5a (1.5 mg ml-1), F5b (0.25 mg ml-1), F6 (0.5 mg ml-1) and 

F7 (≤ 0.125 mg ml-1), were prepared by air-drying 500 µl of each stock solution on a MgF2 

window. 

 

Stock solutions of glucosinolate-containing HPLC fractions were diluted in pure water 

(fractions G-F1, G-F2 and G-F3), 50% (v/v) methanol (fractions G-F4, G-F5 and G-F6) or 100% 

(v/v) methanol (fraction G-F7) and 500 µl of each solution was air-dried on MgF2 window. The 

solid films contained 3.36 mg of G-F1, 2 mg of G-F2, 0.45 mg of G-F3, 3.25 mg of G-F4,  

1.85 mg of G-F5, 1.4 mg of G-F5 and 0.2 mg of G-F7 per MgF2 window. 

 

In order to exclude the background absorption by the remaining traces of solvents in the 

dry samples, 500 µl of the different solvents used in this study, including water (pH 7.5), 0.2 % 

(v/v) acetic acid, 1N NH4OH, 100% (v/v) methanol, methanolic solutions of different 

concentrations, 100% (v/v) ethyl acetate and a solution of CaCl2 (1.2 x 10-2 M) in 50% (v/v) 

methanol, were dried onto MgF2 windows and the VUV-UV absorption was measured. No 

background absorption was detected for all tested solvents.  
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8. TESTING UV RESISTANCE OF ARABIDOPSIS THALIANA SEEDS 

AND BACILLUS SUBTILIS SPORES 

 

8.1. UV irradiation of Arabidopsis thaliana seeds and Bacillus subtilis spores 

 

The UV resistance of Arabidopsis seeds was tested in experiments that were divided in two 

parts, depending on the source of UV light: the UV-C exposure experiments, where a UV254 

lamp was used as a source of quasi-monochromatic UV light, and simulated solar UV exposure 

experiments, where solar simulators SOL1000 and SOL2000 were used as sources of 

polychromatic UV light (λ = 200-400 nm). Bacillus subtilis spores, known to possess a high 

level of UV resistance (Horneck et al., 1994; Setlow, 1995; Slieman and Nicholson, 2001; 

Nicholson et al., 2002; Nicholson and Galeano, 2003), were exposed to UV-C light. These 

experiments served as a laboratory control for optimization of UV-C exposure conditions. In this 

work, Bacillus subtilis spores were not used in experiments with polychromatic simulated solar 

UV light, since they were the object of other studies in the context of joint Experiment 

Verification Tests (EVT). This is of direct interest for collaborators from the Institute of 

Aerospace medicine, DLR, Cologne, Germany. 

 

8.1.1. Irradiation experiments with quasi-monochromatic UV-C254 light 

 

The UV-C irradiation of Arabidopsis seeds and Bacillus subtilis spores was performed 

using quasi-monochromatic sources of UV254 light, with a sharp peak of emitted light at  

λ = 254 nm. Besides the predominant (about 90%) UV-C254 output, the lamp emitted a smaller 

portion of UV-B312 and UV-A365 light, together about 10% of the total UV light. The details 

about UV254 sources, as well as UV exposure conditions, are given here below.  

 

Since the two terms “irradiance” and “fluence” are used throughout this work, and because 

the physical terms used to describe exposures and dosimetric concepts frequently vary 

throughout scientific literature, we reasoned first to define these two terms.  

 

The term “irradiance” of UV light is defined here as the total UV radiant power from all 

upward directions incident upon a small element of flat surface containing the point under 

consideration divided by the area of the element (IUPAC, 1997; Braslavsky, 2007; Kowalski, 

2009). In our experiments, the irradiance of UV light was measured in units of mWcm-2. 
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The term “fluence” of UV light is here used in a sense of the UV dose, and it refers to the 

amount of UV radiant energy falling on a unit surface area summed over a given exposure time 

(McDonald, 2003). According to the recommendations of the International Union of Pure and 

Applied Chemistry (IUPAC, 1997) and the International Ultraviolet Association (IUVA, 

http://www.iuva.org), and for the reason that the term “dose” is usually used in other contexts to 

describe the absorbed energy, rather than the incident energy impinging upon an irradiated 

object, the “fluence” is here preferred as more appropriate term for the photobiological and 

photochemical context. The UV fluence (H, Jm-2) was here calculated as the product of the UV 

irradiance (E, Wm-2) and the exposure time (t, seconds) as follows (Linden, 2003): 

 

tEH ×=  (4) 

 

Samples of Arabidopsis seeds and Bacillus subtils spores were prepared in monolayers, 

placed on the flat bottom of the round cavities (∅ 15 mm), in a glass plate, dimensions  

11 x 56 cm (VWR International, France), which was used as a sample carrier in all UV-C 

exposure experiments (Fig. 44). The plate was supported on glass ridges that let air flow 

beneath, preventing the overheating of samples placed under the UV lamp. The samples were 

covered with three types of different UV cut-off filters: aluminium foil that cut off all emitted 

light (dark control), a glass filter that cut off UV-C light (samples exposed to UV-B + UV-A 

light) and a quartz filter that transmitted all the incident UV light (samples exposed to UV-C 

containing about 10% UV-B + UV-A). The 1 mm-thick glass filters (denoted Glass) were 

prepared by cutting a 2.5 x 2.0-cm piece of microscope slide, made of soda lime glass (Erie 

Scientific Co., USA). A dark control filter (denoted Alu) was made by sticking a thin aluminium 

foil onto a glass window. A 1 mm-thick quartz window (denoted Quartz), dimensions  

1.9 x 1.9 cm, was used to transmit UV-C + (UV-B + UV-A) light. The transmittance (T%) of 

different UV cut-off filters was measured using a Shimadzu Multipurpose Recording HPS-2000 

spectrophotometer and T% for UV-C254, UV-B312 and UV-A365 was determined from obtained 

transmission spectra (Fig. 45 and Table 6). 
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Fig. 44. Sample carrier for UV exposure experiments with Bacillus subtilis spores and Arabidopsis seeds. 
Samples were prepared as monolayers on the flat bottom of each cavity and covered with different UV cut-off 
filters: aluminium foil stuck onto a glass slide (Alu), a microscopy glass slide (Glass) and quartz window (Quartz). 
The thickness of each filter was about 1 mm, except for the aluminium foil. 

 

 

 
Fig. 45. Transmission spectra for three types of UV cut-off spectra: Glass - 1 mm-thick microscopy slide made of 
soda lime glass, Quartz - 1 mm-thick quartz filter, MgF2 - 1.5 mm-thick magnesium fluoride window. 
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Table 6. Transmittance (T%) of UV light at λ = 254 nm, 312 nm and 365 nm for four types of UV cut-off filters 
used in UV-C experiments: Alu - thin aluminium foil stuck onto a glass slide, Glass - 1-mm thick microscopy slide 
made of soda lime glass, Quartz - 1-mm thick quartz filter, MgF2 - 1.5-mm thick magnesium fluoride window. T% 
values for Glass, Quartz and MgF2 filters were determined from transmittance spectra (Fig. 45) 

 

TRANSMITANCE (T%) UV CUT-OFF 
FILTER UV-C254 UV-B312 UV-A365 

Alu 0 0 0 
Glass 0 73 91 
Quartz 92 94 94 
MgF2 93 94 95 

 

 

8.1.1.1. UV irradiation of Bacillus subtilis spores 

 

Prior to determining the UV-C resistance of Arabidopsis seeds, dry Bacillus subtilis spores 

were exposed to UV254 light in order to optimize the conditions of UV exposure experiments and 

calibrate the UV254 lamp. 

 

8.1.1.1.1. Sample preparation of Bacillus subtilis spores 

 

For UV irradiation experiments, samples of Bacillus subtilis WT 168 spores were prepared 

as thin dry films. All experiments and procedures were carried out under sterile conditions, 

including the appropriate use of sterile instruments and tools. A stock suspension of Bacillus 

subtilis purified spores, prepared as described above, was diluted in sterile water to the 

concentration of 1.5 x 106 spores/ml suspension. The aliquots of 80 µl of aqueous spore 

suspension, containing 1.2 x 105 spores/aliquot, were dried onto the flat bottom of the round 

cavities, in a sterile glass plate that was used as a sample carrier in UV-C exposure experiments 

(Fig. 44). Thin films of Bacillus spores were dried overnight under a flow of sterile air at room 

temperature. The fraction of non-shadowed spores was calculated using the following equation: 

 

m

m

NS e
emf −

−

−
×

=
1  (5) 

 

where ƒNS stands for the fraction of non-shadowed spores and m  is the ratio of the area 

covered by spores ( S ) to the total area of exposure ( P ) (Lindberg and Horneck, 1991). If the 

area covered by an individual spore is approximated as 1 µm2 (Horneck et al., 2001), then we 
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calculated S = 1.2 x 105 µm2 and P  = 176.625 x 106 µm2 for dry films prepared in 15 mm ∅ 

cavities. Using equation 5, we calculated ƒNS = 99.9%, which indicated that almost all spores 

were non-shadowed by the other spores in prepared dry films. Thus the dry films of Bacillus 

spores were considered to be monolayers.  

 

 

8.1.1.1.2. UV irradiation conditions 

 

Dry monolayers of Bacillus spores were exposed to quasi-monochromatic UV-C emitted 

from a UV254 low-pressure mercury lamp with a sharp peak of emission at  

λ = 254 nm (VL-4C, Vilber Lourmat, France). The UV lamp was placed in a laminar flow hood, 

14.65 cm above the surface of the samples. The energy output of the UV source was monitored 

by digital radiometers (VLX-254, VLX-312 and VLX-3W, Vilber Lourmat, France), equipped 

with sensors for 254 nm, 312 nm and 356 nm. The average UV irradiance was UV-C254 = 0.207 

mWcm-2 (± 0.020), UV-B312 = 0.016 mWcm-2 (± 0.001) and UV-A365 = 0.0043 mWcm-2  

(± 0.0006). The energy output of the UV254 source was thus composed of 91% UV-C254, 7% of 

UV-B312 and 2% of UV-A365 light. The measurement of the temperature was performed during 

UV exposure experiments and the average value was 26°C (± 0.7). The area under the lamp 

exposed to UV was 10 x 5 cm. Each sample carrier with dry films of Bacillus spores was placed 

under the UV lamp, fitting exactly the exposure area. Since small variations in UV irradiance 

were measured over the UV exposed surface, the sample carrier was rotated at regular time 

periods in order to expose the samples to a relatively homogeneous fluence of UV light. Dry 

monolayers of Bacillus spores were covered with three types of UV cut-off filters: aluminium 

foil (Alu), glass filter (Glass) and quartz filter (Quartz). Samples of dry Bacillus spores were 

prepared in triplicate and irradiated with UV light from 16 sec to 300 sec. According to the 

duration of UV exposure and measured UV irradiance, fluences for UV-C254, UV-B312 and UV-

A365 were calculated using equation 4 and corrected for the T% values for each UV cut-off 

filter. Corrected values of UV fluence represented the total amount of UV radiant energy that 

reached the samples placed under the quartz, glass and aluminium foil filters (Table 7). 
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Table 7. The UV irradiation conditions during UV-C exposure experiments with Bacillus subtilis spores. Fluences 
of UV light calculated according to the duration of UV exposure and measured irradiance of incident light emitted 
from the quasi-monochromatic UV254 source (No filter). The energy output of the UV254 source was composed of 
91% UV-C254, 7% of UV-B312 and 2% of UV-A365 light. Fluences of UV-C254, UV-B312 and UV-A365 were corrected 
(CORR.) according to T% values (Table 6) for each cut-off filter: Alu - thin aluminium foil stuck onto glass slide, 
Glass - 1 mm thick microscopy slide made of soda lime glass, Quartz - 1 mm thick quartz window. 

 

  FLUENCE (Jm-2) URATION (sec)  
OF UV EXPOSURE 

FILTER UV-C254 UV-B312 UV-A365 
No filter 34.880 2.560 0.767 

Quartz 32.090 2.410 0.721 
Glass 0 1.870 0.698 16 

C
O

R
R

. 
Alu 0 0 0 

No filter 109.3 7.500 2.405 
Quartz 100.6 7.050 2.261 
Glass 0 5.480 2.189 50 

C
O

R
R

. 

Alu 0 0 0 
No filter 197.5 15.700 4.345 

Quartz 181.7 14.760 4.084 
Glass 0 11.460 3.954 100 

C
O

R
R

. 

Alu 0 0 0 
No filter 343.5 22.500 7.557 

Quartz 316.0 21.150 7.104 
Glass 0 16.430 6.877 150 

C
O

R
R

. 

Alu 0 0 0 
No filter 571.5 45.000 12.573 

Quartz 525.8 42.300 11.820 
Glass 0 32.850 11.441 300 

C
O

R
R

. 

Alu 0 0 0 
 

 

8.1.1.2. UV irradiation of Arabidopsis thaliana seeds 

 

About 15 mg of dry Arabidopsis seeds were loaded in each round cavity of the glass plate 

that served as a sample carrier for the UV-C exposure experiments (Fig. 44 and Fig. 46A). Seed 

samples were prepared in the form of monolayers on the flat bottom of the round cavities. The 

monolayers were inspected under a dissecting microscope and cleaned from impurities, such as 

the remains of plant parts, which could interfere by shadowing the incident UV light. The 

samples were prepared in triplicate and covered by one of three types of UV cut-off filters: 

aluminium foil (Alu), glass filter (Glass) and quartz filter (Quartz). The sample carriers were 

placed under a UV254 low-pressure mercury lamp (VL-100G, Vilber Lourmat, France) that was 

used as a source of quasi-monochromatic UV-C light. The UV exposure experiments were 

performed in a chemical fume hood that drew air across the sample and shielded the exterior 

with a glass sash (Fig. 46B). No UV-C254, UV-B312 or UV-A365 radiation was detected outside 
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the protective glass sash. The distance between UV lamp and the surface of samples was 2.3 cm 

and the UV exposure area was 22 x 7 cm, accommodating two sample carriers at a time. The 

energy output of the UV254 lamp was monitored by digital radiometers (VLX-254, VLX-312 and 

VLX-3W, Vilber Lourmat, France), equipped with sensors for 254 nm, 312 nm and 356 nm. 

During the exposure experiments, the irradiance of emitted UV light was regularly measured at 

three positions on the exposure area (left side, middle and right side). At the end of the long-term 

UV exposure experiments, the average UV irradiance was calculated for the Ws-2 and dyx 

samples (UV-C254 = 12.46 mWcm-2 (± 0.57), UV-B312 = 1.128 mWcm-2 (± 0.113) and UV-A365 

= 0.249 mWcm-2 (± 0.009)), as well as for the Col-0 and fah1-2 samples (UV-C254 = 10.46 

mWcm-2 (± 1.41), UV-B312 = 0.909 mWcm-2 (± 0.100) and UV-A365 = 0.217 mWcm-2  

(± 0.016)). In the short-term UV exposure experiments with tt4-8 seeds, the calculated average 

UV irradiance was UV-C254 = 14.77 mWcm-2 (± 1.97), UV-B312 = 1.336 mWcm-2 (± 0.184) and 

UV-A365 = 0.297 mWcm-2 (± 0.040). The measurements of UV irradiance, both in the long term 

and the short term exposure experiments indicated that the emitted light from the UV254 source 

consisted predominantly of UV-C254 light (90%) and a small portion of UV-B312  (8%) and  

UV-A365 (2%) light. Since small variations in UV irradiance were measured over the UV 

exposed surface, sample carriers were regularly rotated and their positions were frequently 

exchanged in order to obtain relatively homogeneous fluence of incident UV light. 

 

 

 
 

Fig. 46. An experimental setup for UV-C irradiation of Arabidopsis seeds.  
A) Sample carrier for UV-C experiments, loaded with dry Arabidopsis seeds that formed monolayers. Samples were 
covered with three different types of UV cut-off filters: Alu-aluminium foil filter (sample positions No 2, 6 and 10), 
Glass filter (sample positions No 3, 7 and 9) and Quartz filter (sample positions No 1, 4 and 8). A sample position  
No 5 is shown unloaded.  
B) The UV-C exposure setup showing a low-pressure mercury lamp (VL-100G, Vilber Lourmat, France) as a source 
of quasi-monochromatic UV254 light, which was placed above two UV exposure carriers loaded with seed samples. 
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The temperature and irradiance of UV light were regularly measured during UV exposure 

experiments. An average temperature of 28°C (±1.1) was measured during long term UV-C 

exposure experiments with Ws-2 and dyx samples, while 24.4°C (±2.1) in the experiments with 

Col-0 and fah1-2 seeds. The average temperature under the UV lamp reached 26.3°C (±2.4) in 

short-term experiments with tt4-1 seeds. Long-term UV-C exposure experiments were performed 

in a way that Ws-2 and dyx seeds were irradiated with UV for 30 and 60 days, while Col-0 and 

fah1-2 seeds were exposed to UV for 40 and 60 days (Table 8). Flavonoid-lacking mutant seeds 

(tt4-8) were exposed to UV for shorter time periods, ranging from 0.5 hours to 139 hours  

(Table 9). According to the duration of UV exposure and measured UV irradiance, UV-C254, 
UV-B312 and UV-A365 fluences were calculated (equation 4), and corrected for the T% values 

for each UV cut-off filter. Corrected values of UV fluence represented the total amount of UV 

radiant energy that reached the samples placed under the quartz, glass and aluminium foil filters 

(Table 8 and Table 9). Samples covered with the Alu filter served as a dark control. The seeds 

covered with the Glass filter were exposed to UV-B + UV-A light, while the samples covered 

with Quartz filter were exposed to UV-C + (UV-B + UV-A) light. After the experiment, 

irradiated samples and their dark controls were immediately stored at 4°C until further analysis.  

 

Table 8. The UV irradiation conditions during long-term UV-C exposure experiments with Arabidopsis seeds 
(Ws-2, dyx, Col-0 and fah1-2 genotypes). Fluences of UV light were calculated according to the duration of UV 
exposure and the measured irradiance of incident light emitted from quasi-monochromatic UV254 source (No filter). 
The output of the UV254 source was composed of 90% UV-C254, 8% UV-B312 and 2% UV-A365 light. Fluences of 
UV-C254, UV-B312 and UV-A365 were corrected (CORR.) according to T% values (Table 6) for each cut-off filter:  
Alu - thin aluminium foil stuck to a glass slide, Glass - 1 mm thick microscopy slide made of soda lime glass,  
Quartz - 1 mm thick quartz window. Ws-2 and dyx seed samples were exposed to UV light for 30 and 60 days, 
while Col-0 and fah1-2 seed samples were exposed for 40 and 60 days. The wild type seed lines are marked with 
asterisks. 

 FLUENCE (kJm-2)  DURATION  
OF UV 

EXPOSURE FILTER UV-C254 UV-B312 UV-A365 SAMPLE 
No filter 3.325 x 105 3.096 x 104 6.650 x 103 

Quartz 3.059 x 105 2.910 x 104 6.251 x 103 
Glass 0 2.260 x 104 6.052 x 103 30 days 

C
O

R
R

. 

Alu 0 0 0 
No filter 6.555 x 105 5.934 x 104 1.311 x 104 

Quartz 6.031 x 105 5.578 x 104 1.232 x 104 
Glass 0 4.332 x 104 1.193 x 104 60 days 

C
O

R
R

. 

Alu 0 0 0 

Ws-2*&  
dyx 

No filter 3.805 x 105 3.169 x 104 7.610 x 103 
Quartz 3.501 x 105 2.979 x 104 7.153 x 103 
Glass 0 2.313 x 104 6.925 x 103 40 days 

C
O

R
R

. Alu 0 2.313 x 104 6.925 x 103 
No filter 5.208 x 105 4.645 x 104 1.042 x 104 

Quartz 4.791 x 105 4.366 x 104 9.795 x 103 
Glass 0 3.391 x 104 9.482 x 103 60 days 

C
O

R
R

. 

Alu 0 0 0 

Col-0*& 
fah1-2 
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Table 9. The UV irradiation conditions during short-term UV-C exposure experiments using Arabidopsis seeds 
(flavonoid lacking mutant tt4-8). Fluences of UV light were calculated according to the duration of UV exposure 
and the measured irradiance of incident light emitted from quasi-monochromatic UV254 source (No filter). The 
output of the UV254 source was composed of 90% UV-C254, 8% UV-B312 and 2% UV-A365 light. Fluences of  
UV-C254, UV-B312 and UV-A365 were corrected (CORR.) according to T% values (Table 6) for each cut-off filter: 
Alu - thin aluminium foil stuck to a glass slide, Glass - 1 mm thick microscopy slide made of soda lime glass, 
Quartz - 1 mm thick quartz window. 

 

  FLUENCE (kJm-2) DURATION (hours)  
OF UV EXPOSURE FILTER UV-C254 UV-B312 UV-A365 

No filter 3.004 x 102 27.036 6.008 
Quartz 2.764 x 102 25.414 5.648 
Glass 0 19.736 5.467 

0.5 
C

O
R

R
. 

Alu 0 0 0 
No filter 5.728 x 102 51.552 11.456 

Quartz 5.270 x 102 48.459 10.769 
Glass 0 37.633 10.425 

1 

C
O

R
R

. 

Alu 0 0 0 
No filter 1.169 x 103 1.052 x 102 23.38 

Quartz 1.076 x 103 98.888 21.977 
Glass 0 76.796 21.276 

2 

C
O

R
R

. 

Alu 0 0 0 
No filter 1.797 x 103 1.617 x 102 35.94 

Quartz 1.653 x 103 1.520 x 102 33.784 
Glass 0 1.180 x 102 32.7054 3 

C
O

R
R

. 

Alu 0 0 0 
No filter 3.069 x 103 2.762 x 102 61.38 

Quartz 2.824 x 103 2.596 x 102 57.697 
Glass 0 2.016 x 102 55.856 5 

C
O

R
R

. 

Alu 0 0 0 
No filter 4.360 x 103 3.924 x 102 87.20 

Quartz 4.011 x 103 3.689 x 102 81.97 
Glass 0 2.865 x 102 79.35 10 

C
O

R
R

. 

Alu 0 0 0 
No filter 1.140 x 104 1.026 x 103 2.280 x 102 

Quartz 1.049 x 104 9.644 x 102 2.143 x 102 
Glass 0 7.490 x 102 2.075 x 102 24 

C
O

R
R

. 

Alu 0 0 0 
No filter 2.252 x 104 2.027 x 103 4.504 x 102 

Quartz 2.072 x 104 1.905 x 103 4.234 x 102 
Glass 0 1.480 x 103 4.099 x 102 48 

C
O

R
R

. 

Alu 0 0 0 
No filter 6.382 x 104 5.744 x 103 1.276 x 103 

Quartz 5.871 x 104 5.399 x 103 1.199 x 103 
Glass 0 4.193 x 103 1.161 x 103 139 

C
O

R
R

. 

Alu 0 0 0 
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8.1.2. Simulated solar UV exposure experiments 

(Experiment Verification Tests - EVT) 

 

The UV exposure experiments with polychromatic simulated solar UV light (λ = 200 -  

400 nm) were performed as part of an Experiment Verification Test (EVT) in the preflight 

programme for the EXPOSE-E space mission. The EVT experiments were carried out at the 

German Aerospace Center (DLR), Institute of Aerospace Medicine, Cologne, using multi-user 

simulation facilities, such as solar simulators SOL1000 and SOL2000, and the vacuum facility, 

PSI 2 (Fig. 47 and Fig. 48). The objective of the EVT was to prepare for the space flight 

experiments by subjecting different organisms to certain simulated space conditions. Fungi, 

lichens, cyanobacteria, halophilic archeabacteria, Bacillus spores and plant seeds were tested, 

since they had been selected as candidates for the EXPOSE-E mission. Testing the response of 

plant seeds to simulated space conditions was the objective of our experiment (SEEDS), which 

was a part of the multi-user EVT programme. Bacillus spores were not an experimental object of 

SEEDS, since their resistance to simulated space conditions was tested in the context of two 

other experiments (ADAPT and PROTECT), led by two research teams from DLR, Cologne, 

Germay. Two Experiment Verification Tests, EVT-E1 and EVT-E2, were performed in the 

period from September 2006 to January 2007. The EVT experimental setup and conditions are 

described below. 

 

8.1.2.1. Preparation of seed samples for EVT experiments 

 

Prior the EVT experiments, samples of Arabidopsis seeds, including Ws-2 and Ler-0 wild 

types, as well as tt4-1mutant, were prepared in the laboratory at INRA, Versailles, France. 

According to the biosafety regulations on genetically modified organisms (GMOs) at the 

Institute of Aerospace Medicine, DLR, Cologne, the EVT with transgenic seeds, including 

flavonoid-lacking mutant tt4-8, were not feasible. Therefore, a tt4-8 mutant was replaced by a 

nontransgenic tt4-1 line, i.e. another flavonoid deficient mutant. The background Ler-0 seeds 

were also included in the EVT. Dry Arabidopsis seeds were loaded into small glass Petri dishes 

(∅ 3.2 cm, height 1 cm), that were used as exposure carriers. Loading a small quantity of 

Arabidopsis seeds (30 -35 mg per dish), resulted in uniform monolayers of seeds over the flat 

bottom of glass dish. Small dishes that contained seed samples were covered with paper coated 

glass lids, sealed and properly packed for sending to DLR, Cologne, Germany.  
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8.1.2.2. EVT experimental conditions 

 

Upon their arrival at DLR, Cologne, seed samples were stored at 4°C until the EVT 

experiments started. Before exposure to simulated space conditions, sample dishes were 

unsealed, the protective glass lids were removed and seed monolayers were prepared manually 

by spreading the seeds over the flat bottom of each sample dish. All samples were exposed to 

simulated space conditions in the open carriers, since the glass lids were not UV transparent at 

lower wavelengths. Seeds were exposed simultaneously with the other biological samples to be 

used in the EXPOSE-E mission. After the exposure, all sample carriers were closed and sealed 

before sending back to INRA, Versailles, France. The following exposure parameters were tested 

separately or in the combination: 

 

- polychromatic UV radiation  

- simulated space vacuum  

- polychromatic UV radiation and simulated space vacuum 

- simulated Mars CO2 atmosphere 

- polychromatic UV radiation and simulated Mars CO2 atmosphere 

 

The EVT experiments also included the laboratory controls that were kept in the dark at 

room temperature under atmospheric pressure. 

 

 

8.1.2.2.1. Irradiation with polychromatic UV light 

 

The irradiation experiment with the seed samples exposed to polychromatic simulated 

solar UV under atmospheric pressure was conducted as a part of EVT-E1 (Rabbow, 2007a). 

Samples were placed on a cold copper plate inside a non-evacuated vacuum facility PSI 2  

(Fig. 47A), and illuminated under the solar simulator SOL2000 (Fig. 47B). The PSI 2 chamber 

was closed using a lid with a UV transparent quartz window (Fig. 47B). The UV emission 

spectrum (λ = 200-400 nm) of the SOL2000 source is presented on Fig. 48B. The measured 

integrated UV irradiance for SOL2000 was 479.2 Wm-2. The duration of UV irradiation was 87 

hours, corresponding to the UV fluence of 1.5 x 105 kJm-2. This fluence for irradiation with 

polychromatic UV light was selected to simulate the full UV irradiation, in the range of  

200 - 400 nm, expected for the EXPOSE-E experiments on the ISS for 1.5 years of mission 

duration. Since the infrared radiation (IR) of the solar simulator leads to overheating of the 
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irradiated samples, sample carriers were continuously cooled by the cold plate kept at 10°C. 

Temperature was continuously monitored by a sensor attached to the sample carriers and 

measured temperature was below 30°C during the whole experiment. 

 

 
 

Fig. 47. Experimental setup for EVT experiments at DLR, Cologne, Germany. 
A) PSI 2 vacuum simulation facility. The cold copper plate and sensors for measuring temperature and vacuum 
pressure are placed inside the vacuum chamber of the PSI 2 facility. 
B) The samples are accommodated into the PSI 2 facility, which is closed by lid with UV transparent quartz 
window, and placed below a SOL1000 solar simulator or SOL2000 solar simulator. The solar simulators emitted 
polychromatic UV light in the range of 200 - 400 nm. Photograph by ©Elke Rabbow /DLR, Cologne, Germany 
(Rabbow, 2007b).  
 
 
 

 
Fig. 48. The UV emission spectra of solar simulators SOL1000 (A) and SOL2000 (B). Both solar simulators were 
the source of polychromatic UV light (λ = 200 -400 nm), with the energy output of 170.4 Wm-2 and 479.2 Wm-2 for 
SOL1000 and SOL2000, respectively. The UV irradiance was integrated over the wavelength range of 200 - 400 nm 
(Taken from Rabbow, 2007b). 
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8.1.2.2.2. Exposure to simulated space vacuum 

 

This experiment was performed as dark control for the experiment where seeds were 

exposed simultaneously to both polychromatic UV light and simulated space vacuum (for details 

see above). Seed samples exposed only to high vacuum (dark control), were placed in closed, but 

unsealed, small Petri dishes that were in a vacuum chamber of the PSI 2 facility (Fig. 47A), 

together with UV irradiated samples. The vacuum exposed samples (dark controls) were placed 

on the second cold plate, beneath the samples exposed to UV placed on the upper cold plate. In 

this way, control samples were hidden from UV light by the upper cold plate. In both 

experiments, the UV exposure experiment under the vacuum and dark control experiment under 

the vacuum, were performed simultaneously in the same simulation facility. The samples were 

exposed to simulated space vacuum in the dark for 22 days, where final pressure was 10-5 Pa. 

 

8.1.2.2.3. Irradiation with polychromatic UV light under simulated space vacuum 

 

This experiment was performed as a part of EVT-E2 experiments (Rabbow, 2007b). The 

samples were placed in the chamber of vacuum facility PSI 2, on top of a cold copper plate  

(Fig. 47A). The PSI 2 chamber was closed by a lid with quartz window and it was evacuated, 

reaching a final pressure of 10-5 Pa, which was the air pressure expected during the EXPOSE-E 

mission on the outside of the ISS. The vacuum was monitored by a Pirani cold cathode inserted 

into the PSI 2 chamber. The samples were irradiated with polychromatic UV light (λ = 200- 

400 nm), emitted from the solar simulator SOL1000 (Fig. 47A). The UV emission spectrum of 

SOL1000 is shown on Fig. 48A and the integrated UV irradiance was 170.4 Wm-2. The 

temperature was monitored by a sensor attached to the sample carriers, and an increase in 

temperature at the sample level was detected during UV irradiation. Since the heat cannot be 

removed from the surface by convection in a vacuum environment, and heat exchange by contact 

conduction between carrier and cold plate appeared less efficient, this UV irradiation experiment 

was performed in the cycles that consisted of approximately a 20 min-irradiation period, 

followed by a 40 min-cooling period. Therefore, the total duration of the experiment was 22 days 

and an effective duration of UV irradiation was 244.5 hours, corresponding to a final fluence of 

1.5 x 105 kJm-2. This fluence of polychromatic UV radiation matched the integrated fluence of 

solar UV irradiation in the range of 200 - 400 nm, expected for the EXPOSE-E experiments on 

the ISS for 1.5 years of mission duration. Temperature was maintained below 40°C. 
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8.1.2.2.4. Exposure to a simulated Mars CO2 atmosphere* 

 

This EVT-E2 experiment was performed as a dark control for the exposure experiment to 

polychromatic UV carried out under a simulated Mars CO2 atmosphere*8 (see section Error! 

Reference source not found.). The simulated Mars CO2 atmosphere* was composed of 95.56% 

(v/v) carbon dioxide, 2.72% (v/v) nitrogen, 1.56% (v/v) argon and 0.16% (v/v) oxygen (gas 

mixture provided by Linde Gas, Germany). Table 10 shows the gas composition of simulated 

CO2 Mars atmosphere* that was used in our experiment, compared to the composition of 

present-day Mars and Earth atmospheres. Both experiments, a dark control and a UV exposure 

experiment, were conducted simultaneously in the same simulation facility. The samples were 

placed in the PSI 2 camber (Fig. 47A) and accommodated onto the second cold plate placed 

beneath the cold copper plate with UV irradiated samples. The vacuum facility was flooded with 

a CO2-containing gas mixture and samples were exposed to the simulated Mars atmosphere* at  

1 atm, in the dark for 21 days. Due to technical problems related to the overheating of the 

irradiated samples (for details see section 8.1.2.2.5), the EVT-E2 experiments were performed 

under CO2-rich atmosphere at 1 atm (101.3 kPa) instead 600 Pa. Therefore, it is important to 

note that Mars atmosphere was here simulated only in view of its composition, but not the 

pressure that prevails at the Martian surface.  

(Faure and Mensing, 2007b) 

Table 10. Principal gaseous constituents of present-day Earth and Mars atmospheres, compared to a gas mixture 
used as a simulated Mars CO2 atmosphere* in EVT-E2 experiment. 

 

PRINCIPAL 
CONSTITUENTS AND 

PRESSURE 

EARTH 
ATMOSPHERE 

(AIR) % a 

MARS 
ATMOSPHERE % a 

SIMULATED MARS 
ATMOSPHERE*4 % 

Nitrogen (N2) 78.08 2.7 2.72 
Oxygen (O2) 20.94 0.13 0.16 

Carbon dioxide (CO2) 0.035 95.32 95.56 
Argon (Ar) 0.93 1.6 1.56 

Carbon monoxide (CO) 0.00002 0.07 – 
Water vapour 0-4 0.03 – 
PRESSURE 101.3 kPab (1 atm) 600 Pac 600 Pa → 1 atmd 

 
a Adapted from Faure and Mesing (2007b) 
b The average air pressure at the sea level 
c The mean surface level pressure  
d Due to technical problems related to the overheating of the samples, EVT-E2 experiments were performed 

in 1 atm instead 600 Pa simulated Mars atmosphere 

                                                 
8  Mars atmosphere was simulated only in view of its composition (95.56% CO2, 2.72% N2, 1.56% Ar and  
0.16% O2), but not the pressure, since all experiments were performed at 1 atm (101.3 kPa) instead of 600 Pa.  
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8.1.2.2.5. Irradiation with polychromatic UV light under simulated Mars CO2 atmosphere* 

 

As a part of EVT-E2, the seed samples were exposed to polychromatic simulated solar UV 

radiation in combination with the conditions of a simulated Mars CO2 atmosphere* (Table 10). 

The open sample carriers were placed into the PSI 2 vacuum facility, directly onto a cold copper 

plate (Fig. 47A). The chamber was closed using a lid with UV transparent quartz window, and it 

was flooded with a simulated Mars CO2 atmosphere*, reaching the pressure of 600 Pa. The 

samples were irradiated with polychromatic light (λ = 200 - 400 nm) emitted from the solar 

simulator SOL2000 (Fig. 47B). Since the removal of heat by convection and contact conduction 

appeared insufficient at 600 Pa, the vacuum chamber was filled stepwise with the Mars CO2 

atmosphere*, reaching finally the pressure of 1 atm. In addition, the SOL2000 solar simulator 

was exchanged for a weaker SOL1000 solar simulator (UV emission spectra compared in  

Fig. 48), in order to reduce the IR portion of the spectrum of emitted light. Only under these 

conditions the temperature at the sample level remained below 40°C. The UV irradiation 

experiment under simulated Mars CO2 atmosphere* was performed in the cycles consisting of 

irradiation and cooling periods, over 21 days. The effective time of UV200-400 exposure included 

18 min of irradiation with a flux of 479.2 Wm-2 using the SOL2000 solar simulator, and 243.7 

hours of irradiation with flux of 170.4 Wm-2 using the SOL1000 solar simulator. Thus, the final 

fluence of polychromatic UV200-400 was 1.5 x 105 kJm-2. 
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8.2. Analyses of UV irradiated samples of Arabidopsis thaliana seeds  

and Bacillus subtilis spores 

 

8.2.1. Analysis of Bacillus subtilis spores exposed to 

 quasi-monochromatic UV-C254 light 

 

Immediately after UV-C exposure, dry monolayers of Bacillus spores were overlaid with 

120 µl of 10% (w/v) aqueous solution of polyvinyl alcohol (PVA) and dried in a laminar flow 

hood. Dry films of PVA, together with attached Bacillus spores, were peeled off with a sterile 

forceps and placed into a tube with 1 ml of sterile distilled water. This procedure was repeated 

twice with an additional 120 µl of PVA, in order to increase the efficiency of spore recovery. 

Dry PVA films with the spores were completely resuspended by vigorous vortexing for at least  

5 min. Ten-fold serial dilutions of spores were prepared in sterile water and 100 µl aliquots were 

inoculated on plates with LB medium. Colonies were scored after 12 hours of incubation at 

37°C. The number of CFU per millilitre of suspension was determined on plates inoculated with 

a spore suspension at 10-2 dilution, containing more than 30, but less than 300 colonies, with the 

exception of samples exposed to high fluences of UV-C, where CFU values were determined at 

10-1 and 100 dilutions. The efficiency of recovery of spores, using PVA films, was determined by 

comparing CFU values of spores in dry films (1.2 x 105 spores/dry film) and CFU of spores in 

10-fold diluted starting suspension (1.2 x 105 spores/ml). Determined average recovery (± SD) of 

spores from dry films was 60.8% (±6.9). 

 

 

8.2.2. Analyses of Arabidopsis thaliana seeds exposed to  

quasi-monochromatic UV-C254 and simulated solar polychromatic UV light 

 

8.2.2.1. Seed germination assays 

 

8.2.2.1.1. Seed germination under optimal conditions 

 

All UV exposed Arabidopsis seeds, together with their dark controls, were plated in 

triplicate on 9-cm ∅ Petri dishes, containing 0.8% (w/v) aqueous agar medium (Bacto-agar, 

Difco). For UV-C irradiation experiments, 50 seeds were sown per plate, while 40 seeds per 
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plate were sown for the experiments with simulated solar UV light (EVT experiments). Petri 

dishes were sealed with strip of plastic wrap and placed in the dark at 4°C. All seed lots were 

cold treated while imbibing for exactly 72 hours. This stratification procedure was performed in 

order to break seed dormancy and synchronize seed germination, obtaining consistent and 

comparable results. Plates with cold stratified seeds were transferred into a culture room at 25°C 

and exposed to light for 1 hour in order to stimulate germination, followed by an 8 h dark period. 

Seed germination was further conducted under controlled conditions at an average temperature 

of 25.7°C ± 1.0 (day temperature) and 24.8°C ± 0.9 (night temperature), with a 16/8-h 

(light/dark) photoperiod provided by cool-white fluorescent tubes. Germination was observed 

under a dissecting microscope and germinated seeds were scored periodically over time for 5 

days. The results were expressed as the percentage of the total number of seeds sown per plate, 

where n = 50 for UV-C exposure experiments and n = 40 for EVT exposure experiments. All 

germination tests were performed in triplicates (Baskin and Baskin, 2001a). 

 

8.2.2.1.2. Seed germination under suboptimal conditions 

 

The germination experiments were performed in 9-cm ∅ Petri dishes, sowing the seeds on 

a 0.8% (w/v) aqueous agar medium (BactoAgar, Difco). The UV exposed Arabidopsis seeds 

(Ws-2, dyx, Col-0 and fah1-2 seeds exposed to quasi-monochromatic source of UV254), together 

with their dark controls, were plated in triplicate, with 40 seeds per each plate. The seeds were 

stratified for 72 hours in the dark at 4°C. Sealed plates were than placed in a growth chamber 

(Forma Scientific) at a distance of 25 cm under the source of cool-white light (2 fluorescent 

tubes Sylvania F 15W/133, Germany), with 16/8-h (light/dark) photoperiod. Seed germination 

was conducted under suboptimal conditions at 10°C day/night-constant temperature. Seed 

samples were observed for germination daily and germinated seeds were scored over a period of 

10 days. The results were expressed as the percentage of total number of seeds sown per plate  

(n = 40). The germination tests were performed in triplicates (Baskin and Baskin, 2001a).  

 

8.2.2.2. Tetrazolium assay 

 

The tetrazolium (TZ) test is a biochemical method to examine seed viability. This viability 

test can be used as a supplement to germination tests in order to determine the quality of seeds 

that have not germinated during the standard germination procedure. The TZ test is based on the 

principle of metabolic reduction of tetrazolium salts into highly coloured end-products called 

formazans by NADH-dependent reductases in metabolically active cells.  
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The viability of Arabidopsis seeds that were exposed to quasi-monochromatic UV-C254, as 

well as polychromatic simulated solar UV, was examined by the TZ test according to the 

procedure described by Warton (1955). At the end of germination tests, ungerminated seeds were 

transferred from agar plates into a water-filled well of polystyrene 24-multiwell plate, 

dimensions 128 x 86 mm (Nunc, Thermo Fisher Scientific, Rochester, US). In addition to UV 

exposed seed samples, positive control samples (untreated seeds stored in the dark at 4°C), as 

well as negative control samples (non-viable seeds inactivated by autoclaving for 20 min), were 

also used in the TZ test. Already imbibed seeds were soaked in sterile water for additional two 

hours at room temperature. After the removal of water, 500 µl of 1% (w/v) aqueous solution of 

2,3,5-triphenyltetrazolium chloride (Sigma-Aldrich, France) was added in each well containing 

seed samples. Closed multiwell plates were sealed with a parafilm and samples were incubated at 

30°C in darkness for 48 hours. Du to the activity of dehydrogenases in the living cells, pale 

yellow solution of 2,3,5-triphenyltetrazolium chloride was reduced to bright red 

triphenylformazan. Seed samples were examined under a dissecting microscope, where red-

coloured Arabidopsis seeds represented viable seeds and unstained seeds were determined as 

non-viable seeds. 

 

Since the seed coats of flavonoid-containing Arabidopsis seeds, including Ws-2, Col-0 and 

Ler-0 wild types, as well as fah1-2 mutant, appeared impermeable to tetrazolium solution, the TZ 

test was performed only on intact seeds of flavonoid-lacking mutant lines tt4-8 and tt4-1 

(Debeaujon et al., 2000). These mutants had a transparent seed coat that allowed efficient 

penetration of tetrazolium salt and relatively easy detection of coloured embryo inside the seed 

coat. Alternative methods for the exposure of tissues prior to staining, such as piercing or 

removing of the seed coat, seed cutting and excision of the embryo, were not applicable due to 

very small size of Arabidopsis seeds, ranging from 0.3 -0.5 mm (Al-Shehbaz and O'Kane, 2002).  

 

8.2.2.3. Early-seedling stage experiments 

 

After the germination stage, which is known as a principal growth stage 0.0 (Boyes et al., 

2001), Arabidopsis UV exposed seeds developed into the seedlings that were further cultured in 

vitro under the controlled conditions. The following parameters at early-seedling stage (principal 

growth stage 1.0 by Boyes et al., 2001) were observed and measured: percentage of 

ungerminated seeds, percentage of normally and abnormally developed seedlings, and the length 
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of the primary roots. Abnormally developed seedlings were further inspected for the 

characteristic seedling damage. 

 

8.2.2.3.1. Quantification and characterization of seedling damage 

 

Following the germination test under optimal conditions, the same UV exposed seed 

samples were further cultured under controlled conditions in the culture room at 26/24°C 

(day/night temperature) and under a 16/8-h (light/dark) photoperiod. The seedlings were grown 

in sealed dishes placed 27 cm under the source of cool-white light (4 fluorescent tubes Philips 

TL-D 36W/33-640, France). The 14-day-old (17 DAI)9 Ws-2, dyx and tt4-8 seedlings, as well 

19-day-old (22 DAI)5 Col-0 and fah1-2 seedlings, all reaching a principal growth stage 1.0 

(seedlings with fully opened cotyledons according to Boyes et al., 2001), were observed under a 

dissecting microscope and examined for seedling damage. The 15-day-old (18 DAI)5 seedlings 

developed from seeds used in the EVT experiments (Ws-2, Ler-0 and tt4-1 seeds exposed to 

simulated solar UV), were also inspected for the damage observed in essential seedling 

structures. The images of Arabidopsis seedlings were acquired using a digital camera (SONY 

HYPER HAD color video camera), attached to a dissecting microscope (NIKON SMZ-10A). 

 

According to the recommendations of the International Seed Testing Association (ISTA, 

1999), seedlings were quantified and grouped into following three categories: normal seedlings, 

abnormal seedlings and ungerminated seeds. The abnormal seedlings were examined in detail, 

and characterized and classified into further subgroups according to the observed defects, 

occurring separately or in the combination, on essential seedling structures such as the primary 

root, hypocotyl and cotyledons (ISTA, 1999). All observations were scored and expressed as the 

percentage of the total number of seeds sown per plate (n = 50 for UV-C exposure experiments 

and n = 40 for EVT exposure experiments). 

 

8.2.2.3.2. Measurement of primary root length 

 

The UV exposed Arabidopsis seeds, together with their dark controls, were sown in 12 x 

12 cm plates, containing 0.8% (w/v) aqueous agar medium (BactoAgar, Difco). The seed 

samples were prepared in triplicate with 22 seeds per plate, arranged regularly in two rows, with 

5 cm spacing between rows and a distance of 1 cm between adjacent seeds. Such seed 

arrangement enabled regular growth of primary roots, minimizing possible interactions between 
                                                 
9 DAI = days after imbibition 
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adjacent seedlings. Immediately after sowing, plates were sealed with strip of plastic wrap and 

placed at 4°C in the dark and seeds were stratified for 72 hours. The plates were than moved to a 

culture room, where seeds germinated and seedlings grew at 26/24°C (day/night temperature) 

and under a 16/8-h (light/dark) photoperiod under cool-white fluorescent tubes. The plates were 

placed vertically on a rack so that the roots grew downward on the medium surface. The length 

of primary roots was measured in 10 day-old (13 DAI)5 seedlings that had reached principal 

growth stage 1.0, a phase where seedlings developed fully opened cotyledons, according to 

BBCH scale adapted for Arabidopsis (Boyes et al., 2001; Kjemtrup et al., 2003). The results 

were scored only for normally developed primary roots with a minimal length of ≥ 3 mm, while 

smaller roots were considered as damaged roots (retarded roots). In addition, seedlings with 

developed secondary roots were not taken in account, since they had outgrown stage 1.0, 

reaching the stage R6 (Boyes et al., 2001). Root growth was observed under a dissecting 

microscope and tracked by marking the root length on the back surface of each plate. The plates 

were than photocopied at 150% magnification; root length was measured directly on paper 

copies and results were scaled down to the real root lengths. 

 

8.2.2.4. Plant development stage and greenhouse experiments 

 

The UV exposed Arabidopsis seeds were first sown on Petri dishes containing 0.8% (w/v) 

aqueous agar medium (BactoAgar, Difco). The stratification step was performed in vitro, instead 

of directly in soil, in order to increase the number of germinated seeds and to synchronize seed 

germination. Seeds were imbibed and cold-treated at 4°C in the dark for 72 hours. In vitro 

imbibed seeds were than sown in 6 x 6-cm pots containing a peat moss-based soil mixture 

(Floradur B fine®, Floragard, Germany). Each sample was prepared in triplicate, with n=8 seeds 

per pot. All seed samples were sown on the same day and all Arabidopsis plants were grown in 

the greenhouse at the same time (from April to May 2008), under approximately the same 

conditions, at a daily temperature 21-27°C and a night temperature of 17-20°C, under natural 

day/night cycles, extended to 16 h days using artificial light. Plants were watered every 2-3 days 

with a nutritive solution using the sub-irrigation method (Scholl et al., 1998; Anderson and 

Wilson, 2000; Rivero-Lepinckas et al., 2006). Plant growth was observed through different 

growth stages, including the mature plant stage, defined as principal growth stage 8.0 (plants 

with the first silique shattered), according to the BBCH scale adapted for Arabidopsis (Boyes et 

al., 2001). After 45 days (48 DAI)5 of cultivation, a total number of plants at different growth 

stages, as well as the number of developed mature plants at the stage 8.0, were scored and 

expressed as a percentage of the total number of seeds sown per pot (n = 8). In addition, the 
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height of mature plants (principal growth stage 8.0) was also measured. The height of 

Arabidopsis plants was measured by placing the ruler alongside the plants and determining the 

distance upward from the soil surface at the plant’s base to the highest point of the stem.  

 

8.2.3. Statistical analyses 

 

All statistical analyses of the data were performed using GraphPad InStat version 3.06 for 

Windows, GraphPad Software, San Diego California USA, http://www.graphpad.com. 

 

8.2.3.1. UV exposure experiments with Bacillus subtilis spores 

 

The UV exposure experiments with Bacillus spores were performed in triplicate (n = 3). 

The average CFU value for each UV fluence was determined by four repeated inoculations of 

spores on LB plates. Data were compared by one-way analysis of variance (ANOVA) to detect 

significant differences between means. Means differing significantly were compared using the 

Tukey-Kramer multiple comparison post-hoc test at the level of significance α = 0.05. 

Variability around the mean was represented as ± standard deviation. 

 

8.2.3.2. UV exposure experiments with Arabidopsis thaliana seeds 

 

The in vitro experiments, including germination tests and early-seedling stage experiments, 

were performed in triplicate (n = 3), observing 50 seeds per sample, exposed to quasi-

monochromatic UV254 or with 40 seeds per sample, exposed to simulated solar UV radiation 

(EVT experiments) (Baskin and Baskin, 2001a). Mean values were analysed by one-way 

ANOVA, when the UV exposed samples were compared to their dark controls. Means that were 

considered statistically different at the level of significance α = 0.05 were further compared 

using the Tukey-Kramer multiple comparisons post-hoc test. An unpaired t-test at the level of 

significance α = 0.05 was used when mean values between two UV exposed samples were 

compared. The variability around the mean was represented as ± standard deviation. The 

ANOVA assumes that the standard deviations of the groups are equal and that data follow a 

Gaussian distribution. Since no Bartlett’s test, which examines the assumption of standard 

deviation equality, no Kolmogorov-Smirnov test, which is test for normality, nor nonparametric 

tests could be performed due to the requirement of minimal number of repeats n ≥ 5, the data of 

germination tests were transformed prior the ANOVA. The data for the germination capacity 
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tests could be performed due to the requirement of minimal number of repeats n ≥ 5, the data of 

germination tests were transformed prior the ANOVA. The data for the germination capacity 

(Gmax%) were statistically analyzed using untransformed and %arcsin  transformed values, 

while the data for mean germination time (MGT), T25-75% and T50% were transformed into square-

root values. 

  

The data for root length measurements were obtained in triplicate, with n = 22 observed 

seedlings per sample. The mean values (untransformed data) of three repeats were compared 

statistically and the data were pooled when no statistical difference was observed. Bartlett’s test 

and the Kolmogorov-Smirnov test were performed prior to the ANOVA and Tukey-Kramer 

multiple comparison post-hoc test (α = 0.05). The mean values of root length were also 

compared by nonparametric Kruskal-Wallis and Mann-Whithey tests at the α = 0.05 level of 

significance. 

 

The data from greenhouse experiments (stage of plant development) were obtained in 

triplicate, with n = 8 seeds per sample. The mean values were analyzed by one-way ANOVA and 

the Tukey-Kramer multiple comparison post-hoc test (α = 0.05). Since calculated mean values of 

total percentage of developed plants and percentage of mature plants were obtained from three 

independent experiments, Bartlett’s test, Kolmogorov-Smirnov test, as well as nonparametric 

tests, all requiring at least five repeats, could not be performed. Instead, the results obtained by 

one-way ANOVA were compared to those obtained using xarcsin transformed, as well as log 

(x+1) transformed data. On the other hand, untransformed data for plant height (n ≥ 5) were 

analyzed by ANOVA, while testing the equality of standard deviation (Bartelett’s test) and 

normal distribution (Kolmogorov-Smirnov test). In addition, nonparametric Kruskal-Wallis test 

(α = 0.05) was performed to analyze the plant height data.  
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9. DNA AS A TARGET FOR UV DAMAGE:  

THE VUV-UV SPECTROSCOPIC CHARACTERISTICS OF DNA AND 

ITS COMPONENTS (Article 1 and Article 3) 

 

Life on early Earth or in potentially habitable exoenvironments must cope with the full 

spectrum of Solar UV light, including the UV-A (315-400 nm), UV-B (280-315 nm), UV-C 

(200-280 nm) and vacuum UV, VUV (< 200 nm). Although unfiltered solar light in the short 

wavelength regions (VUV and the UV-C) is relatively weak, this part of the spectrum is 

particularly damaging. Nucleic acids are prime targets due to their high absorption in the UV-C 

and VUV part of spectrum. We used synchrotron light to measure VUV-UV absorption spectra 

(125-340 nm) for thin dry films of DNA and its components (oligonucleotides and 

mononucleotides). In this work we extended the energy range of previously reported spectra that 

were generally not known below 200 nm. Therefore, besides its astrobiology context related to 

the origin and evolution of life, this work represents the first comprehensive study of VUV-UV 

absorption characteristics of DNA and its components, providing the original spectroscopic data 

in the VUV part of spectrum. 

 

Dry genomic DNA showed absorption maxima at 264 nm (region I), at 192 nm (region II) 

and continuously increasing absorption towards the 125 nm (region III) (Zalar et al., 2007a). We 

also compared the absorption spectra of DNA in dry and hydrated states, where the latter showed 

a small hypsochromic shift of the peak I at 260 nm. 

 

Polymerized homonucleotides (short tracts of single-stranded DNA), containing 20 

identical nucleotides (oligoA20, oligoT20, oligoC20 and oligoG20) showed differences in their 

absorption spectra (Zalar et al., 2007a). Just as for DNA, their absorption peaks could be grouped 

into three regions. However, these oligonucleotides showed more spectral features than genomic 

DNA. In addition, a bathochromic shift of the absorption peak in region I for oligoC20 and 

oligoG20 was observed, when compared to oligoA20 and oligoT20, as well as genomic DNA. This 

result suggested that DNA sequences rich in G+C nucleotides could have its absorption 

maximum in the region I shifted towards 280 nm. 

 

We further measured the VUV-UV spectra for equimolar mixtures of two complementary 

homonucleotides (oligoA+T and oligoC+G), which represented two extremes in G+C content, 

0% and 100%, respectively (Zalar et al., 2007c). Significant differences in the absorption were 
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observed between oligoA+T and oligoC+G spectra. Both spectra differed from that of genomic 

DNA (41.2% G+C). 

 

In addition, we examined the absorption properties of equimolar mixtures of 

complementary sense and antisense strands for synthetic 60-mer oligonucleotides with different 

G+C content (30%, 50% and 63%) (Zalar et al., 2007c). These oligonucleotides had different 

nucleotide composition and sequence, but they encode the same peptide, which contained one of 

each of 20 aminoacids. Although no major differences in the overall absorption spectra were 

observed for these oligonucleotides, a bathochromic shift in the region I was correlated with 

increasing G+C content.  

 

 

 

The results on the VUV-UV spectroscopic characteristics of DNA and its components are 

presented in the following two publications (see chapter 9): 

 

Article 1 
Zalar A, Tepfer D, Hoffmann SV, Kenney JM, Leach S (2007a) Directed exospermia: I. Biological modes of 
resistance to UV light are implied through absorption spectroscopy of DNA and potential UV screens. International 
Journal of Astrobiology 6: 229-240 

 

Article 3 
Zalar A, Tepfer D, Hoffmann SV, Kollmann A, Leach S (2007c) VUV-UV absorption spectroscopy of DNA 
and UV screens suggests strategies for UV resistance during evolution and space travel. In BH Richard, VL Gilbert, 
YR Alexei, CWD Paul, eds, Instruments, Methods, and Missions for Astrobiology X, Vol 6694. Proceedings of 
SPIE, pp 66940U (1-15) 

 



PART I / Chapter 3 RESULTS I 142 

 

10. UV SCREENING COMPOUNDS AND THEIR VUV-UV ABSORPTION 

PROPERTIES 

 

Due to its absorption properties and biological importance, DNA is a particularly sensitive 

target to UV damage. Thus evolving life developed different mechanisms for resisting UV 

radiation. One of the mechanisms is passive protection by UV screens, the substances that absorb 

the UV light and dissipate the energy away from sensitive targets. Thus, we evaluated the 

potential UV screening effectiveness for different substances according to the degree of 

similarity between their VUV-UV absorption spectra and that of DNA. Within the group of 

biological UV screens (substances that are synthesised by living organisms), we were interested 

in the VUV-UV absorption properties of molecules that are ubiquitously present in all organisms 

(potential UV screens), as well as known UV screens that are found in phylogenetically distinct 

groups of organisms (specialized UV screens). Using synchrotron light, we measured VUV-UV 

absorption spectra (125-340 nm) for thin dry films of different potential and specialized UV 

screens. Since little is known about absorption characteristics of these compounds below  

200 nm, this work provides valuable spectroscopic data extend into the VUV part of spectrum  

 

10.1. Ubiquitously occurring potential UV screens (Article 1) 

 

Among the substances that are ubiquitous in all organisms, we studied the VUV-UV 

spectra for thin dry films of mononucleotides, proteins and selected amino acids, as well as 

polyamines (aliphatic amines) and tyramine (aromatic amine) (Zalar et al., 2007a). 

 

Nucleotides are monomer units of nucleic acids that are abundant in all cells. Besides their 

use in information storage, they also play important roles in energy transfer and cell signaling 

processes. The VUV-UV absorption spectra of all four monomer nucleotides (A, T, G, C 

monophosphates and triphosphates) were similar to those for polymerized oligonucleotides, 

except in the case of cytidine nucleotide. The accumulation of free nucleotides could contribute 

to protection of DNA against UV radiation. Among the four nucleotides, ATP had an absorption 

curve that best matched that of DNA. We suggested that primitive cells might have used ATP as 

a UV screen, before or at the same time as a “molecular currency” of intracellular energy 

transfer. 
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Proteins are macromolecules, composed of amino acids. Although proteins themselves 

represent a target for UV damage, some of them could provide direct protection (by UV 

screening or physical compaction of DNA) or indirect protection (enzymatic repair). We 

measured the VUV-UV absorption spectra for histones (positively charged proteins that interact 

with DNA), as well as bovine serum proteins, BSA (a small, neutral protein). These proteins 

could provide efficient UV screening protection to DNA in the VUV part of spectrum, but they 

would provide poor protection in region I, due to the bathochromic shift in the maximum of 

absorption at 280 nm. 

 

We further examined the influence of selected amino acids on the UV absorption of 

proteins by measuring the VUV-UV spectra for valine (neutral and hydrophobic amino acid), 

arginine (basic amino acid), aspartic acid (acidic amino acid) and tryptophan (neutral, 

hydrophobic representative of aromatic amino acids). Valine, arginine and aspartic acid showed 

absorption maxima in the VUV, but they absorbed poorly above 210 nm. In contrast, the UV 

screening protection to DNA in the region I might be provided by aromatic amino acids, such as 

tryptophan, which showed a complex broad peak at 287 nm, with a shoulder at 272 nm. 

 

Polyamines are small, cationic molecules that play important roles in the regulation of cell 

growth in both prokaryotic and eukaryotic cells. Due to their positive charge at physiological pH, 

they interact closely with negatively charged nucleic acids. Here we examined the VUV-UV 

spectroscopic properties of ubiquitous polyamines, putrescine, spermidine and spermine. Due to 

the strong absorbance below 200 nm, and very low absorbance in UV-C, UV-B and UV-A 

regions, these aliphatic polyamines could act as UV screens only in the VUV part of spectrum. 

In contrast, the ubiquitously occurring aromatic amine, tyramine, showed a prominent and broad 

peak at 282 nm in addition to strong absorbance at wavelengths below 220 nm. Thus, tyramine 

could serve as a UV screen, protecting DNA in all three regions.  

 

The results on the VUV-UV spectroscopic characteristics of ubiquitously occurring 

potential UV screens are presented in the following publication (see chapter 9). 

 

Article 1 
Zalar A, Tepfer D, Hoffmann SV, Kenney JM, Leach S (2007a) Directed exospermia: I. Biological modes of 
resistance to UV light are implied through absorption spectroscopy of DNA and potential UV screens. 
International Journal of Astrobiology 6: 229-240 
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10.2. Specialized UV screens from phylogenetically distinct groups of 

organisms (Article 2 and Article 3) 

 

Besides ubiquitous putative UV screens, we analyzed the VUV-UV absorption properties 

of known, specialized UV screens found in diverse organisms. The synthesis of these UV 

screens, which are efficient and specific UV absorbers, is usually induced by UV light. In this 

study we measured the VUV-UV absorption spectra of thin dry films of specialized UV screens, 

including scytonemin, mycosporine-like amino acids (MAAs), β-carotene, melanin and 

flavonoids. On the basis of the similarity with the absorption spectrum of DNA, we evaluated the 

likely effectiveness of these substances in screening DNA against UV radiation (Zalar et al., 

2007b). The photosynthetic system is also considered to be a sensitive target for UV damage, 

leading to bleaching of photosynthetic pigments. Therefore, we compared VUV-UV absorption 

spectra of specific UV-screens, found in photosynthetic organisms, with the spectra for 

pigments, chlorophyll a and b (Zalar et al., 2007c).  

 

Scytonemin is a yellow-brown extracellular pigment that accumulates in sheaths of 

cyanobacteria after their exposure to UV-A light. Scytonemin absorbs strongly in the UV-A 

(prominent peak at 386 nm), as well as UV-B and UV-C parts of spectrum. The VUV-UV 

absorption spectra showed that scytonemin would provide efficient protection to the DNA 

regions III and II (peak at 195 nm), but region I would be less protected due to weaker 

absorption and a hypsochromic shift at 253 nm. On the other hand, the scytonemin UV 

absorption curve matched both the chlorophyll a and b curves, indicating efficient UV screening 

protection for these photosynthetic pigments. 

 

The MAAs are intracellular, UV inducible compounds, found in taxonomically diverse 

organisms, notably marine species. We analyzed the VUV-UV spectra of two MAAs, porphyra-

334 and palythine, which showed qualitative spectral similarities. The VUV-UV absorption 

curves indicated that these MAAs would protect DNA in regions II and III, but would not 

provide sufficient protection in region I (264 nm), since they exhibited minima of absorption in 

the UV-C part of the spectrum. In addition, the VUV-UV spectra showed that MAAs would 

protect chlorophyll a and b from VUV, but not from UV-C radiation. 

 

Carotenoids are pigments synthesized by plants, algae and some bacteria. Their absorption 

maxima occur mainly in the visible part of spectrum, with an extension into the UV-A region. 

The VUV-UV spectra indicated that β-carotene would provide protection to DNA only in the 
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VUV (regions II and III), while DNA region I would remain unprotected, since only a small 

peak at 277 nm was observed. Similarly, β-carotene would protect chlorophyll a and b only in 

the VUV. 

 

Melanin pigments are found in animals, fungi, higher plants and in some bacteria. 

Melanins have strong absorption in the UV and visible parts of the spectrum. Our absorption 

spectra showed uniform absorption in the VUV-UV region, with two poorly resolved peaks. 

However, an exponential increase of absorbance was observed at wavelengths below 145 nm. 

This monotonic absorption profile, with poor spectral features, can be explained by the chemical 

complexity of melanin compounds. Thus, melanins could provide efficient, but not specific UV 

screening protection.  

 

Flavonoids are known UV screens in plants that accumulate in cell vacuoles and walls. 

Their synthesis is induced by UV-A and UV-B light. We have examined the VUV-UV 

absorption characteristics of glycosylated flavonols, including quercitrin, isoqercitrin and 

robinin. These three flavonoids shared similar spectral features, showing prominent peaks in 

DNA regions I and II, a steep increase in absorbance towards lower wavelengths at 125 nm 

(region III), as well as increased absorbance towards higher wavelengths at 340 nm. The broad 

peak in the UV-A region (∼350 nm) was confirmed by conventional spectroscopy in solution. In 

addition, all these three glycosylated flavonoids exhibited a remarkable similarity to the VUV-

UV absorption spectrum of DNA. Thus, we suggested that gycosylated flavonoids would act as 

ideal UV screens for DNA. Here we also studied the UV absorption properties of catechin, an 

aglycone flavonoid that is the monomer unit of condensed tannins. Catechin showed a broad 

peak of absorption in region II (at 204 nm), as well as increased absorbance in region III. 

However, its absorption minimum at 254 nm (region I) and shifted peak at 280 nm would make 

catechin a poor UV screen for DNA. Instead it might be better suited for protection of proteins.  

 

In addition to DNA protection, we also considered the role of flavonoids in the UV 

screening protection of photosynthetic pigments. Comparing VUV-UV spectra, we suggested 

that glyosylated flavonoids would act as efficient UV screens for chlorophyll a and b in the VUV 

and UV-C region, but they would provide weaker protection in the UV-B region. On the other 

hand, catechin would be less suited to protect chlorophyll a and b, except in the VUV part of 

spectrum.  
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The results on the VUV-UV absorption characteristics of specialized UV screens and their 

role in the protection of DNA and photosynthetic pigments are presented in the following two 

publications (see chapter 9):  

 

Article 2 
Zalar A, Tepfer D, Hoffmann SV, Kenney JM, Leach S (2007b) Directed exospermia: II. VUV-UV spectroscopy 
of specialized UV screens, including plant flavonoids, suggests using metabolic engineering to improve survival in 
space. International Journal of Astrobiology 6: 291-301  

 

Article 3 
Zalar A, Tepfer D, Hoffmann SV, Kollmann A, Leach S (2007c) VUV-UV absorption spectroscopy of DNA and 
UV screens suggests strategies for UV resistance during evolution and space travel. In BH Richard, VL Gilbert, YR 
Alexei, CWD Paul, eds, Instruments, Methods, and Missions for Astrobiology X, Vol 6694. Proceedings of SPIE, 
pp 66940U (1-15) 
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11. CHEMICAL AND SPECTROSCOPIC CHARACTERIZATION OF  

UV SCREENING COMPOUNDS FROM Arabidopsis thaliana SEEDS 

WITH EMPHASIS ON FLAVONOIDS AND SINAPATE ESTERS 

 

Flavonoids comprise the most common group of polyphenolic plant secondary metabolites 

and they are abundant constituents of most plant seeds. Over 6000 different falvonoids have been 

reported, which are divided into different subclasses, including flavonols, flavones, flavanols, 

flavanones, isoflavonoids and anthocyanins (Schijlen et al., 2004; Saraf et al., 2007). For details 

about the chemical structure, biosynthesis and biological activity of flavonoids see chapter 

introduction, section 5.1. Seeds are rich sources of flavonoid compounds. Due to their strong 

absorption in the VUV-UV part of the spectrum, flavonoids are considered efficient UV screens 

(see section 10.2.). The second major class of phenolic compounds in plants are the 

hydroxycinnamic acids (for details see chapter introduction, section 5.2.1). Sinapate esters 

represent the most abundant hydroxycinnamic acid derivatives in Arabidopsis plants, which 

accumulate three major sinapate ester compounds: sinapoylmalate, sinapoylcholine and 

sinapoylglucose (Sheahan, 1996; Ruegger et al., 1999). In the literature, sinapate esters are 

described as good UV screens, providing efficient UV protection to plants (Chapple et al., 1992; 

Landry et al., 1995; Sheahan, 1996). Besides flavonoids and sinapate esters, glucosinolates also 

represent important secondary metabolites in Arabidopsis thaliana plants (see Table 4, chapter 

1, section 5.). Glucosinolates play an important role in plant defence system, being involved in 

plant-herbivore and plant-pathogen interactions (Lambrix et al., 2001; Brown et al., 2003; 

Kliebenstein, 2004). It is still unknown, whether glucosinolated may also play a role in plant UV 

protection.  

 
In the present work, we used Arabidopsis thaliana seeds as a model for studying UV 

resistance in plant seeds. Due to the observed extreme resistance of Arabidopsis seeds to UV 

radiation (see part II, chapters 5 and 6), we examined their chemical compounds that might be 

involved in UV-screening protection. We also analyzed the UV absorption properties of these 

compounds in order to estimate their UV screening effectiveness. 
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11.1. Detection and identification of flavonoids and sinapate esters in  

crude extracts from Arabidopsis wild type Ws-2 seeds 

 

11.1.1. HPLC analysis of crude extract from Ws-2 seeds  

 

A crude extract from Ws-2 seeds was analysed and fractionated by HPLC as a preliminary 

screen for compounds that could serve as UV screens, with focus on flavonoids and sinapate 

esters. An HPLC chromatogram (λ = 330 nm) of crude Ws-2 seed extract is presented in Fig. 49, 

together with the UV absorption spectra (λ = 190-400 nm) of each separated chromatographic 

peak. Eight purified fractions (F1, F2, F3, F4, F5a, F5b, F6 and F7) that corresponded to seven 

prominent HPLC peaks were collected. Among those, peak No 12 (RT1 = 31.35 min) exhibited a 

particularly strong signal. Thus, the content of this peak was collected in two separate fractions, 

F5a and F5b, which corresponded to ascendant and descendant part of the peak. This dominant 

HPLC peak showed an absorption spectrum that is typical for flavonols (a group of flavonoids), 

with two absorption maxima at 250-280 nm and at 350-380 nm (Bohm, 1998). Three other less 

prominent HPLC peaks, No 7 (RT = 19.55 min), No 9 (RT = 22.75 min) and No 10 (RT = 26.05 

min), exhibited similar UV absorption features that are characteristic for flavonoids. These three 

peaks corresponded to collected fractions F2, F3 and F4, respectively. On the other hand, the 

HPLC peaks No 5 (RT = 16.05 min), No 14 (RT = 37.64 min) and No 17 (RT = 43.39 min), had 

a UV absorption profiles that did not resemble that of flavonoids, but were more like those of 

sinapic acid derivatives, which show absorption maxima at ∼240 nm and ∼320 nm (Lee, 2000). 

These peaks corresponded to the HPLC-purified fractions F1, F6 and F7, respectively.  

 

In order to determine more precisely their chemical composition and characteristics, all 

collected fractions were further subjected to comprehensive LC-MS and spectroscopic analyses 

(see further the results).  

 

                                                 
1 RT = retention time  
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Fig. 49. HPLC chromatogram (λ = 330 nm) of crude extract from whole seeds of Arabidopsis Ws-2 wild type 
line. Eight purified fractions (F1, F2, F3, F4, F5a, F5b, F6 and F7) that correspond to seven prominent HPLC peaks  
(No 5, 7, 9, 10, 12, 14 and 17) were collected and subjected to further LC-MS and spectroscopic analyses.  
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11.1.2. Fluorescence detection of flavonoids and derivatives of sinapic acid 

in HPLC- purified fractions from Ws-2 seed extract 

 

Prior to MS analyses, the HPLC-purified fractions from the Ws-2 seed extract were 

inspected visually under UV-A light (λ = 365 nm), as shown in Fig. 50. For comparison, we also 

examined standard solutions of flavonoids quercetin-3-O-rhamnoside (quercitrin),  

kaempferol-3-O-rutinoside (kaempferol-3-O-di-rhamnoside, nicotiflorin) and (-)-3,3’,4’,5,7-

pentahydroxyflavan (epicatechin), as well as standard solution of 3,5-dimethoxy-4-

hydroxycinnamic acid (sinapic acid). Quercitrin was chosen as a representative of flavonol-

monoglycosides, with quercetin as an aglycone moiety, while nicotiflorin was selected as a 

representative of flavonol-diglycosides within the group of kaempferol derivatives. In addition, 

quercitrin is the most abundant flavonoid compound in Ws-2 seeds (see the results below, as 

well as previously reported data by Routaboul et al., 2006). Epicatechin is a monomer unit of 

proanthocyanidins (PAs), also known as condensed tannins, which are present in large quantities 

in the Arabidopsis seed coat. Arabidopsis, unlike many other plants, uses exclusively epicatechin 

instead of catechin in synthesis of PAs (Routaboul et al., 2006).  

 

Excited by UV-A365 light, the sample of sinapic acid showed a bright blue fluorescence, 

while flavonol-glycosides quercitrin and nicotiflorin exhibited brown fluorescence (Fig. 50), as 

described in Harborne, 1998. The sample of epicatechin standard showed a weak greyish colour 

when exposed to UV-A365 light.  

 

The HPLC-purified F1 and F6 fractions showed an intensive blue fluorescence under UV-

A365 light, indicating the presence of sinapic acid (Harborne, 1998) or its derivatives such as 

sinapate esters (Chapple et al., 1992; Lorenzen et al., 1996; Sheahan, 1996). The F7 fraction also 

exhibited blue fluorescence, but with low intensity (Fig. 50). This result was in agreement with 

the UV absorption spectra for HPLC peaks F1, F6 and F7 (see HPLC chromatogram in Fig. 49) 

that showed sinapate specific absorption maximum at 320 nm and the shoulder at 240 nm (Lee, 

2000). The fraction F2 did not exhibit bright blue fluorescence, but a weak dark blue to gray 

colour was observed (Fig. 50). On the other hand, the fractions F3, F5a and F5b showed 

intensive brown colour under the UV-A365 light, characteristic for the flavonol-glycosides 

(Harborne, 1998). Interestingly, the colour of F5a fraction matched exactly that of the quercetin-

3-O-rhamnoside (quercitrin) standard. The fraction F4 exhibited a faint brown to mauve colour 

under the UV-A365 light, which did not correspond to any of the pure substances (standards) 

examined here.  
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Fig. 50. Fluorescence detection in the HPLC-purified fractions, obtained from a crude extract of Arabidopsis Ws-
2 wild type seeds. Equal volumes of each sample were dried and visualized under UV-A365 light.  
The fraction contained following concentrations of analytes: 2.33 mg/ml (F1), 1.6 mg/ml (F2), 0.5 mg/ml (F3),  
≤ 0.17 mg/ml (F4), 1.5 mg (F5a), 0.25 mg/ml (F5b), 0.5 mg/ml (F6), ≤ 0.125 mg/ml (F7). The fraction F1 was 
prepared in 33.3%, the F2, F3, F4, F5a in 100%, the F5b in 50%, while the F6 and F7 in 12.5% methanol solution. 
The sinapic acid standard (0.3 mg/ml), as well as the flavonoid standards, kaempferol-3-O-rutinoside (2 mg/ml), 
quercetin-3-O-rhamnoside (3 mg/ml) and epicatechin (3 mg/ml), were used as the references. All standard solutions 
were prepared in 100% methanol.  

 

 

 

11.1.3. Identification of the main flavonoid and sinapate ester compounds  

in Ws-2 seed extract using liquid chromatography - mass spectrometry 

(LC-MS) 

 

Eight HPLC-purified fractions, obtained from Arabidopsis Ws-2 seed extract (see above), 

were further analyzed using LC-MS. The compounds were putatively identified using the mass-

to-charge ratio (m/z) spectra, obtained in the positive and/ or negative modes, and comparing the 

mass fragmentation patterns, as well as the retention times to previously reported data (Kerhoas 

et al., 2006; Routaboul et al., 2006; Böttcher et al., 2008). The MS spectra were recorded from 

m/z 150 up to 850. In the positive mode, the [M+H]+ ions were detected in the MS spectra, 

together with the cationized adducts [M+Na]+ and the fragment ions, while the [M-H]- ions were 

observed in the negative mode. The summarized results of LC-MS analysis of HPLC fractions 

F1 - F7 are presented in Table 10. The results are elaborated in detail here below.  
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Fraction F1 

 

This fraction contained two compounds with the retention times (RT) at 7.24 and 7.36 min. 

The first compound was characterized by a strong signal at m/z 310 [M]+ in the positive mode, 

which easily dissociated into the fragment ion at m/z 251. The loss of 59 u (mass unit) 

corresponded to the choline moiety. An additional fragmentation ion was detected at m/z 207.  

 

In the positive mode, the second compound exhibited a strong signal at m/z 409 

characteristic for the [M+Na]+ adduct, which gave rise to fragment ions at m/z 225 (loss of 

glucose moiety) and 207. In addition, the [M]+ ion was detected at m/z 386 in the positive mode, 

while the [M-H]- ion at m/z 385 was observed in the negative mode.  

 

Since both compounds dissociated into the characteristic m/z 207 ion, further tandem mass 

spectrometry (MS-MS) analysis was performed using the collision energies from 5 to 40 eV. The 

MS-MS spectra in the positive mode indicated further dissociation of the m/z 207 ion into the 

fragment ions at m/z 175, 147, 119, 91, 76 and 65. The same MS-MS fragmentation pattern was 

observed for the sinapic acid standard, which is characterized by the [M+H]+ ion at m/z 225 that 

dissociates into the characteristic fragment ion at m/z 207. These results indicated that both 

compounds in fraction F1 contained a sinapoyl moiety. Thus the first compound (RT = 7.24) is 

identified as sinapoyl choline (Mw = 310) and the second (RT = 7.36) as sinapoyl glucose (Mw 

= 386). No other compounds, even at low concentrations, were detected in the F1 fraction. 

 

Fraction F2 

 

The major compound in F2 fraction, with RT = 12.57 min, exhibited a strong 

[M+H]+signal at m/z 611 in the positive mode, with a fragmentation pattern at m/z 449 (loss of 

162 u corresponds to the elimination of glucose moiety) and m/z 303 (loss of 149 u corresponds 

to the elimination of the rhamnose moiety). The characteristic m/z 303 fragment ion was 

identified as the quercetin [aglycone + H]+ part of the molecule. In addition, the [M+Na]+ adduct 

at m/z 633 was observed in the positive mode, while the [M-H]- ion at m/z 609 was observed in 

the negative mode. These MS results were in agreement with previously reported data for the 

flavonoid compound quercetin-glucoside-rhamnoside (Q-Glu-Rha) (Kerhoas et al., 2006; 

Routaboul et al., 2006).  

 



PART I / Chapter 3 RESULTS I 153 

 

Besides this dominant component, the F2 fraction contained trace amounts of two 

compounds. The first one (RT = 6.44 min) was identified as an isomer of sinapoyl choline, 

according to the same fragmentation pattern as described above (see the fraction F1). The isomer 

forms of sinapoyl choline were also reported by Böttcher et al., 2008. The second compound (RT 

= 23.06) was assigned as a glucosinolate with Mw = 477 (for details see section 11.3). 

 

Fraction F3 

 

This fraction contained three major compounds. The first compound was eluted at RT = 

15.28 min, and it was detected by a strong [M-H]- signal at m/z 593 in the negative mode, and 

signals for the [M+Na]+ adduct at m/z 617 and [M+H]+ ion at m/z 595 in the positive mode. Two 

fragment ions were detected at m/z 433 and 287, indicating two successive losses of sugar 

moieties from the [M+H]+ species, corresponding to the initial loss of glucose (162 u) and then 

of rhamnose (146 u) moieties. The resulting m/z 287 fragment ion was characteristic for the 

kaempferol [aglycone + H]+ part of molecule. Thus, compared to previously reported data this 

flavonoid compound was identified as kaempferol-3-O-glucoside-7-O-rhamnoside (K-Glu-Rha) 

(Kerhoas et al., 2006; Routaboul et al., 2006). 

 

The second major compound was detected at RT = 15.30 min, with a [M-H]- signal at m/z 

593 in the negative mode, while in the positive mode this compound showed signals for the 

[M+H]+ ion at m/z 595 and fragment ions at m/z 449 and 303. The latter corresponded to 

quercetine [aglycone + H]+species, which resulted from two successive losses of rhamnose 

moieties (- 146 u) from the protonated molecule [M+H]+. This fragmentation pattern was in 

agreement with literature values for the flavonoid compound quercetin-di-rhamnose (Q-Rha-

Rha) (Kerhoas et al., 2006; Routaboul et al., 2006).  

 

The third compound found in a large quantity in the F3 fraction was detected at RT = 15.62 

min, showing the [M-H]- ion at m/z 623, the [M+H]+ ion at m/z 625 and the [M+Na]+ adduct at 

m/z 647. The fragmentation pattern of the protonated molecule gave rise to fragment ions at m/z 

463 and 317, resulting from the successive elimination of glucose (-162 u) and rhamnose (- 146 

u) moieties. The characteristic m/z 317 fragment ion corresponded to the isorhamnetin [aglycone 

+ H]+ part of molecule. On the basis of previously reported data this flavonoid compound was 

identified as isorhamnetin-glucoside-rhamnoside (I-Glu-Rha) (Routaboul et al., 2006). 
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Beside those three major flavonoid compounds, the fraction F3 contained trace amounts of 

the Q-Glu-Rha flavonoid, which was identified as described above (see the fraction F2). In 

addition, a small amounts of the component with RT = 16.26 min, together with a trace amount 

of the component eluted at RT = 13.53 min, was detected in fraction F3. Both compounds 

showed a signal only in the negative mode at m/z 446 [M-H]-, which putatively derive from the 

same big anion with z = 2 charge. These two compounds might represent dissociation fragments 

of the same big molecule with calculated Mw = 894, which is present in the F3 fraction in two 

isomeric forms. Since the MS spectra were acquired up to m/z 850, the intact big molecule was 

not detected.  

 

Fraction F4 

 

One major compound in the F4 fraction was detected at RT = 17.22 min, which showed a 

strong signal at m/z 577 [M-H]- in the negative mode and the signals from the [M+H]+ and 

[M+Na]+ species at m/z 579 and 601 in the positive mode, respectively. The protonated molecule 

dissociated into fragment ions at m/z 433 and 287, corresponding to the two successive losses of 

rhamnoside moieties (-146 u). The resulting m/z 287 ion was characteristic for the kaempferol 

[aglycone + H]+ part of molecule. According to previously published data, this flavonoid 

compound was identified as kaemperol-3,7-di-O-rhamnose (K-Rha-Rha) (Kerhoas et al., 2006; 

Routaboul et al., 2006).  

 

Besides the dominant K-Rha-Rha compound, the fraction F4 contained small amounts of 

flavonoids K-Glu-Rha and Q-Rha-Rha, as well as a trace amount of Q-Glu-Rha, which were 

identified according to the fragmentation patterns described above (see the fraction F3). A 

flavonoid compound isorhamnetin-di-rhamnoside (I-Rha-Rha) was also detected in fraction F4, 

but at low concentration. This molecule was identified according to the signals at m/z 607 [M-H]- 

in the negative mode and m/z 609 [M+H]+ in the positive mode, together with fragment ions at 

m/z 463 and 317 (isorhametin aglycone), which resulted from two successive losses of rhamnose 

moieties (-146 u). This result was in agreement with previously reported data (Routaboul et al., 

2006).  

 

In addition, two isomers of the same putative big anion (z = 2), which give rise to the [M-

H]- signal at m/z 446, and which was previously observed in the fraction F3 (see for details 

above), were also detected in the F4 fraction at RT = 15.26 min (small amounts) and RT = 13.53 
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min (trace amounts), together with the third isomer form detected at RT = 17.17 min (small 

amounts). 

 

The fraction F4 also contained trace amounts of two components at RT = 4.41 min and  

RT = 23.06, which likely corresponded to glucosinolate compounds with Mw = 493 and  

Mw = 477, respectively (for details see section 11.3). 

 

Fraction F5a 

 

This fraction represented the ascendant part of the dominant peak observed in the HPLC 

chromatogram. The MS analysis showed that the F5a fraction contained only one compound (RT 

= 19.32 min), which was present at very high concentration. This compound showed very strong 

signals at m/z 447 [M-H]- in the negative mode and m/z 449 [M+H]+ in the positive mode, 

together with the weak signal for the [M+Na]+ adduct at m/z 471. The protonated molecule 

[M+H]+ gave rise to the fragment ion at m/z 303, characteristic for the quercitin [aglycone + H]+ 

part of the molecule. The loss of 146 u corresponded to the elimination of the rhamnoside 

moiety. This result corroborates the previously reported data for the flavonoid compound 

quercetin-3-O-rhamnoside (Q-Rha) (Kerhoas et al., 2006; Routaboul et al., 2006).  

 

Fraction F5b 

 

Together with the fraction F5a, this fraction composed the dominant HPLC peak, taken 

from the descendant part of the peak. The major compound observed in the high concentration 

was identified as flavonoid quercetin-3-O-rhamnoside (Q-Rha), according to the same MS 

characteristics and the fragmentation pattern observed in the fraction F5a (for details see above).  

 

Unlike the F5a fraction, the F5b fraction contained the trace amounts of flavonoids  

Q-Rha-Rha and K-Rha-Rha, identified according to the fragmentation patterns described above 

(for details see the fractions F3 and F4, respectively). In addition, all three isomers of the same 

putative big anion (z = 2) with the [M-H]- signal at m/z 446 were detected at RT = 13.53 min,  

RT = 15.26 min and RT = 17.17 min (for details see above the fractions F3 and F4). However, 

these compounds were present in the fraction F5b only in the trace amounts.  
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Fraction F6 

 

Two compounds were detected in fraction F6 and they were present in relatively high 

concentrations. The first compound was detected at RT = 19.32 and its MS properties in both 

positive and negative mode, as well as its fragmentation pattern, resembled those of the 

flavonoid Q-Rha (for details see the fraction F5a).  

 

The second compound (RT = 24.03) showed different MS characteristics, compared to the 

flavonoid compounds. The MS spectra showed signals at m/z 591 [M-H]- in the negative mode, 

while the positive mode showed signals for the [M+Na]+ adduct at m/z 615 and the [M]+ ion at 

m/z 592. The [M]+ ion dissociated into fragment ions at m/z 369 and 207, which resulted from 

the successive losses of the sinapic acid (-223 u) and glucose (-162 u) moiety, respectively. The 

tandem MS-MS spectra in the positive mode indicated further dissociation of the m/z 207 ion 

into the same fragment ions observed for sinapoyl choline and sinapoyl glucose, as well as for 

sinapic acid standard (for details see the fraction F1). Thus, this compound was putatively 

assigned as di-sinapoyl glucose (Mw = 592).  

 

Fraction F7 

 

This fraction contained only one compound (RT = 26.40), present in relatively high 

concentration. The MS spectra showed a signal at m/z 237 [M-H]- in the negative mode, while 

the positive mode showed a signal at m/z 239 for the [M+H]+ species, which dissociated into the 

fragment ion at m/z 207, characteristic of the sinapoyl moiety. The fragmentation pattern of the 

m/z 207 ion was the same as observed in the case of sinapoylcholine, sinapoyl glucose and 

sinapic acid standard (for details see the fraction F1). However, the loss of 32 u (putatively 

corresponding to the elimination of protonated methoxy group) from the [M+H]+ species 

remained unexplained. Therefore, the analyzed compound was classified as an unidentified 

sinapate ester.  

 

The MS results for the eight HPLC-purified fractions were in agreement with previously 

reported MS data for flavonoids isolated from Arabidopsis Ws-2 seeds (Routaboul et al., 2006). 

Identified flavonoid and sinapate ester compounds from Ws-2 seed extract are listed in the Table 

11, according to their increasing retention times. 
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Table 10. Chemical compounds identified by LC-MS and their relative abundance in the HPLC-purified fractions 
(F1-F7), obtained from the crude extract of Arabidopsis Ws-2 wild type seeds. The retention times, RT (min), which 
were determined by LC-MS, are indicated in parentheses under each compound.  
Identified flavonoid compounds: Quercetin-glucoside-rhamnoside (Q-Glu-Rha), Kaempferol-3-O-glucoside-7-O-
rhamnoside (K-Glu-Rha), Quercetin-di-rhamnoside (Q-Rha-Rha), Isorhamnetin-glucoside-rhamnoside (I-Glu-Rha), 
Kaempferol-3,7-di-O-rhamnoside (K-Rha-Rha), Isorhamnetin-di-rhamnoside (I-Rha-Rha), Quercetin-3-O-glucoside 
(Q-Glu), Quercitin-3-O-rhamnoside (Q-Rha). 

 IDENTIFIED COMPOUNDS 

FRACTION MAJOR 
COMPOUND 

LOW 
CONCENTRATION TRACES 

Sinapoylcholine 
(RT = 7.24) 

  
F1 Sinapoyl glucose 

(RT = 7.36) 
  

 Sinapoylcholine 
(RT = 6.44) F2 Q-Glu-Rha 

(RT = 12.57)  Glucosinolate Mw = 477 c 
(RT = 23.06) 

K-Glu-Rha 
(RT = 15.28) 
Q-Rha-Rha 
(RT = 15.30) F3 

I-Glu-Rha 
(RT = 15.62) 

Big anion (z=2)b 

(RT = 16.26) 

Q-Glu-Rha 
(RT = 12.57) 

Big anion (z=2) b 
(RT = 13.53) 

K-Glu-Rha 
(RT = 15.24) 
Q-Rha-Rha 
(RT = 15.30) 
I-Rha-Rha 
(RT = 17.55) 

Big anion (z=2) b 
(RT = 16.26) 

F4 K-Rha-Rha 
(RT = 17.22) 

Big anion (z=2) b 
(RT = 17.17) 

Q-Glu-Rha 
(RT = 12.57) 

Big anion (z=2) b 
(RT = 13.53) 

Glucosinolate Mw = 493 c 
(RT = 4.41) 

Glucosinolate Mw = 477 c 
(RT = 23.06) 

F5a Q-Rhaa 
(RT = 19.32)   

 Q-Rha-Rha 
(RT = 15.30) 

 K-Rha-Rha- 
(RT = 17.22) 

 Big anion (z=2) b 
(RT = 13.53) 

 Big anion (z=2) b 
(RT = 16.26) 

F5b Q-Rha 
(RT = 19.32) 

 Big anion (z=2) b 
(RT = 17.17) 

Q-Rha 
(RT = 19.32) 

  
F6 di-Sinapoylglucose 

(RT = 24.03) 
  

F7 
Unidentified  
sinapate ester 

(RT = 26.40) 
  

a The fraction F5a contained only Q-Rha in high concentration, thus defined as almost pure fraction. 
b The fragment of the molecule, detected as a big anion with (z=2) charge, which was present in three isomer forms. 
c Unidentified glucosinolate compounds with determined molecular weight (Mw). 
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Table 11. Flavonoid and sinapate ester compounds identified by LC-MS, with determined retention times (RT) 
and molecular weights (Mw). 

 

COMPOUNDS 
RT (min) 

LABEL NAME 
Mw 

6.44 Sinapoyl-Ch Sinapoylcholine 310 

7.24 Sinapoyl-Ch Sinapoylcholine 310 

7.36 Sinapoyl-Glu Sinapoylglucose 386 

12.57 Q-Glu-Rha Quercetin-glucoside-rhamnoside 610 

13.53 Big anion (z=2) ?a   894? a

15.28 K-Glu-Rha Kaempferol-3-O-glucoside-7-O-rhamnoside 594 

15.30 Q-Rha-Rha Quercetin-di-rhamnoside 594 

15.62 I-Glu-Rha Isorhamnetin-glucoside-rhamnoside 624 

16.26 Big anion (z=2) ?a   894? a

17.17 Big anion (z=2) ?a   894? a

17.22 K-Rha-Rha Kaempferol-3,7-di-O-rhamnoside 578 

17.29 Q-Glu Quercetin-3-O-glucoside 464 

17.55 I-Rha-Rha Isorhamnetin-di-rhamnoside 608 

17.66 Big anion (z=2) ?a   894? a

19.32 Q-Rha Quercetin-3-O-rhamnoside 448 

24.03 di-Sinapoyl-Glu di-Sinapoylglucose 529 

26.40 Sinapoyl-Me Methyl-containing sinapate ester 238 
 
a The structure of the compound was not determined, although the occurrence of a big anion with (z=2) charge was 
detected in LC-MS negative operating mode. This anion might be a dissociating fragment of the bigger molecule 
with putative Mw = 894. Comparing the relative retention times determined in this study and in agreement with 
rescaled values from Routaboul et al, 2006, the unidentified compound with Mw = 894 might represent four isomer 
forms of quercetin-rhamnoside dimer .  
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11.2. Detection of sinapate esters in Arabidopsis mutant fah1-2 seeds 

 

11.2.1. Fluorescence detection in fah1-2 seed extracts 

 

The fah1-2 Arabidopsis line (previously named sin1-2) is a mutant with a defect in the 

general phenylpropanoid pathway, caused by the mutation in the gene that encodes for ferulate-

5-hydoxylase (F5H) enzyme (Chapple et al., 1992; Ruegger et al., 1999). As a consequence, this 

mutant has blocked biosynthesis of sinapate esters. Aiming to determine the role of sinapate 

esters, as compared to flavonoids, in the UV protection of Arabidopsis seeds (see part II, chapter 

5, section 16), we examined the accumulation of sinapate esters in seeds of the fah1-2 mutant 

(Col-0 accession). Extracts from fah1-2 mutant seeds and wild type Col-0 seeds were prepared in 

two different solvents (methanol and acetonitrile) in order to exclude the effect of solvent 

polarity on extraction efficiency. When excited by long wave UV light, the sinapoyl esters 

exhibit a bright blue fluorescence (Chapple et al., 1992; Lorenzen et al., 1996; Sheahan, 1996), 

allowing easy preliminary detection of these compounds. Thus the crude extracts from fah1-2, as 

well as background Col-0 seeds, were visually inspected for the fluorescence under UV-A light 

(λ = 365 nm). 

 

The Col-0 seed extract, prepared in both solvents, showed intensive blue fluorescence (Fig. 

51). For comparison, the crude seed extract of another wild type line (Ws-2) was also examined, 

exhibiting intensive blue fluorescence that indicated the presence of sinapate esters. This result 

was in agreement with the occurrence of sinapoylcholine and sinapoylglucose in the Ws-2 seed 

extract, which were detected and identified by MS analyses (see Table 10 and Table 11). Since 

the blue fluorescence was observed in a methanolic solution of sinapic acid standard, this effect 

was attributed to the sinapoyl moiety of sinapate ester molecules. 

 

In contrast, no fluorescence was observed in both extracts of fah1-2 seeds, consistent with 

the lack of sinapate esters, as well as free sinapic acid (Fig. 51). The fah1-2 seed extracts were 

further examined in detail by MS (see below). 

 



PART I / Chapter 3 RESULTS I 160 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
Fig. 51. Preliminary detection of sinapic esters in crude seed extracts from three Arabidopsis lines (fah1-2, Col-0 
and Ws-2). Samples were prepared from 50 mg seeds extracted either with 75% methanol (MeOH) or 75% 
acetonitrile (ACN) solution. Extracts were visualized under UV-A365 light. The sample of sinapic acid standard  
(0.3 mg/ ml in 100% methanol) was used as a reference. 
The plant genotypes were: a sinapate ester mutant (fah1-2) in the Col-0 accession, a wild type Columbia (Col-0) and 
a wild type Wassilewskija (Ws-2). 

 

 

 

11.2.2. LC-MS analysis of sinapate esters in fah1-2 seed extracts 

 

Crude extracts from mutant fah1-2 and wild type Col-0 seeds, prepared in both methanol 

and acetonitrile, were examined for the presence of sinapate esters using MS. The following 

substances were screened: sinapoylcholine (Mw = 310), sinapoylglucose (Mw = 386), 

sinapoylmalate (Mw = 340) and sinapic acid (Mw = 224). In the positive MS operative mode, 

both Col-0 extracts showed a strong signal at m/z 310, characteristic for the [M]+ species of 

sinapoylcholine. The sinapoylglucose [M+H]+ signal at m/z 387 was not detected. Instead, the 

Col-0 extracts exhibited a weak [M]+ signal at m/z 386 and a strong [M+Na]+ signal at m/z 409, 

the characteristic signals for sinapoylglucose that were previously observed in the HPLC-

purified fractions from Ws-2 seeds (see section 11.1.3). No sinapoylmalate was detected in both 

Col-0 seed extracts, since no signal at m/z 341 [M+H]+ nor at m/z 340 [M]+ was observed. The 

Col-0 seed extracts also showed the signal at m/z 225, characteristic of the [M+H]+ species of 

free sinapic acid or sinapoyl moiety, resulting from the fragmentation of the sinapoylglucose 

[M+Na]+ adduct (for details see the fraction F1 in section 11.1.3). The MS spectra showed a 
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signal at m/z 239 in the methanolic Col-0 extract, which was also observed in the F7 fraction of 

the Ws-2 seed extract, putatively representing a [M+H]+ species of an unidentified sinapate ester 

(see section 11.1.3).  

 

On the other hand, both fah1-2 seed extracts showed no MS signals at m/z 310, 386/ 409 

and 225 that would correspond to the positive mode signals for sinapoylcholine, sinapoylglucose 

and sinapic acid, respectively, detected in the Col-0 seed extracts. In addition, no signals in the 

positive MS mode at m/z 341 (sinapoylmalate) and 239 (unidentified sinapate ester in methanolic 

Ws-2 and Col-0 extracts) were detected in extracts from fah1-2 seeds. 

 

 

11.3. Detection and characterization of glucosinolates isolated from 

Arabidopsis wild type Ws-2 seeds 

 

Glucosinolates are sulfur-rich plant secondary metabolites whose basic skeleton consists of 

a β-thioglucose residue, an N-hydroxyiminosulfate moiety and a variable side chain (for 

chemical structure see Fig. 39, chapter 1, section 5.2.2.). Plants synthesise a large variety of 

glucosinolates, and many of them are still unidentified. Although some smaller amounts of 

glucosinolates were co-extracted from Arabidopsis seeds together with flavonoids and sinapate 

esters (Table 10), due to their hydrophilic and anionic nature, and in order to obtain their higher 

yields, glucosinolates were extracted and analysed separately from flavonoids and sinapate 

esters, using better suited purification protocols. The extract from whole Ws-2 seeds was first 

analysed by HPLC, and seven separated fractions (from G-F1 to G-F7), corresponding to seven 

prominent HPLC peaks were collected and than subjected to LC-MS analysis. 

 

The LC-MS analyses of glucosinolate-containing fractions were performed recording mass 

spectra from m/z 225 up to 575 for parent and daughter ions in both the positive and negative 

ionization modes. In spite of large number of the m/z signals and great diversity of fragmentation 

patterns, all substances belonging to the glucosinolate class shared common LC-MS features. All 

glucosinolates had relatively low retention times (RT), appearing close to the peak of injection. 

This indicated their polar, anionic nature. Glucosinolates generally responded well only in a 

negative ionization mode, showing a prominent signal of intact parent [M-H]- ion. 

Characteristically, this parent ion appeared very stable and its fragmentation was not observed 

under standard experimental conditions (e.g. at the collision energy of 25 eV). Due to the 



PART I / Chapter 3 RESULTS I 162 

 

presence of at least two sulfur atoms, all glucosinolates showed a specific isotopic pattern1. In 

positive mode, the signal of an intact parent [M+H]+ ion or possible molecular adducts [M+Na]+ 

or [M+K]+ was difficult to detect, since they readily fragmented into the daughter ions. 

Depending on the collision energy, the fragmentation of the parent [M+H]+ ion occurs usually in 

two steps. In the first step, a typical loss of 80 u that corresponded to the loss of SO3
- group was 

observed. Formed daughter ion was further fragmented, loosing 162 u, what is characteristic for 

the elimination of glucose moiety. Detailed fragmentation pattern for glucosinolates contained in 

each HPLC purified fraction is given her below. The summarized results of LC-MS analysis of 

glucosinolate-containing HPLC fractions are presented in Table 12. 

 

 

Fraction G-F1 

 

This fraction contained one dominant component (RT = 2.56 min), which was identified as 

glucosinolate with Mw = 423, together with traces amounts of other unidentified molecules. In 

the negative mode, intensive signal of the m/z 422 was observed for stable [M-H]- ion, while in 

the positive mode, the parent [M+H]+ ion was first fragmented into the m/z 344 ion (- 80 u), and 

subsequently into m/z 182 daughter ion (-162 u). According to the determined Mw and the 

fragmentation pattern, we suggested that this substance might be an aliphatic glucosinolate, 3-

methylsulfinylpropyl glucosinolate, 3-MSOP (known as glucoiberin), which was also previously 

reported to occur in leaves, roots, inflorescences and seeds of Arabidopsis thaliana, as well as in 

other related species of Brassicaceae (Kliebenstein et al., 2001; Brown et al., 2003; Bennett et 

al., 2004; Le Gall et al., 2005). 

 

Fraction G-F2 

 

This fraction appeared as a complex mixture of different molecules. However, two 

compounds prevailed in G-F2 fraction, one was yet unidentified glucosinolate with Mw = 488 

(RT = 2.47 min), and other was assigned a putative glucosinolate with Mw = 369 (RT = 7.08 

min). These compounds, together with other substances found in small concentrations or trace 

                                                 
1 Most elements appear in nature as isotope mixtures. These isotopes are responsible for the peaks in the mass 
spectrum appearing as isotopic clusters that are characteristic of the elemental composition of particular organic 
compound. These clusters may contain signals that differ for 1 u, such as M, M+1, M+2, M+3 etc. The intensity of 
the m/z peaks depends on the relative abundance of each isotope in nature. Naturally occurring carbon, for instance, 
is a mixture of two isotopes 12C and 13C that represent 98.9% and 1.1%, respectively. Some atoms have isotopic 
compositions that are more obvious, such as chlorine, bromine, selenium and sulfur. In nature, sulfur has four 
isotopes, 32S, 33S, 34S and 35S, with relative abundances of 95.02%, 0.75%, 4.21% and 0.02%, respectively (de 
Hoffmann and Stroobant, 2007).  
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amounts, exhibited the typical glucosinolate signatures (a strong signal in negative mode for  

[M-H]- ion and an isotopic pattern). In positive mode, first glucosinolate (Mw = 488) showed a 

weak signal for the [M+H]+ ion at m/z 489 and the fragmentation ion at m/z 409 (-80 u). In 

contrast, the fragmentation of the second putative glucosinolate (Mw = 369) was not observed. 

 

Fraction G-F3 

 

Besides the trace amounts of different unidentified molecules, this fraction contained one 

major compound, which was identified as a glucosinolate with Mw = 493 (RT = 3.41 min). 

According to the m/z signal of molecular ions detected in negative and positive ionization modes, 

where stable [M-H]- ion exhibited a strong signal with the typical isotopic pattern, and [M+H]+ 

ion dissociated into fragment ions at m/z 414 (- 80 u), 252 (-162 u) and 202, we suggested that 

this substance is likely an aliphatic glucosinolate, 8-methylsulfinyloctyl glucosinolate  

(8-MSOO), also known as glucohirsutin. This glucosinolate was previously reported to occur in 

different vegetative organs of Arabidopsis thaliana, and particularly in mature seeds 

(Kliebenstein et al., 2001; Brown et al., 2003; Le Gall et al., 2005).  

 

Fraction G-F4 

 

This fraction contained particularly abundant and almost pure substance, which was 

identified as glucosinolate compound with Mw = 481 (RT = 8.31 min). In the negative mode, it 

showed a strong signal of stable [M-H]- ion, with typical isotopic pattern. In the positive mode, 

the parent [M+H]+ ion readily dissociated giving rise to the daughter ions at m/z 402 (-80 u), 240 

(-162 u), 118 and 105. It indicated that this substance is an aromatic glucosinolate, 3-

benzoyloxypropyl glucosinolate (3-BzOP), also known as glucomalcomiin. This fragmentation 

pattern correlated well with that of another analogous aromatic glucosinolate, 4-benzoyloxybutyl 

glucosinolate (4-BzOP), reported by Graser et al. (2001). The fragmentation pattern and the 

structure of 3-BzOP was further confirmed by tandem mass spectrometry (MS-MS), using the 

collision energy from 2.5 to 40 eV to dissociate further the first-order daughter ions (m/z 402, 

240, 118). The occurrence of 3-BzOP in Arabidopsis seeds was also reported by Graser et al., 

2001; Kliebenstein et al., 2001; Brown et al., 2003.  
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Fraction G-F5 

 

The major compound in G-F5 fraction was identified as glucosinolate with Mw = 477  

(RT = 21.02 min), since it exhibited a strong and stable [M-H]- ion at m/z 476 in the negative 

ionization mode, and a weak [M+H]+ ion at m/z 478 in the positive ionization mode, which 

readily dissociated into the daughter ions at m/z 398 (-80 u), 236 (-162 u), 186 and 138. 

According to determined Mw and fragmentation pattern, we suggested that this substance is 

likely an aliphatic glucosinolate, 8-metylthiooctyl glucosinolate (8-MTO), which is a common 

glucosinolate found in different organs, including the seeds of Arabidopsis thaliana 

(Kliebenstein et al., 2001; Brown et al., 2003). It is also found in other related Brassicaceae 

species (Bennett et al., 2004).  

 

Fraction G-F6 

 

This fraction represents a mixture of different, yet unidentified molecules, as well as two 

dominant compounds that were identified as glucosinolates. The first glucosinolate was 

characterized by Mw = 493 (RT = 4.42 min), and its fragmentation pattern in the positive 

ionization mode resembled that of 8-methylsulfinyloctyl glucosinolate, the substance found in 

fraction G-F3 (Table 12). However, these two substances had different retention times, probably 

indicating that they might be two isomer forms of the same glucosinolate. The second 

glucosinolate with Mw = 477 had similar fragmentation pattern and retention time (RT = 21.19 

min) as glucosinolate identified in G-F5 fraction, thus indicating probably the occurrence of 8-

metylthiooctyl glucosinolate in fraction F-G6. 

 

Fraction G-F7 

 

This fraction contained only one substance, which did not exhibit the LC-MS features 

characteristic for glucosinolates. Instead, it was identified as flavonoid kaempferol-rhamnoside 

(Mw = 432, RT = 21.45 min). In the positive ionization mode, it exhibited a strong [M+H]+ ion 

at m/z 433 and the fragment ion at m/z 287, characteristic for kaempferol aglycone. The loss of 

146 u resulted from the elimination of rhamnose moiety. The fragmentation pattern of 

kaempferol-rhamnoside was also confirmed by the analysis of the m/z spectra in the negative 

ionization mode. This result corroborated with MS data for kaempferol-rhamnoside found in 

Arabidopsis Ws-2 seeds extracts, which was reported by Routaboul et al. (2006).  
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Table 12. Glucosinolates and other chemical compounds characterized by LC-MS and their relative abundance in 
the HPLC-purified fractions (from G-F1 to G-F7) obtained from the seed extract of Arabidopsis Ws-2 wild type 
seeds. Molecular weights (Mw) and the retention times (RT, min) were determined by LC-MS. For compounds that 
prevail in each fraction, the mass-to-charge ratio (m/z) was indicated for deprotonated molecular ions, [M-H]-, as 
well as protonated molecular ions, [M+H]+, observed in the negative and positive ionization modes, respectively. 
Fragmentation pattern of parent [M+H]+ ions was recorded in the positive ionization mode. The HPLC-purified 
fraction G-F4 (marked with asterisk) contained almost pure and highly concentrated 3-BzOP. 
Identified substances: 3-MSOP = 3-methylsulfinylpropyl glucosinolate (glucoiberin), 8-MSOO =  
8-methylsulfinyloctyl glucosinolate (glucohirsutin), 3-BzOP = 3-benzoyloxypropyl glucosinolate (glucomalcomiin), 
8-MTO = 8-metylthiooctyl glucosinolate, K-Rha = kaempferol-rhamnoside flavonoid.  
 

FRACTION MAJOR 
COMPOUND Mass spectra (m/z) LOW 

CONCENTRATION TRACES 

  [M-H]- [M+H]+ Fragmentation ions 
(positive mode)   

G-F1 
Glucosinolate 

Mw=423 
(RT=2.56) 
3-MSOP 

422 424 344, 182  
Various 

unidentified 
molecules 

Glucosinolate 
Mw=488 

(RT=2.47) 
487 489 409 

Possible 
Glucosinolate 

Mw=390 
(RT=2.41) 

Possible 
Glucosinolate 

Mw=450, 
518, 520, 620 

G-F2 Possible 
Glucosinolate 

Mw=369 
(RT=7.08) 

368   

Possible 
Glucosinolate 

Mw=470 
(RT=2.59) 

 

G-F3 
Glucosinolate 

Mw=493 
(RT=3.41) 
8-MSOO 

492 494 414, 252, 202  
Various 

unidentified 
molecule 

G-F4* 
Glucosinolate 

Mw=481 
(RT=8.31) 
3-BzOP 

480 482 402, 240, 118, 105   

G-F5 
Glucosinolate 

Mw=477 
(RT=21.02) 

8-MTO 

476 478 398, 236, 186, 138 

Unidentified 
molecule 
Mw=164 

(RT=15.00) 

Glucosinolate 
Mw=493 
(RT=4.36) 

Glucosinolate 
Mw=493 
(RT=4.42) 

492 494 414, 252, 202 

G-F6 
Glucosinolate 

Mw=477 
(RT=21.19) 

476 478 398, 236, 186 

Various 
unidentified 
molecules 

 

G-F7 
K-Rha 

Mw=432 
(RT=21.45) 

431 433 287   
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11.4. Absorption spectroscopy of compounds found in 

Arabidopsis thaliana seed extracts 

 

The UV absorption characteristics of HPLC-purified fractions, obtained from Arabidopsis 

Ws-2 seed extracts, were further studied using conventional UV absorption spectroscopy (λ = 

200-400 nm) in solution and VUV-UV absorption spectroscopy (λ = 125-340 nm) in dry, thin 

films. 

 

 

 

11.4.1. Conventional UV absorption spectroscopy of crude extracts and  

HPLC-purified fractions from Arabidopsis thaliana seeds 

 

Prior to the VUV-UV absorption spectroscopy, crude extracts from Arabidopsis seeds, as 

well as and purified fractions extracted from Ws-2 whole seeds, were examined by conventional 

UV absorption spectroscopy in solution. The absorption spectra were measured in a wavelength 

range from 200 to 400 nm.  

 

 

11.4.1.1. UV absorption spectra of crude extracts from wild type Ws-2  

and mutant tt4-8 seeds 

 

The results in the present work revealed extreme UV resistance of Ws-2 wild type seeds, 

compared to the seeds of flavonoid-lacking tt4-8 mutant (see part II, chapter 6, section 18). Our 

previous HPLC studies revealed no flavonoid accumulation in the seeds of the tt4-8 mutant 

(Zalar, 2004). Using conventional spectroscopy in solution, we first measured the UV absorption 

spectra (200-400 nm) for two crude extracts that were obtained from Ws-2 and tt4-8 seeds. Both 

samples were prepared in parallel, using the same extraction protocol. The Ws-2 and tt4-8 seed 

extracts exhibited significant differences in their UV absorption features (Fig. 52). 
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Fig. 52. The UV absorption spectra of crude methanolic extracts obtained from Arabidopsis seeds Ws-2 (wild 
type) and tt4-8 (flavonoid deficient mutant). Both samples were prepared from 100 mg seeds, using the same 
extraction protocol. The spectra were recorded in 15% methanol solution, using 20 µl of each seed extracts. 

 

 

 

11.4.1.2. UV absorption spectra of flavonoid- and sinapate ester-containing purified 

fractions from Ws-2 seeds  

 

After determining the content by LC-MS, the UV absorption characteristics of eight 

HPLC-purified Ws-2 seed fractions (section 11.1) were first examined by conventional 

absorption spectroscopy in solution. Absorption spectra for each fraction are presented 

separately in Fig. 53D and Fig. 54A-D. 

 

The fraction F1, prepared as a 33.3% methanolic solution, showed one weak maximum of 

absorption at about 275 nm (Fig. 53A). Although LC-MS analysis revealed that this fraction 

contained sinapate esters, sinapoyl choline and sinapoylglucose, conventional UV absorption 

spectra did not show a sinapate specific absorption maximum at about 320 nm (Lee, 2000).  
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The fraction F2, prepared in 100% methanol, showed two absorption maxima, a stronger 

peak at 262 nm and one weaker peak at 350 nm (Fig. 53B). This absorption profile was 

characteristic for flavonol-containing compounds with O-alkyl or O-glycosyl moiety (Bohm, 

1998). This result was in agreement with LC-MS results (see chapter 3, section 11.1.3.).  

 
Flavonoid-containing fraction F3 (in 100% methanol) exhibited two strong absorption 

maxima at 255 nm and 345 nm (Fig. 53C), indicating the presence of flavonols with the O-alkyl 

or O-glycosyl moiety O-alkyl or O-glycosyl moiety (Bohm, 1998). This fraction was composed 

of the mixture of three flavonoid compounds (see Table 10, chapter 3, section 11.1.3). 

 
The fraction F4, prepared in 100% methanol, absorbed strongly at 262 nm and 340 nm, 

indicating the presence of a dominant flavonol compound (Fig. 53D).  

 
Both fractions, the F5a (in 100% methanol) and the F5b (50% methanolic solution), which 

corresponded to the ascendant and descendent parts of the dominant HPLC peak, absorbed 

strongly in the UV region. These fractions contained flavonoid queretin-3 O-rhamnoside 

(quercitrin) in very high concentration, thus absorbing strongly at 262 nm and in the region 

around 350 nm (Fig. 54A and B). The absorption curves of the F5a and F5b fractions were 

compared to those for queretin-3 O-rhamnoside (quercitrin) standard (Fig. 55A). 

 
The fractions F6 and F7 (12.5% methanolic solutions) showed an absorption maximum at 

320 nm (Fig. 54C and D). In addition, the F7 fraction exhibited a prominent shoulder at 240 nm, 

while the F6 fraction had only a weak shoulder at the same wavelength. This UV absorption 

profile was characteristic for the substances containing a sinapoyl moiety (Lee, 2000).  

 

Fig. 55B illustrates the UV absorption characteristics of a typical flavonoid compound 

(e.g. quercitrin from the fraction F5a and F5b) and a sinapoyl-containing compound (fraction 

F7), both isolated from Ws-2 seeds. These absorption curves are compared to the absorption 

curve of a DNA sample which had a typical absorption maximum at 260 nm. A shoulder 

observed at about 220 nm in the DNA absorption curve likely originates from the impurities (e.g. 

chaotropic slats such as quanidine hydrochloride in phosphate buffer) that remained after the 

purification step of DNA sample (nptII PCR product) using the QIAquick® PCR purification kit. 
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Fig. 53. The absorption spectra of HPLC fractions F1, F2, F3 and F4 purified from the Ws-2 seed extract, 
measured by conventional UV spectroscopy in solution.  
(A) The F1 fraction (0.125 mg/ml in 33.3% methanol, 20µl). (B) The F2 fraction (0.125 mg/ml in 100% methanol, 
10µl). (C) The F3 fraction (0.125 mg/ml in 100% methanol, 10µl). (D) The F4 fraction (≤ 0.17 mg/ml in 100% 
methanol, 10µl). 

 

F1 F2 

F3 F4 

A B 

C D 
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Fig. 54. The absorption spectra of HPLC fractions F5a, F5b, F6 and F7 purified from the Ws-2 seed extract, 
measured by conventional UV spectroscopy in solution. 
(A) The F5a fraction (0.125 mg/ml in 33.3% methanol, 10µl) represents an ascendant part of the dominant HPLC 
peak. (B) The F5b fraction (0.125 mg/ml in 50% methanol, 10µl) represents a descendant part of the dominant 
HPLC peak. (C) The F6 fraction (0.125 mg/ml in 12.5% methanol, 20µl). (D) The F7 fraction (≤ 0.125 mg/ml in 
12.5% methanol, 10µl). 

F5a F5b 

F6 F7 

A B 

C D 
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Fig. 55. The absorption spectra of HPLC fractions F5a and F5b purified from the Ws-2 seed extract, and 
measured by conventional UV spectroscopy in solution. 
 (A) The absorption curves for the F5a fraction (0.125 mg/ml in 100% methanol, 10µl) and the F5b fraction (0.125 
mg/ml in 50% methanol, 10µl) are compared to those for quercetin-3 O-rhamnoside (quercitrin) standard, prepared 
as 0.3 mg/ml solution in 100% methanol (10µl). The F5a and F5b fractions correspond to the ascendant and 
descendant parts of the dominant HPLC peak, respectively, which contains quercitin in high concentration. (B) The 
absorption spectra of the flavonoid-containing fractions, the F5a (0.125 mg/ml in 100% methanol, 10µl) and the F5b 
(0.125 mg/ml in 50% methanol, 10µl), as well as a sinapoyl-containing fraction F7 (≤ 0.125 mg/ml in 12.5% 
methanol, 10µl), are compared to the absorption curve of a DNA sample (10 ng/µl of purified nptII PCR product in 
water, 10µl). 

 

11.4.1.3. UV absorption spectra of glucosinolate-containing purified fractions 

 from Ws-2 seeds  

 

Following LC-MS analysis, UV absorption spectra of seven HPLC-purified fractions (from 

G-F1 to G-F7) were first measured in solution, in the 200 - 400 nm wavelength range. Their UV 

absorption features are presented in Table 13. Generally, these glucosinolate-containing 

fractions, with exception of fraction G-F7 that contained flavonoid kaempferol-rhamnoside, did 

not absorb in the UV part of the spectrum above 270 nm. On other hand, the absorption of 

glucosinolates steeply increased below ∼250 nm. Here we single out 3-benzoyloxypropyl 

glucosinolate (3-BzOP) as the only glucosinolate compound that exhibited a well resolved peak 

above 270 nm, with λmax = 273 nm and a shoulder at 280 nm. This correlated with the aromatic 

structure of this glucosinolate.  

A B 
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Table 13. Spectral features of glucosinolate-containing fractions obtained from Arabidopsis Ws-2 seed extract. 
Fractions were separated by HPLC and analysed by conventional UV absorption spectroscopy (λ = 200-400 nm) in 
aqueous (G-F1, G-F2, G-F3), 50% methanol (G-F4, G-F5, G-F6) or 100% methanol (G-F7) solutions. The dominant 
compounds in each fraction were determined by LC-MS as follows: 3-MSOP = 3-methylsulfinylpropyl 
glucosinolate (glucoiberin), 8-MSOO = 8-methylsulfinyloctyl glucosinolate (glucohirsutin), 3-BzOP = 3-
benzoyloxypropyl glucosinolate (glucomalcomiin), 8-MTO = 8-metylthiooctyl glucosinolate, K-Rha = kaempferol-
rhamnoside flavonoid. Fraction G-F4 contained high concentration of almost pure 3-BzOP (marked with asterisk).  
Abbreviations: Is = small inflection, M = local minimum of absorption, Ms = small local minimum of absorption, P 
= absorption peak, Pb = broad absorption peak, Ppr = poorly resolved small peak, SH = shoulder 
 

FRACTION MAJOR COMPOUND SPECTRAL FEATURES (nm) 

G-F1 3-MSOP 260 → 200 steep increase of absorption 

G-F2 
Glucosinolate 1 (Mw=488) 

 
? Glucosinolate 2 

(Mw=369) 

330 (Ppr) 
270 → 200 steep increase of absorption 

260 (Is) 
230 (Is) 
210 (Is) 

G-F3 8-MSOO 
260 → 222 steep increase of absorption 

222 (P) 
200 (M) 

G-F4* 3-BzOP 

280 (SH) 
273 (P) 
260 (Ms) 
230 (P)  
208 (M) 

208 →200 steep increase of absorption 

G-F5 8-MTO 
250 → 223 steep increase of absorption 

223 (P)  
210 (Ms) 

210 → 200 steep increase of absorption 

G-F6 
Glucosinolate 1 (Mw=493) 

 
8-MTO 

250 → 223 steep increase of absorption 
224 (P) 
212 (Ms) 

212 → 200 steep increase of absorption 

G-F7 K-Rha 

350 (Pb) 
320 (M) 
263 (P) 
245 (M) 

245 → 200 steep increase of absorption 
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11.4.2. VUV-UV absorption spectroscopy of Arabidopsis thaliana seed extracts  

and HPLC-purified fractions 

 

In order to better examine the UV-B, UV-C, as well as far UV spectroscopic characteristics 

of compounds found in Arabidopsis seeds, thin dry films of crude seed extracts, as well as 

HPLC-purified seed fractions were analyzed by VUV-UV absorption spectroscopy. Using 

synchrotron light, the VUV-UV absorption spectra were measured in a wavelength range from 

125 to 340 nm. In this way, we extended our previously measured UV absorption spectra (see 

the section above) into the vacuum UV region (VUV). In addition to conventional solution UV 

spectroscopy, the VUV-UV spectra revealed more information about the UV absorption 

characteristics of analyzed substances in dry state, which would resemble the conditions in a dry 

seeds. Using qualitative similarity with DNA absorption spectra, we evaluated potential UV 

screening effectiveness of compounds found in Arabidopsis seeds. 

 

11.4.2.1. VUV-UV absorption spectra of crude extracts from  

wild type Ws-2 and mutant tt4-8 seeds 

 

Conventional spectroscopy in solution revealed differences in the UV absorption 

characteristics of Ws-2 and tt4-8 seed extracts (see section 11.4.1). In an attempt to extend the 

absorption spectra below 200 nm, and to investigate the absorption characteristics of seed 

compounds in the dry state, we further measured the VUV-UV absorption spectra of Ws-2 and 

tt4-8 seed extracts (Fig. 56). Both samples were prepared in parallel, using the same extraction 

protocol, and thin films were prepared by drying the same volume of the Ws-2 and tt4-8 seed 

extracts. The Ws-2 crude extract absorbed strongly in the VUV-UV region, showing a broad and 

prominent peak at 204 nm (region II), a small, poorly resolved peak at about 265 nm (region I), 

and increased absorbance towards the longer wavelengths at the end of spectrum (340 nm). The 

tt4-8 crude extract showed a well resolved peak at 202 nm (region II), which was less intense 

than the peak at 204 nm in the Ws-2 extract. However, the tt4-8 sample lacked the week peak 

that was observed in region I for the Ws-2 sample. Instead, an absorption minimum at 260 nm 

was observed. Unlike for the Ws-2 sample, the absorption curve for tt4-8 extract was flat 

towards 340 nm. Both seed extracts, the Ws-2 and tt4-8, exhibited a steep increase in absorbance 

in the VUV part of spectrum (below 200 nm), which corresponds to the previously described 

region III.  
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Fig. 56. VUV-UV absorption spectra of methanolic crude extracts obtained from Arabidopsis seeds Ws-2 (wild 
type) and tt4-8 (flavonoid deficient mutant). The spectra of samples were recorded in thin, dry films. Both samples 
were prepared from 100 mg seeds, using the same extraction protocol. The thin films were prepared drying the same 
volume (500 µl) of the Ws-2 and tt4-8 seed extracts. 

 

 

 

11.4.2.2. VUV-UV absorption spectra of HPLC-purified fractions from Ws-2 seeds, 

containing flavonoids and sinapate esters 

 

The VUV-UV absorption curves of eight purified fractions from Ws-2 seeds, as well as for 

DNA as the reference, are presented in parallel in Fig. 43A.  

 

Fraction F1, which contained sinapoylcholine and sinapoylglucose (sinapate esters), 

exhibited a weak absorption in the VUV-UV part of the spectrum. The absorption curve revealed 

two poorly resolved peaks at 164 and 202 nm, as well as a faint shoulder at 245 nm, which was 

previously detected at 240 nm by conventional spectroscopy in solution (for comparison see 

above Fig. 53A). This fraction also exhibited a local minimum of absorption at 270 nm.  

 

Fraction F2 contained flavonoid Q-Glu-Rha as a dominant compound and trace amounts of 

sinapoylcholine and glucosinolate compounds. The VUV-UV absorption curve exhibited a 

prominent and broad peak at 204 nm in region II and a smaller peak at 265 nm in region I. The 

Region IRegion IIRegion III 

204

202

265
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latter peak was detected at 260 nm by conventional spectroscopy in solution (for comparison see 

above Fig. 53B), indicating the presence of a flavonoid compound. The absorbance increased 

slightly towards 340 nm, but it increased considerably in region III, where a local absorption 

maximum was observed at 157 nm. This VUV-UV absorption curve resembled previously 

reported curves for glycosylated flavonoids (see section 10.2., and Zalar et al. 2007b, Zalar et al., 

2007c), although a hypsochromic shift was observed for the peak in region III. 

 

Fraction F3 contained a mixture of various flavonoids, including K-Glu-Rha, Q-Rha-Rha 

and I-Glu-Rha, which are the three major compounds. Therefore, the VUV-UV absorption curve 

for the F3 fraction resembled the typical absorption curve for glycosylated flavonoid compounds 

(see section 10.2., and Zalar et al. 2007b, Zalar et al., 2007c). Besides the prominent peak at 202 

nm (region II), two smaller, but well resolved peaks were observed, including the peak at 162 nm 

(region III) and the peak at 260 nm (region I). The former peak corresponded to the maximum of 

absorption at 255, observed by conventional spectroscopy in solution (for comparison see Fig. 

53C). In addition, the absorbance of the F3 fraction increased considerably both at the lower end 

(125 nm) and the upper end (340 nm) of the spectrum.  

 

Flavonoid K-Rha-Rha was the main component of the fraction F4, together with the 

mixture of other flavonoids which were present in lower concentrations (e.g. K-Glu-Rha, Q-Rha-

Rha, I-Rha-Rha, Q-Glu-Rha), and trace amounts of glucosinolates. As expected, the VUV-UV 

spectra revealed the absorption curve characteristic of flavonoid compounds. Interestingly, the 

shape of the VUV-UV absorption curve of fraction F4 resembled closely that of F2 fraction, 

showing the same absorption maxima at 265 nm (region I), 204 nm (region II) and 157 nm 

(region III). However, these two fractions contained different diglycosylated flavonoids, 

explaining the different position of absorption maxima in the UV-A part of spectrum, detected 

by conventional spectroscopy in solution (for comparison see above Fig. 53B and D).  

 

Fractions F5a and F5b corresponded to the ascendant and descendent parts of the dominant 

HPLC peak, respectively (see HPLC chromatogram in Fig. 49). While F5a fraction contained a 

considerably higher concentration of almost pure flavonoid Q-Rha (quercitrin), the fraction F5b 

contained the same substance at high concentration, but with trace amounts of other compounds, 

notably flavonoids. The absorption curves of the F5a and F5b fractions resembled closely those 

of other flavonoid containing fractions from Ws-2 seeds (Fig. 57A). Both fractions, F5a and F5b, 

showed similarities in their VUV-UV absorption spectra. However, the absorption curve of the 

F5a fraction was more similar qualitatively and quantitatively to the curve of the quercitrin 
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standard (Fig. 57B), showing peaks at 163 nm, 204 nm and a very broad peak in the region 

between 258 and 270 nm. As in the quercitrin standard, the absorbance of the F5a fraction 

increased markedly from 285 nm to longer wavelengths at the upper end of the spectrum (340 

nm). Although qualitatively similar to that of the F5a fraction, the VUV-UV absorption curve of 

the F5b fraction showed some quantitative differences, notably in the occurrence of a 

particularly prominent peak at 204 nm, stronger absorption peak at 163 nm and a steep increase 

in absorbance towards the lower end of the spectrum at 125 nm. On the other hand, fraction F5b 

showed a smaller and less broad peak in region I, with a maximum of absorption at 270 nm.  

 

Fraction F6 contained a mixture of flavonoid Q-Rha and sinapate ester di-sinapoylglucose, 

thus the VUV-UV absorption curve exhibited altered absorption characteristics, compared to the 

flavonoid containing fractions (Fig. 57A). In region I, the characteristic flavonoid peak at 260-

280 nm almost disappeared, and an additional but poorly resolved peak at 245 nm appeared. The 

corresponding peak, characteristic for sinapoyl-containing compounds, was observed at 240 nm 

using conventional spectroscopy in solution (see above Fig. 54C). The absorption maximum at 

204 nm (region II) was characteristic for the flavonoid compound. Fraction F6 absorbed also 

strongly in the VUV part of the spectrum, showing a peak at 160 nm and a steep increase in 

absorbance towards the lower end of the spectrum. An increase in absorbance was also observed 

toward 340 nm. 

 

Fraction F7 contained only sinapoyl ester in high concentration. The shape of the VUV-

UV absorption curve was similar to that of the F6 fraction, including the same position of the 

absorption maxima at 160 nm and 245 nm, as well as a significant increase in absorbance 

towards 340 nm (Fig. 57A). However, fraction F7 exhibited a small hypsochromic shift of the 

maximum of absorption in region II, where the peak at 202 nm corresponded to that observed in 

the sinapoyl containing fraction F1.  
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Fig. 57. VUV-UV absorption spectra of the fractions purified by HPLC from a crude extract of Arabidopsis Ws-2 
wild type seeds. The spectra of samples were recorded in thin, dry films. The spectrum of dry DNA is included as a 
reference (taken from Zalar et al, 2007a).  
(A) Absorption spectra of all eight fractions (F1, F2, F3, F4, F5a, F5b, F6, F7), corresponding to seven prominent 
HPLC peaks. (B) The absorption spectra of the fractions F5a and F5b, which correspond to ascendant and 
descendent parts of the dominant HPLC peak, respectively. Their absorption curves are compared to the absorption 
spectrum of a flavonoid standard, quercitrin (quercetin-3-O-rhamnoside = Q-Rha) (0.05 mg per sample). The left 
side ordinate gives absorbance for F5a, F5b and DNA, while the right side ordinate is for the quercitrin standard. 
 
 

A 

B 
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11.4.2.3. VUV-UV absorption spectra of glucosinolate-containing purified fractions  

from Ws-2 seeds 

 

In the present work, we also studied the VUV-UV absorption properties of glucosinolates, 

which besides flavonoids and sinapate esters represent a third group of important secondary 

metabolites found in Arabidopsis seeds. Fig. 58 shows the VUV-UV absorption spectra of six 

glucosinolate-rich fractions (from G-F1 to G-F6), purified by HPLC from Ws-2 seeds extract. 

The fraction G-F7 was not analysed since our MS study showed that it is in fact a flavonoid-

containing fraction (see section 11.3.).  

 

Glucosinolate-rich fractions, with exception of G-F4 fraction, generally showed a weak or 

no absorption absorption above 260 nm (Fig. 58A). Fractions G-F1, G-F2 and G-F6, absorbed 

poorly throughout the whole VUV-UV spectrum, showing almost featureless absorption curves. 

Fraction G-F1 contained predominantly 3-methylsulfinylpropyl glucosinolate (3-MSOP), while 

G-F2 and G-F6 fractions contained the mixtures of two or more glucosinolate compounds (Table 

12). In contrast to these glucosinolates, fraction G-F3, which contained 8-methylsulfinyloctyl 

glucosinolate (8-MSOO), showed a steep increase in absorption below 260 nm, exhibiting strong 

absorption maxima at 225 nm and 156 nm, and a shoulder at 191 nm. Fraction G-F5 contained 8-

methylsulfinyloctyl glucosinolate (8-MTO). Its VUV-UV absorption curve showed a strong peak 

at 227 nm and remarkably steep increase of absorption below 190 nm, towards the lower end of 

absorption spectrum. In contrast to all here analysed glucosinolate-rich fractions, the G-F4 

fraction, which contained almost pure 3-benzoyloxypropyl glucosinolate (3-BzOP) exhibited a 

particular VUV-UV absorption spectrum. This glucosinolate absorbed strongly below 300 nm 

and all throughout the VU-C and VUV part of the spectrum, exhibiting at least four fused peaks 

with high intensity of absorption, characterized by a shoulder at 282 nm and four maxima of 

absorption at 275 , 233, 196 and 160 nm (Fig. 58). 
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Fig. 58. VUV-UV absorption spectra of glucosinolate-containing fractions separated by HPLC from Arabidopsis 
Ws-2 wild type seeds. The spectra of samples were recorded in thin, dry films. (A) Comparison of absorption 
spectra of six glucosinolate-containing fractions (from G-F1 to G-F6). Fraction G-F7 was here omitted since it 
contained almost pure flavonoid kaempferol-rhamnoside. The left side ordinate gives absorbance for G-F2, G-F5 
and G-F6 fractions, while the right side ordinate for G-F1, G-F3 and G-F4 fractions. (B) Absorption spectrum of 
glucosinolate fraction G-F4, containing almost pure 3-benzoyloxypropyl glucosinolate (3-BzOP), also known as 
glucomalcomiin, compared to absorption spectrum of dry DNA (taken from Zalar et al, 2007). 
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The UV radiation is one of the most deleterious factors of the space environment, where 

the full spectrum of solar UV light is encountered, comprising the UV-A (315 - 400 nm), the 

UV-B (280 - 315 nm), and highly energetic UV-C (200 - 280 nm) and VUV (< 200 nm). The 

level of solar UV radiation that reaches the Earth is relatively high in the UV-A and it decreases 

sharply in the UV-B part of spectrum. Neither VUV nor UV-C reaches the surface of present-

day Earth, thanks to filtration by the stratospheric ozone layer. However, the surface of the early 

Earth was likely exposed to a high flux of short wavelength solar UV until photosynthesis 

produced enough oxygen for a significant ozone layer to form. Therefore, early organisms 

probably had to cope with highly damaging UV radiation. Evolving on Earth, organisms 

developed various mechanisms to resist UV stress. One of these strategies includes the synthesis 

of small organic compounds that act as UV screens. In an effort to better understand the 

chemical bases of the resistance to UV light, we first studied the UV absorption characteristics of 

DNA, which is a key molecule that makes and maintains all life on Earth. Furthermore, we 

studied the UV absorption spectra of some putative UV screens and those that are known to act 

as specialized UV screens, in the hope of learning their possible role in the origin and evolution 

of life and finding possible ways of protecting life during space travel.  

 

Here below are discussed the absorption spectra of DNA and some UV screens. These 

spectra were measured in the wavelength interval between 125 and 340 nm, and thus included 

the VUV, the UV-C, the UV-B and a part of the UV-A spectral region. Generally, most of the 

absorption spectra for different substances, including DNA, are well known above 200 nm, and 

they are measured using conventional absorption spectroscopy methods. The study of the 

absorption spectra below 200 nm requires the usage of special techniques and equipment, since 

air and most solvents, including water, strongly absorb in the VUV region, obscuring the 

absorption of the sample. Therefore we measured the VUV-UV absorption spectra under 

vacuum, and all the samples were prepared as dry thin films. Using synchrotron radiation as a 

light source, we extended the absorption spectra down to 125 nm in the VUV region. For many 

substances the absorption characteristics in the VUV are less studied or even unknown. Although 

our spectra are the result of two phenomena, absorption and scattering, for the sake of simplicity 

and because of the small contribution of scattering, all spectra discussed here are called 

absorption spectra.  
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12. DNA AND ITS COMPONENTS 

 

Life as we know it on Earth is based on DNA, which stores essential genetic information 

about the structure and function of each organism. The DNA polymer is composed of monomer 

units (nucleotides), which differ in their nucleobases: adenine (A), guanine (G), thymine (T) and 

cytosine (C). DNA is considered a particularly sensitive target due to its high absorption in the 

short-wavelength part of the UV spectrum. Being absorbed by DNA, the highly energetic UV 

photons induce a variety of molecular damage, ranging from the formation of different 

photoproducts created through the dimerization of two adjacent nucleobases (e.g. cyclobutane 

pyrimidine dimers and 6-4- photoproduct), induction of cross-links between proteins and DNA, 

up to severe damage that leads to breaks in DNA backbone (Friedberg et al., 1995; Britt, 1996; 

Tuteja et al., 2001; Sinha and Häder, 2002). The most frequent UV-induced damage is the 

formation of photoproducts, particularly thymidine dimers (Clingen et al., 1995; Friedberg et al., 

1995; Britt, 1996). The absorption spectrum of DNA roughly correlates with the action spectra 

for DNA damage and photoproduct formation (Hidea et al., 1986). Therefore, in order to better 

understand the UV absorption characteristics of DNA and to predict its viability after exposure 

to UV light, we measured the VUV-UV absorption spectra (125 - 340 nm) of DNA and its 

components (nucleotides).  

 

In the present study, salmon sperm DNA was used as an example of genomic DNA. Our 

VUV-UV absorption spectra of dry thin film of DNA revealed two broad bands with the 

maximum of absorption at 264 nm (region I) and at 192 nm (region II). As expected, VUV-UV 

absorption spectra showed that DNA does not absorb at wavelengths longer than 310 nm. In 

addition, we observed that the absorption increased steeply towards the lower end of the 

spectrum at 125 nm (region III) (see Fig. 2 in Article 1, chapter 9). This result generally agrees 

with previously published VUV-UV absorption spectra of dry DNA films that exhibit two 

maxima of absorption, one at about 260 nm and the second in the region covering 190 - 200 nm 

(Falk, 1964; Inagaki et al., 1974; Sontag and Weigezahn, 1975; Földvári et al., 1982; Ito and Ito, 

1986; Gomes et al., 2009). Although published absorption spectra of DNA are all quite similar, 

they differ however, in relative absorption intensities and they exhibit small differences in the 

peak wavelengths. This could be due to differences in the source of the DNA (e.g. DNA from 

salmon sperm, calf thymus, chicken erythrocyte, T7 bacteriophage), as well as the method of 

sample preparation, the source of UV light and the conditions under which the spectra were 

recorded. The maxima of absorption of our dry DNA sample agree with those of calf thymus 

DNA measured by Inagaki et al. (1974). These authors reported three absorption maxima at 4.7 
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eV (264 nm), 6.5 eV (191 nm) and 13.8 eV (57 nm). The latter was not observed in the present 

study, since it is out of our measured wavelength range. Nevertheless, the same authors reported 

a steep rise in absorption above 7.2 eV (172 nm), which correlates with the absorption in region 

III of the present study. Two absorption peaks that correspond to our region I and region II are 

attributed to the single-electron excitations of π electrons in the nucleic bases, while increased 

absorption in region III possibly originates from σ-electron excitations that are mainly associated 

with the ribose-phosphate chain (Inagaki et al., 1974; Ito and Ito, 1986). The relative absorption 

intensities of our DNA sample measured at 190, 160 and 150 nm, with respect to the intensity of 

the 260 nm band, agreed with those for dry calf thymus DNA reported by Sontag and Weigezahn 

(1975).  

 

Here we also compared the absorption characteristics of DNA in dry and hydrated state 

(see Fig. 2 in Article 1, chapter 9). In the hydrated sample, the peak at 264 nm was shifted to 260 

nm, while the peak at 192 nm was obscured by absorbance of water and only a shoulder at 198 

nm could be perceived. A similar hypsochromic shift of the peak at 260 nm was previously 

reported for both the heat-denatured DNA in heavy-water (D2O) solution, as well as solid film of 

DNA at 0% relative humidity, when compared to native DNA in D2O solution or to highly 

hydrated films of DNA prepared at 93% relative humidity (Falk, 1964). DNA molecule in 

solution or in highly hydrated films has a double-helix structure known as the B conformation, 

while it is in the so-called “disordered” state in solid films at relative humidity below 55%. 

These structural changes are found to be completely reversible upon rehydration of DNA films. 

In contrast to denatured DNA in solution, “disordered” DNA in dehydrated solid films maintains 

a certain rigid structure, where the complementary pairing and the parallel stacking of the DNA 

bases are largely lost, but the double helical strands remain entwined (Falk, 1964; Inagaki et al., 

1974). Since our VUV-UV absorption spectrum of dry DNA film was recorded under vacuum, 

we assumed that the molecules of DNA were in the “disordered” state. It should be noted that the 

conditions of DNA as a dry film are different from those of DNA in most of the living cells, 

which contain generally more than 60% of water (Larcher, 2003; Ling, 2004). However, some 

life forms occur in nature in highly dehydrated state, such as bacterial spores, plant seeds and 

pollen grains. They are adapted to resist long time periods under adverse environmental 

conditions, including UV radiation. Some cyanobacteria are also capable of surviving prolonged 

periods in extremely desiccated environments (e.g. in hot and cold deserts) (Potts, 1999). 

Nevertheless, the biophysical properties of macromolecules inside desiccated cells are still 

poorly understood. Even less is known about the UV sensitivity of DNA molecule within 

dehydrated cells. Therefore, our VUV-UV absorption spectra of DNA in the dry state could 
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contribute to a better understanding of the possible effects of UV radiation on DNA in 

dehydrated cells. However, many anhydrobiotes, including seeds survive extreme desiccation 

thanks to the cellular transition into the glassy state. Therefore DNA and other biologically 

important macromolecules in cells of anhydrobiotes are probably embedded into the glassy 

matrix, made of cell solutes, such as non-reducing sugars and proteins (e.g. LEA) (Buitink and 

Leprince, 2004`; Buitink and Leprince ; 2008). These glasses probably help in preservation of 

the structural and functional integrity of macromolecules (Faria et al., 2005; Buitink and 

Leprince, 2008). Therefore it would be interesting to further investigate whether DNA in the 

dehydrated cells is in the “disordered” state or more likely in the native state, being protected by 

intracellular glasses. Since VUV-UV absorption characteristics of DNA may be influenced by its 

state, it would be interesting to measure the absorption spectra of dry films of DNA embedded 

into the glassy matrix simulated in vitro from the mixtures of proteins (e.g. LEA) and non-

reducing sugars (e.g. sucrose and RFOs). 

 

In order to examine the influence of nucleotide composition on overall UV absorption of 

genomic DNA, we determined the VUV-UV absorption spectra for unpolymerized monomers 

(nucleotides designated monoA, monoT, monoG and monoC) that make up DNA (see Fig. 4 in 

Article 1, chapter 9). These spectra were then compared with those of polymerized 

homonucleotides (short tracts of single-stranded DNA) that consisted of 20 identical nucleotides 

(oligoA20, oligoT20, oligoG20 and oligoC20) (see Fig. 3 in Article 1, chapter 9).  

 

Polymerized homonucleotides (oligohomonucleotides) showed remarkable differences in 

their VUV-UV absorption spectra. Nevertheless, the absorption peaks in all four 

oligohomonucleotides could be generally grouped into three regions, corresponding to the 

absorption peaks observed in genomic DNA: 255-286 nm (region I), 159-220 nm (region II) and 

below 159 nm (region III). Similarly to the absorption of genomic DNA in region III, all four 

oligohomonucleotides exhibited continuously increasing absorbance toward the low wavelength 

end of the spectrum. Therefore, the major differences in VUV-UV absorption spectra were 

related to region I and II. In addition, we found that the spectra for polymerized A, T and G, with 

the exception of that for polymerized C, were similar in numbers of bands and peak wavelengths 

to the VUV-UV absorption spectra of the monomers. This indicated that the interactions among 

nucleic bases of the same type in homonucleotides oligoA20, oligoT20 and oligoG20 are relatively 

small, suggesting that polymerization has little effect on the absorption spectrum in the region 

we measured, and that the absorption characteristics of oligohomonucleotides in region I and II 

originate predominantly from nucleic bases. However, monomer nucleotides showed no steep 
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increase in absorption below 170 nm (corresponding to DNA region III), as was observed in 

oligohomonucleotides. This result agrees with a previously mentioned hypothesis that absorption 

in region III is likely associated with σ-electron excitations in the ribose-phosphate backbone 

(Inagaki et al., 1974; Ito and Ito, 1986).  

 

Furthermore, we found that the VUV-UV absorption spectra of all polymerized 

homonucleotides differed markedly from that for salmon sperm genomic DNA. The 

oligohomonucleotides showed more spectral features (peaks and shoulders) than genomic DNA, 

including differences in the number and positions of the absorption peaks. The oligoT20 

exhibited three pronounced peaks, while four peaks or shoulders were detected in oligoG20 and 

oligoC20, and five in the oligoA20 sample. The purines (A, G) thus showed more features than the 

pyrimidines (C, T), as expected from their more complex structures. In addition, we observed 

that purine base oligohomonucleotides (oligoA20 and oligoG20) had greater interval between 

region I peaks and region II peaks, compared to pyrimidine base oligohomonucleotides (oligoT20 

and oligoC20). We concluded that the broad salmon sperm DNA peaks at 192 and 264 nm can be 

resolved into oligohomonucleotide spectral families. A particularly interesting difference in UV 

absorption characteristics was a bathochromic shift in region I for oligoC20 (a peak at 278 nm) 

and for oligoG20 (a broad peak with strong shoulder at 286 nm), compared to oligoA20 and 

oligoT20, as well as genomic salmon sperm DNA. These observations suggested that DNA 

sequences rich in G+C nucleotides might have the absorption maximum in region I shifted 

toward longer wavelengths. A similar analysis of the absorption properties in region II showed 

that absorption by DNA sequences rich in A+T nucleotides should occur at shorter wavelengths, 

compared to G+C rich sequences, but this difference should be less dramatic than for region I. 

These observations suggested that the overall absorption spectrum of DNA might depend not 

only on its state of hydration, but also on the relative frequencies of G+C versus A+T base pairs.  

 

Relative G+C content of genomic DNA varies in different organisms, ranging from 

approximately 25% to 75% (Sueoka, 1962). Salmon sperm DNA belongs to the A+T rich class, 

having a G+C content of 41.2% (Chargaff et al., 1951). Földvári et al. (1982) observed variations 

in UV absorption spectra for DNA of different origins. These authors suggested that the 

variations in absorption might be due to differences in G+C content and in the base sequence for 

various samples. A similar conclusion was reached by Lewis and Johnson (1974) on the basis of 

their measurements of vacuum ultraviolet circular dichroism for different DNA samples. 

Therefore, we examined the possible influence of G+C content on overall VUV-UV absorption 

properties of DNA. In this respect, we first measured VUV-UV absorption spectra of equimolar 



PART I / Chapter 4 DISCUSSION I 185 

 

mixtures of two complementary oligohomonucleotides (oligoA+T and oligoG+C) (see Fig. 6 in 

Article 3 chapter 9). These mixtures of single-stranded DNA samples mimicked two 

complementary strands of homopolymeric double-stranded DNA (dA:dT or dG:dC), 

representing two extremes in G+C content, 0% and 100%, respectively. The VUV-UV 

absorption spectra of oligoA+T and oligoG+C differed significantly. Both spectra differed from 

that of salmon sperm DNA. The oligoG+C showed a complex absorbance in region I, being 

characterized by one very broad peak (240-315 nm) that was probably formed by the fusion of at 

least two absorption peaks. In region II, oligoG+C absorbed as a single prominent peak at 185 

nm. The pattern of oligoA+T absorbance was reversed, with a complex absorption profile in 

region II that was likely composed of three fused absorption peaks (155, 177 and 208 nm), and a 

single, very prominent peak in region I. Here it is important to note that the oligoA+T maximum 

(263 nm) in region I coincided with peak I in salmon sperm DNA (264 nm), reflecting the A+T 

rich composition of this genomic DNA. However, compared to oligoA+T, salmon sperm DNA 

showed less complexity in region II, probably due to the influence of the G and C bases present 

in genomic DNA. Although extreme nucleotide content of oligoA+T and oligoG+C does not 

represent in reality the nucleotide content of genomic DNA molecules, since genetic code uses 

all four nucleotides to encode for 20 essential amino acids, these extreme nucleotide contents , 

known as homopolymeric DNA tracts, do occur locally in noncoding regions of the genomes of 

both prokaryotic and eukaryotic organisms (Dechering et al., 1998; Shomer and Yagil, 1999). 

Long poly(dA:dT) tracts, reaching a size well above 25 base pairs, occur at high frequencies in 

some eukaryotes, enriching genomes with A and T nucleotides. Other eukaryotic organisms are 

rather enriched in dG:dC tracts (Dechering et al., 1998). It suggested that local, noncoding 

segments of genomic DNA might have different UV absorption properties and thus altered 

wavelength-dependant response to UV radiation, compared to the coding regions of DNA. In 

prokaryotes, homoplymeric tracts occur, but less frequently since their relatively small genomes 

contain less noncoding nucleotide sequences (Dechering et al., 1998; Shomer and Yagil, 1999).  

 

Since we concluded that nucleotide content in noncoding DNA regions, can significantly 

alter the UV absorption of the local segments in genomic DNA, we were further interested to 

investigate whether the G+C content in the coding DNA regions can influence overall UV 

absorption properties of genomic DNA. The degeneracy of the genetic code allows significant 

variations in G+C content. The potential for G use is clear in the genetic code, where in many 

cases an alternative codon can contribute a supplementary G to the nucleotide sequence, without 

changing the amino acid sequence in the polypeptide chain. We calculated that a hypothetical 

gene, encoding a protein that incorporates one of each of the 20 amino acids, can vary in G+C 
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content by more then twofold (from 30% up to 63% G+C), yet retaining the same amino acid 

sequence. It seems possible that DNA nucleotide content could evolve as a function of 

environmental conditions. Three hydrogen bonds in the GC pair, as opposed to two in the AT 

pair, make the double helix of nucleic acids more stable at high temperatures (Galtier and Lobry, 

1997). The formation of different UV-induced lesions depends on wavelength, but also on DNA 

sequence (Mitchell et al., 1992; Ravanat et al., 2001; Cadet et al., 2005). For instance, nucleotide 

sequences rich in adjacent thymines are prone to the formation of thymine dimers (TT), the most 

frequent type of UV damage (Mitchell et al., 1992; Cadet et al., 2005). Other pyrimidine dimers 

(CT, TC and CC) could be also formed, although at much lower frequencies (Mitchell et al., 

1992). According to our observations, the bathochromic shift potentially conferred by a sequence 

rich in G and C should also confer better UV protection by proteins, particularly those rich in 

aromatic amino acids, such as tryptophan (see below discussion on ubiquitously occurring 

potential UV screens). Therefore, in an attempt to understand the relationship between 

nucleotide frequencies and absorption, we measured VUV-UV absorption spectra for equimolar 

mixtures of complementary sense and antisense strands for synthetic, protein-encoding DNA that 

contained 30%, 50% and 63% G+C (see Fig. 7 in Article 3, chapter 9). In spite of their different 

nucleotide composition and sequences, these 60-mer oligonucleotides encoded the same 

polypeptide chain. We observed no major qualitative differences in VUV-UV absorption spectra 

among these synthetic protein-encoding oligonucleotides. However, these spectra revealed a 

smaller bathochromic shift in region I, which correlated with increasing G+C content of 

synthetic oligonucleotides. For instance, the maximum of absorption at 262 nm was detected for 

30%, at 264 nm for 50% and at 268 nm for 63% of G+C content. At 63% G+C content, peak I 

was also broader. Nevertheless, these results revealed that differences in the total G+C content in 

synthetic, protein-encoding DNA had relatively small effect on the UV absorption spectra, while 

the extreme G+C content of synthetic homopolymeric DNA tracts had an important influence.  

 

Concluding remarks (1) 

 

From the observations discussed above, we concluded that the overall (genomic) G+C 

content might have a lesser effect on the UV absorption properties of DNA. In contrast, local 

nucleotide sequence and G+C content might alter UV absorption in noncoding regions of 

genomic DNA, where sequences are often repeated. In many eukaryotes, a vast majority of the 

genome is noncoding DNA (e.g. in humans it represents >98% of the genome; Elgar & Vavouri, 

2008). Much of this DNA has still unknown biological function and is sometimes referred to as 

“junk” DNA. Some of noncoding DNA sequences are found to be important in regulation of 
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transcription and translation processes (Ludwig, 2002). Other noncoding sequences have likely 

but as-yet undetermined function. It is widely accepted that evolutionary forces drive the 

architecture of organisms’ genomes (Elgar and Vavouri, 2008). The noncoding sequences 

appeared to be under strong selective pressure (Ludwig, 2002). Therefore we propose that 

adaptation of DNA sequences to particular UV environments and available UV screens (for 

details see below) could be one of the functions of this noncoding “junk” DNA in higher 

organisms. 
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13. THE VUV-UV ABSORPTION PROPERTIES OF UV SCREENING 

COMPOUNDS 

 

Highly energetic solar UV radiation was likely an obstacle to the emergence and expansion 

of life on the early Earth. Organisms evolved different mechanisms for resisting UV radiation, 

including the synthesis of UV screens, which provide a first line of defence against UV radiation. 

The protection is passive, since UV screens absorb incident photons and dissipate their energy 

away from potential cellular targets. Chromosomal DNA is localised in the interior of cells, as 

far as possible from incident light, and it is surrounded by cellular substances that may protect 

against UV (see Fig. 20, chapter 1, section 3.3.4.2.2.). Although extraterrestrial solar emission 

intensity declines steeply toward short wavelengths, VUV and UV-C radiation represent the 

most biologically damaging parts of the UV spectrum due to the high energies carried by these 

photons. DNA strongly absorbs in the VUV and UV-C part of the spectrum (regions I, II and III; 

for details see above). We assume that an ideal UV screen would absorb UV radiation in a 

manner similar to DNA. Therefore, according to the degree of VUV-UV spectral similarity 

between UV screens and the DNA, we evaluated potential UV screening efficiency of different 

substances. 

 

13.1. Potential, ubiquitously occurring UV screens 

 

Biological molecules of all sorts absorb UV light. They are thus potential UV screens, as 

well as targets for photodestruction. Here we examined the VUV-UV properties of selected 

organic compounds that occur in all organisms, including nucleotide monomers, proteins, amino 

acids and amines (polyamines and tyramine). These compounds have various structural and 

functional roles in cells, but beside their primary roles, some of them may be involved in the 

protection of genetic material by screening deleterious UV radiation. In the present study, we 

call such molecules “potential” UV screens, because they do not fulfil all the criteria that 

characterize true screens, here termed the “specialized” UV screens (for criteria see chapter 1, 

section 3.3.4.2.2.). Since these compounds are omnipresent in all phylogenetic branches of all 

three kingdoms (archaea, eubacteria and eukarya), there is a good reason for their presence in the 

first cells emerging on Earth, when the intensity and spectral quality of UV radiation were likely 

different from that experienced today. A simple life form could consist of DNA and the 

molecules it encodes, which would replicate DNA and protect it from UV radiation. The 
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simplest UV screen for DNA would thus be nucleotide monomers, RNA, free amino acids and 

proteins.  

 

Nucleotides are the monomer units of nucleic acids (DNA and RNA). They are composed 

of nucleic base, ribose sugar and phosphate moiety (see Fig. 1 in Zalar et al., 2007a, part I, 

chapter 3, sections 1. and 2.1.). They also play important roles in energy metabolism and cell 

signalling processes. Free nucleotides are therefore abundant in all prokaryotic, as well as 

eukaryotic cells. Here we suggest that unpolymerized nucleotides can also act as potential, 

ubiquitously occurring UV screens. We therefore determined VUV-UV absorption spectra for 

four monomer nucleotides (monoA, monoG, monoT and monoC) and compared them with the 

absorption spectrum of genomic DNA (see Fig. 4 in Article 1, chapter 9). All four types of 

nucleoside triphosphates exhibited peaks in the 253-290 nm region and in the 135-232 nm 

region. We found that VUV-UV absorption spectra of free nucleotides were similar regardless of 

a degree of phosphorylation (nucleoside 5’-monophosphates and nucleoside 5’-triphosphates) or 

hydroxilation of ribose moiety (ribonucleoside  and 2’-deoxyribonucleoside triphosphates) (our 

unpublished data). Among the four nucleotides, adenine monunucleotide (ATP) had the 

absorption curve that best matched that of genomic DNA, showing a peak at about 261 nm 

(region I) and poorly resolved peaks at 159, 192 and 210 nm (region II). ATP is an essential 

molecule in all contemporary cells, acting as a primary energy currency in all known living 

organisms. Therefore, cells contain relatively high amounts of ATP. Adenine nucleic base is one 

of the most frequently found heterocyclic compounds in the world of modern biochemistry 

(Maurel et al., 1996). In addition, the importance of adenine nucleic base in possible prebiotic 

chemistry on primitive Earth has been discussed by many authors (Oró, 1960; Oró`, 1961; Oró 

and Kimball, 1961; Maurel et al., 1996; Vergne et al., 2000; Orgel, 2004; Lagoja and Herdewijn, 

2005; Roy et al., 2007). Adenine derivatives might have played an important role in the 

emergence of the first genetic system and in the formation of possible prebiotic catalysts (Maurel 

et al., 1996; Vergne et al., 2000). It seems that adenine can be synthesised in interstellar space, 

since it was detected, together with other organics of prebiotic importance, in cometary dust 

(Krueger and Kissel, 1987; Cottin et al., 1999). Adenine was also found in meteorites (Stoks and 

Schwartz, 1981; Botta and Bada, 2002). Here we suggest that during the early history of life on 

Earth, when emerging life was possibly exposed to a high flux of energetic UV radiation, 

primitive cells might have used ATP, in addition to its role in intracellular energy transfer and 

synthesis of nucleic acids, as an ancient UV screen.  
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Proteins are macromolecules composed of amino acid monomers. They have catalytic, 

structural, mechanical and regulatory functions. Although proteins are themselves a sensitive 

target for UV radiation, some of them assist in coping with UV damage to DNA. For instance, 

some proteins play an important role as enzymes that efficiently repair DNA damage (Britt, 

1996; Tuteja et al., 2001; Sinha and Häder, 2002). Other proteins are capable of interacting with 

DNA, what leads to large structural changes in the DNA molecule, turning it into more compact 

structures that are less prone to damaging agents. One group of such proteins are histones, which 

are small positively charged DNA-binding proteins, abundant in all eukaryotic cells. Analogous 

proteins with a similar function in bacteria are so-called histone-like proteins (Drlica and 

Rouviere-Yaniv, 1987). In the present study, we intended to examine whether proteins can 

protect DNA, acting as efficient ubiquitous UV screens. Comparing the VUV-UV absorption 

spectra of histones and bovine serum albumin, BSA (a small, neutral non-binding protein) to that 

of genomic DNA, we found that the UV-screening protection of DNA by proteins would be less 

obvious than that provided by the other ubiquitously occurring potential UV screens (e.g. free 

nucleotides, as discusses above). Both proteins had very similar VUV-UV absorption spectra and 

they showed a characteristic, but weak protein peak at 280 nm (region I), which was visible only 

in highly concentrated samples (see Fig. 5 in Article 1, chapter 9). Since proteins absorb strongly 

in region II (peaks at 192 nm and 170 nm) and region III (absorption continuously increases 

towards the short wavelengths), we suggested that they would provide relatively good screening 

protection to DNA exposed to highly energetic VUV radiation. In contrast, due to weak 

absorption in region I and the bathochromic shift of the protein peak (280 nm), compared to the 

corresponding peak in DNA (264 nm), we concluded that proteins would provide relatively poor 

UV-C screening protection to DNA, unless the concentration of the screen is so high that the 

target is protected even at absorption minima. We presume that such a nonspecific opacity to UV 

radiation would be less efficient than that afforded by a well-matched UV screen.  

 

Free amino acids may also have some role in UV protection. Amino acids might have been 

involved in the prebiotic chemistry on the early Earth (Miller, 1953; Miller and Urey, 1959; 

Dyson, 1985; Kobayashi et al., 1998). Some amino acids are found in meteorites, indicating that 

they can be synthesized in extraterrestrial environments (Cronin and Pizzarello, 1983; Botta and 

Bada, 2002). Among 20 proteinogenic amino acids, we have studied VUV-UV absorption 

spectra of four representatives of different amino acid classes: arginine (basic amino acid), 

aspartic acid (acidic amino acid), valine (hydrophobic amino acid with aliphatic side chain) and 

tryptophan (hydrophobic amino acid with aromatic side chain) (for chemical structures see Fig. 1 

in Article 1, chapter 9). The spectra showed that potential protection of DNA in the VUV part of 
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spectrum (regions II and III) is the common feature of selected amino acids (see Fig. 6 in Article 

1, chapter 9). However, these amino acids, with the exception of the aromatic amino acid, 

tryptophan, would not provide efficient UV screening protection to DNA in region I. Tryptophan 

has a prominent, broad peak at 287 nm, with a shoulder at 272 nm, but due to the bathochromic 

shift relative to DNA peak at 264 nm, we assumed that it would be less suitable UV screen than 

for instance ATP, unless it occurs in high concentrations. It is interesting to note that among the 

three proteinogenic aromatic amino acids (tryptophan, tyrosine and phenylalanine), tryptophan is 

known to have the highest molar extinction coefficient at the maximum of absorption (λmax), and 

therefore, the absorbance of proteins in the UV-B region is primarily determined by the 

tryptophan residue and to a lesser extent by the other two aromatic amino acids. Consequently, 

the absorbance of proteins at 280 nm is approximately proportional to the number of tryptophan 

residues (Cockell and Airo, 2002). Nevertheless, comparing the percentages of amino acids in 

the total proteomes of organisms belonging to all three kingdoms (archaea, eubacteria and 

eukaryotes), aromatic amino acids make up about 8-9%, and of all three aromatic amino acids, 

tryptophan has the lowest mean abundance (1-1.3%). However, some proteins, such as a light 

exposed enzyme, photolyase (see chapter 1, section 3.3.4.3.) contain higher percentages of 

tryptophan residues (Cockell and Airo, 2002). Proteins rich in aromatic amino acids are also 

found in the Bacillus subtilis spore coat, where they are thought to play a part in UV resistance 

(Driks, 1999; Riesenman and Nicholson, 2000). This inspired our idea that protein engineering 

might be used to improve UV protection in vivo. Proteins enriched in tryptophan might provide 

better protection to DNA, especially those segments rich in G+C base pairs.  

 

Polyamines are another group of potential UV screens that we considered here. They are 

small, polycationic molecules, present in all prokaryotic and eukaryotic cells. Polyamines play 

important roles in the regulation of cell growth and differentiation (Tabor and Tabor, 1984; 

Smith, 1985; Martin-Tanguy, 2001). In cells, they interact with negatively charged molecules, 

such as nucleic acids, proteins and membrane phospholipids (Martin-Tanguy, 2001). Similarly to 

histones, polyamines enable folding of DNA and they stabilize condensed DNA conformations 

(Flink and Pettijohn, 1975; Tabor and Tabor, 1984). Polyamines are found to correlate with 

increased resistance to radiation and hydrolysis of nucleic acids (Baeza et al., 1992). Since they 

are relative simple, nitrogen-containing aliphatic molecules, and they are ubiquitously present in 

all contemporary organisms, we assumed that polyamines or similar molecules might exist in the 

primitive cells. Baeza et al. (1992) proposed polyamines, such as spermidine, as plausible 

prebiotic DNA condensing agents, and they considered possible roles of the polyamine-nucleic 

acid complexes in the evolution of life. Therefore, in the present work, we also investigated 
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whether polyamines could protect DNA from high fluxes of solar UV radiation, acting as UV 

screens in primitive cells. Here we examined the VUV-UV absorption properties of three major 

and ubiquitously occurring polyamines, putrescine, spermidine and spermine (for their chemical 

structures see Fig. 1 in Article 1, chapter 9). Their VUV-UV absorption spectra revealed high 

absorption below 180 nm (see Fig. 7 in Article 1, chapter 9). Thus, they would probably protect 

DNA from VUV radiation. In contrast, polyamines do not absorb in region I, and thus alone they 

would not provide necessary protection by screening from UV-C and UV-B radiation. However, 

in plant cells, polyamines often occur as conjugates with hydroxycinnamic acid and its 

derivatives, which carry an aromatic ring that is a good UV absorber (Martin-Tanguy, 1985; 

Martin-Tanguy et al., 1991) (for details see chapter 1, section 5.2.1. and Table 1 in section 5.). 

We assume that such conjugated forms of polyamines would improve the UV-screening 

potential, particularly in region I. An interesting finding is that polyamines accumulate in plant 

cells as a result of different biotic and abiotic stresses, and their synthesis can be induced by UV-

B and UV-C radiation (Martin-Tanguy, 2001; An et al., 2004).  

 
In addition to these aliphatic amines, we also examined the VUV-UV properties of 

tyramine, an aromatic amine that is found to occur in all prokaryotic and eukaryotic organisms 

(for its chemical structure see Fig. 1 in Zalar et al., 2007a, part I, chapter results, sections 1. and 

2.1.). The VUV-UV absorption spectrum of tyramine is presented in Fig. 7 in Article 1, chapter 

9. Tyramine absorbs strongly in region III, but it also exhibits a prominent absorption peak at 

198 nm and shoulder at 221 nm. In addition, tyramine absorbs strongly at 282 nm, with a 

shoulder at 267 nm. Therefore we concluded that besides region III, tyramine would provide 

relatively good protection in both DNA absorption regions I and II, especially for DNA rich in 

G+C base pairs.  

 

Concluding remarks (2) 

 

Based on degree of similarity of VUV-UV absorption spectra between DNA and different 

ubiquitously occurring putative UV screens that we examined here, we concluded that free 

nucleotides, particularly adenosine 5’-triphosphate (ATP) would best protect DNA from incident 

UV light throughout the DNA absorption spectrum. We suggest that in primitive cells evolving 

on early Earth, the use of ATP in UV protection might have been as important as the its role in 

building up the genetic material and its function in energy transfer.  
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13.2. Known specialized UV screens 

 

It is generally considered that the selective pressure of UV radiation in surface habitats had 

an important influence on the evolution of the organisms able to synthesize efficient UV-

screening and energy-quenching substances to protect their vital molecules such as DNA and 

proteins (Marcano et al., 2006). Photosynthetic organisms are particularly susceptible to UV-

induced damage due to their need for capturing the sunlight as the ultimate source of energy for 

their survival. In contrast to ubiquitously occurring substances that are constitutively synthesized 

in all living cells, in which, besides their primary roles, they can putatively act as unspecific UV 

screens, many surface-inhabiting organisms synthesise specific chemical compounds that are 

highly efficient in filtration of deleterious UV wavelengths. Most of these specialized UV 

screens use the UV absorbing properties of π-electron containing chromophores (e.g. conjugated 

bonds in linear chains and aromatic structures) to screen UV radiation (Cockell and Knowland, 

1999). The synthesis and accumulation of these specialized UV screens is usually triggered by 

the exposure of the organism to UV radiation (Garcia-Pichel et al., 1992; Garcia-Pichel and 

Castenholz, 1993; Dixon and Palva, 1995; Cockell and Knowland, 1999; Castenholz and Garcia-

Pichel, 2000; Treutter, 2006). Since the unspecific, potential UV screens, such as nucleotides, 

amino acids, proteins and polyamines (see discussion above) are usually dissolved in cytosol or 

are found in close interaction with chromosomal DNA, one of their main disadvantages is that 

they possibly carry a risk of transferring the absorbed energy directly to the molecular targets, 

causing photosensitization rather than protection. Therefore the need to have a spatial distance 

between the screen and the target DNA has likely contributed to the evolution of cells with 

specialized UV screens accumulated in extracellular structures, such as cell walls, coats, capsules 

and sheaths.  

 

Here we discuss the VUV-UV absorption properties of different known specialized UV 

screens, including mycosporine-like amino acids (MAAs), scytonemin, β-carotene, melanin and 

flavonoids, which were isolated from phylogenetically distinct groups of organisms. Using 

similarity with the DNA absorption spectrum, we evaluated the likely effectiveness of these 

molecules in shielding DNA damaging solar UV radiation. All of these UV screens examined 

absorbed in the vicinity of DNA absorption regions I, II and III, mostly due to the presence of 

more or less complex aromatic ring structures (for the chemical structures see Fig. 21 in chapter 

1, section 3.3.4.2.2.). Their particularities in VUV-UV absorption characteristics are discussed 

here below. 
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The MAAs are a group of structurally diverse, intracellular, colourless compounds, which 

accumulate in response to UV in certain cyanobacteria and algae, but they are also found in some 

heteroptrophic bacteria, fungi, lichens and in a variety of marine invertebrates and vertebrates 

(Castenholz and Garcia-Pichel, 2000; Shick and Dunlap, 2002). For more details about MAAs 

and their chemical structures, see chapter 1, section 3.3.4.2.2. MAAs are reported to have a high 

molar extinction coefficient in the UV part of the spectrum, exhibiting a single peak with 

maximum of absorption between 310 and 360 nm (Sinha et al., 1998; Castenholz and Garcia-

Pichel, 2000; Shick and Dunlap, 2002). The exact wavelength position of the absorption peak 

depends on the chemical structure of the particular MAA. In this work, we analysed VUV-UV 

absorption spectra of two compounds, identified as palythine and porphyra-334 that were 

isolated from marine red alga Corallina officinalis. These two substances are typical MAAs, 

found in many algae and phytoplanktonic organisms (Sinha et al., 1998). Both MAAs showed 

qualitative spectral similarities (see Fig. 2 in Article 2, chapter 9). VUV-UV spectra in the thin, 

solid films revealed a prominent, broad peak at about 335 nm for porphyra-334 and one weak 

peak at 320-330 nm for palythine. These absorption characteristics correlated with published 

spectra of porphyra-334 and palythine in solution (Sinha et al., 1998; Xiong et al., 1999). The 

absorption spectra indicated that porphyra-334 would provide better protection in the UV-B/UV-

A region than palythine due to its stronger absorption. In Corallina officinalis extracts we 

identified only these two major MAAs, but other organisms are likely to synthesize several types 

of MAAs with overlapping maxima of absorption, thus screening more broadly in the UV-A and 

UV-B wavelength range (Cockell and Knowland, 1999). Furthermore, we were interested to 

investigate the absorption properties of MAAs below 200 nm, which were before this study 

practically unknown. Porphyra-334 showed a weak peak at 192 nm and a well resolved peak at 

164 nm, while palythine exhibited peaks at 195 nm and 164 nm. Our results indicated that 

MAAs should screen DNA from VUV radiation (region II and III). However, we concluded that 

MAAs are not well suited for providing efficient screening in the UV-C part of the spectrum, 

since they did not absorb the wavelengths between 230 and 300 nm (region I). This would not be 

relevant for present-day biota, since solar UV-C wavelengths, in contrast to UV-A and UV-B, do 

not reach the surface of Earth. However, because of their relatively simple chemical structure, 

and due to their occurrence in a wide range of phylognenetic taxa, which occupy large 

geographic ranges, one could assume that MAA-like compounds would exist in early evolving 

organisms. On the other hand, if unfiltered, highly energetic solar UV-C radiation was 

experienced on Earth during early evolution of life, then it would be difficult to imagine that 

these organisms used MAA-like screens to protect their genetic material against UV damage, 
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unless MAAs were complemented with some other type of screening pigment. Indeed, this 

phenomenon is observed in contemporary cyanobacteria, in which MAAs are often 

complemented with scytonemin pigment (see discussion below). 

 

 

Scytonemin is a yellow to brown, extracellular pigment found in many cyanobacteria. The 

almost exclusive photoautotrophic mode of growth of cyanobacteria requires that they survive in 

habitats exposed to sunlight, including the visible part of the spectrum, but also UV radiation. 

Upon exposure to UV-A light, cyanobacteria synthesise large amounts of scytonemin, which acts 

as a specialized UV screen deposited in cyanobacterial sheaths (Castenholz and Garcia-Pichel, 

2000). Due to its relatively complex ring structure (see Fig. 13, in chapter 1, section 3.3.4.2.2), 

scytonemin exhibits a specific UV absorption pattern (Proteau et al., 1993). The published 

absorption spectra measured in solution revealed that scytonemin absorbs most efficiently at the 

longest wavelengths of the UV spectrum, exhibiting a remarkably prominent and broad peak at 

386 nm (UV-A region), in addition to a second prominent peak at 252 nm (UV-C region), and 

other smaller, fused peaks at 278 nm and 300 nm, as well as at 212 nm (Proteau et al., 1993; 

Sinha et al., 1998). Our absorption study of scytonemin dry films provided the insight in yet 

unknown absorption properties of this pigment below 200 nm (see Fig. 2 in Article 2, chapter 9). 

The VUV-UV absorption spectrum confirmed a reported absorption peak at 253 nm, although it 

was quite weak. In addition, one prominent peak at 195 nm, and a steep increase in absorption 

toward 125 nm were also observed. The UV absorption spectra of scytonemin in the dry state 

may be relevant for desiccation-tolerant cyanobacteria that are capable of surviving in harsh 

environments, such as hot or cold deserts, used sometimes as analogues for extraterrestrial 

environments (e.g. Mars) (Liu et al., 2008). Comparing the absorption spectra of scytonemin and 

DNA, we concluded that scytonemin in the dry state would provide efficient protection to DNA 

in regions II and III (VUV), but to a lesser extent in region I (UV-C), due to its weaker 

absorption and the hypsochromic shift of the maximum of absorption of about 10 nm. Thus, the 

major protection of scytonemin would be provided in the UV-A part of the spectrum, where 

DNA does not absorb, but other molecules do, leading possibly to the formation of ROS and 

indirect damage to DNA. In contrast, scytonemin would screen relatively poorly in the UV-B 

region, and thus providing less protection to the proteins. That is why in many contemporary 

cyanobacteria, scytonemin occurs together with MAAs, which are good UV-B absorbers (see 

discussion above). Cyanobacteria belong to an ancient phylogenetic group of phototrophic 

organisms, and their microfossils possibly date as far as 3.5 Ga ago, when the early Earth’s 

atmosphere was likely poor in ozone that protects present-day Earth from energetic UV 
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radiation. The occurrence of scytonemin in species belonging to every major taxonomic group of 

cyanobacteria suggests that scytonemin production might precede the phylogenetic 

diversification of cyanobacteria, presumably in the Precambrian. Nevertheless, our observations 

led us to conclude that scytonemin, if it occurred in ancient cyanobacteria, would probably not 

be alone sufficient to protect cells from unfiltered UV radiation at the early Earth. Similarly to 

contemporary cyanobacteria, ancient cyanobacteria thus might have used some complementary 

UV screens in addition to scytonemin. Alternatively, they might have used another kind of 

efficient, well-suited UV screen, which was lost in present-day cyanobacteria due to the decline 

in UV selective pressure during the course of evolution. In addition, matting habits, known to be 

used in present-day cyanobacteria as one of the strategies for coping with UV radiation, might 

have also been used by the ancient cyanobacteria to attenuate the high fluxes UV radiation 

probably experienced on Archean Earth. 

 

Beside genetic material and proteins, photosynthetic pigments are also susceptible to UV 

damage, leading to pigment bleaching (Garcia-Pichel, 1998; Sinha and Häder, 2002). 

Chlorophyll a is a universal photosynthetic pigment, present in all organisms that carry out 

oxygenic photosynthesis, including cyanobacteria (Ke, 2001a). Our UV-VIS absorption spectra 

measured in ethanol solution showed that chlorophyll a absorbs strongly in the visible part of the 

spectrum at 410 nm and 660 nm (spectra not shown). Extending the absorption spectra into the 

VUV-UV region, we showed that chlorophyll had absorption maxima at 295 and 193 nm, with 

an inflection at 250 nm. The absorption of chlorophyll a increased towards the lower, as well as 

the upper end of measured VUV-UV spectra. Since the scytonemin VUV-UV absorption curve 

matched that of chlorophyll a (see Fig. 8 in Article 3, chapter 9), we concluded that scytonemin 

would likely protected chlorophyll a by screening it from the incident UV light. On the other 

hand, we assumed that due to a strong and broad-band absorption of scytonemin in UV-A (λmax 

= 386 nm), this cyanobacterial UV screening pigment would probably interfere with the 

absorption of chlorophyll a at 410 nm. This overlapping in absorption could reduce the 

effectiveness of chlorophyll a in harvesting sunlight. This might be the reason why contemporary 

cyanobacteria, in parallel to chlorophyll a, use another chlorophyll-type pigment with a red-

shifted absorption spectrum (chlorophyll d), as well as some accessory pigments, such as 

phycobilins and carotenoids (Ke, 2001a; Larkum and Kühl, 2005). These additional light-

harvesting pigments may complement chlorophyll a by absorbing the photons that are not 

captured, and transferring their energy to chlorophylls. The role of carotenoids as accessory 

photosyntehtic pigments is discussed below.  
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Carotenoids are lipid-soluble pigments, synthesized by all photosynthetic organisms and 

some heterotrophic bacteria and fungi (Armstrong and Hearst, 1996). Carotenoids belong to a 

group of tetraterpenoids that contain a long polyene chain, terminated by six-member carbon 

rings. Their chemical structures and the fact that their synthesis is induced by UV radiation, 

reaching relatively high concentrations in cells, indicated that carotenoids may be involved in 

UV screening protection (Cockell and Knowland, 1999). Therefore, we analysed the UV 

absorption properties of β-carotene, a typical representative of carotenoids that is widespread in 

many photosynthetic organisms, including plants, algae and cyanobacteria.  

 

Our UV-VIS spectrum of β-carotene in solution (ethyl-acetate) coincided with previously 

published spectra (Miller et al., 1935; Lichtenthaler and Buschmann, 2001), exhibiting a broad 

and complex absorption band, composed of two strong maxima of absorption at 450 and 478 nm, 

a shoulder at 430 nm, and one poorly resolved peak at 330 nm (spectra not shown). The spectra 

revealed that β-carotene, similarly to other carotenoids, absorbs mainly in the visible part of the 

spectrum (blue light), with an extension into the UV-A (Zscheile et al., 1942; Lichtenthaler and 

Buschmann, 2001). On the other hand, the UV absorption characteristics of carotenoids below 

200 nm are still not well known. Therefore, in the present study we extended the absorption 

spectrum of β-carotene into the VUV region. According to the literature, the role of carotenoids 

in UV screening remains still quite controversial (Cockell and Knowland, 1999 and references 

therein). Therefore, by analyzing the VUV-UV absorption spectrum of β-carotene and 

comparing it to that of DNA, we aimed to evaluate the putative UV screening effectiveness of 

carotenoids (see Fig. 4 in Article 2, chapter 9). Dry films of β-carotene exhibited a prominent 

peak at 195 nm, with steeply increasing absorption towards the lower end of the spectrum (125 

nm). In addition to β-carotene, we also measured the absorption spectra of one carotenoid 

compound that was extracted from UV-A irradiated cells of the cyanobacterium, 

Chroococcidiopsis. This substance was putatively assigned to the carotenoid, lycopene, 

according to the similarities between our UV-VIS spectra measured in ethyl-acetate solution 

(λmax = 505, 472 and 450 nm; λmin = 490 and 455 nm) and that reported by Miller et al. (1935). 

Similarly to β-carotene, the VUV-UV spectra of putative cyanobacterial lycopene showed one 

prominent peak at 197 nm, and steeply increasing absorption toward the lower end of the 

measured spectrum (spectra not shown). These observations indicated that carotenoids would 

provide screening protection to DNA only in the VUV (region I and II), but they would not 

screen from UV-C and UV-B radiation. We assume that only highly concentrated β-carotene 

would provide some attenuation of the high-wavelength end of UV-C radiation, but the effective 

screening protection to DNA would be probably very small, due to weak absorption and a 
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bathochromic shift of the peak at 277 nm, compared to the DNA peak at 264 nm. β-carotene 

might provide better protection to proteins rather than the DNA, since the local maximum of 

absorption for β-carotene (277 nm) matches that for proteins (280 nm), so that we consider that 

to accomplish adequate UV screening protection to proteins, β-carotene should accumulate in 

relatively high concentrations. Therefore, our results are consistent with the general opinion that 

carotenoids play an important role in photoprotection, but acting indirectly as efficient 

antioxidants and free radical quenchers, rather than passive UV screens (Krinsky, 1979; Cockell 

and Knowland, 1999). Their role in quenching ROS might have evolved during the early history 

of life on Earth, when levels of atmospheric oxygen started to increase. The earliest phototrophic 

organisms might have used carotenoids or similar pigments to cope with toxic by-products of 

oxygenic photosynthesis (Cockell and Knowland, 1999). Carotenoids are also shown to be 

important factors in protection of photosynthesis against UV-B damage (Götz et al., 1999). This 

effect is mostly attributed to their antioxidative ability. Therefore, in the present work, we also 

examined whether carotenoids might provide UV screening protection to photosynthesis. The 

photosystem (PS) II reaction centres of plants, algae and cyanobacteria are know to be primary 

targets of UV damage (Renger et al., 1989; Frisco et al., 1994; Campbell et al., 1998). If present 

in high concentrations, β-carotene might provide some UV screening protection to protein 

component of PS II. UV radiation can also induce bleaching of photosynthetic pigments, such as 

chlorophylls that are part of PS I and II (Garcia-Pichel, 1998; Sinha and Häder, 2002; Wynn-

Williams and Edwards, 2002). Comparing the VUV-UV spectra of β-carotene and putative 

cyanobacterial lycopene with those of chlorophyll a and b (see Fig. 10 in Article 3, chapter 9), 

we found that carotenoids would provide good UV-screening protection in the VUV, since the 

absorption spectra of these four pigments are matched perfectly below 200 nm. However, 

carotenoids would be probably inefficient in the protection of chlorophylls by screening from 

UV-C, UV-B and UV-A parts of the spectrum. In addition, the absorption characteristics of 

carotenoids in the visible part of the spectrum revealed that their broad absorption bands overlap 

partially with the chlorophyll a absorption peak at 410 nm and entirely with the chlorophyll b 

absorption peak at 450 nm (spectra not presented). This observation can be correlated with the 

fact that carotenoids do not shade chlorophylls, but rather transfer captured light energy to 

chlorophylls, contributing to photosynthesis as accessory pigments (Ke, 2001b). 
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Melanins are known UV screening compounds that are widely distributed in animal 

kingdom, but they are also found in some eubacteria, fungi and plants (Hinojosa-Rebollar et al., 

1993; Césarini, 1996; Riley, 1997). In animals, melanins are accumulated in specialized cells, 

melanocytes, located in the skin, hair, and in extracutaneous tissues (Césarini, 1996; Cockell and 

Knowland, 1999). Two classes of melanins, eumelanins (brown-black pigment) and 

pheomelanins (yellow-reddish) represent highly complex substances, containing indoles and 

other intermediate products derived from the oxidation of tyrosine (Pezzella et al., 1997; 

Wakamatsu and Ito, 2002). The chemical structures of main building blocks of melanins are 

presented in Fig. 13D, chapter 1, section 3.3.4.2.2. The exact chemical structure of melanins is 

still unknown, since these highly irregular polymers and usually bound to lipids and proteins, 

and organized into nanoaggregates (Pezzella et al., 1997; Meredith et al., 2006). In some cells, 

melanins are synthesized constitutively, but their synthesis can be also induced by UV radiation 

(e.g. sun tanning of skin).  

In this study we also examined the VUV-UV spectra of dry films of eumelanin, which 

revealed monotonous, almost linear increase in absorption throughout the spectrum from 340 nm 

to 145 nm, below which the absorption climbed steeply towards the lower end of the measured 

spectrum see Fig. 4 in Article 2, chapter 9). This almost featureless absorption curve probably 

results from a highly complex melanin structure in which a diversity of absorbance maxima of 

the π to π* electron transitions overlap (Cockell and Knowland, 1999; Meredith et al., 2006). 

Therefore, we concluded that melanins would provide efficient, but unspecific UV screening 

protection to biological material (e.g. DNA and proteins), filtering out unselectively all UV 

wavelengths. However, melanins also attenuate, although to a lesser extent, the visible part of the 

spectrum, particularly violet and blue light (UV-VIS spectra of melanin in solution are not here 

presented). Therefore, melanins are less suited UV screens for photosynthetic organisms, which 

depend on photosynthetic pigments, such as chlorophyll, that capture visible light in the blue and 

orange-red part of spectrum.  

 

Besides their photoprotective function, melanins also act as efficient antioxidants and free 

radical scavengers (Césarini, 1996; Riley, 1997). In animals, they play an important role in 

camouflage and adornment. Very curious is also a property of melanins that can act as intrinsic 

semiconductors, transforming one kind of energy, for instance light energy, into electrical energy 

or heat (Césarini, 1996). Therefore, melanins are also important in the thermoregulation of some 

organisms (Césarini, 1996; Riley, 1997). Nevertheless, the evolutionary importance and possible 

presence of melanins in the early stages of life on Earth is still unclear. Césarini (1996) 

suggested that melanins might be present in early life forms, such as archaeobacteria or 
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thermoresistant eubacteria. In spite of the fact that melanins play multiple roles and that they also 

occur in prokaryotic organisms, we consider, however, that melanins would be a relatively late 

evolutionary invention due to their high chemical complexity, requirements for oxygen 

dependent life (the synthesis of melanins involves oxidative processes), and incompatibility with 

light-harvesting photosynthetic pigments. 

 

Flavonoids are a large group of phenolic compounds that, together with some other 

phenolics (e.g. esters of hydroxinamic acid), act as important specialized UV screens in plants 

(Dixon and Palva, 1995; Parr and Bolwell, 2000; Kliebenstein, 2004). Flavonoids are 

synthesized from phenylalanine amino acid through the phenylpropanoid pathway (for details 

about the chemical structure and biosynthesis of flavonoids see introduction chapter, section 

5.1.). Their accumulation in plants is stimulated in response to UV radiation, and mutants plants 

lacking flavonoids show increased sensitivity to UV light (Li et al., 1993; Fiscus et al., 1999). 

Besides a direct photoprotective role, flavonoids also play an important role as antioxidants and 

free radical scavengers (Parr and Bolwell, 2000; Beutner et al., 2001). They constitute an 

important factor of plant resistance to various biotic and abiotic stresses (see introduction 

chapter, section 5.1.3.).  

Therefore, we were interested to study VUV-UV absorption properties of different 

flavonoid compounds and to determine their likely effectiveness in UV screening protection. In 

the present study, we extended for the first time the absorption spectra of flavonoids below 200 

nm. Our VUV-UV spectra revealed the absorption properties of flavonoids in the dry state that is 

relevant for mimicking the conditions in dry seeds, which generally contain less than 10% water. 

We measured VUV-UV absorption spectra of four flavonoid chemical standards, including 

quercitrin, isoquercitrin, robinin and catechin, of which the first three are glycosilated 

representatives of flavonoids (flavonol class) (for chemical structures see Fig. 13, chapter 1, 

section 3.3.4.2.2.). The last one is flavonoid aglycone (flavan-3-ol class), which is a monomer 

unit of proanthocyanidins (PAs), also called condensed tannins. Among all plant organs, seeds 

accumulate remarkably large amounts of flavonoids. Arabidopsis seeds contain high 

concentrations of quercitrin (quercetion-3-O-rhamnoside) and PAs (Lepiniec et al., 2006; 

Routaboul et al., 2006). PAs are concentrated exclusively in the seed coat, which protect genetic 

material carried by embryo (Lepiniec et al., 2006; Routaboul et al., 2006). The concentration of 

flavonoid UV shields in the seed coat would distance the screen from target DNA carried in the 

plant embryo, facilitating transfer of the energy absorbed without harm to the target biological 

molecules. 
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Our VUV-UV absorption spectra for all three glycosilated flavonoids revealed a 

remarkable high level of similarity with that of DNA (see Fig. 5 in Article 2, chapter 9). These 

flavonoids absorb efficiently in the UV-C part of the spectrum, covering with their broad 

absorption peaks (λmax=269 nm for robinin and λmax=258 nm with shoulder at 270 nm for 

quercitrin and isoquercitrin) almost perfectly the DNA region I (264 nm). In addition, the 

absorption spectra also showed prominent and broad peaks in DNA region II (λmax=199 nm for 

robinin and λmax=204 nm for quercitrin and isoquercitrin), as well as a steep increase in 

absorption towards the lower end of spectrum (region III). Therefore, we concluded that 

glycosilated flavonoids would act as ideal UV screens, providing efficient screening protection 

to DNA from incident UV light throughout the DNA absorption spectrum (VUV and UV-C 

wavelengths). Although DNA does not absorb in UV-A region, other molecules that are 

photosensitizers do absorb, causing a potential threat to DNA via indirect oxidative damage. The 

VUV-UV absorption spectra of glycosilated flavonoids showed a steep increase in absorption 

towards the upper end of the spectrum (340 nm). This agreed with the spectra measured by 

conventional UV spectroscopy in solution, as well as in dry films, showing that glycosilated 

flavonoids are also good absorbers (broad peaks at about 335 nm), thus efficient screening 

protectors in UV-A part of spectrum.  

 

Catechin showed different VUV-UV absorption profile, compared to glycosilated 

flavonols (see Fig. 5 in Article 2, chapter 9). However, polymerisation of catechin monomer 

units into PAs did not alter the VUV-UV absorption properties (spectra not shown). In 

Arabidopsis seeds, PAs are composed of epicatechin, instead of catechin monomer units. 

Nevertheless, these two stereoisomers did not differ in their VUV-UV absorption profile (spectra 

not shown). In contrast to glycosilated flavonols, catechin and condensed tannins do not absorb 

in the UV-A region, and they absorb poorly in the UV-C, showing the local minima at 256 nm. 

This indicated that catechin would not be a good screening protector for DNA in region I. Since 

catechin and PAs are strong antioxidants and ROS quenchers, we assume that their role in UV 

protection would be primarily indirect, preventing oxidative damage to DNA. In addition, we 

suggest that catechin would provide better UV screening protection to proteins rather than to 

genetic material, since it exhibits a prominent absorption peak at 280 nm. On the other hand, our 

results indicated that catechin would provide efficient screening protection in the VUV part of 

the spectrum, since the absorption curve of catechin matches well the DNA absorption curve in 

region II (intensive, broad peak at λmax=204 nm with a shoulder at 230 nm), as well as in region 

III (steep increase in absorption towards 125 nm).  
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Besides genetic material and proteins, flavonoids accumulated in leaves and other 

photosynthetic parts of plants can also play an important role in the protection of photosyntetic 

pigments from UV damage. In addition to ubiquitous chlorophyll a, chlorophyll b represents a 

plant-specific photosynthetic pigment. Our VUV-UV spectra showed that glycosilated flavonols 

would be good UV screening protectants for both chlorophyll a and b a (see Fig. 11 in Article 3, 

chapter 9). Since glycosilated flavonols do not absorb visible light, they should not interfere with 

photosynthesis. Catechin, and thus PAs, would be less suited to protect chlorophylls from UV 

radiation, except in the region close to VUV.  

 

Concluding remarks (3) 

 
Based on a qualitative comparison of VUV-UV absorption spectra of DNA and different 

specialized UV screens that occur in phylogenetically diverse organisms, we came to the 

conclusion that among all examined screening substances, flavonoids that belong to a group of 

glycosilated flavonols (e.g. quercitrin) can be considered the ideal UV screens due to the 

remarkable resemblance of their VUV-UV absorption spectra with that of DNA. In addition, an 

ideal UV screen should not only provide direct protection of DNA, but also it should protect a 

variety of substances that absorb at the other wavelengths. Flavonoids also strongly absorb UV-

A light, preventing the absorption of these wavelengths by so-called photosensitizers, which can 

generate ROS, causing an indirect UV-induced damage to DNA. Complemented with catechin 

containing polymers (PAs), glycosylated flavonols would screen efficiently the VUV, UV-C, 

UV-B and UV-A parts of the spectrum. 
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14. VUV-UV ABSORPTION PROPERTIES OF SCREENING COMPOUNDS 

ISOLATED FROM PLANT SEEDS 

 

According to our VUV-UV spectroscopic studies, we postulated that among all tested 

chemical compounds, flavonoids (particularly flavonols) can be considered ideal UV screens 

(see discussion above). However, these VUV-UV absorption spectra were measured using 

chemically pure flavonoid standards. Plants possess a great capacity to produce a large variety of 

different secondary metabolites, including flavonoids (Kliebenstein, 2004; D'Auria and 

Gershenzon, 2005). An individual plant can synthesize a set of chemically different flavonoids, 

and their composition is usually tissue-specific (Lepiniec et al., 2006). One could expect that 

these in situ mixtures of organic compounds, which might also interact among themselves or 

with the cellular structures, would exhibit complex UV absorption spectra, with features that are 

possibly different than that of chemically pure standards. In addition, many of the substances 

from a vast inventory of plant secondary metabolites are still unidentified. Plant seed are 

particularly rich sources of flavonoids e.g. in seeds of Arabidopsis thaliana, the total amount of 

flavonoids is about 15 mg g-1 seeds (Lepiniec et al., 2006; Routaboul et al., 2006). Seeds are 

known to resist various harsh conditions, including biotic and abiotic stresses (Rajjou and 

Debeaujon, 2008). Seeds are also shown to resist exposure to high doses of UV radiation (Zalar, 

2004`; see also part II of the present work).  

 

Therefore, we were interested to examine the UV properties of flavonoids that are inherent 

in seeds. We studied the absorption spectra of crude extracts from Arabidopsis seeds using 

conventional UV spectroscopy in solution (λ = 200-400 nm), but we also extended these spectra 

into the VUV region by measuring absorption in dry films (λ = 125-340 nm). Most mature seeds 

contain only a low percentage of water. The water content in our Arabidopsis seeds was <7% 

(see part II, chapter 6, section 18.1.). Seeds survive extreme desiccation thanks to the transition 

into the state known as the glassy state. The glass formation state occurs in seeds with 10-15% 

water content, after drying at room temperature (Buitink and Leprince, 2004). The intracellular 

glass matrix is formed in cytoplasm thanks to the non-reducing sugars and specific proteins (for 

details see chapter 1, sections 4.3.1., 4.3.2. and 4.3.4.). Nevertheless, most plant secondary 

metabolites, including flavonoids, sinapate esters and glucosinolates are not accumulated in the 

cytoplasm, but rather in vacuoles and cell walls, where they probably occur in a near-dry state 

(Strack and Sharma, 1985; Halkier and Du, 1997; Debeaujon et al., 2007). Therefore, we 

considered that our VUV-UV spectra of flavonoids and other UV screening compounds, 
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measured in dry films, should provide a better picture of their absorption characteristics 

occurring in dry seeds. 

 

In this study, conventional absorption spectroscopy revealed that the crude extract from 

Arabidopsis wild type seeds (Ws-2) absorbs strongly in the UV part of the spectrum, showing a 

maximum of absorption at 200 nm, one well resolved peak at 262 nm and a broad band in the 

region 300-360 nm (λmax = 335 nm) (Fig. 52, part I, chapter 3, section 11.4.1.1). As already 

noted in this work, VUV-UV absorption spectra showed a small bathochromic shift (3-5 nm) of 

absorption peaks, compared to UV absorption spectra measured by conventional spectroscopy in 

solution. The VUV-UV absorption spectrum of Ws-2 seed extract showed a dominant and broad 

absorption peak at 204 nm (Fig. 56, part I, chapter 3, section 11.4.2.1). It also confirmed the 

existence of a characteristic peak in the UV-C part of the spectrum, although in the VUV-UV 

spectrum, this peak (λmax = 265 nm) appeared small and poorly resolved. The absorbance 

increased towards the upper end of the spectrum (340 nm), but a steep increase in absorbance 

was more obvious in the VUV part of the spectrum down to 125 nm. These UV absorption 

features resembled those for flavonoids. In the literature, flavonoids are known to exhibit 

characteristic absorption spectra, which are used for their identification and quantification 

(Bohm, 1998; Stefova et al., 2004). Flavonols that are substituted at position C3 (O-alkyl or O-

glycosyl) are reported to have two characteristic maxima of absorption, one in the range 330-360 

nm (band I) and the other in the range 250-280 nm (band II) (Bohm, 1998). Sinapate esters, as 

another major group of secondary metabolites in Arabidopsis, are usually characterized by the 

absorption peak at about 320 nm and shoulder at about 240 nm (Lee, 2000). Our results indicated 

that, in spite of the fact that crude seed extracts represent a complex mixture of compounds that 

have probably different chemical and spectroscopic properties, their overall UV absorption 

spectra are mainly determined by flavonoids, particularly flavonol-glycosilated compounds. This 

observation was in agreement with previously published data, reporting quercitrin (quercetin-3-

O-rhamnoside) as a dominant flavonoid in Arabidopsis seeds, where it accumulates in high 

concentrations (Routaboul et al., 2006). Quercitrin is flavonol with an attached rhamnose sugar 

at position C3 in the ring C of the flavan skeleton (for details about the flavan skeleton and 

precise chemical structure of quercitrin see Fig. 35 and Fig. 36, respectively, in chapter 1, 

section 5.1.2.). In addition, the occurrence of quercitrin was also confirmed in our HPLC and 

LC-MS analyses (Fig. 49, Table 10 and Table 11 in chapter 3, section 11.1). To corroborate our 

assumption that flavonoids predominate the overall UV absorption spectrum of seed extract, we 

compared the absorption characteristics of crude extracts obtained from wild type (Ws-2) and 

flavonoid-lacking mutant (tt4-8) Arabidopsis seeds (Fig. 52, chapter 3, section 11.4.1.1). We 
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observed significant differences in UV absorption spectra between these two seed extracts. The 

absorption of the tt4-8 seed extract was lower in intensity than that of the Ws-2 extract all 

through the spectral range, indicating that tt4-8 seeds contain less UV absorbing compounds, and 

thus probably less substances that act as UV screens. The most obvious difference, however, was 

the absence of an absorption peak at 262 nm (the UV-C part of the spectrum that corresponds to 

DNA peak I). The tt4-8 seed extract also lacked other spectral features that are characteristic of 

flavonoids, such as a broad peak around 335 nm, which almost disappeared in the tt4-8 seed 

extract. In contrast, some spectral features of tt4-8 seed extract resembled those of sinapate esters 

(e.g. peak at 320 nm and a weak shoulder at ∼235 nm). VUV-UV absorption spectra recorded in 

dry films showed similar differences in absorption characteristics of the Ws-2 and tt4-8 seed 

extracts (Fig. 56, chapter 3, section 11.4.2.1), as was observed by conventional UV absorption 

spectroscopy. In addition, the tt4-8 seed extract, although exhibiting a relatively prominent and 

broad peak at 202 nm, absorbed to much lesser extent than the Ws-2 seed extract in the same 

region (λmax = 204 nm). This effect is likely related to the lack of flavonoids in the tt4-8 seed 

extract. These spectroscopy results corroborate the results of our previous HPLC studies, 

showing no flavonoid accumulation in the tt4-8 mutant seeds (Zalar, 2004). The absence of 

flavonoid compounds in tt4-8 seeds was also reported by Routaboul et al. (2006) and Luceri et 

al. (2008).  

 

Comparing VUV-UV absorption curves of Arabidopsis seed extracts and DNA, we 

concluded that compounds in Ws-2 seeds strongly absorb and thus potentially protect DNA by 

screening in all three regions, I, II and III (for details about the three absorption characteristic 

regions of DNA and protection by UV screens see the discussion in chapter 4, section 12). In 

addition, we suggested that compounds found in Ws-2 seeds would also provide efficient UV 

screening protection in the UV-A part of the spectrum. In spite of the fact that DNA and proteins 

do not absorb in this part of the spectrum, screening form UV-A radiation would likely minimize 

the production of ROS and ultimately oxidative damage to biologically important molecules. In 

contrast, tt4-8 seeds lack the substances that would efficiently screen UV-A light. The 

compounds in tt4-8 seeds would poorly protect DNA in region I (UV-C), since they exhibit a 

local absorption minimum in the same wavelength range that corresponds to the absorption 

maximum of DNA. However, DNA in tt4-8 seeds might be protected from UV damage in 

regions II and III, although not as efficiently as in Ws-2 seeds.  
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Further in this study, we aimed to identify and isolate the substances from Arabidopsis 

seed extract that are dominant, not only quantitatively, but also by their particular UV absorption 

features that would hopefully explain the phenomenon of high UV resistance observed in 

Arabidopsis seeds (for details see part II, chapter 6). Plant crude extracts are usually complex 

mixtures of chemically different compounds. Our HPLC and LC-MS analyses showed that the 

Arabidopsis crude seed extract is composed of many different substances, including flavonoids, 

sinapate esters and glucosinolates (Fig. 49, Table 10, Table 11 and Table 12, chapter 3, section 

11.). This observation was in agreement with previous studies on metabolic profiling of 

Arabidopsis secondary metabolites (von Roepenack-Lahaye et al., 2004; Le Gall et al., 2005). 

However, a great majority of compounds detected in our seed extract belong to the flavonoid 

class. Out of eight isolated fractions (F1, F2, F3, F4, F5a, F5b and F7), we found that six of them 

contained flavonoids (Table 10, chapter 3, section 11.1.3). All of them were identified as 

glycosilated derivatives of flavonols, quercetin, kaempherol and isorhamnetin (for chemical 

structures see Fig. 36, chapter 1, section 5.1.1.). In our experiments, the chromatographic and 

structural features (MS fragmentation pattern) of these compounds were in accordance with 

those reported by Routaboul et al. (2006) and Kerhoas et al. (2006). Our HPLC and LC-MS 

analyses revealed that qercetin-3-O-rhamnoside (also called quercitrin), which was contained in 

fractions F5a and F5b (Fig. 49, chapter 3, section 11.1.1), is a dominant and remarkably 

abundant flavonoid in Ws-2 seed extract. This was in agreement with previously published data 

on the relative abundance of flavonoids in wild type Arabidopsis seeds (Kerhoas et al., 2006; 

Routaboul et al., 2006). Routaboul et al. reported concentrations of qercetin-3-O-rhamnoside as 

high as 3.6 mg per gram of Arabidopsis seeds (Routaboul et al., 2006). According to the same 

authors, more than 90% of the total quercetin-3-O-rhamnoside is accumulated in the seed coat. 

In contrast most di-glycosilated flavonols are concentrated in the embryo. Among these, 

quercetin-di-rhamnoside, which was contained in our fraction F3 (Fig. 49 and Table 10, chapter 

3, section 11.1), is the second most abundant flavonoid in Arabidopsis seeds, reaching a 

concentration up to approximately 1.4 mg g-1 seeds (Routaboul et al., 2006). This compound is 

the main flavonoid in the Arabidopsis embryo, in contrast to quercetin-3-O-rhamnoside, which is 

the dominant flavonoid in the seed coat, together with proanthocyanidins (condensed tannins). 

However, proanthocyanidins were not detected in our experiment since these highly polymerised 

substances are usually insoluble and difficult to extract from seeds (Routaboul et al., 2006).  

 

In crude seed extract, we also detected smaller amounts of compounds that were identified 

as sinapate esters (Fig. 49, chapter 3, section 11.1.1). They were contained in fraction F1 and F7, 

while in fraction F6 they were present in the mixture with flavonoid quercetin-3-O-rhamnoside. 
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Fraction F2 contained only trace amounts of sinapate esters. The majority of sinapate esters in 

Arabidopsis seed extract were identified as sinapoyl choline and sinapoyl glucose, while fraction 

F7 contained yet an unidentified methyl-containing sinapate ester. Sinapoylmalate was not 

detected in our seed extract, which is in accordance with previously published data (Chapple et 

al., 1992). In Arabidopsis and other members of Brassicaceae, sinapoylmalate represents a leaf-

specific ester of sinapic acid, while sinapoylcholine, also called sinapine, is a major seed-specific 

sinapate ester, together with the smaller amounts of its biosynthetic precursor, sinapoylglucose 

(Chapple et al., 1992; Lorenzen et al., 1996; Ruegger et al., 1999; Ruegger and Chapple, 2001). 

In addition, we detected an unusual sinapate ester compound in fraction F6, a product that was 

identified as di-sinapoylglucose. Sinapate ester known as 1,2-di-O-sinapoyl-β-glucose, was 

previously reported to accumulate only in dark-grown seedlings of Raphanus sativus and in 

Arabidopsis seedlings with altered sinapate ester biosynthesis, but not in the wild type (Strack et 

al., 1984; Fraser et al., 2007). Sinapate esters are reported to act as efficient UV-B protectant in 

plants, and they have been considered even better UV screens than flavonoids (Chapple et al., 

1992; Sheahan, 1996; Booij-James et al., 2000).  

 

Besides flavonoids and sinapate esters, glucosinolates make the third group of important 

secondary metabolites (see Table 4, chapter 1, section 5.). These nitrogen and sulfur-containing 

substances are found almost exclusively in plants of the Brassicaceae family and other related 

families of the order Capparales (Kliebenstein et al., 2001; Brown et al., 2003). A large variety 

of glucosinolates has been found in Arabidopsis plants, where they accumulate in leaves, stems, 

roots, inflorescences, as well as in seeds. The great structural variability of this class of 

secondary metabolites results from their variable side-chains. Depending on their side-chains, 

this group of secondary metabolites can be generally classified as aliphatic, aromatic or indole 

glucosinolates (Brown et al., 2003). The concentration and accumulation of glucosinolates differ 

among plant organs and depend on the ecotype and developmental stage of the plant (Chen and 

Halkier, 2000; Brown et al., 2003). Seeds accumulate glucosinolates at concentrations higher 

than any other plant organ. The great majority of glucosinolates in Arabidopsis seeds has been 

reported to belong to the aliphatic class (Brown et al., 2003). In our experiments, we detected at 

least six chemically different glucosinolates that were relatively abundant in Arabidopsis wild 

type Ws-2 seeds (Table 13, chapter 3, section 11.3). Four of them were identified by LC-MS. 

These included 3-methylsulfinylpropyl glucosinolate (3-MSOP), also known as glucoiberin, 8-

methylsulfinyloctyl glucosinolate (8-MSOO), known as glucohirsutin, 3-benzoyloxypropyl 

glucosinolate (3-BzOP), also called glucomalcomiin, and 8-metylthiooctyl glucosinolate (8-

MTO). Although being reported as a predominant glucosinolate in Arabidopsis seeds, 4-
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methyltiobutyl glucosinolate (4MTB) was not detected in this work (Brown et al., 2003). 

Similarly, no indole-containing glucosinolates were detected in our seed extract, which was in 

agreement with reported low concentration (about 2% of the total glucosinolate content) in 

mature seeds (Brown et al., 2003). Apart from the majority of aliphatic glucosinolates, we 

detected only one glucosinolate, 3-BzOP, which posses an aromatic ring structure. 

Glucosinolates are important secondary metabolites known to be involved in plant defence 

system, particularly against biotic stress caused by pathogen and herbivore attacks. Reifenrath 

and Müller (2007) reported that the concentrations of glucosinolates in leaves of two studied 

Brassicaceae species may change in response to the exposure to UV radiation. It is still unclear 

whether glucosinolates might be also involved in UV protection (Gonzales-Castañeda and 

Gonzales, 2008). For this reason, it was interesting to investigate whether glucosinolates 

contribute in the UV protection of Arabidopsis seeds.  

 

Further in this part of work, we examined the UV absorption characteristics of the major 

secondary metabolites that were isolated from Arabidopsis seeds, including flavonoids, sinapate 

esters and glucosinolates. Comparing their absorption spectra with that of DNA, we estimated 

their potential in providing efficient UV screening protection to seeds.  

 

Conventional spectroscopy (λ = 200-400 nm) in solution revealed that all flavonoid-

containing fractions (F2, F3, F4, F5a and F5b), with the exception of fraction F6, exhibit 

absorption curves typical for flavonoids, having two absorption maxima, one in the range 255-

260 nm, and a second in the range 340-350 nm (Fig. 53 and Fig. 54, chapter 3, section 11.4.1.2). 

Fractions F5a and F5b, which contained a dominant and highly abundant flavonoid, identified as 

quercetin-3-O-rhamnoside (quercitrin), exhibited very similar absorption curves to that of the 

quercitrin pure chemical standard (Fig. 55A). This was also confirmed by VUV-UV 

spectroscopy (Fig. 57B, chapter 3, section 11.3.2.2.). However, the shape of absorption curve for 

the F5a fraction was more similar qualitatively and quantitatively to the standard curve than the 

F5b fraction. This could be expected since the fraction F5a contained high concentration of 

almost pure quercitrin, while fraction F5b contained some smaller amounts of other flavonoids 

and other substances, in addition to dominant quercitrin.  

 
Fraction F7 was the only fraction that contained relatively pure sinapate ester compound at 

concentration high enough to exhibit the absorption spectrum characteristic for sinapate esters, 

with a shoulder at 240 nm and a prominent peak at 320 nm. Other sinapate ester-containing 

fractions showed either weak absorption features (fraction F1), or they contained sinapate esters 

in a mixture with other substances (fractions F2 and F6). It remains still unclear why fraction F1, 
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which contained only sinapoylglucose and sinapoylcholine, did not exhibit absorption 

characteristics expected for sinapate esters. Since fraction F7 contained almost pure and 

abundant sinapate ester, we used this fraction as a representative for the sinapate esters group. 

When the absorption spectra of sinapate ester (fraction F7) and flavonoid-containing fractions, 

particularly those containing large amounts of quercitrin (fractions F5a and F5b), were compared 

to the absorption curve of DNA, we observed that the absorption maximum of quercitrin (262 

nm) matched almost perfectly to the maximum of absorption of DNA (260 nm) (Fig. 55B). In 

contrast, sinapate ester exhibited a local minimum of absorption at 260 nm. This indicated that 

sinapate esters, in contrast to flavonoids, would not provide sufficient protection to DNA in the 

UV-C part of the spectrum (region I), unless they are present in cells in high concentrations. 

Nevertheless, sinapate esters would be better UV screens against UV-B radiation, due to its 

characteristic broad absorption peak at 320 nm. Since both flavonoids and sinapate esters had 

strong absorption in the UV-A region, exhibiting broad peaks with adjacent absorption maxima 

at 350 and 330 nm, respectively, we concluded that combined together, these two substances 

would complement well each other in the UV-A part of the spectrum. By absorbing a broader 

range of UV-A wavelengths, flavonoids and sinapate esters together would efficiently attenuate 

UV-A radiation, and therefore protect the cells from oxidative damage. Apart from a direct UV 

screening protection function, flavonoids and sinapate esters are probably also involved in 

indirect protection from UV-induced oxidative damage, acting as efficient free radical and ROS 

quenchers. 

 

Similar conclusions about UV screening efficiency of flavonoids and sinapate esters were 

drawn from VUV-UV absorption spectra (λ = 125-340 nm) that were measured in dry films. All 

flavonoid-containing fractions (F2, F3, F4, F5a and F5b), except fraction F6, had qualitatively 

similar absorption curves that are typical for flavonoids, showing one broad peak at 260-270 nm 

(corresponds to DNA peak I), a prominent peak at 202-204 nm (corresponds to DNA peak II), a 

small absorption peak in the VUV region at 157-160 nm, and a steep increase in absorption 

towards the lower end of the measured spectrum (region III). Fraction F6 had a different 

absorption curve. Since it represents the mixture of quercitrin and di-sinapoylglucose, it 

combined spectral features of both flavonoids and sinapate esters. Sinapate esters-containing 

fractions showed relatively weak VUV-UV spectral features, showing a small peak in the 160-

164 nm region, one prominent peak at 202-204 nm and a weak shoulder at 245 nm. Compared to 

the VUV-UV spectrum of DNA, we concluded that sinapate esters would provide relatively poor 

protection to DNA in region I (UV-C). Depending on their concentration, sinapate esters might 

better protect DNA in region II (VUV). Flavonoids, particularly quercitrin from fraction F5a that 
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represents the most abundant flavonoid in our seed extract, showed absorption characteristics 

that would confer a good protection of DNA in regions I, II, III. 

 

Besides flavonoids and sinapate esters, glucosinolates are the third group of secondary 

metabolites that was investigated in this study. Conventional UV spectroscopy (λ = 200-400 nm) 

in solution revealed that majority of glucosinolates isolated from Arabidopsis Ws-2 seeds 

(fractions G-F1, G-F2, G-F3, G-F5 and G-F6) are poor UV absorbers in the region above 250 nm 

(Table 13, chapter 3, section 11.4.1.3). This might be expected from the chemistry of majority of 

seed glucosinolates, including here detected 3-methylsulfinylpropyl (3-MSOP), 8-

methylsulfinyloctyl (8-MSOO) and 8-metylthiooctyl (8-MTO) glucosinolates, which belong to 

the aliphatic class. Aliphatic functional groups in most glucosinolates contain many saturated 

covalent bonds, which are generally weak UV chromophores. However, these substances 

exhibited steeply increased UV absorption towards 200 nm, indicating that they contain 

heteroatoms, such as sulfur and oxygen that permit n→σ* electron transitions. Similar 

observation was also found by measuring VUV-UV absorption spectra of dry films of 

glucosinolate-containing fractions from Ws-2 seeds Fig. 58, chapter 3, section 11.4.2.3). These 

spectra clearly showed that all glucosinolate fractions, but one, absorbed poorly in the 250-340 

nm part of the spectrum. These results clearly indicated that aliphatic glucosinolates, which 

represent the majority of Arabidopsis seed glucosinolates, would provide no specific protection 

to DNA, proteins or any other cellular target in the UV-A, UV-B or UV-C part of the spectrum. 

Extending the absorption spectra into the VUV region, we also observed that fractions G-F1, G-

F2, and particularly G-F6 were weak absorbers even in the VUV part of the spectrum. In 

contrast, aliphatic glucosinolate fractions G-F3 (8-methylsulfinyloctyl, 8-MSOO) and G-F5 (8-

metylthiooctyl, 8-MTO) were excellent absorbers in the VUV region. However, their maxima of 

absorption did not match well the DNA peak in the region II. Therefore, they would provide 

relatively weak specific UV screening protection to DNA. 

 

Here we single out the glucosinolate fraction G-F4, which contained the only aromatic 

glucosinolate (3-benzoyloxypropyl glucosinolate, 3-BzOP) detected in our seed extract. Thanks 

to the delocalized π-electron system in the aromatic ring, among all analysed glucosinolates, this 

compound was relatively good UV absorber. However, conventional UV absorption spectra, as 

well as VUV-UV absorption spectra in dry state revealed that this compound would not protect 

from UV-A, nor UV-B induced damage. According to VUV-UV absorption spectra, this 

substance in dry state exhibit high absorption all through 280 - 140 nm region (UV-C/ VUV part 
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of spectrum). This substance might have a good potential as UV screen protecting DNA and 

proteins, but only in UV-C and VUV regions.  

 

 

Concluding remarks (4) 

 

Here we summarize our observations on VUV-UV absorption properties of UV screening 

compounds found in Arabidopsis seeds. In this work we were particularly interested in 

absorption properties of UV screens in the UV-C and VUV part of the spectrum, since these 

wavelengths are highly damaging to DNA and other biologically important molecules. On the 

other hand, these highly energetic UV wavelengths were probably encountered on early Earth, 

and they are at the present encountered in the extraterrestrial environments, being limitation 

factor for life dispersal.  

 

All our absorption spectroscopy results lead us to conclude that flavonoids can be 

considered as an ideal UV screens. Flavonoids inherent in Arabidopsis seeds, such as quercitrin, 

which is a representative of glycosilated flavonols, are the best suited UV screens, providing 

efficient direct protection to DNA both in the UV-C, as well as in the VUV region. Due to the 

high absorption in the UV-A part of the spectrum, flavonoids may also act as efficient 

protectants against indirect, oxidative damage to DNA and proteins. In addition, flavonoids 

occur in high concentration in seeds, particularly in the outer protective tissue, the seed coat, 

filtering out deleterious UV wavelengths prior they reaches the embryo in the interior of seed.  

 

Furthermore, we found that glucosinolates, which accumulate in relatively high 

concentrations in seeds, would not act as efficient UV screens, except in the case of aromatic 

glucosinolates, such as glucomalcomiin, 3-benzoyloxypropyl glucosinolate (3-BzOP). However, 

their abundance in Arabidopsis seeds, in contrast to aliphatic glucosinolates, is relatively low 

(they make about 18% of the total glucosinolate content). Therefore, we assumed that they 

would have only small contribution in the total UV screening capacity provided by the secondary 

metabolites contained in Arabidopsis seeds. 

 

Here we also conclude that sinapate esters that occur in Arabidopsis seeds would be less 

efficient than flavonoids in providing a direct UV screening protection to DNA particularly in 

the UV-C part of the spectrum, since they exhibited a local absorption minimum at the 

wavelengths at which DNA exhibits the maximum of absorption. These observations presumably 
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disagree with some earlier findings from in vivo studies, which indicated that sinapate esters are 

more effective and predominant UV protectors than flavonoids. However, these studies have not 

considered primarily the effects of UV-C radiation, but rather UV-B radiation, which is an 

important environmental factor on present-day Earth. Our absorption spectra showed that indeed, 

sinapate esters are much better absorbers in the UV-B than in the UV-C part of the spectrum 

(Chapple et al., 1992; Landry et al., 1995; Sheahan, 1996). However, based on the comparison of 

UV spectra of sinapate esters with those of flavonoids, it would be hard to conclude that sinapate 

esters would provide better UV-B screening protection than flavonoids. Nevertheless, they might 

have another indirect role in the UV protection, being ultimately more efficient protectants in 

vivo than flavonoids. Here we suggested that in plants, sinapate esters act complementarily with 

flavonoids, providing efficient protection in wider UV-B wavelength range. In addition, previous 

studies were performed on vegetative parts of plants (seedlings and leaves), rather than on seeds. 

Different plant tissues accumulate different types and concentrations of secondary metabolites, 

including flavonoids and sinapate esters. This may also reflect the differences in the level of 

resistance of seeds and vegetative tissues. Therefore, our UV absorption spectroscopy studies 

provide only preliminary estimation of UV screening efficiency for different compounds found 

in seeds. Their role in UV protection is necessary to be further demonstrated in systems in vivo. 

For this reason, in the second part of this thesis (chapters 5 and 6, part II), we tested the UV 

resistance of Arabidopsis seeds that contained normal level of flavonoids (wild type seeds), those 

that were deficient in flavonoids (tt4 mutant), as well as those that lack sinapate esters (fah1-2 

mutant).  
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15. RESISTANCE OF Bacillus subtilis SPORES TO  

QUASI-MONOCHROMATIC UV-C254 LIGHT 

 

Samples of Bacillus subtilis spores were irradiated with quasi-monochromatic UV254 light 

for 16, 50, 100, 150 and 300 sec. The measured energy output of the UV lamp consisted 

predominantly of UV-C254 light (91%), and smaller portion of UV-B312 (7%) and UV-A365 light 

(2%). Samples of Bacillus spores were prepared in dry monolayers, where the calculated fraction 

of non-shadowed spores was 99.9% (Equation 5, chapter 2, section 8.1.1.1.1.), indicating that 

all spores in dry film were UV irradiated. Dry monolayers of Bacillus spores were covered with 

three types of UV cut-off filters: an aluminium foil that totally blocked light (dark control), a 

glass filter that cut off UV-C light and transmitted only UV-B and UV-A light (UV-B+UV-A), 

and a quartz filter that entirely transmitted the emitted UV light (UV-C + (UV-B + UV-A)).The 

minimal fluence12 of UV-C254 light was 32.09 Jm-2 and the maximal fluence was 525.8 Jm-2, 

corresponding to 16 sec and 300 sec of UV exposure under the quartz filter, respectively. 

Besides UV-C light, Bacillus spores covered with a quartz filter received a small amount of 

combined UV-B + UV-A light, ranging from 2.41 Jm-2 to 42.3 Jm-2 for UV-B312 light and from 

0.721 Jm-2 to 11.82 Jm-2 for UV-A365 light. Spore samples covered with the glass filter were 

exposed only to the UV-B + UV-A portion of the light emitted from the UV source, with fluence 

ranging from 1.87 Jm-2 to 32.85 Jm-2 for UV-B312 light and from 0.698 Jm-2 to 11.441 Jm-2 for 

UV-A365 light. The UV resistance of Bacillus spores was determined by scoring the total number 

of colonies (CFU = colony forming unit), developed from exposed spores. Calculated CFU 

values per dry layer of spores represent a measure for determining the total number of spore 

survivors in the monolayer. Fig. 59 shows the results of UV exposure experiments, where CFU 

units were compared for spore samples covered with aluminium foil (dark control samples), a 

glass filter (UV-B +UV-A exposed samples) and a quartz filter (UV-C + (UV-B + UV-A) 

exposed samples). 

 

                                                 
12 The term “fluence” here stands for the total radiant energy of UV light falling on a unit surface area summed over 
a given period of irradiation (for details see chapter 2, section 8.1.1.). In photobiology, the term “UV fluence” is 
recommended instead of the term “UV dose” (IUPAC, 1997; IUVA http://www.iuva.org; Linden, 2003). Fluence 
(Jm-2) is calculated as a product of irradiance (Wm-2) and exposure time (sec) (see Equation 4, chapter 2, section 
8.1.1.).  
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Fig. 59. The effects of entirely transmitted UV-C + (UV-B + UV-A) light and its UV-B +UV-A portion on colony 
forming ability (CFU = colony forming units) for dry spores of Bacillus subtilis WT 168 that were exposed to UV 
light for 16 (A), 50 (B), 100 (C), 150 (D) and 300 (E) sec. The samples were covered with different UV cut-off 
filters: aluminium foil (Alu), glass slide (Glass) and quartz window (Quartz).The samples covered with aluminium 
foil were used as a dark control, while samples covered with glass filter served as UV-B +UV-A control. The 
samples covered with quartz filters were exposed predominantly to UV-C (∼91% of the total energy output) and to a 
smaller portion of UV-B + UV-A light emitted from the UV-C254 source. All values are the mean ± standard 
deviation of three independent experiments. Bars with different letters denote significant difference at P < 0.05 
according to ANOVA and an unpaired t-test. The ANOVA p values are indicated above the bars: * = significant 
difference (p < 0.05), ** = very significant difference (p < 0.01), *** = extremely significant difference (p < 0.001). 
The UV-C stands for the light at λ = 254 nm, UV-B at λ = 312 nm and UV-A at λ = 365 nm. 
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At significance level of α = 0.05, the ANOVA results showed no significant difference in 

CFU values among dark control and samples exposed for 16 sec to UV-B + UV-A and UV-C + 

(UV-B + UV-A) (Fig. 59A), as well as in the case of samples exposed for 50 sec (Fig. 59B). 

However, an unpaired t-test showed a significant difference (p = 0.0351) in CFU values between 

dark control and samples irradiated with UV-C + (UV-B + UV-A) for 50 sec (Fig. 59B). 

Samples covered with quartz filter and exposed for 100, 150 and 300 sec to UV-C + (UV-B + 

UV-A) light, showed extremely significant differences (p < 0.0001) in CFU units when 

compared to their dark controls (samples covered with aluminium filter) and their UV-B + UV-A 

controls (samples covered with glass filter) (Fig. 59C, D and E). 

 

No significant difference (p = 0.1879) was observed in CFU values among dark controls 

used in all UV exposure experiments (data not shown). Therefore, the CFU values for all dark 

controls were averaged and the mean value was compared to the values obtained for the samples 

irradiated with increasing fluences of entirely transmitted UV-C + (UV-B + UV-A) light and 

increasing fluences of the UV-B +UV-A portion of the light (Fig. 60).  

 

 

UV-B + UV-A UV-C + (UV-B + UV-A) 

0.1

1

10

100

0 0.70 2.19 3.95 6.88 11.44

0 1.87 5.48 11.46 16.43 32.85

DARK
CONTROL

16 sec 50 sec 100 sec 150 sec 300 sec

Duration of exposure (sec) and fluence of UV light (Jm-2) 

C
FU

 (x
 1

00
0)

/d
ry

 la
ye

r

ANOVA
P (UV) = 0.4669

ANOVA
P (CONT + UV) = 0.6686

UV-A365

UV-B312

A

0.1

1

10

100

0 0.72 2.26 4.08 7.10 11.82

0 2.41 7.05 14.76 21.15 42.30

0 32.09 100.60 181.70 316.00 525.80

DARK
CONTROL

16 sec 50 sec 100 sec 150 sec 300 sec

Duration of exposure (sec) and fluence of UV light (Jm-2) 

C
FU

 (x
 1

00
0)

/d
ry

 la
ye

r

ANOVA
P (UV) < 0.0001***

ANOVA
P (CONT + UV) < 0.0001***

a
ab b

c
d d/e

UV-A365

UV-B312

UV-C254

B

 
Fig. 60. The effects of UV-B +UV-A and UV-C + (UV-B + UV-A) light on colony forming ability (CFU = 
colony forming units) for dry spores of Bacillus subtilis WT 168 exposed to UV light. The UV-C + (UV-B + UV-A) 
denotes an entirely transmitted incident light (quartz filter), in contrast to its UV-B +UV-A portion (glass filter), 
emitted from the UV-C254 source. The duration of UV exposure (from 16 sec to 300 sec) and UV fluence (Jm-2) are 
indicated under each bar. Values are the mean ± standard deviation of three independent experiments. Bars with 
different letters denote a significant difference at α < 0.05 according to ANOVA and unpaired t-tests (UV exposed 
samples). Precise values from ANOVA are indicated above the bars, where * means a significant level (P < 0.05), 
** very significant (P < 0.01) and *** extremely significant (P < 0.001) level of difference. 
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The CFU values of all samples that were covered with a glass filter and exposed only to 

UV-B + UV-A light, ranging from 1.87 Jm-2 to 32.85 Jm-2 for UV-B312 and from 0.698 Jm-2 to 

11.441 Jm-2 for UV-A365 light, did not differ statistically (p = 0.6686), compared to the dark 

control. In addition, no significant difference (p = 0.4669) in CFU values was observed within 

the group of UV-B + UV-A irradiated samples, covered with glass filter (Fig. 60A).  

 

On the other hand, UV-C + (UV-B + UV-A) light had extremely significant impact (p < 

0.0001) on colony forming ability of irradiated Bacillus samples. The total number of Bacillus 

colonies decreased with increasing fluences of UV-C + (UV-B + UV-A) radiation (Fig. 60B). 

Since UV-B + UV-A radiation had no effect on the total number of colony formers, all observed 

effects of UV-C + (UV-B + UV-A) were attributed to the dominant UV-C component of the 

emitted light. The Tukey-Kramer post-hoc test (α = 0.05) showed no significant difference 

between the averaged dark control and the sample covered with quartz filter and exposed to UV-

C light for 16 sec. However, statistically very significant decrease (p < 0.001) in CFU value was 

observed after only 50 sec of UV-C irradiation of Bacillus spores (UV-C254 fluence = 100.6 Jm-

2). The CFU values further decreased with increasing fluence of UV-C light, reaching a 

minimum CFU = 0.28 at the maximal fluence of UV-C = 525.8 Jm-2 after 300 sec of irradiation. 

Although the Tukey-Kramer post-hoc test showed no statistical difference between CFU values 

of samples exposed to UV-C light for 150 and 300 sec, a separately performed unpaired t-test 

inside these two groups clearly indicated statistical difference at the level of p < 0.0001. 

 

Since UV-C light had a strong effect on the total number of Bacillus colonies developed 

from UV exposed spores, the UV254 dose response curve of Bacillus dry spores was established, 

where the logarithm of the surviving fraction of spores was plotted against the UV-C254 fluence ( 

Fig. 61). The surviving fraction S(UV) after UV irradiation is given by following equation 

(Horneck, 1993): 

 

S(UV) = N/N0 x 100(%) (5) 

 

where  

N = number of colony formers after UV irradiation with a certain fluence (samples covered with 

quartz filter) 

N0 = number of colony formers at zero fluence (dark control - samples covered with aluminium 

foil filter) 
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From the dose response curve, we determined the 10% survival rate (F10) that is the 

equivalent of the value LD90 (lethal dose that inactivates 90% of spores). We found that dry 

spores of Bacillus subtilis WT 168 exposed to UV-C254 light had F10 (LD90) = 0.245 kJm-2  

(Fig. 61). Similarly, from the dose response curve we also determined the lethal dose that 

inactivates 50% of spores, LD50 = 0.123 kJm-2. 

 

 

 

 

1.E-04

1.E-03

1.E-02

1.E-01

1.E+00

1.E+01

0.0 0.1 0.2 0.3 0.4 0.5 0.6

Fluence of UV-C254 (kJm-2)

Su
rv

iv
al

 (N
/N

0)

F10 (LD90) = 0.245 kJm-2

LD50 = 0.123 kJm-2

 
 
Fig. 61. Dose response curve for dry spores of Bacillus subtilis WT 168 exposed to increasing fluences of UV-C 
light (λ = 254 nm). The survival of spores is determined as N/N0 where N means the number of colony formers after 
UV254 irradiation and N0 stands for number of colony formers at zero fluence (dark control). The 10% survival rate 
F10 = 0.245 kJm-2 (the equivalent for LD90, lethal dose that kills 90% of spores), as well as LD50 = 0.123 kJm-2 
(lethal dose that kills 50% of spores) were determined from the graph. All values are the means ± standard deviation 
of three independent experiments. 
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16. RESISTANCE OF Arabidopsis thaliana SEEDS TO  

QUASI-MONOCHROMATIC UV-C254 LIGHT 

 

16.1. General summary of results on the resistance of Arabidopsis thaliana 

seeds to quasi-monochromatic UV-C254 light  

 

Dry Arabidopsis seeds were exposed to a quasi-monochromatic source of UV254 light that 

consisted predominantly of UV-C254 light (90%) and a smaller portion of UV-B312 (8%) and UV-

A365 (2%) light. Monolayers of seeds were placed under the UV lamp, and they were covered 

with one of three types of UV cut-off filters, an aluminium foil (Alu) that blocked all light and 

therefore used as a dark control, a glass filter (Glass) that transmitted only UV-B + UV-A part of 

light and a quartz filter (Quartz) that transmitted almost entirely the incident UV-C + (UV-B + 

UV-A) light. The UV resistance was tested in five genotypes of Arabidopsis seeds, including 

two different wild ecotypes (Ws-2 and Col-0), genetically modified seeds of the dyx line and a 

flavonoid-lacking tt4-8 mutant, both carrying a T-DNA with the nptII gene inserted in the Ws-2 

genome, and nontransgenic fah1-2 line, which is a sinapate ester-deficient mutant prepared in the 

Col-0 background. Since the tt4-8 mutant was prepared by T-DNA mutagenesis, which in some 

cases may lead to the occurrence of pleiotropic effects, a transgenic dyx line was used as a T-

DNA insertion control for tt4-8 seeds. 

 

The resistance of flavonoid-containing Ws-2, Col-0, dyx and fah1-2 seeds was tested after 

a long-term UV irradiation up to 60 days, while the effects of UV light on flavonoid-lacking tt4-

8 seeds were observed after the short-term irradiation up to 139 hours. After 60 days of UV 

exposure, the Ws-2 and dyx seeds covered with the Quartz filter were exposed to maximal 

fluence1 of UV-C = 6.0 x 105 kJm-2, and to lesser fluences of UV-B = 5.6 x 104 kJm-2 and UV-A 

= 1.2 x 104 kJm-2. The Col-0 and fah1-2 seeds that were irradiated for 60 days under the Quartz 

filter, they were exposed to maximal fluence of UV-C = 4.8 x 105 kJm-2 and lesser fluences of 

UV-B = 4.4 x 104 kJm-2 and UV-A = 9.8 x 103 kJm-2. The samples that were covered with the 

Glass filter were exposed only to UV-B + UV-A light, and after 60 days of irradiation the 

maximal fluence received by Ws-2 and dyx seeds were UV-B = 4.3 x 104 kJm-2 and UV-A = 1.2 

x 104 kJm-2, while those that were received by Col-0 and fah1-2 seeds were UV-B = 3.4 x 104 

kJm-2 and UV-A = 9.5 x 103 kJm-2.  
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Table 14. General summary of the effects of UV-B + UV-A and UV-C + (UV-B + UV-A) radiation on different 
parameters at three developmental stages of Arabidopsis plants grown from irradiated seeds. The UV-C + (UV-B + 
UV-A) denotes an entirely transmitted incident light (quartz filter), in contrast to its minor UV-B +UV-A portion 
(glass filter), emitted from the UV-C254 source.The flavonoid-containing Ws-2, Col-0, dyx and fah1-2 seeds were 
exposed up to 60 days (long-term UV exposure experiments), while flavonoid-lacking tt4-8 seeds were irradiated up 
to 139 hours (short-term UV exposure experiments). The maximal fluences of UV-B + UV-A13 and UV-C + (UV-B 
+ UV-A)14 light are indicated in the footnotes, where fluences were measured at λ = 254 nm (UV-C), λ = 312 nm 
(UV-B) and λ = 365 nm (UV-A). 
The plant genotypes were: Wassilewskija (Ws-2), Columbia (Col-0), a control mutant with T-DNA insertion 
carrying the nptII gene (dyx), a flavonoid-deficient mutant with a T-DNA insertion carrying the nptII gene(tt4-8), a 
sinapate ester-deficient mutant (fah1-2). Wild ecotypes are marked with asterisks and background ecotypes are 
noted under each mutant line. 

 
UV-B + UV-A UV-C + (UV-B + UV-A) PLANT 

DEVELOPMENTAL 
STAGES 

MEASURED 
PARAMETERS 

Ws-2* Col-0* dyx 
(Ws-2) 

tt4-8 
(Ws-2 ) 

fah1-2
(Col-0) Ws-2* Col-0* dyx 

(Ws-2) 
tt4-8 

(Ws-2) 
fah1-2 
(Col-0) 

Loss of 
germination 

capacity 
(Gmax%) 

- - - -a - - - - ++++b - 

Germination 
Increase in  

mean 
germination 
time (MGT) 

- -/+c -/+c +++ ++ + + ++ ++++b +++ 

Increase in % 
of abnormal 

seedlings 
- -/+ - -a ++ ++ + ++ ++++b ++ 

Severity of 
seedling 
damage 

- -/+ - -a + ++ + ++ ++++b ++ 
Early-seedling 
development 

Reduction in 
root length - - + -a - ++ - ++ ++++b + 

Decrease in % 
of survived 

plants 
- - // +++ - ++ + // ++++b ++ 

Decrease in % 
of fertile 

plants 
- - // +++ - ++ + // ++++b ++ 

Plant 
development 

Reduction in 
plant height - - // +++ - ++ + // ++++b + 

 
a No effects observed after 139 hours of exposure to UV-B + UV-A light (short-term UV exposure experiments)2. Effects of 

higher UV fluences after 60 days of irradiation were not determined (long-term UV exposure experiments). 
b Extreme effects of UV-C + (UV-B + UV-A) radiation observed already at lower UV fluences up to 139 hours of exposure 

(short-term UV exposure experiments)3. 
c Effects of increased MGT values observed only when seeds were germinated under suboptimal conditions 
 

// = effect not determined, - no effect, -/+ possible effect, + small effect, ++ strong effect, +++ very strong effect, ++++ 
extreme effect 

                                                 
13 Maximal fluence of UV-B + UV-A light: 

- long-term exposure of Ws-2 and dyx seeds: UV-B = 4.3 x 104 kJm-2, UV-A = 1.2 x 104 kJm-2 
- long-term exposure of Col-0 and fah1-2 seeds: UV-B = 3.4 x 104 kJm-2, UV-A = 9.5 x 103 kJm-2 
- short-term exposure of tt4-8 seeds: UV-B = 4.2 x 103 kJm-2, UV-A = 1.2 x 103 kJm-2 

 
14 Maximal fluence of UV-C + (UV-B + UV-A) light: 

- long-term exposure of Ws-2 and dyx seeds: UV-C = 6.0 x 105 kJm-2, UV-B = 5.6 x 104 kJm-2, UV-A = 1.2 x 104 kJm-2 
- long-term exposure of Col-0 and fah1-2 seeds: UV-C = 4.8 x 105 kJm-2, UV-B = 4.4 x 104 kJm-2, UV-A = 9.8 x 103 kJm-2 
- short-term exposure of tt4-8 seeds: UV-C = 5.9 x 104 kJm-2, UV-B = 5.4 x 103 kJm-2, UV-A = 1.2 x 103 kJm-2 
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During the short-term UV exposure experiments, the tt4-8 seeds were irradiated in 

different time periods from the minimal 0.5 hour (UV-C = 2.8 x 102 kJm-2, UV-B = 25.4 kJm-2 

and UV-A = 5.6 kJm-2) to the maximal 139 hours of exposure (UV-C = 5.9 x 104 kJm-2, UV-B = 

5.4 x 103 kJm-2 and UV-A = 1.2 x 103 kJm-2). The tt4-8 samples covered with the Glass filter 

were exposed to UV-B + UV-A light with fluences1 from UV-B = 19.7 kJm-2 and UV-A = 5.5 

kJm-2 (0.5 hour of irradiation) up to fluences of UV-B = 4.2 x 103 kJm-2 and UV-A = 1.2 x 103 

kJm-2 (169 hours of irradiation). 

 

The UV resistance of Arabidopsis seeds was determined by observing and measuring 

physiological parameters throughout three different growth stages: the seed germination 

(principal growth stage 0.5), the early-seedling stage (principal growth stage 1.0) and the stage of 

plant development (principal growth stage 8.0), described in Boyes et al. 2001 and Kjemtrup et 

al. 2003.  

 

Summarized results on the effects of UV-C + (UV-B + UV-A) light and UV-B + UV-A 

part of emitted light on Arabidopsis seeds, observed through three developmental stages, are 

presented in Table 14. The results for each separately studied parameter are elaborated in detail 

further in this work.  
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16.2. Seed germination stage - effects of quasi-monochromatic UV-C254 light 

 

After the UV irradiation of dry Arabidopsis seeds, the effects of entirely transmitted 

incident UV-C + (UV-B + UV-A) radiation, as well as the UV-B + UV-A portion of light 

emitted from UV-C254 source, were first studied on the level of seed germination, which is the 

first growth stage in plant development. Here we considered the germination sensu stricto 

(Perino and Côme, 1991), which starts at the end of the phase of water uptake by the quiescent 

dry seeds and terminates by the elongation of the embryonic axis through the surrounding tissue 

(Bewley, 1997; Nonogaki et al., 2007). Since no universally useful biochemical marker of the 

progress of germination has been found, the only stage of germination that we can determine 

quite precisely is its termination (Bewley and Black, 1994b). The visible sign that germination 

completed is a protrusion of radicle from the seed coat, defined as the principal growth stage 0.5, 

according to the BBCH growth stage scale adapted for Arabidopsis model (Boyes et al., 2001; 

Kjemtrup et al., 2003).  

 

Different parameters of germination process were studied here: germination capacity, 

speed of germination and uniformity of germination. Germination capacity of UV irradiated 

seeds was expressed through the maximal germination percentage (Gmax%), while germination 

speed was studied by measuring the mean germination time (MGT). Additional parameters of 

germination dynamics were also analyzed, such as T50% and T25-75% values, as well as skewness 

of germination curves (see below). 

 

The resistance of flavonoid-containing seeds (Ws-2, Col-0, dyx and fah1-2 lines) was 

tested in the long-term UV exposure experiments that lasted up to 60 days. The effects of UV 

radiation on germination were then studied under optimal and suboptimal temperature 

conditions. The resistance of flavonoid-lacking tt4-8 seeds was tested in so-called short-term UV 

exposure experiments that lasted up to 139 hours, after which the germination was studied only 

under optimal temperature conditions. 
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16.2.1. Long-term UV exposure of flavonoid-containing Arabidopsis seeds 

 

16.2.1.1. Germination of UV irradiated flavonoid-containing Arabidopsis seeds  

under optimal conditions 

 
The germination process of irradiated flavonoid-containing seeds was studied by scoring 

the percentage of germinated seeds over the time periods and plotting the germination curves 

(Fig. 62). Irradiated seeds were imbibed for exactly 72 hours in the dark at 4°C and germinated 

under optimal conditions (25-26 °C, 16/8 hours light/dark cycle). The germination time was 

measured in hours after imbibition (HAI). The germination curves of long-term UV exposed 

seed samples (Fig. 62E-H) and the unexposed control samples (Fig. 62A-D) are compared for 

the Ws-2 and dyx samples that were exposed for 30 and 60 days, as well as for the Col-0 and 

fah1-2 samples that were exposed for 40 and 60 days. The curves have the typical sigmoidal 

shape, showing that a minority of the seeds in the population germinated early, then the 

germination percentage increased more rapidly, and finally just a few late germinators emerged 

at the end of the germination process.  

 

All samples, including unexposed controls, as well as those exposed to UV-C + (UV-B + 

UV-A) and UV-B + UV-A light, germinated up to almost 100%, even after 60 days of treatment. 

In order to investigate possible instability in seed vigour15 related to the seed aging problem 

during long-lasting experiments, the germination curves of all dark control samples (seeds 

exposed to the experimental conditions, but protected from UV light by the Alu filter) were 

compared to the germination curves of laboratory controls (seeds stored in the dark at 4°C), as 

shown in Fig. 62A-D. The germination curves of the dark and laboratory controls were similar in 

the fah1-2 mutant line and the background Col-0 line, exposed for 40 and 60 days, as well as in 

the dyx mutant line, exposed to the experimental conditions for 30 and 60 days (Fig. 62B, C and 

D). These results indicated satisfying stability of seeds during the long-term experiment, as well 

as adequate consistency of germination results. However, small changes in germination 

dynamics, but not in germination capacity (Gmax%) were detected for both Ws-2 dark control 

samples that were exposed for 30 and 60 days, when compared to the Ws-2 laboratory control 

(Fig. 62A). Nevertheless, this effect was not observed in germination test under stressed 

                                                 
15 In this work the term seed vigour is defined as the sum of the properties, which determine the potential for rapid 
and uniform seed germination under wide range of experimental conditions (modified from AOSA, 1983). For 
instance, the high-vigour seeds germinate uniformly and rapidly and grow more resistant seedlings than the low-
vigour seeds. The level of seed vigour is determined by three major factors: genetic constitution, environmental 
factors and storage conditions (Sun et al., 2007). Seeds undergoing natural ageing during storage are likely to lose 
vigour at a faster rate than they lose viability (Schmidt, 2000).  
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conditions at suboptimal temperature (for details see section 16.2.1.2). Since there were no 

observed major changes in germination behaviour between the two dark controls exposed for 40 

and 60 days in the case of Col-0 and fah1-2 seeds, and 30 and 60 days in the case of Ws-2 and 

dyx seeds, data points were averaged for the two dark controls of the same genotype. The 

average germination curves for dark controls were plotted and compared to the UV exposed 

samples for Ws-2, Col-0, dyx and fah1-2 lines (Fig. 62E-H).  

 

The Ws-2, dyx and Col-0 seeds that were exposed to UV-B + UV-A portion of emitted 

light (seeds covered with the Glass filter) showed no major changes in germination behaviour 

even after 60 days of UV exposure (Fig. 62E, F and G), where Ws-2 and dyx samples were 

exposed to fluences of UV-B = 4.3 x 104 kJm-2 and UV-A = 1.2 x 104 kJm-2, while the Col-0 

sample was exposed to fluences of UV-B = 3.4 x 104 kJm-2 and UV-A = 9.5 x 103 kJm-2. 

However, smaller changes in germination behaviour of fah1-2 seeds was observed after 60 days 

of exposure to UV-B + UV-A light (UV-B = 3.4 x 104 kJm-2 and UV-A = 9.5 x 103 kJm-2), 

where the germination dynamics, but not the germination capacity, was affected (Fig. 62H). 

 

The UV-C + (UV-B + UV-A) radiation had more pronounced effects on germination 

dynamics of seed samples (seeds covered with the Quartz filter), although the germination 

capacity (Gmax%) in all samples was not affected (Fig. 62E-H). For instance, the germination 

behaviour of the Ws-2 seeds was not altered after 30 days, but it was slowed after 60 days of 

exposure to UV-C + (UV-B + UV-A) radiation (Fig. 62E). The germination of the dyx seeds was 

slowed by exposure for 30 days and this effect was even more pronounced after 60 days of 

exposure to UV-C + (UV-B + UV-A) light, as shown in Fig. 62F. The germination of the Col-0 

wild type seeds was slightly slower after 40 days of exposure, but it remained unchanged after 60 

days of exposure to UV-C + (UV-B + UV-A) light (Fig. 62G). The germination dynamics of the 

sinapate ester-mutant fah1-2 changed significantly already after 40 days of exposure to UV-C + 

(UV-B + UV-A) light, although the germination capacity remained unchanged (Fig. 62H).  

 

In an effort to better describe the germination process illustrated by the germination curves, 

and to quantify differences in germination behaviour among samples exposed to UV-C + (UV-B 

+ UV-A) light, as well as UV-B + UV-A portion of light, different germination parameters, 

including germination capacity and germination speed, were studied separately and the results 

were analyzed statistically as described below.  
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 GERMINATION TIME COURSE OF FLAVONOID-CONTAINING Arabidopsis SEEDS 
Germination under optimal conditions  
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Fig. 62. Effects of UV radiation on germination behaviour of flavonoid-containing Arabidopsis seeds germinated 
under the optimal conditions. The germination curves of seeds that germinated after long-term exposure to UV light 
(panels E, F, G and H) are compared to the germination curves of unexposed control samples (panels A, B, C and 
D). Germination time is expressed in hours after imbibition (HAI). Imbibition was performed in the dark at 4°C for 
72 hours. Seeds covered with an aluminium foil (Alu filter) were protected from the UV light, and they served as 
dark controls (blue lines), while laboratory controls were untreated seeds, stored in the dark at 4°C over the whole 
period of the experiment (black lines). Seeds covered with a Glass filter were exposed only to the minor UV-B + 
UV-A portion of emitted light (green lines), while those covered with a Quartz filter were exposed to entirely 
transmitted UV-C + (UV-B + UV-A) light, emitted from the UV-C254 source (red lines). The duration of exposure 
was 30 and 60 days in the case of the Ws-2 and dyx seeds, and 40 and 60 days in the case of the Col-0 and fah1-2 
seeds. Data points represent the mean values ± standard deviation of three parallel experiments (n = 50). 
The plant genotypes were: Wassilewskija (Ws-2), A and E; a control mutant with a T-DNA insertion, carrying the 
nptII gene (dyx), B and F; Columbia (Col-0), C and G; a sinapate ester-deficient mutant (fah1-2), D and H. Wild 
ecotypes are marked with asterisks and background ecotypes are noted in the parentheses under each mutant line.  
 

A E 

B F 

C G 

D H 
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16.2.1.1.1. Germination capacity (Gmax%) of seeds exposed to  

quasi-monochromatic UV-C254 light 

 

The germination capacity was expressed through the maximal germination percentage 

(Gmax%) achieved at the end of the germination process. The germination capacities of Ws-2, dyx, 

Col-0 and fah1-2 Arabidopsis seeds exposed to UV-C + (UV-B + UV-A) and UV-B + UV-A 

light, were compared as illustrated in Fig. 63. The mean values of Gmax% obtained from three 

parallel experiments, observing n = 50 seeds, were analyzed using ANOVA and the unpaired t-

test (α = 0.05). In the literature, the germination percentage data are usually transformed in 

%arcsin  values prior the analysis of variance (Baskin and Baskin, 2001a). Since we obtained 

very similar statistical results for transformed and untransformed Gmax% data, here are presented 

only the results obtained directly from untransformed percentage data. 

 

No statistically significant differences (p > 0.05) in Gmax% values were observed among the 

control samples, comparing a laboratory control and two dark controls after 30 and 60 days of 

treatment in the Ws-2 and dyx lines or 40 and 60 days in the Col-0 and fah1-2 lines (results not 

shown). Since these results indicated good stability of germination capacity in all dark controls 

even after 60 days of treatment under experimental conditions, the Gmax% values for dark controls 

were averaged in each seed line and these values were further compared to Gmax% for UV 

exposed samples (Fig. 63). 

 

The exposure of seeds to UV-B + UV-A light did not affect the germination capacity, even 

after 60 days of irradiation. It is important to note that all dark controls as well as the samples 

exposed to UV-B + UV-A light reached the final germination percentage of about 100% (Fig. 

63A-D). ANOVA (α = 0.05) showed no significant difference in Gmax% among dark controls and 

samples exposed to UV-B + UV-A for Ws-2 and Col-0 wild type lines, as well as the transgenic 

dyx line and the sinapate ester mutant, fah1-2. In addition, the unpaired t-tests (α = 0.05) showed 

no statistically significant differences in Gmax% within the group of UV-B + UV-A exposed 

samples in the Ws-2, Col-0 and fah1-2 lines (Fig. 63A, C and D). Although the unpaired t-test 

showed a small increase in Gmax% (p = 0.0134) after 60 days of exposure of dyx seeds to UV-B + 

UV-A light, ANOVA clearly showed no statistical difference (p = 0.1406), indicating that UV-B 

+ UV-A had no effect on germination capacity of dyx seeds (Fig. 63B). 
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 MAXIMAL GERMINATION PERCENTAGE (Gmax%) 
after long-term UV exposure of flavonoid-containing Arabidopsis seeds 

Germination under optimal conditions 
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Fig. 63. Maximal germination percentage (Gmax%) of flavonoid-containing Arabidopsis seeds germinated under 
the optimal conditions after exposure to entirely transmitted UV-C + (UV-B + UV-A) light or only to its minor  
UV-B + UV-A portion, emitted from the UV-C254 source. The Gmax% values of UV irradiated seed samples are here 
compared with those of the unexposed control samples (dark controls). The duration of UV exposure (30 and 60 
days for Ws-2 and dyx seeds, and 40 and 60 days for Col-0 and fah1-2 seeds) and UV fluences (kJm-2) are indicated 
under each bar. After UV exposure, seeds were imbibed in the dark at 4°C for 72 hours. Values are the mean ± 
standard deviation of three parallel experiments (n = 50). The precise values from ANOVA and the unpaired t-tests 
are indicated above the bars, where * means a significant level (P < 0.05), ** very significant (P < 0.01) and *** 
extremely significant (P < 0.001) level of difference. 
The plant genotypes were: Wassilewskija (Ws-2), A and E; a control mutant with a T-DNA insertion carrying the 
nptII gene (dyx), B and F, Columbia (Col-0), C and G; a sinapate ester-deficient mutant (fah1-2), D and H. Wild 
ecotypes are marked with asterisks and background ecotypes are noted in the parentheses under each mutant line.  
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 The exposure of seeds to UV-C + (UV-B + UV-A) light had no effect on the germination 

capacity of the Ws-2, dyx, Col-0 and fah1-2seeds (Fig. 63E-H). ANOVA showed no differences 

in the germination capacity among both UV-C + (UV-B + UV-A) irradiated samples and the 

dark controls for the Ws-2, Col-0 and fah1-2 lines, and the unpaired t-tests detected no statistical 

difference in Gmax% values within the group of UV-C + (UV-B + UV-A) exposed samples in 

these three genotypes (Fig. 63E, G and H). In the case of the dyx seeds irradiated for 30 and 60 

days, ANOVA indicated a significant increase in Gmax% values (p = 0.0342) for both UV-C + 

(UV-B + UV-A) exposed samples, compared to the dark control (Fig. 63F). Since both UV 

exposed dyx samples reached maximal germination percentage at 100 ± 0%, the statistical 

difference was not taken into account, due to the limitations of ANOVA in the case of to high 

disparity in the variance among tested groups.  

 

 

16.2.1.1.2. Mean germination time (MGT) of seeds exposed to 

 quasi-monochromatic UV-C254 light 

 

Besides the final percentage of germinated seeds, we also studied the dynamics of the 

germination process over the whole time period of germination. Mean germination time can be 

used as a parameter of germination dynamics, as an inverse expression of overall germination 

speed for the whole seed population, and it corresponds to the reciprocal value of the mean 

germination rate (Larsen and Bibby, 2004; Ranal and de Santana, 2006). It represents the 

average length of time required for maximum germination of a seed population (Ranal and de 

Santana, 2006). Mean germination time (MGT) was calculated according to the equation of Ellis 

and Roberts (1981) (see Equation 1, chapter 1, section 4.2.2.1). 

 
The impact of UV-C + (UV-B + UV-A) light, as well as its UV-B + UV-A component on 

the mean germination time (MGT) of Ws-2, dyx, Col-0 and fah1-2 Arabidopsis seeds is 

illustrated in Fig. 64. Mean values, obtained from three parallel experiments, observing n = 50 

seeds, were calculated and compared for each seed genotype. ANOVA and the unpaired t-test, 

both at the level of significance α = 0.05, were used for the statistical analysis of the results. 

Since seeds in the germination process frequently show some deviation from normality, causing 

a positively skewed germination time course (Bewley and Black, 1994b; Ranal and de Santana, 

2006), as detected for Arabidopsis seeds (Table 15), and in an effort to obtain homogeneous 

variance in ANOVA, the MGT data were transformed into square-root values, prior the 

statistical analysis (Larsen and Bibby, 2004).  
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The stability in vigour of dark control Ws-2, dyx, Col-0 and fah1-2 seeds, treated up to 60 

days under the experimental conditions, was examined by comparing their MGT values to that of 

laboratory control (results not shown). According to ANOVA performed on square-root 

transformed data, no significant differences (p > 0.05) in MGT were observed among the control 

samples, including the laboratory and two dark controls for the Col-0, dyx and fah1-2 seed lines. 

However, ANOVA showed an extremely significant difference (p = 0.0008) in MGT values for 

both Ws-2 dark controls (exposed for 30 and 60 days), when compared to the Ws-2 laboratory 

control. In spite of this, the unpaired t-test showed no significant difference (p = 0.3514) between 

these two Ws-2 dark controls. Thus, the MGT values of the two dark controls were averaged for 

the Ws-2 line, as well as for the dyx, Col-0 and fah1-2 seed lines. The MGT values of samples 

exposed to UV-C + (UV-B + UV-A) and UV-B + UV-A light were statistically weighted against 

averaged MGT values of the dark controls (Fig. 64).  

 
Statistical analyses showed that UV-B + UV-A component of light emitted from quasi-

monochromatic UV254 source had no effect on the mean germination time of the Ws-2, dyx and 

Col-0 seeds (Fig. 64A-C), while it had a significant impact on the MGT of the sinapate ester 

mutant fah1-2 (Fig. 64D). The unpaired t-test showed no significant difference in MGT between 

two Ws-2 samples exposed to UV-B + UV-A light for 30 and 60 days (Fig. 64A). Although the 

results of unpaired t-test indicated a significant difference within the group of UV-B + UV-A 

exposed samples in dyx (p = 0.00328) and Col-0 (p = 0.0137) line, ANOVA clearly showed that 

there is no statistical difference (p > 0.05) in MGT values among the seed samples in all three 

genotypes, Ws-2, dyx and Col-0 (Fig. 64A-C).  

 
On the other hand, the sinapate ester mutant fah1-2 showed very different germination 

behaviour after the exposure of the seeds to lower fluences of UV-B + UV-A light (Fig. 64D). 

Compared to the dark control, ANOVA showed an extremely significant difference (p < 0.0001) 

in MGT values for both UV-B + UV-A exposed fah1-2 samples irradiated for 40 and 60 days. 

The Tukey-Kramer post-hoc test showed a very significant (p < 0.01) increase in MGT already 

after 40 days of the exposure of fah1-2 seeds to UV-B + UV-A light (UV-B = 2.3 x 104 kJm-2 

and UV-A = 6.9 x 103 kJm-2), and an extremely significant increase (p < 0.001) in MGT after 60 

days of the exposure (UV-B = 3.4 x 104 kJm-2 and UV-A = 9.5 x 103 kJm-2). In addition, the 

unpaired t-test showed very significant difference (p = 0.0069) within the group of UV-B + UV-

A exposed fah1-2 samples. This result indicated increased sensitivity of the sinapate ester-

lacking fah1-2 mutant to UV-B + UV-A radiation, as seen in the slower germination of irradiated 

seeds. 
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The UV-C + (UV-B + UV-A) light had a significant impact on the mean germination time 

in all four tested flavonoid-containing seed lines (Fig. 64E-H). ANOVA showed statistically 

important differences in MGT among dark controls and the samples exposed to UV-C + (UV-B 

+ UV-A) light in all four genotypes, resulting in a very significant difference in the Ws-2 sample 

(p = 0.0084), as shown in Fig. 64E, and extremely significant differences in dyx (p < 0.0001), 

Col-0 (p = 0.0005) and fah1-2 (p < 0.0001) samples (Fig. 64F, G and H, respectively). This 

effect of increased MGT was attributed mainly to the dominant UV-C component (it makes 

about 91% of incident light), since UV-B + UV-A alone did not have an effect on MGT of Ws-2, 

dyx and Col-0 seeds (Fig. 64A-C). On the other hand, the observed extremely significant 

increase in the MGT of the fah1-2 seeds exposed to UV-C + (UV-B + UV-A) light can be 

attributed to combined effects of both components of the incident light (dominant UV-C and 

background UV-B + UV-A), as seen in Fig. 64D and Fig. 64H. 

 

The Tukey-Kramer post-hoc test (α = 0.05) showed no difference in MGT between Ws-2 

sample exposed to UV-C + (UV-B + UV-A) light for 30 days (UV-C = 3.1 x 105 kJm-2) and the 

dark control, but increased fluences of UV light (UV-C = 6.0 x 105 kJm-2), reached after 60 days, 

induced a very significant increase (p < 0.01) in the MGT of Ws-2 seeds (Fig. 64E). The MGT 

values for both UV-C + (UV-B + UV-A) exposed Ws-2 samples did not differ significantly, 

according to the unpaired t-test. 

 

The T-DNA insertion mutant dyx appeared more sensitive to UV-C + (UV-B + UV-A) 

light than its Ws-2 background, since the Tukey-Kramer post-hoc test showed an extremely 

significant increase (p < 0.001) in MGT value already after 30 days of exposure (UV-C = 3.1 x 

105 kJm-2). Increased fluences of UV light (UV-C = 6.0 x 105 kJm-2), reached after 60 days, 

induced a further extremely significant increase (p < 0.001) in MGT in this line (Fig. 64F). The 

MGT values for both UV-C + (UV-B + UV-A) exposed dyx samples differed very significantly, 

according to the unpaired t-test. 

 

Compared to the dark control, the Tukey-Kramer post-hoc test showed a very significant 

increase (p < 0.01) in MGT for Col-0 wild type seeds exposed to UV-C + (UV-B + UV-A) for 

40 days (UV-C = 3.5 x 105 kJm-2), and an extremely significant increase (p < 0.001) in MGT for 

seeds exposed for 60 days (UV-C = 4.8 x 105 kJm-2), as seen in Fig. 64G. No statistically 

significant difference was detected in MGT values within the group of UV-C + (UV-B + UV-A) 

exposed Col-0 samples, using the unpaired t-test.  
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 MEAN GERMINATION TIME (MGT) 
after long-term UV exposure of flavonoid-containing Arabidopsis seeds 

Germination under optimal conditions 
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Fig. 64. The mean germination time (MGT) of flavonoid-containing Arabidopsis seeds germinated under the 
optimal conditions after exposure to entirely transmitted UV-C + (UV-B + UV-A) light or only to its minor UV-B + 
UV-A portion, emitted from the UV-C254 source. The MGT values of UV irradiated seed samples are here compared 
with those of the unexposed control samples (dark controls). The duration of UV exposure (30 and 60 days for Ws-2 
and dyx seeds, and 40 and 60 days for Col-0 and fah1-2 seeds) and UV fluences (kJm-2) are indicated under each 
bar. The seeds were imbibed in the dark at 4°C for 72 hours. Values are the mean ± standard deviation of three 
parallel experiments (n = 50). Bars with different letters denote significant differences at α < 0.05, according to 
ANOVA and the unpaired t-tests (UV exposed samples), calculated for square-root transformed data. The precise 
values of statistical tests are indicated above the bars, where * means a significant (P < 0.05), ** very significant (P 
< 0.01) and *** extremely significant (P < 0.001) level of difference.  
The plant genotypes were: Wassilewskija (Ws-2), A and E; a control mutant with a T-DNA insertion carrying the 
nptII gene (dyx), B and F; Columbia (Col-0), C and G; a sinapate ester-deficient mutant (fah1-2), D and H. Wild 
ecotypes are marked with asterisks and background ecotypes are noted in the parentheses under each mutant type.  
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In the case of the sinapate ester mutant fah1-2 exposed to UV-C + (UV-B + UV-A) light, 

the Tukey-Kramer post-hoc test showed an extremely significant increase (p < 0.001) in MGT 

value for the sample exposed for 40 days, when compared to the dark control sample (Fig. 64H). 

The MGT value further increased (p < 0.001) in the fah1-2 sample irradiated for 60 days. In 

addition, both UV-C + (UV-B + UV-A) exposed fah1-2 samples differed very significantly in 

MGT values according to the results obtained from the unpaired t-test (p = 0.0085).  

 

 

16.2.1.1.3. Other parameters of germination dynamics in seeds exposed to  

quasi-monochromatic UV-C254 light 

 

Besides the mean germination time, as a reciprocal expression of germination speed, 

additional parameters of germination dynamics were also considered, such as T50% and T25-75% 

values, as well as the skewness of the germination curves. A T50% value represents the time 

necessary to reach 50% of maximum germination. Together with MGT, it represents the central 

tendency of germination process (Ranal and de Santana, 2006). A T25-75% value is an expression 

of the spread of germination times between 25% and 75% of maximum germination, and it 

represents the measure for germination uniformity. A T25-75% value is related to the steepness of 

the germination curve around the median. Thus, a steep germination curve of seeds, with 

uniform behaviour, indicates that the majority of the seeds complete the germination over a 

relatively short time period (Bewley and Black, 1994b). Skewness is a measure for asymmetry of 

the germination curve, and it is calculated from the ratio T50% / MGT. The calculated value 

usually lies between 0 and 1. A value 1 means that the curve is symmetric and a value <1 

indicates that the curve is asymmetric, meaning that the greater percentage of seeds germinates 

in the first half of the germination period than the second half.  

 

Precise values and the results of ANOVA (α = 0.05) followed by the Tukey-Kramer post-

hoc test for different parameters of germination dynamics, including MGT, T50% , T25-75% and 

skewness for Ws-2, Col-0, dyx and fah1-2 seeds irradiated with UV-C + (UV-B + UV-A) and 

UV-B + UV-A light, are presented in Table 15. 
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Table 15. Effects of long-term exposure to UV-C + (UV-B + UV-A) and UV-B + UV-A radiation on Arabidopsis 
seed germination dynamics, including T25-75%, T50%, mean germination time (MGT) and skewness of germination 
curves. The UV-C + (UV-B + UV-A) denotes an entirely transmitted incident light (quartz filter), in contrast to its 
minor UV-B +UV-A portion (glass filter), emitted from the UV-C254 source. Seeds were UV exposed for 30 and 60 
days (Ws-2 and dyx seed lines) or 40 and 60 days (Col-0 and fah1-2 seed lines), and subsequently germinated under 
optimal conditions after imbibition in the dark at 4°C for 72 hours. Values of UV exposed samples are compared to 
the value of the averaged dark control (unexposed seed sample protected from UV by an aluminium foil filter). 
Values are the mean ± standard deviation of three independent experiments (n = 50). Different letters denote a 
significant difference at α < 0.05 according to ANOVA and the Tukey-Kramer post-hoc tests performed on square-
root transformed data for T25-75%, T50%, and MGT parameters, and untransformed data for skewness parameter.  
The plant genotypes were: Wassilewskija (Ws-2), a control mutant with a T-DNA insertion carrying the nptII gene 
(dyx), Columbia (Col-0) and a sinapate ester-deficient mutant (fah1-2). Wild ecotypes are marked with asterisks and 
background ecotypes are noted in parentheses under each mutant type.  
 

GENOTYPE 
DURATION 

OF UV 
IRRAD. 

UV RADIATION PARAMETERS OF GERMINATION DYNAMICS 

   T25-75% 
(hours) 

T50% 
(hours) 

MGT (hours) SKEWNESS 
T50% / MGT 

 Dark control 
(averaged) 9.5 a 26.0 a 31.4 a 0.8321 a 

UV-B+UV-A 7.4 a 24.8 a 28.6 a 0.8477 a 
30 days UV-C+ 

(UV-B+UV-A) 8.8 a 27.3 a 32.4 ab 0.8404 a 

UV-B+UV-A 11.7 ab 25.9 a 32.3 a 0.8029 a 

Ws-2* 

60 days UV-C+ 
(UV-B+UV-A) 16.7 b 33.6 b 38.0 b 0.8581 a 

 Dark control 
(averaged) 6.7 a 22.0 a 25.7 a 0.8759 a 

UV-B+UV-A 7.8 a 23.0 a 25.5 a 0.9020 a 
30 days UV-C+ 

(UV-B+UV-A) 12.5 b 30.8 b 34.4 b 0.8942 a 

UV-B+UV-A 6.7 a 21.8 a 24.4 a 0.8907 a 

dyx 
(Ws-2) 

60 days UV-C+ 
(UV-B+UV-A) 15.0 b 36.2 c 40.7 c 0.8920 a 

 Dark control 
(averaged) 3.6 a 11.0 a 12.3 a 0.8565 a 

UV-B+UV-A 3.1 a 9.9 a 11.6 a 0.8560 a 
40 days UV-C+ 

(UV-B+UV-A) 5.2 b 11.5 b 14.3 b 0.8014 a 

UV-B+UV-A 5.0 b 9.9 a 12.3 a 0.8116 a 

Col-0* 

60 days UV-C+ 
(UV-B+UV-A) 5.1 b 11.5 b 14.7 b 0.7867 a 

 Dark control 
(averaged) 4.6 a 13.0 a 15.1 a 0.83302 a 

UV-B+UV-A 5.5 ab 14.4 b 16.8 b 0.8555 a 
40 days UV-C+ 

(UV-B+UV-A) 11.2 c 19.1 d 25.3 d 0.7479 b 

UV-B+UV-A 7.3 b 16.2 c 19.7 c 0.8260 ac 

fah1-2 
(Col-0) 

60 days UV-C+ 
(UV-B+UV-A) 13.1 c 21.9 e 28.6 e 0.7666 bc 
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In all four tested genotypes, the Tukey-Kramer test showed a similar distribution of 

statistical differences in the T50% values among the dark controls and the UV exposed samples, 

as it was observed for the MGT values (Table 15). The differences in the MGT of irradiated and 

control seed samples are illustrated in Fig. 64 and are discussed in details elsewhere (see section 

16.2.1.1.2). Here below are elaborated the results of statistical analyses for the T50%, skewness 

and T25-75% parameters of germination dynamics. 

 

In the case of the Ws-2 and dyx lines, ANOVA showed extremely significant differences 

(p < 0.0001) in T50% values among the dark controls and samples exposed to UV-C + (UV-B + 

UV-A) light. The dyx line appeared more sensitive than the Ws-2 line, since T50% increased 

already after 30 days of irradiation. In contrast, UV-B + UV-A light did not affect the T50% 

parameter in Ws-2 and dyx lines. Extremely significant differences (p < 0.0001) in T50% values 

were also detected for Col-0 and fah1-2 samples irradiated for 40 and 60 days. In addition, Table 

15 shows the precise values for T50%, which are lower than MGT values in all cases. Thus, all 

calculated values for the skewness were below the value 1, indicating slightly asymmetric nature 

of germination curves in Arabidopsis seeds.  

 

ANOVA showed no significant difference (p > 0.05) in positively skewed germination 

behaviour among samples exposed to UV-C (UV-B + UV-A) and UV-B + UV-A light and the 

dark controls, in the case of the Ws-2, Col-0 and dyx seed lines. In contrast, a very significant 

change (p = 0.0021) in germination skewness of fah1-2 seeds was detected after the exposure to 

UV-C + (UV-B + UV-A) light for 40 and 60 days. The positive shift in skewness of the 

germination curve in fah1-2 samples exposed to UV-C + (UV-B + UV-A) light indicates that the 

first half of the germination period was much longer than in dark control fah1-2 seeds. Since this 

effect was not observed after the exposure of fah1-2 seeds to UV-B + UV-A light, the change in 

skewness of germination of fah1-2 seeds was attributed to the dominant UV-C part of the 

emitted UV light.  

 

Unlike the MGT and T50% parameters, the uniformity parameter T25-75% had a different 

distribution of statistically significant variations among the UV exposed samples and the dark 

controls in all four tested genotypes. ANOVA showed a very significant difference (p = 0.0026) 

in T25-75% values among the samples in Ws-2 line, where a decrease in uniformity of germination 

was detected after 60 days of exposure to UV-C + (UV-B + UV-A) radiation. Lower fluences of 

UV-C + (UV-B + UV-A) radiation, as well as UV-B + UV-A light, did not affect the uniformity 

of Ws-2 seed germination. As with the Ws-2 background, UV-B + UV-A light did not change 
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the germination uniformity of the dyx seeds. In contrast, UV-C + (UV-B + UV-A) light had a 

strong impact on the T25-75% parameter in the dyx sample exposed for 30 and 60 days, since an 

extremely significant difference (p < 0.0001) in T25-75% values was observed among the UV 

exposed samples and the dark control. 

 

The Col-0 wild type seeds irradiated with UV-C + (UV-B + UV-A) and UV-B + UV-A 

light showed different behaviour in germination uniformity, compared to the Ws-2 wild type. An 

extremely significant difference (p < 0.0001) in T25-75% values among the UV exposed samples 

and the dark control was observed in Col-0 wild type line. Compared to the Ws-2 line, the Col-0 

seeds showed an increased sensitivity to both UV-C + (UV-B + UV-A) and UV-B + UV-A light. 

The uniformity of germination in the sinapate ester mutant fah1-2 was extremely affected  

(p < 0.0001) by both UV-B + UV-A and UV-C + (UV-B + UV-A) radiation. The fah1-2 seeds 

that were exposed to UV-B + UV-A light for 60 days had a significantly decreased T25-75% value, 

compared to the dark control. The exposure to UV-C + (UV-B + UV-A) light affected the 

uniformity of fah1-2 germination already after 40 days of UV exposure. 
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16.2.1.2. Germination of UV-C254 irradiated flavonoid-containing Arabidopsis seeds 

 under suboptimal conditions 

 

The germination tests under suboptimal conditions at low temperature (10°C) were 

performed in order to further examine the quality of Arabidopsis seeds Ws-2, Col-0, dyx and 

fah1-2, irradiated with high fluences of UV-C + (UV-B + UV-A) and UV-B + UV-A light. 

Standard germination tests, which are carried out under optimal conditions, may show relatively 

high germination performance of low-vigour seeds, while the tests conducted under stressed 

conditions may show comparatively poor germination (ISTA, 1995). The vigour of seeds, in 

effect, is a measure of the extent of damage that has accumulated in individual seeds, and one of 

the obvious signs of this damage is the increased time taken for seeds to germinate, as was 

observed for UV exposed Ws-2, Col-0, dyx and fah1-2 seeds germinated under optimal 

conditions (see section 16.2.1.1.2). Under stressed conditions, such as low temperature, the 

germination process is slower, making it possible to observe small differences in the vigour of 

UV irradiated and control seeds. Since the optimal temperature range for Arabidopsis 

germination and growth is 23-25°C (Rivero-Lepinckas et al., 2006), and the estimated base 

temperature (minimum temperature permitting radicle emergence) for Arabidopsis germination 

is close to 0°C (Gummerson, 1986; Salaita et al., 2005), a low constant temperature of 10°C was 

used to test the germination capacity and vigour of Arabidopsis seeds.  

 

 

The germination time courses for Arabidopsis Ws-2, dyx, Col-0 and fah1-2 seeds that were 

germinated under suboptimal conditions at 10°C, after they had been exposed to UV light for 

long time periods, are presented in Fig. 65. The panels A, B, C and D in Fig. 65 illustrate the 

germination behaviour of the unexposed control samples that were not exposed to UV light. The 

panels E, F, G and H in Fig. 65 show the germination curves of seeds exposed to UV-C + (UV-

B + UV-A) light (samples covered with the Quartz filter), as well as the germination curves of 

seeds exposed only to UV-B + UV-A portion of the emitted light (samples covered with the 

Glass filter).  

 

The results of germination under suboptimal conditions clearly show that the germination 

capacity of the Ws-2, dyx, Col-0 and fah1-2 seeds was not affected by UV-B + UV-A light, nor 

by UV-C + (UV-B + UV-A) light. All tested seed samples, including control samples and all UV 

exposed seeds, reached final germination percentage of about 100%, even if germinated under 

stressed conditions at 10°C.  
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 GERMINATION TIME COURSE OF FLAVONOID-CONTAINING Arabidopsis SEEDS 
Germination under suboptimal conditions at 10°C  
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Fig. 65. Effects of UV radiation on germination behaviour of flavonoid-containing Arabidopsis seeds germinated 
under suboptimal conditions at 10°C. The germination time courses of UV irradiated seeds (panels E, F, G and H) 
are compared to the germination time courses of the control samples that were not exposed to UV light (panels A, B, 
C and D). Germination time is expressed in hours after imbibition (HAI). Imbibition was performed in the dark at 
4°C for 72 hours. Seeds covered with an aluminium foil (Alu filter) were protected from the UV light, and they 
served as dark controls (blue lines), while laboratory controls were untreated seeds, stored in the dark at 4°C over 
the whole period of the experiment (black lines). Seeds covered with a Glass filter were exposed only to the UV-B + 
UV-A portion of emitted light (green lines), while those covered with a Quartz filter were exposed to entirely 
transmitted UV-C + (UV-B + UV-A) light, emitted from the UV-C254 source (red lines). The duration of exposure 
was for 30 and 60 days in the Ws-2 and dyx lines, and 40 and 60 days in the Col-0 and fah1-2 lines.  
The plant genotypes were: Wassilewskija (Ws-2), A and E; a control mutant with a T-DNA insertion carrying the 
nptII gene (dyx), B and F; Columbia (Col-0), C and G; a sinapate ester-deficient mutant (fah1-2), D and H. Wild 
ecotypes are marked with asterisks and background ecotypes are noted in the parentheses under each mutant type.  
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The germination curves of all dark controls for the Ws-2, dyx, Col-0 and fah1-2 lines 

(seeds protected from UV light by the aluminium foil, Alu, filter and exposed to the experimental 

conditions up to 60 days) fitted perfectly to the germination curves of their laboratory controls 

(Fig. 65A-D), showing the consistency of the germination results. In addition, these results 

clearly showed good stability of the seeds kept under experimental conditions for up to 60 days, 

even in the case of Ws-2 dark control seeds (Fig. 65A), which showed a small change in 

germination speed in the germination test perforemd under optimal conditions (see Fig. 62A, 

section 16.2.1.1). Thus, the average germination curves for Ws-2, dyx, Col-0 and fah1-2dark 

controls were plotted and further compared to the germination curves of UV irradiated samples 

(Fig. 65E-H). 

 

As in the experiments under optimal conditions (Fig. 62, section 16.2.1.1), the results of 

germination tests under suboptimal conditions indicated that UV-C + (UV-B + UV-A) light, as 

well as its UV-B + UV-A portion of emitted light, did not affect the germinability of Ws-2, dyx, 

Col-0 and fah1-2 seeds, but rather the seed vigour. Compared to the tests performed under 

optimal conditions, the observed differences in germination speed were more pronounced if 

germination was carried out under suboptimal conditions. This was especially significant in the 

case of the samples exposed to UV-C + (UV-B + UV-A) light, where the differences in 

germination speed were detected already after 30 days of irradiation of Ws-2 and dyx seeds, as 

well as after 40 days of irradiation of Col-0 and fah1-2 seeds.  

Hovewer, the most pronounced differences in germination speed were observed in the 

sinapate ester-lacking mutant fah1-2, which was more sensitive to UV-C + (UV-B + UV-A) 

light, as well as UV-B + UV-A portion of emittied light, compared to its background Col-0 

ecotype, and the Ws-2 and dyx genotypes.  

 

The observed differences in the germination behaviour were further quantified, where the 

germination capacity, as well as the mean germination time were measured and statistically 

analysed among UV irradiated samples and the dark controls (see below).  
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16.2.1.2.1.Germination capacity (Gmax%) of UV-C254 irradiated seeds  

germinated under suboptimal conditions 

 

As illustrated in Fig. 65, the maximal germination percentage (Gmax%) of Ws-2, dyx, Col-0 

and fah1-2 seeds reached about 100% in all the UV exposed and dark control samples. Neither 

UV-B + UV-A radiation, nor UV-C + (UV-B + UV-A) light affected the germination capacity of 

all tested samples. The mean values of Gmax% obtained from three independent experiments, 

observing n = 40 seeds, were analyzed using ANOVA and the unpaired t-test, both at the level of 

significance α = 0.05 (results not shown).  

 

Using untransformed Gmax% values, ANOVA showed no statistical difference (p > 0.05) 

among the dark and laboratory controls in Ws-2, dyx, Col-0 and fah1-2 seed lines. Since these 

results indicated seed stability under the experimental conditions, but protected from UV light, 

the Gmax% values for two dark controls were averaged in each seed line and these values were 

further compared to those of samples exposed to UV light. 

 

No statistical differences (p > 0.05) were observed in germination capacity among the 

averaged dark controls and the Ws-2, dyx, Col-0 and fah1-2 samples exposed to UV-B + UV-A 

light. Similarly, ANOVA showed no statistical differences (p > 0.05) among the Ws-2, dyx, Col-

0 and fah1-2 samples exposed to UV-C + (UV-B + UV-A) light, weighted against their averaged 

dark controls. Similar results for germination capacity of seeds exposed to UV-C + (UV-B + 

UV-A) and UV-B + UV-A light were obtained when %arcsin transformed data were used in 

statistical analyses (results not presented).  

 

16.2.1.2.2. Mean germination time (MGT) of UV-C254 irradiated seeds  

germinated under suboptimal conditions 

 

Long-term exposure of Ws-2, dyx, Col-0 and fah1-2 seeds to UV-C + (UV-B + UV-A) and 

UV-B + UV-A light had a significant effect on germination speed, as determined at suboptimal 

temperature (Fig. 66). The mean germination time (MGT), as an inverse expression of 

germination speed, was calculated for each sample and the mean values of MGT, obtained from 

three independent experiments (n = 40), were compared for UV exposed and dark control 

samples. ANOVA and the unpaired t-tests, both at he level of significance α = 0.05, were 

performed on square-root transformed MGT values due to observed slightly positively skewed 

germination time course of Arabidopsis seeds (for details see section 16.2.1.1.3). 
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Germination tests under suboptimal conditions confirmed the stability in seed vigour of all 

dark controls up to 60 days of treatment under experimental conditions, where no statistical 

difference (p > 0.05) was observed in MGT values among the laboratory controls (seeds that 

were stored in the dark at 4°C) and the dark controls (seeds exposed to the experimental 

conditions, but protected from UV light) in all four tested seed lines (results not shown). Thus, 

further statistical analyses of MGT for both UV-B + UV-A and UV-C + (UV-B + UV-A) 

exposed samples, were statistically weighted against the averaged MGT values for dark controls, 

as shown in Fig. 66. 

 

Unlike the germination under optimal conditions, the results of germination under stressed 

conditions at 10°C showed that the UV-B + UV-A component of emitted light had an effect on 

the mean germination time of the dyx (p = 0.0039) and Col-0 (p = 0.0061) seeds, but only after 

60 days of UV exposure (Fig. 66B and C, respectively). Lower fluences of UV-B + UV-A light, 

reached after 30 or 40 days of exposure, did not affect (p > 0.05) the MGT in irradiated dyx and 

Col-0 seeds. In contrast, the wild type Ws-2 seeds appeared more resistant to UV-B + UV-A 

light, since no statistically significant difference was observed in MGT among the dark control 

and exposed samples (Fig. 66A). On the other hand, the sinapate ester mutant fah1-2 was more 

sensitive than other seed lines to UV-B + UV-A light, since an extremely significant increase (p 

< 0.0001) in MGT was observed in fah1-2 line already after 40 days of UV irradiation (Fig. 

66D). The MGT of fah1-2 seeds further increased after 60 days of UV-B + UV-A exposure. The 

same effect was also observed in the germination experiments under optimal conditions, but it 

was less pronounced compared to the suboptimal conditions (see Fig. 64, section 16.2.1.1.2).  

 

The germination experiments under suboptimal temperature conditions revealed a strong 

impact of UV-C + (UV-B +UV-A) light on the mean germination time, since extremely 

significant differences (p ≤ 0.0001) were detected among the dark controls and the samples 

exposed to UV-C + (UV-B +UV-A) in all tested genotypes (Fig. 66E-H). The MGT values for 

the Ws-2 wild type and dyx mutant seeds was very significantly increased (p < 0.001) already 

after 30 days exposure, and the MGT further increased with increased UV fluences (Fig. 66E 

and F, respectively). UV-C + (UV-B +UV-A) light induced an extremely significant increase (p 

< 0.0001) in MGT for the Col-0 wild type seeds and the sinapate ester fah1-2 mutant already 

after 40 days of irradiation, but the MGT did not further increase with increased fluences of UV-

C + (UV-B +UV-A) light (Fig. 66G and H). 
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 MEAN GERMINATION TIME (MGT) 
after long-term UV exposure of flavonoid-containing Arabidopsis seeds 

Germination under suboptimal conditions (10°C) 
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Fig. 66. The mean germination time (MGT) of flavonoid-containing Arabidopsis seeds germinated under 
suboptimal conditions at 10°C after exposure to entirely transmitted UV-C + (UV-B + UV-A) light or only to its 
minor UV-B + UV-A portion, emitted from the UV-C254 source. The MGT values of UV irradiated seed samples are 
here compared with those of the unexposed control samples (dark controls). The duration of UV exposure (30 and 
60 days for Ws-2 and dyx seeds, and 40 and 60 days for Col-0 and fah1-2 seeds) and UV fluences (kJm-2) are 
indicated under each bar. Prior the germination, seeds were imbibed in the dark at 4°C for 72 hours. Values are the 
mean ± standard deviation of three parallel experiments (n = 40). Bars with different letters denote a significant 
difference at α < 0.05 according to ANOVA and the unpaired t-tests (UV exposed samples), calculated for square 
root transformed data. The precise values of statistical tests are indicated above the bars, where * means a significant 
level (P < 0.05), ** very significant (P < 0.01) and *** extremely significant (P < 0.001) level of difference. 
The plant genotypes were: Wassilewskija (Ws-2), A and E; a control mutant with a T-DNA insertion carrying the 
nptII gene (dyx), B and F; Columbia (Col-0), C and G, a sinapate ester-deficient mutant (fah1-2), D and H. Wild 
ecotypes are marked with asterisks and background ecotypes are noted n the parentheses under each mutant type.  
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16.2.2. Short-term UV-C254 exposure of flavonoid-lacking tt4-8 Arabidopsis seeds 

 

The resistance of flavonoid-lacking tt4-8 seeds (Ws-2 accession) to UV-C + (UV-B + UV-

A) radiation, as well as the UV-B + UV-A portion of emitted light, was studied by analyzing 

germination behaviour and seed viability. Compared to the experiments with flavonoid-

containing seed lines (see section 16.2.1), the tt4-8 seeds were exposed to UV radiation for 

relatively short time periods, ranging from 0.5 up to 139 hours. The germination tests were 

performed only under optimal conditions, since pronounced differences in germinability and 

germination speed were observed already after a short time period of UV exposure (see below). 

A tetrazolium test, which is used for determination of seed viability, was performed using intact 

tt4-8 seeds that remained ungerminated at the end of germination test (for details see further 

below). 

 

16.2.2.1. Germination of tt4-8 seeds exposed to quasi-monochromatic UV-C254 light 

 

The germination curves of tt4-8 samples exposed to UV radiation for 0.5, 1, 2, 3, 5, 10, 24, 

48 and 139 hours, as well as unexposed samples (dark controls), are presented in Fig. 67. 

 

UV-B + UV-A radiation did not have an effect on the germination capacity (Gmax%) of tt4-

8 seeds (samples covered with the Glass filter) over the whole range of UV exposure from 0.5 up 

to 139 hours (the maximal fluences of UV-B = 4.2 x 103 kJm-2 and UV-A = 1.2 x 103 kJm-2) 

(Fig. 67A-I). In addition, we found that UV-B + UV-A light did not affect the germination speed 

up to 5 hours of irradiation (Fig. 67A-E). However, tt4-8 seeds exposed for 10 hours to UV-B + 

UV-A light (UV-B = 2.9 x 102 kJm-2 and UV-A = 79.4 kJm-2) germinated slower than the dark 

control, and this effect was more pronounced with increased duration of exposure to UV-B + 

UV-A light (Fig. 67F-I).  

 

UV-C + (UV-B + UV-A) light had an extreme effect on germination behaviour of tt4-8 

seeds (samples covered with the Quarz filter), lowering the overall speed of germination and 

reducing dramatically the final percentage of germinated seeds (Gmax%) (Fig. 67A-I). Although, 

the germination capacity (Gmax%) of tt4-8 seeds remained unchanged reaching about 100% after 

0.5 and 1 hour of UV exposure (Fig. 67A and B), it decreased rapidly with increased duration of 

exposure, dropping finally to 13% after 139 hours of irradiation (the maximal fluences of UV-C 

= 5.9 x 104 kJm-2, UV-B = 5.4 x 103 kJm-2 and UV-A = 1.2 x 103 kJm-2) (Fig. 67C-I).  
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Fig. 67. Time course of germination of flavonoid-lacking tt4-8 Arabidopsis seeds after short-term exposure to UV 
light. The mutant tt4-8 seeds (Ws-2 accession), were germinated under optimal conditions after they were irradiated 
for 0.5 (A), 1 (B), 2 (C), 3 (D), 5 (E), 10 (F), 24 (G), 48 (H) and 139 (I) hours. The seeds covered with an aluminium 
foil (Alu filter) were protected from the UV light, and they served as dark controls (blue lines). Seeds covered with a 
Glass filter were exposed only to the minor UV-B + UV-A portion of emitted light (green lines), while those 
covered with a Quartz filter were exposed to entirely transmitted UV-C + (UV-B + UV-A) light, emitted from the 
UV-C254 source (red lines). Data points represent the mean values ± standard deviation of three parallel experiments 
(n = 50). The time scales represent germination time expressed in hours after imbibition (HAI). After the exposure 
the imbibition was performed in the dark at 4°C for 72 hours. 
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On the other hand, the germination speed started to decrease already after only 0.5 hour of 

exposure of tt4-8 seeds to UV-C + (UV-B + UV-A) light (UV-C = 2.8 x 102 kJm-2, UV-B = 25.4 

kJm-2 and UV-A = 5.6 kJm-2) (Fig. 67A). This effect was even more pronounced with longer 

time of exposure (Fig. 67B-I).  

 

 

In Fig. 68 there are presented the germination curves that are compared all together for the 

dark controls, and the samples exposed to UV-B + UV-A or UV-C + (UV-B + UV-A) light, 

obtained from nine parallel UV irradiation experiments, ranging from 0.5 hour to 139 hours of 

exposure.  

 

The germination curves of UV unexposed tt4-8 seed samples, including a laboratory 

control and all dark controls from nine parallel UV exposure experiments, are compared all 

together in Fig. 68A. The laboratory control consisted of untreated seeds that were stored in the 

dark at 4°C during the experiments, while the dark controls were seeds protected from UV light 

by an aluminium foil (Alu) filter and placed under the UV lamp in parallel with UV exposed 

samples. The germination curves of all dark controls treated up to 48 hours were similar to the 

germination curve of the laboratory control, indicating the consistency of results and satisfying 

stability of tt4-8 seeds under experimental conditions up to 48 hours. Surprisingly, a significant 

shift in position of the germination curve was observed in tt4-8 dark control treated for 139 

hours. This sample exhibited a delayed start of germination and an increase in the total time 

necessary to complete germination. This effect of instability in vigour of tt4-8 seeds, possibly 

related to the seeds aging problem, should be also taken into account when analysed the 

irradiated samples that were exposed to the high UV fluences reached after 139 hours. Seed 

instability in the dark controls was not encountered in flavonoid-containing seeds, even after 60 

days of treatment under experimental conditions, when protected from UV light (see section 

16.2.1). Due to the observed instability in the vigour of tt4-8 seeds, averaged germination curves 

for the dark controls were not plotted. 
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Fig. 68. Time course of germination 
of flavonoid-lacking tt4-8 Arabidopsis 
seeds after short-term exposure to UV 
light. The mutant tt4-8 seeds (Ws-2 
background), were germinated under 
optimal conditions after exposure to 
UV radiation for 0.5h, 1h, 2h, 3h, 5h, 
10h, 24h, 48h and 139h. The time 
scales represent the germination time 
expressed in hours after imbibition 
(HAI), which was performed in the 
dark at 4°C for 72 hours. Seeds 
covered with an aluminium foil (Alu 
filter) were protected from the UV 
light and they served as dark controls 
(A), while seeds covered with a Glass 
filter were exposed only to the UV-B 
+ UV-A portion of emitted light (B), 
and those covered with a Quartz filter 
were exposed to entirely transmitted 
UV-C + (UV-B + UV-A) light, 
emitted from the UV-C254 source (C). 
The germination curves of UV 
exposed seeds and dark control seeds 
were compared to the germination 
curve of the laboratory control (CONT), 
which represents untreated seeds that 
were stored in the dark at 4°C over a 
period of UV experiment (black lines).  
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The germination curves of all tt4-8 samples exposed to UV-B + UV-A light, obtained from 

nine parallel exposure experiments, were compared to the germination curve for the laboratory 

control (Fig. 68B). All samples that were exposed to UV-B + UV-A light, as well as the control 

sample, reached maximal percentage of germination about 100%. However, a small shift in the 

position of the germination curve was observed in the sample exposed for 10 hours. A 

subsequent decrease in germination speed and delay in germination start was detected with 

increased UV-B + UV-A fluence.  

 

The germination curves of all nine tt4-8 samples exposed to UV-C + (UV-B + UV-A) light 

were compared in parallel and weighed against the laboratory control (Fig. 68C). A strong effect 

of UV-C + (UV-B + UV-A) light on the germination behaviour of tt4-8 seeds was observed. The 

UV exposure for 0.5 and 1 hour resulted in changed dynamics of germination, including 

decreased germination speed and delayed start of germination, while the germination capacity 

remained unchanged, reaching about 100%. Doses received after 2 hours of UV exposure caused 

both, change in germination dynamics and in germination capacity of tt4-8 seeds. Increasing 

doses of UV-C + (UV-B + UV-A) light caused subsequent decrease in the germination speed 

and an important decrease in the germination capacity. It is interesting, however, to observe the 

similarity in the shapes of the germination curves for the samples exposed to UV-C + (UV-B + 

UV-A) light for 24 and 48 hours, reaching approximately the same final percentage of 

germinated seeds.  

 

As in the case of long-term UV exposure experiments with flavonoid-containnig Ws-2, 

Col-0, dyx and fah1-2 seeds (see section 16.2.1), different germination parameters, such as the 

germination capacity and the mean germination time, were studied separately in order to better 

describe the germination process and to quantify the differences in germination behaviour of the 

samples exposed to entirely transmitted UV-C + (UV-B + UV-A) and the UV-B + UV-A portion 

of light emitted from the UV-C254 source. 
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16.2.2.1.1.Germination capacity (Gmax%) of tt4-8 mutant seeds exposed to 

 quasi-monochromatic UV-C254 light  

 

Maximal germination percentage (Gmax%), as a parameter of germination capacity, was 

measured in the Arabidopsis flavonoid-lacking tt4-8 mutant seeds, which were exposed for 0.5 

up to 139 hours to incident UV-C + (UV-B + UV-A) light, as well as the UV-B + UV-A portion 

of emitted light (Fig. 69). The mean values for Gmax% were calculated from three parallel 

experiments, observing n = 50 seeds. Untransformed Gmax% values were analyzed statistically 

using ANOVA folowed by the Tukey-Kramer post-hoc test (α = 0.05).  

 

The stability in germination capacity of tt4-8 seeds was determined by comparing the 

Gmax% values for the laboratory control and all nine dark controls, exposed from 0.5 up to 139 

hours to the experimental conditions in the dark (Fig. 69A). No statistically significant 

differences (p > 0.05) in Gmax% values were observed among all UV unexposed samples, 

including the laboratory control and all nine dark controls, as well as within the group of the dark 

controls. This result showed stability in the germination capacity of the tt4-8 dark controls up to 

139 hours of treatment. 

 

The UV-B + UV-A component of incident light did not have any influence on the 

germination capacity of tt4-8 seeds up to 139 hours of exposure (Fig. 69B). No statistically 

significant difference (p > 0.05) in Gmax% was observed among the averaged tt4-8 dark control 

and all nine samples irradiated with UV-B + UV-A light. 

 

In contrast, UV-C + (UV-B + UV-A) light had an extremely significant effect  

(p < 0.0001) on the germination capacity of tt4-8 seeds (Fig. 69C). Since the UV-B + UV-A part 

of light did not affect the germination capacity of tt4-8 seeds, a decline in Gmax% was attributed to 

the UV-C component, which made up 90% of the light emitted from the UV254 source. The 

Tukey-Kramer post-hoc test showed no statistical differences in Gmax% among the averaged dark 

control and the samples exposed for 0.5, 1 and 2 hours. The fluence of UV-C light reached after 

2 hours of irradiation was 1.1 x 103 kJm-2. Above this value, the germination capacity of tt4-8 

seeds dropped significantly with increasing UV-C fluences. The exposure to UV-C = 1.0 x 104 

kJm-2 (24 hours of irradiation) caused an important decrease in Gmax% down to 39%. 

Surprisingly, a further increase in UV-C fluence up to 2.1 104 kJm-2 (48 hours of exposure) did 

not cause a statistically significant decrease in Gmax% value. Nevertheless, after 139 hours of 

irradiation (UV-C = 5.9 x 104 kJm-2), only 13% of tt4-8 seeds finaly germinated. 
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Fig. 69. Maximal germination 
percentage (Gmax%) of flavonoid-
lacking tt4-8 Arabidopsis seeds 
(Ws-2 accession) after short-term 
exposure to UV light. The seeds 
covered with an aluminium foil 
(Alu filter) were protected from 
the UV light, and they served as 
dark controls (A). The Gmax% for 
the dark controls are compared to 
the Gmax% of the laboratory 
control (LAB CONT), which 
represents untreated seeds that 
were stored in the dark at 4°C 
during the experiment. The seeds 
covered with a Glass filter were 
exposed to only to the minor 
UV-B + UV-A portion of 
emitted light (B) and those 
covered with a Quartz filter were 
exposed to entirely transmitted 
UV-C + (UV-B + UV-A) light, 
emitted from the UV-C254 source 
(C). The Gmax% values of 
irradiated samples are compared 
to the Gmax% of an averaged dark 
control. The duration of UV 
exposure (hours) and UV 
fluences (kJm-2) are indicated 
under each bar. Values are the 
mean ± standard deviation of 
three parallel experiments (n = 
50). Bars with different letters 
denote a significant difference at 
α < 0.05, according to ANOVA 
and the Tukey-Kramer post-hoc 
test. The precise values of 
statistical tests are indicated 
above the bars, where * means a 
significant level (P < 0.05), ** 
very significant (P < 0.01) and 
*** extremely significant (P < 
0.001) level of difference. 
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Fig. 70. Dose response curve for the flavonoid-lacking tt4-8 Arabidopsis seeds (Ws-2 accession) exposed to 
increasing fluences of UV-C light (λ = 254 nm). The survival rate of tt4-8 seeds (scale on the right side) is closely 
related to the maximal percentage of germination (scale on the left side). Survival was determined from the ratio 
N/N0 where N means the number of germinated seeds after UV254 irradiation and N0 stands for the number of 
germinated seeds at zero fluence (dark control). The lethal UV-C254 dose of that kills 50% of seeds was determined 
from dose response curve, LD50 = 6.2 x 103 kJm-2. The 10% survival rate F10 = 6.5 x 104 kJm-2, which is the 
equivalent for the lethal dose LD90, was determined graphically from the extrapolated part of dose response curve 
(dashed line). All values are the means ± standard deviation of three parallel experiments (n = 50).  

 

 

In view of the fact that UV-C (λ = 254 nm) had a very strong impact on the germinability 

of the tt4-8 seeds, the UV254 dose response curve for Arabidopsis flavonoid-lacking tt4-8 mutant 

seeds was established, where the values for maximal percentage of germination (Gmax%) were 

plotted against the logarithm of UV-C254 fluence, ranging from 2.8 x 102 kJm-2 up to 5.9 x 104 

kJm-2 (Fig. 70). The survival rate of tt4-8 seeds was closely related to the Gmax% value at a 

particular UV254 fluence. With anology to the survival rate determined for UV exposed Bacillus 

subtilis spores (see Equation 5 and Fig. 61 in section 15), the survival of tt4-8 seeds was 

determined from the ratio N/N0 where N means the number of germinated seeds after UV254 

irradiation (samples covered with the Quartz filter) and N0 stands for the number of germinated 

seeds at zero fluence (dark control samples covered with an aluminium foil filter). 

 

From the dose response curve, we determined the lethal dose of UV-C254 radiation that 

kills 50% of Arabidopsis flavonoid-lacking tt4-8 dry seeds, LD50% = 6.2 103 kJm-2 (Fig. 70). 

Furthermore, by extrapolating the dose response curve, we estimated the 10% survival rate (F10) 

that is equivalent of the value LD90 (lethal dose that inactivate 90% of seeds), F10 (LD90) = 6.5 x 

104 kJm-2. 
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16.2.2.1.2. Mean germination time (MGT) of tt4-8 mutant seeds exposed to  

quasi-monochromatic UV-C254 light 

 
 

Mean germination time (MGT), as a parameter of germination dynamics and reciprocal 

value of germination speed (rate), was determined for Arabidopsis tt4-8 seeds exposed to 

incident UV-C + (UV-B + UV-A) light, as well as the UV-B + UV-A portion of emitted light 

(Fig. 71). The mean germination time of tt4-8 seeds was calculated according to the equation of 

Ellis and Roberts (1981) (see Equation 1, chapter 1, section 4.2.2.1.). Mean values of MGT data 

were calculated from three parallel experiments, observing n = 50 seeds. Square-transformed 

MGT values were analyzed statistically using ANOVA and the Tukey-Kramer post-hoc test, 

both at the level of significance α = 0.05.  

 

The tt4-8 dark controls showed extremely significant (p < 0.0001) change in the mean 

germination time (Fig. 71A). According to the Tukey-Kramer post-hoc test, the MGT values for 

tt4-8 dark control samples were unaffected up to 24 hours of treatment, but the MGT started to 

increase after 48 hours of treatment. An extremely significant increase (p < 0.0001) in MGT was 

detected after 139 hours of exposure under the experimental conditions in the dark. Thus, the 

MGT values for all dark controls could not be averaged and further compared to the MGT values 

for the UV exposed samples. Instead, the MGT of the laboratory control was taken as a reference 

value.  

 

UV-B + UV-A radiation did not affect the MGT for tt4-8 seeds exposed up to 5 hours 

(UV-B = 2.0 x 102 kJm-2 and UV-A = 56 kJm-2), as shown in Fig. 71B. Higher fluences of UV-B 

+ UV-A radiation, starting from 10 hours (UV-B = 2.9 x 102 kJm-2 and UV-A = 79 kJm-2) up to 

139 hours of exposure (UV-B = 4.2 x 103 kJm-2 and UV-A = 1.2 x 103 kJm-2), caused a 

progressive increase in the MGT values in irradiated tt4-8 samples. However, this increase in the 

MGT at higher fluences has to be interpreted with causion, since it might reflect not only the 

effect of UV-B + UV-A radiation, but also the intrinsic instability of tt4-8 seeds under 

experimental conditions (for details see above the results on MGT of the tt4-8 dark controls). 

 

The impact of UV-C + (UV-B + UV-A) light on the MGT of tt4-8 seeds is illustrated in 

Fig. 71C. ANOVA results indicated extremely significant differences (p < 0.0001) in the MGT 

among tt4-8 seed samples exposed to UV-C + (UV-B + UV-A) light. Increased MGT value was 

detected already after 0.5 hour of exposure and progressive increase in the MGT was observed 

with increasing fluences up to 5 hours of exposure. Curiously, further increase in UV-C + (UV-B 
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+ UV-A) fluences, starting with 10 hours of exposure, did not result in a linear increase in MGT, 

but rather non-linear behaviour of dose response. While the effect of UV-C + (UV-B + UV-A) 

light on the MGT of tt4-8 seeds for lower fluences up to 5 hours of exposure could be attributed 

entirely to the dominant UV-C part of the incident light, the impact of higher fluences on the 

MGT is a complex problem, which includes combined effects of the dominant UV-C light and 

the UV-B + UV-A component of light, as well as the effects of seed instability observed in the 

dark controls. 
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Fig. 71. The mean germination 
time (MGT) of flavonoid-lacking 
tt4-8 Arabidopsis seeds (Ws-2 
accession) after short-term 
exposure to UV light. Seeds 
covered with an aluminium foil 
(Alu filter) were protected from 
the UV light, and they served as 
dark controls (A). The MGT 
values for the dark controls were 
compared to the MGT of the 
laboratory control (LAB CONT), 
which represents untreated seeds 
that were stored in the dark at 
4°C during the whole 
experiment. The seeds covered 
with a Glass filter were exposed 
only to the UV-B + UV-A 
portion of emitted light (B), and 
those covered with a Quartz 
filter were exposed to entirely 
transmitted UV-C + (UV-B + 
UV-A) light, emitted from the 
UV-C254 source (C). The duration 
of UV exposure (hours) and UV 
fluences (kJm-2) are indicated 
under each bar. Values are the 
mean ± standard deviation of 
three parallel experiments (n = 
50). Bars with different letters 
denote a significant difference at 
α < 0.05, according to ANOVA 
and the Tukey-Kramer post-hoc 
test, calculated for square root 
transformed data. The precise 
values of statistical tests are 
indicated above the bars, where * 
means a significant level (P < 
0.05), ** very significant (P < 
0.01) and *** extremely 
significant (P < 0.001) level of 
difference
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16.2.2.1.3. Other parameters of germination dynamics in tt4-8 mutant seeds  

exposed to quasi-monochromatic UV-C254 light 

 

The parameters of germination dynamics, including T25-75%, T50% , MGT and the skewness 

of the germination curves were determined for the tt4-8 seeds exposed to incident UV-C + (UV-

B + UV-A) light and to its UV-B + UV-A portion (Table 16). The T25-75%, T50%, MGT and 

skewness values were calculated as means from three parallel experiments, with n = 50 sample 

size. The results were analyzed using statistical tests, including ANOVA and the Tukey-Kramer 

post-hoc test at the level of significance α = 0.05. Because of a small deviation from the normal 

distribution and slightly positively skewed germination time course for tt4-8 seeds, as it was also 

detected for the Ws-2 background (see section 16.2.1.1.3), ANOVA and the Tukey-Kramer post-

hoc test were performed on square-root transformed data for T25-75%, T50% and MGT. Skewness 

parameter was analyzed statistically using untransformed data. Since the tt4-8 dark controls 

showed an increase in MGT at longer duration of treatment (Fig. 71A), all values for T25-75%, 

T50% , MGT and skewness parameters, presented in Table 16, were weighted against the value of 

the laboratory control, rather than the averaged dark control.  

 

The results for the mean germination time (MGT), presented in Table 16A, indicated that 

UV-B + UV-A radiation did not affect the MGT of tt4-8 seeds exposed up to 5 hours, and further 

increasing fluences of UV-B +UV-A caused a subsequent increase in MGT. It is important to 

note that statistical tests showed the same tendency in distribution of differences for T50% 

(median of germination process), as seen for the MGT parameter. On the other hand, the T25-75% 

parameter, which represents the germination uiformity, showed a slightly different statistical 

distribution. Fluences of UV-B + UV-A radiation corresponding to irradiation up to10 hours did 

not have an effect on germination uniformity of tt4-8 seeds. After 24 and 48 hours of exposure, 

the T25-75% values increased with increasing UV-B + UV-A fluences, indicating that exposed tt4-

8 seeds germinated less uniformly. Surprisingly, the T25-75% value decreased in the sample 

exposed for 139 hours, compared to the sample exposed to UV-B + UV-A light for 48 hours. 

This effect of slightly improved uniformity of germination in the sample exposed for 139 hours 

might be related to the effect of delayed start of germination, compared to the sample exposed 

for 48 hours (Fig. 68B). Calculated T50% /MGT ratio showed the values < 1, indicating a slightly 

positive skewed germination time course in all samples irradiated with UV-B + UV-A, as well as 

in the laboratory control. Nevertheless, statistical tests showed no differences in the skewness in 

germination curves for the samples exposed to UV-B + UV-A light, compared to the laboratory 

control. 
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Table 16. A) Effects of the UV-B + UV-A portion of emitted light (samples covered with a Glass filter) and B) 
entirely transmitted incident UV-C + (UV-B + UV-A) light (samples covered with a Quartz filter) on different 
parameters of germination dynamics for flavonoid-lacking tt4-8 Arabidopsis seeds (Ws-2 accession). The values for 
T25-75%, T50%, mean germination time (MGT) and skewness of germination curves of UV exposed samples are 
compared to the laboratory control (unexposed seed sample stored at 4°C in the dark). Mean values ± standard 
deviation were calculated for three parallel experiments (n = 50). Different letters denote a significant difference at 
α < 0.05, according to ANOVA and the Tukey-Kramer post-hoc test performed on the square-root transformed data 
for T25-75%, T50%, and MGT, and untransformed data for the skewness.  

 
A) UV-B + UV-A 

Glass filter
 DURATION OF UV 

IRRADIATION PARAMETERS OF GERMINATION DYNAMICS 

 
 T75-25% (hours) T50% (hours) MGT (hours) 

SKEWNESS 
T50% / MGT 

 Laboratory control  6.7 a 14.4  a 17.0 a 0.8611 a 
 0.5 h 7.8 a 16.4 a 19.4 a 0.8456 a 
 1 h 7.0 a 15.2 a 17.9 a 0.8496 a 
 2 h 7.7 a 15.7 a 17.9 a 0.8801 a 
 3 h 7.3 a 16.1 a 19.7 a 0.8172 a 
 5 h 8.3 ab 17.4 a 19.7 a 0.8085 a 
 10 h 8.7 ab 19.6 b 22.1 b 0.8806 a 
 24 h 11.3 bd 23.8 c 28.5 c 0.8360 a 
 48 h 19.4 c 29.5 d 37.7 d 0.7823 a 
 139 h 13.8  d 36.7 e 42.1 e 0.8717 a 

 

 

 

B) UV-C + (UV-B + UV-A) 
Quartz filter

 DURATION OF UV 
IRRADIATION PARAMETERS OF GERMINATION DYNAMICS 

 
 T75-25% (hours) T50% (hours) MGT (hours) SKEWNESS 

T50% / MGT 
 Laboratory control 6.7 a  14.4 a 17.0 a 0.8612 a 
 0.5 h 16.7 ab 29.3 ab 35.9 ab 0.8537 a 
 1 h  21.4 abc  42.2 bc 48.2 bc 0.8763 a 
 2 h  31.4 bcd 45.1 bcd 56.4 c 0.7980 ab 
 3 h 32.8 bcd 53.9 cd 67.1 cd 0.8037 ab 
 5 h 45.0 de 74.8 ef 89.9 ef 0.7093 b 
 10 h 35.4 cde  60.6 def 76.6 de 0.7949 ab 
 24 h 63.0  f 65.8 ef 93.1 ef 0.7057 b 
 48 h 44.5 de 59.0 cef 80.0 def 0.7344 ab 
 139 h 50.5 ef  73.6 f 98.1 f 0.7545 ab 
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The effects of UV-C + (UV-B + UV-A) light on the other parameters of germination 

dynamics of tt4-8 seeds are shown in Table 16B. Compared to the MGT parameter, a similar 

behaviour of T50% parameter was observed for tt4-8 seeds irradiated with incident UV-C + (UV-

B + UV-A) light, although with the minor differences in statistical distribution of variations. The 

T50% /MGT ratio for all samples exposed to UV-C + (UV-B + UV-A) light, as well as the control 

sample, showed values < 1, indicating a slightly positive skewed germination time course. It is 

interesting to observe that among all tested samples, two samples that were exposed to UV-C + 

(UV-B + UV-A) light for 5 and 24 hours, showed a very significant (p = 0.0018) positive shift in 

the skewness, indicating a certain delay in the first half of germination process. The uniformity 

parameter, T25-75%, showed different statistical distribution of variations, compared to differences 

in the MGT and T50%. The T25-75% values appeared unchanged after 0.5 and 1 hour of exposure to 

UV-C + (UV-B + UV-A) light. Similarly to MGT and T50% parameters, the increasing fluences 

of UV-C + (UV-B + UV-A) light caused first an increase in T25-75% values, indicating a decline 

in the germination uniformity for the samples irradiated up to 5 hours.This trend was than 

followed by a non-linear dose response behaviour of T25-75% parameter at higher UV fluences.  
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16.2.2.2. The viability of tt4-8 mutant seeds exposed to quasi-monochromatic UV-C254 light  

(Tetrazolium test) 

 

The tetrazolium (TZ) test was used as a supplement to the germination test in order to 

examine the viability of ungerminated tt4-8 seeds that were exposed to incident UV-C + (UV-B 

+ UV-A) radiation, as well as the UV-B + UV-A portion of the light emitted from the UV-C254 

source. The TZ test is frequently used to determine the viability of individual seeds at the end of 

a germination test, especially when seed dormancy is suspected. In addition, this test can be used 

to detect damaged seeds or seeds in an advanced stage of deterioration, with consequence of 

reduced seed vigour. Thus, even when the germinability of seeds is markedly reduced or lost due 

to dormancy, ageing or serious seed damage, the results of the TZ test can reveal whether the 

ungerminated seeds are still viable or not. Upon the entry of the tetrazolium salts into the seeds, 

the formation of red formazan is an indication of dehydrogenase activity in metabolically active 

cells, which is in turn an indication of seed viability. Thus, red-stained tt4-8 seeds were 

considered as viable, while uncoloured, pale yellow tt4-8 seeds were classified as dead seeds. 

 

At the end of the germination test, the UV irradiated tt4-8 seeds that remained 

ungerminated were further tested for viability using the TZ test. All seeds in three replicas of the 

positive control (untreated viable seeds) and the negative control (seeds inactivated by 

autoclaving), which were used in the TZ test in parallel with the UV exposed tt4-8 samples, 

stained brightly red or remained unstained, respectively. Table 17 shows the results of the 

germination test and TZ test that were presented in parallel, where the final percentage of 

ungerminated tt4-8 seeds was compared to the percentage of tetrazolium unstained seeds 

(negative TZ test result). Dark control samples represented unexposed seeds covered with an 

aluminium foil (Alu) filter, while seed samples covered with a Glass filter and a Quartz filter 

were exposed to the UV-B + UV-A portion and entirely transmitted UV-C + (UV-B + UV-A) 

incident light, respectively.  

 
The results clearly showed that a few dark control seeds, which remained ungerminated 

after 1 hour and 48 hours of treatment, turned out to be viable. Thus, all tt4-8 seeds used as a 

dark control in UV exposure experiments, showed 100% viability even after 139 hours of 

treatment under the experimental conditions.  
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In contrast, ungerminated tt4-8 seeds after 0.5 hour and 10 hours of UV-B + UV-A 

irradiation remained unstained, but these few detected dead seeds (0.7 % ± 1.2) were considered 

statistically irrelevant (p > 0.05). Thus, the TZ test showed that UV-B + UV-A radiation did not 

affect the viability of the tt4-8 seeds.  

 

In addition, the results of the TZ test also indicated that UV-C + (UV-B + UV-A) light did 

not affect the viability of tt4-8 seeds after 0.5 and 1 hour of irradiation, but higher fluences of 

UV-C + (UV-B + UV-A) light, reached from 2 hours (UV-C = 1.1 x 103 kJm-2) up to 139 hours 

of irradiation (UV-C = 5.9 x 104 kJm-2), seriously decreased the viability of the tt4-8 seeds. It is 

important to note that the results of the germination test did not much differ from those of the TZ 

test, with the exception of a few viable seeds detected among ungerminated seeds that were 

irradiated with UV-C + (UV-B + UV-A) light for 3, 48 and 139 hours. Thus, almost all irradiated 

tt4-8 seeds that remained ungerminated in the germination test did not stain in the TZ test, and 

therefore they were classified as dead seeds.  

 

 

Table 17. The effects of short-term exposure to the UV-B + UV-A and UV-C + (UV-B + UV-A) radiation on the 
germinability and viability of Arabidopsis flavonoid-lacking tt4-8 seeds (Ws-2 background). Ungerminated seeds at 
the end of the germination test were used in a tetrazolium (TZ) test in order to determine their viability. The seeds 
covered with an aluminium foil (Alu) filter were protected from UV light (dark control), while seed samples covered 
with a Glass filter were exposed only to the UV-B + UV-A portion of emitted light, with maximal fluences up to 
UV-B312 = 4.2 x 103 kJm-2 and UV-A365 = 1.2 x 103 kJm-2. Seeds covered with a Quartz filter were exposed to 
entirely transmitted UV-C + (UV-B + UV-A) light, emitted fro the UV-C254 source, with maximal fluences up to 
UV-C254 = 5.9 x 104 kJm-2, UV-B312 = 5.4 x 103 kJm-2 and UV-A365 = 1.2 x 103 kJm-2. Values are the mean ± 
standard deviation of three parallel experiments. 
 

 GERMINATION TEST 
Ungerminated seeds (%) 

TZ TEST 
Unstained seeds (%) 

DARK 
CONTROL UV-B + UV-A UV-C +  

(UV-B + UV-A) 
DARK 

CONTROL UV-B + UV-A UV-C +  
(UV-B + UV-A) DURATION OF 

UV EXPOSURE Alu Glass Quartz Alu Glass Quartz 
0.5 h 0 0.7 (± 1.2) 0.7 (± 1.2) −a 0.7 (± 1.2) 0 
1 h 0.7 (± 1.2) 0.7 (± 1.2) 0 0 0 −a 
2 h 0 0 10.7 (± 7.6) −a −a 10.7 (± 7.6) 
3 h 0 0 15.8 (± 5.4) −a −a 15.1 (± 2.7) 
5 h 0 0 25.4 (± 4.7) −a −a 25.4 (± 4.7) 

10 h 0 0.7 (± 1.2) 40.7 (± 6.4) −a 0.7 (± 1.2) 40.7 (± 6.4) 
24 h 0 0 60.7 (± 6.1) −a −a 60.7 (± 6.1) 
48h 0.7 (± 1.2) 0 64.0 (± 9.2) 0 −a 62.7 (± 9.5) 

139h 0 0 87.4 (± 6.8) −a −a 86.8 (± 7.9) 

a Tetrazolium (TZ) test was not performed since 100% of germinability was reached and no ungerminated seeds were detected. 
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16.3. Early-seedling stage - effects of quasi-monochromatic UV-C254 light 

 

Following the germination as the first growth stage in plant development (see section 

16.2), Arabidopsis seedlings that were developed from irradiated seeds were further grown in 

controlled in vitro conditions. Seedling development was observed during so-called the early-

seedling stage that corresponded to the principal growth stage 1.0, which according to the BBCH 

scale modified for the Arabidopsis model, is defined as a stage when seedlings have fully opened 

cotyledons (Boyes et al., 2001; Kjemtrup et al., 2003). 

Germination tests do not provide sufficient information whether or not a germinant is able 

to develop into normal seedling and further into functional plant. Development and the aspect of 

essential seedling structures, such as root system (e.g. primary root), shoot axis (e.g. hypocotyl) 

and cotyledons, determine further the plant growth and development. Accordingly, ISTA 

suggests organizing the results of germination and early-seedling stage tests into the following 

three groups: normal seedlings, abnormal seedlings and ungerminated seeds. Normal seedlings 

are considered to show potential for continued development into satisfactory plants when grown 

under favourable conditions, while abnormal seedlings include damaged, deformed or 

unbalanced seedlings, which would unlikely develop into normal plants. Abnormal seedlings are 

further characterized by the appearance of any of the seedling damages, including weakly 

developed, physiologically disturbed, deformed, out of proportion, severely damaged, decayed, 

or even missing essential seedling structures (ISTA, 1999). Therefore, in this section we 

considered following parameters of early-seedling growth: percentage of normal seedlings, 

abnormal seedlings and ungerminated seeds (section 16.3.1), characterization and quantification 

of types of damage in abnormally developed seedlings (section 16.3.2), and the length of 

normally developed primary roots (section 16.3.3).  
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16.3.1. Normal seedlings, abnormal seedlings and ungerminated seeds  

after exposure to quasi-monochromatic UV-C254 light 

 

Observing the development of early-stage seedlings (17 DAI-old Ws-2, dyx, tt4-8 

seedlings and 22 DAI-old Col-0, fah1-2 seedlings) that were germinated from seeds exposed to 

incident UV-C + (UV-B + UV-A) and the UV-B + UV-A portion of light emitted from the UV-

C254 source, the percentages of normally and abnormally developed seedlings, as well as the 

percentage of ungerminated seeds were determined in all five Arabidopsis lines that were object 

of study in the long-term (section 16.3.1.1), as well as the short-term UV-C254 exposure 

experiments (section 16.3.1.2). Here we point up that the total percentage of sown seeds (100%) 

equals the sum of the three portions, the percentage of normal seedlings, the percentage of 

abnormal seedlings and the percentage of ungerminated seeds. Statistical analyses were 

performed using ANOVA and the Tukey-Kramer post-hoc test, both at the level of significance 

α = 0.05. 

Prior to the analysis of the UV exposed samples, the proportion of normally and 

abnormally developed seedlings, as well as ungerminated seeds, were compared for each 

genotype among the dark control samples (seeds exposed to experimental conditions but 

protected from UV by an aluminium foil) and the laboratory control samples (seeds stored at 4°C 

in the dark during a UV exposure experiment). The percentage of normally developed seedlings 

in all control samples was above 95% and no statistical difference (p > 0.05) was observed 

among the laboratory control and the dark controls for the Ws-2, Col-0, dyx, fah1-2 and tt4-8 

lines (data not presented).  

 

 

16.3.1.1. Seedling development after long-term UV-C254  exposure of  

flavonoid-containing Arabidopsis seeds 

 

After long-term UV exposure of the Ws-2 and dyx seeds to the UV-B + UV-A component 

of incident light, where seeds were irradiated for 30 and 60 days, no significant differences in the 

percentages of developed normal and abnormal seedlings were observed in these lines (Fig. 72A 

and B). In contrast, the UV-B + UV-A portion of emitted light induced a small, but statistically 

significant decrease (p = 0.0010) in the percentage of normally developed Col-0 seedlings and a 

reciprocal small increase (p < 0.0001) in the percentage of abnormal (3%) Col-0 seedlings, 

compared to the dark control (Fig. 72C). However, this effect was detected only after 60 days of 

irradiation (UV-B = 3.4 x 104 kJm-2 and UV-A = 9.5 x 103 kJm-2), while lower fluences of UV-B 
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+ UV-A radiation did not affect seedling development in Col-0 line. A similar effect of higher 

fluences of UV-B + UV-A radiation, was also observed for the sinapate ester mutant fah1-2, with 

an extremely significant (p < 0.0001) change in the percentage of normal (89%) and abnormal 

(11%) seedlings (Fig. 72D). This change was more pronounced than that observed in Col-0 wild 

type background.  

 

The effects of entirely transmitted UV-C + (UV-B + UV-A) incident light on seedling 

development in the Ws-2, dyx, Col-0 and fah1-2 lines are presented in Fig. 72E-H. Along with 

the results for Gmax% obtained from the germination tests (see section 16.2.1.1.1), the percentage 

of ungerminated seeds remained unaltered and at low level in all UV exposed and control 

samples. On the other hand, UV-C + (UV-B + UV-A) light had an extremely significant (p < 

0.0001) effect on the development of normal seedlings, and reciprocally on abnormally 

developed seedlings in all genotypes.  

 

The level of normal seedlings dropped to 48% in the Ws-2 line and 47% in the dyx line 

after 30 days of exposure, reaching 36% in both lines after 60 days of irradiation (Fig. 72E and 

F). The percentage of abnormal Ws-2 and dyx seedlings increased with increasing fluences of 

UV-C + (UV-B + UV-A) radiation, reaching 51% and 53% after 30 days, and 57% and 64% 

after 60 days of exposure, respectively. Since no effect of the UV-B + UV-A portion of light was 

observed on Ws-2 and dyx seedling development, the extreme effect of UV-C + (UV-B + UV-A) 

light was attributed to its dominant UV-C component, which made about 90% of incident light.  

In contrast to the Ws-2 wild type line, normal development of Col-0 wild type seedlings 

was less affected by incident UV-C + (UV-B + UV-A) light, reaching 93% of normal seedlings 

after 40 days and 83% after 60 days of irradiation (Fig. 72G). Only 7% of seedlings with 

abnormalities were observed after 40 days of exposure, and the percentage of abnormal seedlings 

increased to 15% after 60 days of exposure to UV-C + (UV-B + UV-A) light.  

Compared to the Col-0 background, UV-C + (UV-B + UV-A) radiation had a more 

pronounced effect on the sinapate ester fah1-2 mutant, dropping the level of normal seedlings to 

69% after 40 days and to 40% after 60 days of irradiation (Fig. 72H). The percentage of 

abnormal fah1-2 seedlings increased proportionally with the increase in UV-C + (UV-B + UV-

A) fluence, reaching 29% after 40 days and 60% after 60 days of irradiation. Although the fah1-

2 line appeared to be more sensitive than the Col-0 background, regarding the seedling 

development, it reached almost the same level of abnormal seedlings as the Ws-2 wild type and 

dyx line at the highest fluences of UV-C + (UV-B + UV-A) radiation.  
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Fig. 72. Impact of UV-B + UV-A and UV-C + (UV-B + UV-A) radiation on germination and development of 
seedlings after long-term exposure of flavonoid-containing Arabidopsis seeds. Seed samples were covered with a 
Glass filter were exposed only to the UV-B + UV-A portion of emitted light, while those covered with a Quarz filter 
were exposed to entirely transmitted UV-C + (UV-B + UV-A) incident light, emitted from the UV-C254 source. The 
duration of UV exposure (30 and 60 days for Ws-2 and dyx seeds and 40 and 60 days for Col-0 and fah1-2 seeds) 
and fluences of UV light (kJm-2) are indicated under each bar. The percentages of ungerminated seeds, as well as 
normal and abnormal seedlings developed from UV irradiated seeds are compared to unexposed control samples 
(dark control). Values are the mean ± standard deviation of three parallel experiments (n = 50 sown seeds). Bars 
with different letters within the same group denote a significant difference at α < 0.05, according to ANOVA and 
the Tukey-Kramer post-hoc test. The precise values of statistical tests are indicated above the bars, where * means a 
significant level (P < 0.05), ** very significant (P < 0.01) and *** extremely significant (P < 0.001) level of 
difference. 
The plant genotypes were: Wassilewskija (Ws-2), A and E; a control mutant with a T-DNA insertion carrying the 
nptII gene (dyx), B and F; Columbia (Col-0), C and G; a sinapate ester-deficient mutant (fah1-2), D and H. Wild 
ecotypes are marked with asterisks and background ecotypes are noted in the parentheses under each mutant type.  
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16.3.1.2. Development of flavonoid-lacking tt4-8 Arabidopsis seedlings  

after short-term UV-C254 exposure 

 

Short term exposure of tt4-8 seeds to the UV-B + UV-A portion of emitted light up to 139 

hours did not affect the development of tt4-8 seedlings (Fig. 73A), where nearly 100% of 

seedlings developed normally in all exposed samples. Thus, ANOVA showed no statistical 

differences (p < 0.05) in the percentages of normal and abnormal seedlings, as well as 

ungerminated seeds in all tt4-8 samples exposed to UV-B + UV-A light, compared to the dark 

controls.  

 

Regarding the development of the tt4-8 seedlings from seeds exposed to incident  

UV-C + (UV-B + UV-A) light (Fig. 73B), the flavonoid-lacking mutant exhibited extreme 

sensitivity (p < 0.0001) already at relatively low doses of entirely transmitted incident light. 

Increasing fluences of UV-C + (UV-B + UV-A) light had the effect of almost linear increase in 

percentage of ungerminated tt4-8 seeds, starting from 11% of ungerminated seeds after only 2 

hours of irradiation. The exposure to incident UV-C + (UV-B + UV-A) light for 24 and 48 hours 

had statistically the same effect (p > 0.05) on the level of ungerminated tt4-8 seeds, reaching 

61% and 64%, respectively. The UV-C + (UV-B + UV-A) irradiation for 139 hours inhibited the 

germination of 88% of tt4-8 seeds. 

The percentage of normal tt4-8 seedlings was inversely related to increasing fluences of 

UV-C + (UV-B + UV-A) light. A decrease to 74% of normally developed seedlings was detected 

after only 0.5 hour of exposure. Exposure for 3 and 5 hours had statistically the same effect (p > 

0.05) on the percentage of normal seedlings, dropping to 39% and 35%, respectively. After 10 

hours of UV-C + (UV-B + UV-A) exposure, 10% of tt4-8 seedlings developed normally. Only 

3% of normal seedlings were observed after 24 hours of UV exposure, and no normally 

developed seedlings were detected after 48 and 139 hours of irradiation.  

Surprisingly, the percentage of abnormally developed seedlings had non-linear relationship 

with increasing fluences of UV-C + (UV-B + UV-A) radiation. At the lowest UV fluence 

reached after 0.5 hour of irradiation, 25% of seedlings developed abnormal morphology. At the 

maximal UV fluence reached after 139 hours of exposure, 12% of abnormal seedlings were 

detected, in addition to 88% ungerminated seeds. Since no effect from the UV-B + UV-A part of 

the incident light was observed on tt4-8 seedling development up to 139 hours of irradiation, the 

extreme impact of UV-C + (UV-B + UV-A) light was attributed to the dominant UV-C part of 

the incident light, which made about 90% of emitted light from the UV-C254 source.  
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Fig. 73. Impact of short-term UV-B + UV-A and UV-C + (UV-B + UV-A) radiation on germination and 
development of seedlings after the irradiation of Arabidopsis flavonoid-lacking tt4-8 seeds (Ws-2 accession). The 
seeds covered with Glass filter were exposed only to UV-B + UV-A portion of emitted light (A) and those covered 
with Quartz filter were exposed to entirely transmitted UV-C + (UV-B + UV-A) light emitted from the UV-C254 
source (B). The duration of UV exposure (hours) and UV fluences (kJm-2) are indicated under each bar. Values are 
the mean ± standard deviation of three parallel experiments (n = 50 sown seeds). Bars with different letters within 
the same group, denote a significant difference at α < 0.05, according to ANOVA. The precise values of statistical 
tests are indicated above the bars, where * means a significant level (P < 0.05), ** very significant (P < 0.01) and 
*** extremely significant (P < 0.001) level of difference. 
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Fig. 74. Effect of UV-C (λ = 254 nm) light on germination and development of seedlings after the irradiation of 
Arabidopsis flavonoid-lacking tt4-8 seeds (Ws-2 accession). The UV-C254 dose response curve for tt4-8 
ungerminated seeds (scale on the right side) is compared to dose response curves for developed normal and 
abnormal seedlings germinated from UV exposed seeds (scale on the left side). All values are the means ± standard 
deviation of three parallel experiments (n = 50 sown seeds). 

 

The UV-C (λ = 254) dose response curves for the percentage of ungerminated tt4-8 seeds, 

as well as the frequencies of normally and abnormally developed tt4-8 seedlings from irradiated 

seeds were therefore plotted against increasing UV fluence (Fig. 74). Besides almost linearly 

increased percentage of ungerminated seeds, we observed an interesting non-linear behaviour of 

the UV-C dose response curve for the percentage of normal and abnormal seedlings germinated 

from irradiated tt4-8 seeds. The percentage of normally developed seedlings decreased 

progressively up to UV-C fluence of 1.7 x 103 kJm-2, remaining at about the same level up to  

2.8 x 103 kJm-2. A sudden drop to only 17% of normal seedlings occurred at the UV-C fluence of  

4.0 x 103 kJm-2 (corresponds to 10 hours of irradiation). Higher fluences caused further decline 

in the percentage of normally developed seedlings. Finally, no normal seedlings were detected at 

UV-C ≥ 2.1 x 104 kJm-2.  

On the other hand, the percentage of abnormally developed seedlings followed a reciprocal 

trend, exhibiting a progressive increase up to UV-C = 1.1 x 103 kJm-2. Surprisingly, a further 

increase in UV-C fluence up to 2.8 x 103 kJm-2 did not significantly alter the percentage of 

abnormal seedlings. A sudden rise in the percentage of abnormal seedlings occurred at UV-C = 

4.0 x 103 kJm-2 (corresponds to 10 hours of irradiation). Further increase in UV-C fluence caused 

progressive increase in the percentage of abnormal seedlings. At the fluence of UV-C ≥ 2.1 x 104 

kJm-2, all germinated seeds developed into abnormal seedlings. 
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16.3.2. Characterisation and quantification of seedling damage  

after exposure to quasi-monochromatic UV-C254 light 

 

Since abnormal morphology was detected in Arabidopsis seedlings developed from UV-

C254 irradiated seeds (see sections 16.3.1.1 and 16.3.1.2), we aimed further to characterize and 

quantify types of damage to essential seedling structures, including the hypocotyl, the primary 

root and the cotyledons. Seedling defects that occurred single or in the combination were 

characterized according to ISTA (1999). Fig. 75 illustrates the types of damage observed in early 

stage Arabidopsis seedlings (17 DAI-old Ws-2, dyx and tt4-8 seedlings, as well as 22 DAI-old 

Col-0 and fah1-2 seedlings) developed from seeds exposed to incident UV-C + (UV-B + UV-A) 

light and its minor UV-B + UV-A component. The primary root was the most sensitive organ, 

where a slight root shortening in otherwise normally developed seedlings was first detected (Fig. 

75B). Development of shoot axis was also frequently affected, with a short or twisted hypocotyl 

(Fig. 75C). More severe damage included the combination of abnormal morphology of both the 

shoot axis and the root system, resulting in the development of abnormal seedlings with a short 

or twisted hypocotyl, together with a short (Fig. 75D), retarded (Fig. 75E) or even missing (Fig. 

75F) primary root. The most severe damage was observed in seedling forms with no developed 

hypocotyl, and an undeveloped root system, exhibiting the cotyledons that were not fully 

developed (Fig. 75G). 

 

Therefore, we determined the type and severity of seedling damage as a function of UV 

wavelength and fluence. The percentage of abnormal seedlings within each class of seedling 

damage is presented together with the total percentage of ungerminated seeds for the Ws-2, dyx, 

Col-0 and fah1-2 lines (Fig. 76, section 16.3.2.1), as well as for tt4-8 line (Fig. 77, section 

16.3.2.2). 
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Fig. 75. Types of damage to essential structures of early-stage Arabidopsis seedlings, developed from seeds 
exposed to entirely transmitted UV-C (UV-B + UV-A) light or only to its UV-B + UV-A component, emitted from 
the UV-C254 source. 
Type of damage observed on 17 DAI-old (Ws-2, dyx, tt4-8 lines) and 22 DAI-old (Col-0 and fah1-2 lines) seedlings: 
(A) normally developed seedling, (B) normal seedling with shorter primary root, (C) damaged seedling with 
hypocotyl short or twisted, but normally developed primary root, (D) damaged seedling with hypocotyl short or 
twisted and short primary root, (E) damaged seedling with hypocotyl short and retarded primary root, (F) damaged 
seedling with short hypocotyl and missing primary root, (G) damaged seedling with missing hypocotyl, missing 
primary root and cotyledons that are not fully developed. The full length of normally developed primary roots is not 
presented on pictures in panel A and C. Bars represent 1 mm, DAI = days after imbibitition.  
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16.3.2.1. Types of seedling damage after long-term UV-C254  exposure of 

 flavonoid-containing Arabidopsis seeds 

 

The UV-B + UV-A part of light emitted from the UV254 source did not alter seedling 

development in the Ws-2 wild type and the dyx mutant line (Fig. 76A and B). Only a few seeds 

remained ungerminated or developed abnormal seedlings, but with no statistical relevance  

(p > 0.05), compared to the dark controls.  

 
In contrast, 60 days of exposure of the Col-0 wild type seeds to UV-B + UV-A light 

resulted in a small (3%), but statistically important increase (p = 0.0012) in percentage of 

damaged seedlings. In addition, the only type of abnormal morphology observed was seedlings 

with short or twisted hypocotyls, while cotyledons and roots developed normally. No damage 

occurred to Col-0 seedlings after the exposure of seeds to lower doses (40 days of irradiation) of 

the UV-B + UV-A portion of emitted light (Fig. 76C).  

 
Similarly, no abnormal seedlings were observed in the fah1-2 mutant after exposure of 

seeds to the UV-B + UV-A portion of emitted light for 40 days (Fig. 76D). On the other hand, 

the fah1-2 seeds that were irradiated for 60 days, receiving higher doses of UV-B + UV-A 

radiation, exhibited higher level of sensitivity to UV-B + UV-A radiation, compared to the Col-0 

background. Abnormal morphology was detected in 11% of developed fah1-2 seedlings, and two 

types of seedling damage were observed. An extremely significant increase (p < 0.0001) in the 

percentage of seedlings with short or twisted hypocotyls, as well as a very significant increase (p 

= 0.020) in the percentage of seedlings with short or twisted hypocotyls that developed also short 

primary roots, was detected in irradiated fah1-2 samples. 

 

UV-C + (UV-B + UV-A) light had a strong effect on the morphology of seedlings 

developed from irradiated Ws-2, dyx, Col-0 and fah1-2 seeds, and this effect was observed 

already at lower fluences of UV-C + (UV-B + UV-A) radiation (Fig. 76E-H). Cumulative 

percentage graphs showed that 30 days of UV-C + (UV-B + UV-A) exposure resulted in 52% 

abnormally developed seedlings in the case of the Ws-2 wild-type line (Fig. 76E) and 53% in the 

case of the dyx T-DNA insertion mutant (Ws-2 accession) (Fig. 76F), where three types of 

seedling damage were observed. The most frequent abnormal morphology was short or twisted 

hypocotyl, but with normally developed root and cotyledons, which was detected in 32% of the 

Ws-2 and 35% of the dyx seedlings. More severe damage included seedlings with abnormally 

developed both shoot and root axes, where 14% of the Ws-2 and dyx seedlings exhibited short or 

twisted hypocotyls together with short primary roots, while about 3% of the seedlings developed 
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short or twisted hypocotyls and retarded primary roots. Less than 2% of the Ws-2 and dyx 

seedlings developed into a seriously damaged seedling form with a short hypocotyl and missing 

primary root. Sixty days of exposure of the Ws-2 and dyx seeds to UV-C + (UV-B + UV-A) 

radiation resulted in an important increase in the cumulative percentage of seedling damage and 

ungerminated seeds, reaching the level of 64% for both the Ws-2 and the dyx lines (Fig. 76E and 

F, respectively). Four types of seedling damage were observed in both the Ws-2 and dyx 

samples, including the most frequent seedling form with a short or twisted hypocotyl in an 

otherwise normally developed seedling (27% in the Ws-2 line and 28% in the dyx line), followed 

by three abnormal seedling forms exhibiting a short or twisted hypocotyl together with a short, 

retarded or missing primary root. Comparing the samples irradiated with UV-C + (UV-B + UV-

A) for 30 and 60 days, we observed that the percentage of seedlings with a short or twisted 

hypocotyl, in otherwise normally developed seedlings, decreased in favour of increased 

percentages of other more severe damage. 

 
On the other hand, seedling development in the Col-0 wild-type line was less affected by 

UV-C + (UV-B + UV-A) radiation than the Ws-2 wild-type, reaching the cumulative percentage 

of seedling damage of 7% and 15% for the Col-0 samples irradiated for 40 and 60 days, 

respectively (Fig. 76G). A statistically important increase (p = 0.0002) in the percentage of only 

one type of seedling damage was observed in Col-0 samples. The percentage of seedlings with a 

short or twisted hypocotyl, but normally developed root and cotyledons reached 5% and 9% in 

the samples irradiated for 40 and 60 days, respectively. Other types of more severe damage to 

Col-0 seedlings occurred at low frequency (<1%), having no statistical relevance (p > 0.05) 

compared to the dark control.  

 
The sinapate ester mutant fah1-2 was more affected by UV-C + (UV-B + UV-A) light, 

compared to the Col-0 background, but less affected than the Ws-2 and dyx lines. The 

cumulative percentage of damaged fah1-2 seedlings and ungerminated seeds reached the level of 

31% and 60% for samples irradiated for 40 and 60 days, respectively (Fig. 76H). A statistically 

significant increase (p < 0.0001) in two types of seedling damage was observed in fah1-2 line. 

Seedlings with the short or twisted hypocotyls, but normally developed roots and cotyledons 

reached the levels of 25% and 42% after 40 and 60 days of irradiation, respectively. In addition, 

the seedlings with short or twisted hypocotyls in combination with short primary roots reached 

4% and 13%, respectively. Other seedling damage observed in the fah1-2 sample irradiated for 

60 days did not differ significantly (p > 0.05), compared to the dark control.  
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Fig. 76. Damaged early-stage Arabidopsis seedlings germinated from seeds exposed to the UV-B + UV-A portion 
and incident UV-C + (UV-B + UV-A) light emitted from the UV-C254 source. Seed samples were covered with the 
Glass or the Quartz filter. The duration of UV exposure (30 and 60 days for the Ws-2 and dyx seeds and 40 and 60 
days for the Col-0 and fah1-2 seeds) and UV fluences (kJm-2) are indicated under each bar. Percentages of 
ungerminated seeds and different types of damaged seedlings developed from UV irradiated seeds are compared to 
unexposed control samples (dark control). Mean values were obtained from three parallel experiments (n = 50 sown 
seeds) and analyzed by ANOVA (α = 0.05), where * means a significant level (P < 0.05), ** very significant  
(P < 0.01) and *** extremely significant (P < 0.001) level of difference.  
The plant genotypes were: Wassilewskija (Ws-2), A and E; a control mutant with a T-DNA insertion carrying the 
nptII gene (dyx), B and F; Columbia (Col-0), C and G; a sinapate ester-deficient mutant (fah1-2), D and H. Wild 
ecotypes are marked with asterisks and background ecotypes are noted in the parentheses under each mutant line.  

Ungerminated seeds 

Root missing + Hypocotyl missing + Cotyledons undeveloped 

Root missing + Hypocotyl short or twisted 

Root retarded + Hypocotyl short or twisted 

Root short + Hypocotyl short or twisted 

Hypocotyl short or twisted 

Legend: 
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16.3.2.2. Types of damage in flavonoid-lacking tt4-8 Arabidopsis seedlings after  

short-term UV-C254 exposure 

 

Short-term exposure of flavonoid-lacking tt4-8 seeds to the minor UV-B + UV-A portion 

of emitted light up to fluences of UV-B = 4.2 x 103 kJm-2 and UV-A = 1.2 x 103 kJm-2 

(corresponds to 139 hours of irradiation) did not affect development of tt4-8 seedlings, and no 

abnormal seedling structures were observed (data not presented).  

 

In contrast, short-term exposure of tt4-8 seeds to incident UV-C + (UV-B + UV-A) had a 

dramatic effect on seedling development (Fig. 77). Already 0.5 hour of UV-C + (UV-B + UV-A) 

irradiation of tt4-8 seeds resulted in an increased percentage of two types of seedling damage: 

the seedlings with a short or twisted hypocotyls, but normally developed root system and 

cotyledons (22%), and the seedlings with short or twisted hypocotyls in combination with short 

primary roots (3%). Flavonoid-lacking tt4-8 seeds that were exposed to UV-C + (UV-B + UV-

A) light for 24 hours, developed all five types of seedling damage: (1) the seedlings with short or 

twisted hypocotyls, but normally developed root system and cotyledons, the seedlings with short 

or twisted hypocotyls in combination with short (2), retarded (3) or missing primary roots (4), 

and seedling forms with undeveloped hypocotyls in combination with a missing primary roots 

and undeveloped cotyledons (5). Since the UV-B + UV-A component of the incident light did 

not influence tt4-8 seedling development, the effect of UV-C + (UV-B + UV-A) light was due to 

the UV-C dominant component.  

 

In addition, Fig. 77 illustrates the dynamics in frequencies of tt4-8 seedling damage, where 

the peaks in the occurrence of dominant type of seedling damage could be determined in relation 

to the fluences of UV-C + (UV-B + UV-A) light. Reaching a peak of occurence, the percentage 

of seedlings with a particular damage started to decrease in favour of increasing percentages of 

other types of seedling damage. The peak in frequency for seedlings with short or twisted 

hypocotyls, but normally developed roots and cotyledons, was determined at a dose received 

after 3 hours of irradiation (UV-C = 1.7 x 103 kJm-2). The peaks in frequency for seedlings with 

short or twisted hypocotyls in combination with short, retarded or missing primary root, was 

determined at fluences reached after 10 hours (UV-C = 4.0 x 103 kJm-2), 24 hours (UV-C = 1.0 x 

104 kJm-2) and 48 hours (UV-C = 2.1 x 104 kJm-2) of irradiation, respectively. The maximal 

percentage of the most severe seedling damage, an undeveloped hypocotyl in combination with a 

missing primary root and undeveloped cotyledons, occurred after 139 hours of irradiation (UV-C 

= 5.9 x 104 kJm-2).  
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Fig. 77. Dynamics in frequencies of Arabidopsis tt4-8 seedling damage after the exposure of seeds to entirely 
transmitted UV-C + (UV-B + UV-A) light emitted from the UV-C254 source. Seed samples covered with the Quarz 
filter were irradiated from 0.5 hour to 139 hours with UV fluences (kJm-2) that are indicated under each bar. 
Percentages of different types of damaged seedlings from UV irradiated seeds are compared to the control sample 
(dark control), which developed all normal seedlings. Values are the mean ± standard deviation of three parallel 
experiments (n = 50 sown seeds). 
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Fig. 78. Effect of UV-C (λ = 254 nm) light on germination and development of Arabidopsis flavonoid-lacking  
tt4-8 seedlings after the exposure of seeds to UV light. All values are the means obtained from three parallel 
experiments (n = 50 sown seeds). The error bars represent ± standard deviations in cumulative percentage of 
damaged seedlings and ungerminated seeds.  
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The graph in Fig. 77 does not include the percentage of ungerminated tt4-8 seeds. Thus, a 

cumulative percentage graph, presented in Fig. 78 shows the contribution of each type of 

seedling damage, as well as the percentage of ungerminated seeds as a function of increasing 

UV-C (λ = 254) fluence. Increasing UV-C fluence resulted in an increased cumulative 

percentage of seedling damage and ungerminated tt4-8 seeds. However, UV-C fluences of 1.6 x 

103 kJm-2 and 2.8 x 103 kJm-2 caused similar cumulative effects, but the contribution of each type 

of damage was different. Similarly, the highest UV-C fluences of 2.1 x 104 kJm-2 and 5.9 x 104 

kJm-2 resulted in the same cumulative percentage of damaged seedlings and ungerminated seeds 

reaching 100%, although the contribution of each type of damage in the total percentage was 

different. In addition, Fig. 78 shows that only 10% of the seedlings developed normally after the 

exposure of tt4-8 seeds to UV-C fluence of 4.0 x 103 kJm-2, while no normally developed 

seedlings were observed at UV-C ≥ 2.1 x 104 kJm-2. 
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16.3.3. Length of primary roots in seedlings developed form seeds exposed to  

quasi-monochromatic UV-C254 light 

 

Arabidopsis seeds that were exposed to UV light emitted from UV254 source frequently 

produced the seedlings with damaged essential structures. The root axis was a particularly 

sensitive seedling structure, since the UV exposed seeds frequently germinated into seedlings 

with short, retarded or even missing primary roots (see above section 16.3.2). A normal root 

system is essential for development of functional and vigorous plants. Thus, we considered the 

root length as one of the important parameters in the early-seedling stage development. The 

length of normally developed primary roots (≥ 3 mm) was measured in 10 day-old (13 DAI) Ws-

2, dyx, Col-0 and fah1-2 seedlings (Fig. 79, section 16.3.3) and tt4-8 seedlings (Fig. 80, section 

16.3.3.2) that germinated from seeds exposed to UV-C + (UV-B + UV-A) light, as well the UV-

B + UV-A component of incident light. The germinants that developed into seedlings with 

retarded or missing roots, as well as ungerminated seeds were not here considered. 

 

16.3.3.1. Effect of long-term UV-C254 exposure on primary root length in  

flavonoid-containing Arabidopsis seedlings 

 

Prior to the analysis of irradiated samples and in order to determine the consistency of the 

results, measured root lengths were compared among the dark controls (seedlings developed 

from seeds that were exposed to the experimental conditions, but protected from UV by an 

aluminium foil filter) and their laboratory control samples (seedlings developed from seeds that 

were stored at 4°C in the dark during the UV exposure experiment). Parametric tests, such as 

one-way ANOVA and the unpaired t-test showed no statistical differences (p > 0.05) in root 

length among the dark controls and the laboratory controls, as well as within the group of dark 

controls for the Ws-2, dyx, Col-0 and fah1-2 lines (results not presented). The same result was 

obtained using the Kruskal-Wallis and the Mann-Whithey nonparametric statistical tests, 

showing no statistical differences (p > 0.05) among the dark controls and the related laboratory 

controls, as well as within the group of dark control samples for each tested genotype (results not 

presented). Thus, the root lengths for two dark control samples were averaged for the Ws-2, dyx, 

Col-0 and fah1-2 lines. These values were further compared to those of irradiated samples.  

 

The effect of the UV-B + UV-A portion of emitted light on the average length of primary 

roots in the Ws-2, dyx, Col-0 and fah1-2 seedlings is presented in Fig. 79A-D. Compared to the 
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dark controls, ANOVA showed no statistical differences (p > 0.05) in the average root length of 

Ws-2, Col-0 and fah1-2 seedlings developed from seeds irradiated up to 60 days (Fig. 79A, C 

and D). A similar result was obtained when root length data were analyzed using the 

nonparametric Kruskal-Wallis statistical test. Surprisingly, an extremely significant difference (p 

< 0.0001), using both ANOVA and the Kruskal-Wallis test, was detected in the average root 

length of the dyx seedlings developed from UV-B + UV-A exposed seeds (Fig. 79B). However, 

this effect was observed only at the highest fluence reached after 60 days of irradiation (UV-B = 

4.3 x 104 kJm-2 and UV-A = 1.2 x 104 kJm-2), while no statistical difference (p > 0.05) in root 

length was observed at lower fluence after 30 days of exposure. 

 

The exposure of seeds to entirely transmitted UV-C + (UV-B + UV-A) light had an 

extremely significant effect (p < 0.0001) on the length of primary roots in the Ws-2 and dyx 

seedlings (Fig. 79E and F), where significant shortening of primary roots occurred in the 

samples irradiated for 30 days, and the root length decreased further with increased UV-C + 

(UV-B + UV-A) fluence. Since no effect of the UV-B + UV-A portion of incident light on root 

length was observed in the Ws-2 wild type samples, this phenomenon of root shortening was 

attributed to the UV-C dominant component of the emitted light. However, the combined effects 

of the UV-C part and the UV-B + UV-A component of emitted light should be taken into 

account for the dyx samples, but only at the highest fluences reached after 60 days of irradiation.  

 

Unlike the Ws-2 wild type, the Col-0 wild type appeared more robust in this analysis, since 

no effect of incident UV-C + (UV-B + UV-A) light on primary root length was observed (Fig. 

79G). ANOVA, as well as the nonparametric Kruskal-Wallis test, showed no statistical 

difference (p > 0.05) in the average length of roots among the Col-0 samples exposed to UV-C + 

(UV-B + UV-A) light and the dark control.  

 

On the other hand, the fah1-2 mutant appeared extremely sensitive to UV-C + (UV-B + 

UV-A) light, compared the Col-0 background. An extremely significant decrease  

(p < 0.0001) in the average length of the fah1-2 seedling roots was observed already after 40 

days of exposure (UV-C =3.5 x 105 kJm-2) (Fig. 79H). Higher fluences (UV-C = 4.8 x 105 kJm-2) 

did not cause further decrease in the length of the seedling roots. Since the UV-B + UV-A 

component of the emitted light did not affect the length of roots in fah1-2 seedlings, the observed 

shortening of primary roots in UV-C + (UV-B + UV-A) exposed fah1-2 samples was related to 

the effects of the dominant UV-C component of emitted light.  
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Fig. 79. Root length of 10 day-old Arabidopsis seedlings (13 DAI) germinated from the flavonoid-containing 
seeds exposed to entirely transmitted UV-C + (UV-B + UV-A) light or only to its UV-B + UV-A portion emitted 
from the UV-C254 source. The root length was measured only in germinants that developed normal root ≥ 3 mm. The 
duration of UV exposure (30 and 60 days for the Ws-2 and dyx seeds, and 40 and 60 days for the Col-0 and fah1-2 
seeds) and UV fluences (kJm-2) are indicated under each bar. Values are the mean ± standard deviation of three 
parallel experiments (n = 22). Bars with different letters denote a significant difference at α < 0.05, according to 
ANOVA (parametric test) and the Kruskal-Wallis test (nonparametric test). The precise values of statistical tests are 
indicated above the bars, where * means a significant level (P < 0.05), ** very significant (P < 0.01) and *** 
extremely significant (P < 0.001) level of difference. DAI = days after imbibition. 
The plant genotypes were: Wassilewskija (Ws-2), A and E; a control mutant with a T-DNA insertion carrying the 
nptII gene (dyx), B and F; Columbia (Col-0), C and G; a sinapate ester-deficient mutant (fah1-2), D and H. Wild 
ecotypes are marked with asterisks and background ecotypes are noted in the parentheses under each mutant line.  
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16.3.3.2. Primary root length in tt4-8 Arabidopsis seedlings after  

short-term UV-C254 exposure 

 

The consistency of results for seedling root length of tt4-8 dark control samples was 

determined by comparing the root length values for all nine dark controls, ranging from 0.5 up to 

139 hours of treatment, against the laboratory control (results not presented). ANOVA showed 

satisfying consistency of the result, since there was no detected significant difference (p > 0.05) 

in root lengths among all tested control samples. Similar result was obtained using the Kruskal-

Wallis nonparametric statistical test. Therefore, the root length values for all nine tt4-8 dark 

controls were pooled together and the calculated mean value was further compared to the UV 

exposed samples. 

 

Short-term exposure of the flavonoid-lacking tt4-8 seeds to the UV-B + UV-A portion of 

emitted light did not affect the growth of primary roots in the early-stage seedlings (Fig. 80A). 

The root length in all nine UV-B + UV-A exposed samples, irradiated from 0.5 up to 139 hours 

(maximal fluence up to UV-B = 4.2 x 103 kJm-2 and UV-A = 1.2 x 103 kJm-2), did not differ 

from that of the averaged dark control. Both one-way ANOVA (parametric test) and the Kruskal-

Wallis (nonparametric test) showed no statistical differences (p > 0.05). Similarly, no statistically 

significant difference was detected within the group of all nine UV-B + UV-A exposed samples. 

 

In contrast, short-term exposure of the tt4-8 seeds to entirely transmitted UV-C + (UV-B + 

UV-A) light had an extremely significant (p < 0.0001) effect, according to both one-way 

ANOVA and the Kruskal-Wallis test, on growth of primary roots in the tt4-8 seedlings, where 

increased fluences of UV-C + (UV-B + UV-A) light caused a decrease in root length (Fig. 80B). 

Since short-term exposure to UV-B + UV-A light alone did not affect the root growth (see 

above), the observed root shortening was related to the effects of the dominant UV-C component 

of emitted light. The Tukey-Kramer post-hoc test and the Dunn’s multiple comparisons test, 

showed that as little as 1 hour of irradiation (UV-C =5.3 x 102 kJm-2) of tt4-8 seeds resulted in an 

extremely significant (p < 0.0001) shortening of the primary roots, but UV-C fluence reached 

after 2 hours of exposure did not cause further decrease in the root length. However, 3 hours of 

UV exposure (UV-C =1.7 x 103 kJm-2) resulted in further shortening of the primary roots. The 

average root length in tt4-8 seedlings remained statistically unchanged in samples exposed for 5 

and 10 hours. The tt4-8 seeds that were exposed for 24, 48 and 139 hours (maximal fluence up to 

UV-C =5.9 x 104 kJm-2) did not develop seedlings with measurable primary roots (root length  

< 3 mm), although the germination capacity reached 39%, 36% and 13%, respectively.  
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Fig. 80. Root length of 10 day-old (13 DAI) Arabidopsis tt4-8 seedlings developed from seeds after short-term 
UV-B + UV-A and UV-C + (UV-B + UV-A) irradiation. A) Seedlings developed from seeds that were covered with 
a Glass filter and exposed to the UV-B + UV-A portion of emitted light. B) Seedlings developed from seeds that 
were covered with a Quartz filter and exposed to entirely transmitted UV-C + (UV-B + UV-A) light, emitted from 
the UV-C254 source. The root length of UV-C + (UV-B + UV-A) exposed samples is compared to the maximal 
germination percentage (Gmax%). Samples exposed to UV-C + (UV-B + UV-A) light for 24, 48 and 139 hours did 
not develop primary roots that could be measured (root length < 3 mm). The duration of UV exposure (hours) and 
UV fluences (kJm-2) are indicated under each bar. Values are the mean ± standard deviation of three parallel 
experiments (n = 22). Bars with different letters denote significant differences at α < 0.05, according to one-way 
ANOVA (parametric test) and the Kruskal-Wallis test (nonparametric test). The precise values of statistical tests are 
indicated above the bars, where * means a significant level (P < 0.05), ** very significant (P < 0.01) and *** 
extremely significant (P < 0.001) level of difference. DAI = days after imbibition 
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16.4. Plant development stage - effects of quasi-monochromatic UV-C254 light 

 

Following the seed germination (principal growth stage 0.5; see section 16.2) and the 

early-seedling stage (principal growth stage 1.0; see section 16.3), where physiological 

parameters were observed in cultures in vitro, the resistance of Arabidopsis seeds to incident 

UV-C + (UV-B + UV-A) light and its UV-B + UV-A portion was further determined through the 

plant development stage. After 3-days imbibition in vitro, irradiated seeds were germinated in 

soil and plants were cultivated for 45 days (48 DAI) under greenhouse conditions, reaching 

different growth stages. The total percentage of grown plants (survivors) from UV irradiated 

seeds, as well as the percentage of fertile plants that reached the principal growth stage 8.0 (seed 

producers) was determined for the flavonoid-containing Ws-2, Col-0, fah1-2 lines (Fig. 81, 

section 16.4.1) and the flavonoid-lacking tt4-8 line (Fig. 82, section 16.4.2). The principal 

growth stage 8.0 is defined as a developmental stage of mature Arabidopsis plants with the first 

siliques shattered (Boyes et al., 2001; Kjemtrup et al., 2003). In addition, the height of the plants 

grown from irradiated seeds that reached the principal growth stage 8.0 was measured and 

compared to that of the control plants (Fig. 81G-I and Fig. 82C and F). The plant height is here 

defined as the perpendicular distance from the soil surface at the plant base to the highest point 

of the stem in mature plants (Heady, 1957).  

 

16.4.1. Effects of long-term UV-C254 exposure on development of plants grown 

from irradiated flavonoid-containing seeds 

 

The Fig. 81 shows the effects of UV-C + (UV-B + UV-A) light emitted from the UV-C254 

source and its UV-B + UV-A portion on the growth of Arabidopsis Ws-2, Col-0 and fah1-2 

plants developed from irradiated seeds. The soil-based experiments were omitted for the dyx 

mutant line (a T-DNA insertion control) due to the difficulties related to the handling of a large 

number of plant samples in a limited greenhouse space. For the same reasons, the Ws-2, Col-0 

and fah1-2 plants were grown in soil only from seeds irradiated with the maximal UV fluences 

reached after 60 days of exposure.  

 

Out of the total number of nonirradiated Ws-2, Col-0 and fah1-2 seeds (dark controls) that 

were sown in soil, 63%, 75% and 83%, respectively, germinated and subsequently developed 

into the plants (Fig. 81A-C). Compared to the percentage of seeds germinated under in vitro 

conditions, where the Ws-2, Col-0 and fah1-2 dark controls reached Gmax% close to 100% (see 

section 16.2.1.1.1), we observed lower germinability of the same dark controls when cultivated 
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in soil under greenhouse conditions. Higher percentage of remaining ungerminated, but 

putatively viable dark control seeds may be related to the more restrictive greenhouse conditions 

(e.g. lower air humidity, lower soil water potential, greater variations in temperature, exposure to 

the microorganisms and insects etc.), compared to the optimal in vitro conditions. However, all 

grown dark control plants in the Ws-2 and Col-0 wild type lines reached the principal growth 

stage 8.0, capable of producing seeds (fertile plants) (Fig. 81D and E). Out of the total number of 

sown fah1-2 dark control seeds, 75% produced the fertile plants (Fig. 81F).  

 

The exposure of seeds to the UV-B + UV-A component of the emitted light did not have 

an effect on development and growth of the Ws-2, Col-0 and fah1-2 plants, even after 60 days of 

exposure. Compared to the dark control samples, ANOVA followed by the Tukey-Kramer 

multiple comparisons post-hoc test (α = 0.05) showed no statistically significant difference (p > 

0.05) in studied parameters, such as the percentage of survived plants (Fig. 81A-C), the 

percentage of fertile plants (Fig. 81D-F) and the plant height (Fig. 81G-I). The same result was 

obtained using ANOVA with %arcsin transformed and log (x+1) transformed data in the case 

of the percentage of survived plants and the percentage of fertile plants, as well as using the 

nonparametric Kruskal-Wallis test in the case of plant height parameter.  

 

In contrast, the exposure of seeds to high fluences of entirely transmitted UV-C + (UV-B + 

UV-A) light, reached after 60 days of exposure, had a strong effect on subsequent development 

of the Ws-2, Col-0 and fah1-2 soil-grown plants, resulting in a lower percentage of survived 

plants (Fig. 81A-C), a lower percentage of fertile plants (Fig. 81D-F) and a decreased plant 

height (Fig. 81G-I). These effects were related to the dominant UV-C component of emitted 

light, since its UV-B + UV-A portion had no effect on the growth of the Ws-2, Col-0 and fah1-2 

plants (see above).  

 

Statistical analyses using ANOVA and the Tukey-Kramer post-hoc test (α = 0.05) showed 

a significant differences (p < 0.05) in the percentage of survived (Fig. 81A) and fertile Ws-2 

plants (Fig. 81D) that grew from UV-C + (UV-B + UV-A) irradiated seeds. Although a multiple 

comparison statistical test showed no significant difference (p > 0.05) in the percentage of 

survived Col-0 plants (Fig. 81B), the average percentage of fertile Col-0 plants developed from 

UV-C + (UV-B + UV-A) irradiated seeds differed significantly (p < 0.05) from that of the dark 

control (Fig. 81E). The sinapate ester mutant fah1-2 showed a very significant differences  

(p < 0.01) in the percentage of survived plants (Fig. 81C) and in the percentage of fertile plants 

(Fig. 81F) that were grown from UV-C + (UV-B + UV-A) irradiated seeds.  
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Fig. 81. The effect of incident UV-C + (UV-B + UV-A) light emitted from the UV-C254 source or its minor UV-B 
+ UV-A portion on the growth of flavonoid-containing Arabidopsis plants developed from seeds irradiated for 60 
days. Seeds were germinated in soil and plants were grown in the greenhouse for 45 days (48 DAI), when the 
percentage of survived plants and the percentage of fertile plants were scored, together with the height of plants that 
reached the principal growth stage 8.0. The UV fluences (kJm-2) and type of UV exposure are indicated under each 
bar. Values are the mean ± standard deviation of three parallel experiments, where n = 8 for the percentages of 
survived and fertile plants. Bars with different letters denote a significant difference at α < 0.05, according to 
ANOVA and the Tukey-Kramer multiple comparisons post-hoc test, as well as the nonparametric Kruskal-Wallis 
test. The precise values of statistical tests are indicated above the bars, where * means a significant level (P < 0.05), 
** very significant (P < 0.01) and *** extremely significant (P < 0.001) level of difference. DAI = days after 
imbibition. 
The plant genotypes were: Wassilewskija (Ws-2), A, D, G; Columbia (Col-0), B, E, H; a sinapate ester-deficient 
mutant (fah1-2), C, F, I. Wild ecotypes are marked with asterisks and background ecotypes are noted in the 
parentheses under the mutant line.  

                                                 
a The percentages of survived and fertile plants were scored out of the total number seeds sown in soil.  
b The height was measured in mature Arabidopsis plants that reached the principal growth stage 8.0. The height of a 

plant is here defined as the perpendicular distance from the soil surface at the plant base to the highest point of the 
stem, measured in its natural position (Heady, 1957).  
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Sixty days of exposure of flavonoid-containing Ws-2, Col-0 and fah1-2 seeds to UV-C + 

(UV-B + UV-A) radiation had also a strong impact on height of the plants that reached the 

principal growth stage 8.0. Compared to the dark controls, ANOVA and the Tukey-Kramer post-

hoc test indicated an extremely significant (p < 0.001), a very significant (p < 0.01) and a 

significant (p < 0.05) differences in the plant height for Ws-2, Col-0 and fah1-2 irradiated 

samples, respectively (Fig. 81G, H and I). Although the plant height data passed the Bartlett’s 

test (test for standard deviation equality) and the Kolmogorov-Smirnov test (normality test), 

justifying the use of the parametric tests, the nonparametric Kruskal-Wallis test was also 

performed, giving similar result for statistical differences in plant height between irradiated and 

dark control samples.  

 

 

16.4.2. Development of tt4-8 Arabidopsis plants after short-term UV-C254 

exposure of flavonoid-lacking seeds 

 

Short-term UV-B + UV-A and UV-C + (UV-B + UV-A) exposure of flavonoid-lacking 

mutant tt4-8 seeds had a strong effect on subsequent growth and development of plants (Fig. 82). 

Due to a large sample size, the study of the plant growth for some tt4-8 samples was omitted in 

soil-based experiments, including the samples exposed to UV-B + UV-A radiation from 0.5 up 

to 5 hours, which showed no difference in germination and early-seedling development, 

compared to the dark control (see sections 16.2.2.1 and 16.3.1.2). In addition,  

tt4-8 samples that were exposed to UV-C + (UV-B + UV-A) radiation for 0.5 hour and 2 hours 

were not analyzed in soil-based experiments. 

 

Dark control tt4-8 seeds that were sown and germinated in the soil developed a total of 

78% plants (survived plants) (Fig. 82A and D). Out of the total number of sown tt4-8 dark 

control seeds, 73% plants finally reached the principal growth stage 8.0 (fertile plants) (Fig. 82B 

and E).  

 

Unlike flavonoid-containing Arabidopsis samples, tt4-8 mutant seeds exhibited higher 

sensitivity to the UV-B + UV-A portion of emitted light. A decrease in the percentage of 

survived plants, the percentage of fertile plants (seed producers) and height of plants that reached 

the 8.0 growth stage, was detected in UV-B + UV-A irradiated tt4-8 samples (Fig. 82A, B and 

C).  
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Using untransformed data, ANOVA indicated a significant difference in the percentage of 

survived plants (p = 0.0117) (Fig. 82A), as well as in the percentage of fertile plants (p = 0.0391) 

(Fig. 82B), when UV-B + UV-A exposed samples were compared to the dark control. A 

statistically significant decrease in both measured parameters was observed only after 139 hours 

of irradiation (UV-B = 4.2 x 103 kJm-2 and UV-A = 1.2 x 103 kJm-2). These parameters remained 

unchanged in the samples irradiated up to 48 hours. Similar statistical results for the percentages 

of survived and fertile plants were obtained using ANOVA with %arcsin transformed and log 

(x+1) transformed data.  

 

In addition, UV-B + UV-A light had an extremely significant effect (p < 0.0001) on the 

height of survived tt4-8 plants, where exposure of seeds for 48 hours (UV-B = 1.5 x 103 kJm-2 

and UV-A = 4.1 x 102 kJm-2) resulted in a statistically significant decrease in the height of plants 

developed from irradiated seeds (Fig. 82C). The height of plants that were developed from tt4-8 

seeds exposed for 139 hours, differed extremely (p < 0.0001), compared to dark control plants, 

but remained statistically unchanged (p > 0.05), compared to the sample irradiated for 48 hours.  

 

The exposure of tt4-8 seeds to entirely transmitted UV-C + (UV-B + UV-A) light had a 

dramatic effect on subsequent plant development and growth (Fig. 82D, E and F). Seeds that 

were exposed to UV-C + (UV-B + UV-A) light from 5 up to 139 hours, produced no plants 

under greenhouse conditions (Fig. 82D). Both statistical tests, ANOVA and the nonparametric 

Kruskal-Wallis test, showed that lower fluences of UV-C + (UV-B + UV-A) radiation (up to 3 

hours of exposure), caused an extremely significant (p < 0.0001) decrease in the percentage of 

survived plants (Fig. 82D), the percentage of fertile plants (seed producers) (Fig. 82E) and the 

height of mature plants (Fig. 82F). Since low fluences of the UV-B + UV-A portion of emitted 

light did not have an effect on the growth of tt4-8 plants developed from irradiated seeds, the 

effect of low fluences of UV-C + (UV-B + UV-A) light was attributed to the dominant UV-C 

component of the incident light. Already 1 hour of UV exposure (UV-C = 5.3 x 102 kJm-2) of tt4-

8 seeds induced an extremely significant (p < 0.0001) decrease in values of all three studied 

parameters of plant growth. After 3 hours of exposure (UV-C = 1.7 x 103 kJm-2), 33% of soil-

germinated tt4-8 seeds grew into the plants that reached different developmental stages (survived 

plants) (Fig. 82D), and only 17% of seeds produced the plants that reached the principal growth 

stage 8.0 (fertile plants) (Fig. 82E). 
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Fig. 82. The effect of short-term exposure to incident UV-C + (UV-B + UV-A) light emitted from the UV-C254 
source or its minor UV-B + UV-A portion on growth of Arabidopsis flavonoid-lacking tt4-8 plants developed from 
irradiated seeds. Seeds were germinated in the soil and plants were grown in the greenhouse for 45 days (48 DAI), 
when the percentage of survived plants and the percentage of fertile plants were scored, together with the height of 
plants that reached the principal growth stage 8.0. The duration of UV exposure (hours) and UV fluences (kJm-2) are 
indicated under each bar. Values are the mean ± standard deviation of three parallel experiments (n = 8). Bars with 
different letters denote a significant difference at α < 0.05, according to ANOVA and the Tukey-Kramer multiple 
comparisons post-hoc test, as well as the nonparametric Kruskal-Wallis test. The precise values of statistical tests 
are indicated above the bars, where * means a significant level (P < 0.05), ** very significant (P < 0.01) and *** 
extremely significant (P < 0.001) level of difference. DAI = days after imbibition. 

                                                 
a The percentages of survived and fertile plants were scored out of the total number seeds sown in soil. 
b The height was measured in mature plants that reached the principal growth stage 8.0. 
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16.5. Survival rates of Arabidopsis plants developed from seeds exposed to 

quasi-monochromatic UV-C254 light 

 

Observing two plant developmental stages, the seed germination stage (principal growth 

stage 0.5; see section 16.2) and the plant development stage (principal growth stage 8.0; see 

section 16.4), survival rates for Arabidopsis plants that were grown from seeds exposed to quasi-

monochromatic UV-C254 source of light, were determined using the same equation as for the 

surviving fraction S(UV) of Bacillus spores exposed to UV radiation (Horneck, 1993). The 

Equation 5 (see section 15) was adapted for the plant survival parameter, where N stands for the 

maximal percentage of germinated seeds (seed germination stage) or the percentage of survived 

plants (plant development stage) that developed from irradiated Arabidopsis seeds, and N0 stands 

for the maximal percentage of germinated seeds (seed germination stage) or the percentage of 

survived plants (plant development stage), grown from UV unexposed seeds (dark control 

samples). The average survival rates were obtained from three parallel experiments, where the 

maximal percentage of germinated seeds was determined from n = 50 sample size, and the 

percentage of survived plants from n = 8 sample size.  

 
Table 18 shows the survival rates of Arabidopsis plants grown from UV irradiated seeds, 

where surviving fractions were determined at the stage of seed germination (in vitro 

experiments) and at the stage of developed mature plants (soil-based experiments in the 

greenhouse). Since the quasi-monochromatic UV254 source also emitted a small portion of UV-B 

+ UV-A light, the survival rates of samples that were covered with the Quartz filter, and thus 

exposed to entirely transmitted UV-C + (UV-B + UV-A) light, were determined in parallel with 

the survival rates of samples that were exposed only to a background UV-B + UV-A part of light 

(samples covered with Glass filter). Survival fractions were calculated for Ws-2, dyx, Col-0 and 

fah1-2 samples, which were exposed to the maximal UV fluences after 60 days of irradiation, as 

well as for tt4-8 line that was exposed to short-term UV radiation up to 139 hours. In order to 

compare the survival rates of Arabidopsis plants to that calculated for Bacillus subtilis spores, 

which were irradiated with 5 to 6 orders of magnitude lower UV doses than Arabidopsis seeds, 

all values for UV fluence are here expressed in units of Jm-2.  

 
The results from germination tests (in vitro experiments) indicated that the survival rates of 

seeds exposed to the UV-B + UV-A portion of emitted light reached about 100% in all tested 

Arabidopsis lines. Soil-based experiments in greenhouse showed that the UV-B + UV-A portion 

did not affect the survival of Col-0 and fah1-2 plants, but slightly higher UV fluences resulted in 

slightly decreased the survival rate of Ws-2 plants to 92%. Ten times lower fluences of UV-B + 
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UV-A radiation (UV-B = 4.2 x 106 Jm-2 and UV-A = 1.2 x 106 Jm-2) had a strong effect on 

development of tt4-8 plants under greenhouse conditions, lowering the survival rate to 65%.  

 
The entirely transmitted UV-C + (UV-B + UV-A) light, with the fluence of UV-C from 4.8 

x 108 Jm-2 to 6.0 x 108 Jm-2, did not affect the survival of the flavonoid-containing Ws-2, dyx, 

Col-0 and fah1-2 Arabidopsis seeds at the germination stage(in vitro experiments), where the 

maximal percentages of survival reached about 100%. However, germination tests showed a 

strong impact of UV-C + (UV-B + UV-A) light on the survival rate of flavonoid-lacking tt4-8 

seeds (13%), although they were irradiated with ten times lower UV doses (UV-C = 5.9 x 107 

Jm-2). In addition, soil-based experiments showed a strong effect of UV-C + (UV-B + UV-A) 

radiation on the survival rate of mature plants developed from irradiated seeds, where a decrease 

in survival percentage was observed in Col-0 (72%), Ws-2 (53%) and fah1-2 (45%) lines. The 

UV-C + (UV-B + UV-A) radiation had a dramatic effect on the survival of tt4-8 plants, where no 

plant survivors (0%) were observed in soil-based experiments.  

 
Table 18. The effect of incident UV-C + (UV-B + UV-A) light emitted from the UV-C254 source and its  
UV-B + UV-A portion on survival of Arabidopsis plants developed from irradiated seeds. The survival rate is 
measured at two plant developmental stages: the seed germination stage (Gmax% ) and the plant growth stage 
(survived plants %). The Ws-2, dyx, Col-0 and fah1-2 seed lines were irradiated up to 60 days, while tt4-8 seeds up 
to 139 hours. The maximal UV fluences (Jm-2) are indicated in the table. The survival rate of Bacillus subtilis dry 
spores exposed for up 300 sec to UV-B + UV-A and UV-C + (UV-B + UV-A) is presented for comparison. 
The plant genotypes were: Wassilewskija (Ws-2), a control mutant with a T-DNA insertion carrying the nptII gene 
(dyx), Columbia (Col-0), a flavonoid-deficient mutant (tt4-8) with a T-DNA insertion carrying the nptII gene, a 
sinapate ester-deficient mutant (fah1-2). Wild ecotypes are marked with asterisks and background ecotypes are 
noted in the parenthesis under each mutant line. 
 

 UV-B + UV-A 
Glass filter 

UV-C + (UV-B + UV-A) 
Quartz filter 

FLUENCE  
(Jm-2) 

FLUENCE 
(Jm-2) SAMPLES 

UV-B312 UV-A356 

SURVIVAL 
RATE (%)a 

Seed 
germination 

stage 

SURVIVAL 
RATE (%)b 

Plant 
development 

stage UV-C254 

SURVIVAL 
RATE (%)

a
 

Seed 
germination 

stage 

SURVIVAL 
RATE (%)b 

Plant 
development 

stage 

Ws-2* 4.3 x 107 1.2 x 107 98 92 6.0 x 108 97 53 
dyx 

(Ws-2) 4.3 x 107 1.2 x 107 100 nd 6.0 x 108 100 nd 

Col-0* 3.4 x 107 9.5 x 106 100 100 4.8 x 108 99 72 
fah1-2 
(Col-0) 3.4 x 107 9.5 x 106 100 100 4.8 x 108 100 45 
tt4-8 

(Ws-2) 4.2 x 106 1.2 x 106 100 65 5.9 x 107 13 0 
Bacillus 
subtilis 32.9 11.4 98 5.3 x 102 0.5 

a Survival rate (S = N/N0) determined in the germination tests (in vitro experiments) from the maximal percentage of 
germinated seeds. N stands for the percentage of germinated seeds in irradiated sample, while N0 stands for the percentage 
of germinated seeds in the dark control 

b Survival rate of plants determined from S = N/N0, where N represents the percentage of survived plants in UV 
exposed samples, while N0 represents the percentage of survived plants in the dark control. The percentages of 
survived plants were scored out of the total number of seeds sown in soil (greenhouse experiments). 
nd = not determined 
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17. RESISTANCE OF Arabidopsis thaliana SEEDS TO 

POLYCHROMATIC UV RADIATION UNDER SIMULATED 

SPACE VACUUM AND SIMULATED MARS CO2 ATMOSPHERE* 

 

17.1. General summary of results on the resistance of Arabidopsis seeds to 

polychromatic UV radiation under simulated space vacuum and  

simulated Mars CO2 atmosphere* 

 

The resistance of Arabidopsis seeds to simulated space conditions expected at the level of 

the ISS, which orbits at the low Earth orbit (LEO) altitudes, approximately 400 km above Earth’s 

surface, was tested using space simulation facilities at the German Aerospace Center (DLR), 

Cologne. In addition, the resistance of Arabidopsis seeds to simulated Mars CO2 atmosphere* 

was also tested using the same simulation facilities. The exposure experiments were performed 

as a part of the pre-flight EXPOSE-EVT (Experiment Verification Tests) in order to optimize 

analytical methods and evaluation before the launch. Due to biosafety regulations at DLR, 

transgenic tt4-8 seeds had to be replaced with the nontransgenic flavonoid-lacking tt4-1mutant, 

which has been prepared in the Ler-0 background. Thus, Ws-2 and Ler-0 wild ecotypes, as well 

as tt4-1 mutant were used in EVT experiments, where seed samples were exposed to single or 

combined simulated space conditions or simulated Mars conditions, including polychromatic 

simulated solar UV radiation (λ = 200 - 400 nm, fluence 1.5 x 105 kJm-2), simulated space 

vacuuma(10-5 Pa) and simulated Mars CO2 atmosphere* (95.6% CO2).  

 

Two sets of multiuser EVT experiments were performed: in the EVT-E1, the samples were 

exposed to polychromatic UV200-400 light under atmospheric pressure, while in the EVT-E2, the 

samples were exposed to simulated space vacuum or simulated Mars CO2 atmosphere* 

separately, or in the combination with polychromatic UV200-400 light. Unfortunately, due to 

mishandling during shipping of the exposed seed samples from DLR, some sample carriers 

arrived heavily damaged, resulting in loss of the EVT-1 samples for the Ws-2 and Ler-0 lines. 

                                                 
* Mars atmosphere was simulated only in view of its composition (95.56% CO2, 2.72% N2, 1.56% Ar and 0.16% 

O2), but not the pressure, since due to the overheating of the samples, all EVT-E2 experiments were performed at 
1 atm (101.3 kPa) instead of 600 Pa (for details see chapter 2, section 8.1.2.2.5) 

a In interplanetary space, the extremely low pressures down to 10-14 Pa prevail. However, within the vicinity of a 
planetary body, the pressure increases due to the outgassing. For instance, at the low Earth orbit (LEO) altitudes 
(between 200 and 600 km above Earth’s surface), the pressure reaches 10-7 to 10-4 Pa. In the vicinity of a 
spacecraft, the pressure is further increased e. g. at the level of the ISS it reaches about 10-5 Pa (Horneck and 
Brack, 1992; Horneck et al., 2000; Baglioni et al., 2007). 
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Only the tt4-1 sample from the EVT-1 experiments and all the EVT-2 samples were recovered 

and analyzed. 

 

The resistance of Arabidopsis seeds to polychromatic simulated solar UV radiation under 

simulated space vacuum or simulated Mars CO2 atmosphere* was determined by studying the 

germination and subsequent plant development, observing three important developmental stages: 

the seed germination (principal growth stage 0.5), the early-seedling stage (principal growth 

stage 1.0) and the mature plant development (principal growth stage 8.0), described in Boyes et 

al. 2001 and Kjemtrup et al. 2003. Summarized results of these studies are presented in Table 

19. Detailed results are given in the sections below.  

 

Table 19. General summary of the effects of simulated space and Mars conditions on different parameters at the 
three developmental stages of Arabidopsis plants grown from exposed seeds. The conditions applied separately or in 
the combination during the Experiment Verification Tests (EVT): simulated polychromatic solar UV radiation (λ = 
200 - 400 nm) with a fluence of 1.5 x 105 kJm-2, simulated space vacuum at 10-5 Pa and simulated Mars CO2 
atmosphere* at 1atm, containing 95.6% CO2.  
The plant genotypes were: Wassilewskija (Ws-2), Landberg erecta (Ler-0) and a flavonoid-deficient mutant (tt4-1) 
in Ler-0 accession. Wild ecotypes are marked with asterisks. 

 
Vacuum UV + Vacuum CO2 Mars UV + CO2 Mars PLANT 

DEVELOPMENTAL 
STAGES 

MEASURED 
PARAMETERS 

Ws* Ler* tt4-1
(Ler) Ws* Ler* tt4-1 

(Ler) Ws* Ler* tt4-1 
(Ler) Ws* Ler* tt4-1 

(Ler) 
Loss of 

germination 
capacity 
(Gmax%) 

- - - - - ++++a - - +++ - ++ ++++a 

Germination 
Mean 

germination 
time  

(MGT)

-/+b +b - ++ +++ n/a - +++ +++ ++ ++++ n/a 

% Abnormal 
seedlings - - - + ++ n/a - - + ++ ++ n/a 

Severity of 
seedling 
damage 

- - - + ++ n/a - - ++ ++ +++ n/a Early-seedling 
development 

Reduction in 
root length - - - ++ +++ n/a - + + ++ +++ n/a 

Decrease in % 
of survived 

plants 
- - - +++ ++ n/a // // // // // // 

Decrease in % 
of fertile 

plants 
- - - +++ ++ n/a // // // // // // Plant 

development 

Reduction in 
plant height - - - - - n/a // // // // // // 

 
a Extremely negative effect of the exposure to (UV + Vacuum) and (UV + CO2 Mars) conditions that killed all 

tested seeds (Gmax% = 0%). 
b Simulated space vacuum had small, but positive effect on seed germination, increasing the speed of germination 

(MGT decreased). 

n/a = not applicable parameter (0 % germinated seeds), // = effect not determined, - no effect, -/+ possible effect, + 
small effect, ++ strong effect, +++ very strong effect, ++++ extreme effect 
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17.2. Seed germination stage - effects of polychromatic UV radiation under 

simulated space vacuum and simulated Mars CO2 atmosphere* 

 

The resistance of Arabidopsis seeds to polychromatic UV radiation under simulated space 

vacuum and Mars CO2 atmosphere* was first determined at the level of seed germination, which 

is the earliest stage in plant development. The germination was scored at the point of its 

termination when the radicle protruded from the seed coat (the principal growth stage 0.5, 

according to Boyes et al., 2001 and Kjemtrup et al., 2003), which is the only time point of 

germination that can be relatively precisely determined. Similar to the experiments with quasi-

monochromatic UV-C254 light (see above section 16.2), the following parameters of seed 

germination were here considered: germination capacity (section 17.2.1) and germination 

dynamics, including the mean germination time (section 17.2.2) and other parameters of 

germination dynamics, notably T50%, T25-75% and the skewness of germination curve (section 

17.2.3). In addition, we also determined the viability of exposed flavonoid-lacking tt4-1 

Arabidopsis seeds (section 17.2.4).  

 

After the exposure to simulated space and Mars conditions, including polychromatic 

UV200-400, high vacuum and simulated Mars CO2 atmosphere*, imbibed Arabidopsis Ws-2, Ler-0 

and tt4-1 seeds were germinated under optimal conditions. The percentage of germinated seeds 

was plotted against the time required for germination, expressed in hours after imbibition (HAI). 

Fig. 83 illustrates the germination curves of the Ws-2, Ler-0 and tt4-1 seeds after the exposure to 

simulated space and Mars conditions applied during the EVT-E2 experiments. The samples were 

irradiated with polychromatic UV200-400 light at the total fluence of 1.5 x 10-5 kJm-2 under 

simulated space vacuum at 10-5 Pa (UV + Vacuum) or under a simulated Mars CO2 atmosphere* 

at 1 atm (UV + CO2 Mars). In order to distinguish the influence of polychromatic UV200-400 light 

from the effects of simulated space vacuum and simulated Mars CO2 atmosphere*, dark control 

samples were also analysed. They included the seeds that were exposed only to simulated space 

vacuum (Dark + Vacuum) and the seeds that were exposed only to simulated Mars CO2 

atmosphere* (Dark + CO2 Mars). The germination curves of exposed Ws-2, Ler-0 and tt4-1 

seeds were compared to the germination curves of the laboratory controls that represent the 

unexposed seeds stored in the dark at 4°C during the EVT experiments.  

 

All Ws-2 exposed seed samples, including (Dark + Vacuum), (Dark + CO2 Mars), (UV + 

Vacuum) and (UV + CO2 Mars), reached germination maximum of about 100%, similar to the 

Ws-2 laboratory control (Fig. 83A). The exposure of the Ws-2 seeds only to simulated space 
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vacuum or simulated Mars CO2 atmosphere* had a small effect on germination speed, but 

surprisingly, these seeds germinated slightly faster than the unexposed laboratory control seeds. 

In contrast, the exposure of the Ws-2 seeds to polychromatic UV200-400 light in combination with 

either simulated space vacuum or simulated Mars CO2 atmosphere* had a strong effect on the 

germination, causing a delay in germination start and an important decrease in germination 

speed.  

 

Similarly to Ws-2 line, the Ler-0 wild type seeds that were exposed to simulated space 

vacuum germinated faster than the laboratory control seeds, and they reached a maximal 

germination percentage of 100% (Fig. 83B). On the other hand, the Ler-0 wild type seeds 

appeared to be more sensitive to simulated Mars CO2 atmosphere* than the Ws-2 ecotype, since 

the exposed seeds germinated much slower than the Ler-0 laboratory control. However, the  

Ler-0 seeds that were exposed to the simulated Mars CO2 atmosphere* reached maximal 

germination percentage of about 100%. The exposure of the Ler-0 seeds to polychromatic  

UV200-400 light under simulated space vacuum conditions caused a remarkable delay (for about 

27 hours) in germination, although about 100% of the Ler-0 seeds germinated by the end of the 

experiment. Polychromatic UV200-400 light in combination with simulated Mars CO2 atmosphere* 

had a strong impact on the germination behaviour of the Ler-0 seeds, for which decrease in the 

maximal germination percentage, delayed start of germination and decreased germination speed 

were detected.  

 

The germination behaviour of the flavonoid-lacking tt4-1 mutant was unchanged after the 

exposure of seeds to simulated space vacuum. No differences in maximal germination 

percentage and germination speed were observed, compared to the laboratory control (Fig. 83C). 

On the other hand, exposure to simulated Mars CO2 atmosphere* had a strong effect on the 

germination of tt4-1 seeds, resulting in decreased maximal germination percentage (60% ± 8), as 

well as in delayed and slower germination course, compared to the unexposed laboratory control. 

Polychromatic UV200-400 light had a drastic impact on tt4-1 seeds, both under simulated space 

conditions and under simulated Mars CO2 atmosphere*, causing complete inhibition of 

germination.  

 

The results of the EVT-1 experiment, where tt4-1 seeds were exposed to simulated 

polychromatic solar UV200-400 radiation (1.5 x 105 kJm-2) in air under atmospheric pressure, are 

presented in Fig. 84. The flavonoid-lacking tt4-1 seeds appeared extremely sensitive to 

polychromatic UV200-400 light, since no seeds germinated. 
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Fig. 83. Time course for Arabidopsis 
seed germination after the exposure of 
seeds to simulated space and Mars 
conditions: simulated polychromatic solar 
UV light (λ = 200-400 nm, fluence 1.5 x 
105 kJm-2), simulated space vacuum (10-5 
Pa) and simulated Mars CO2 atmosphere* 
at 1 atm (95.6 % CO2). 
The exposure experiments were performed 
as a part of the EVT-E2 (Experimental 
Verification Test) programme, where seed 
samples were exposed to simulated space 
vacuum in the dark (Dark + Vacuum, a 
light blue line), polychromatic UV radiation 
under simulated space vacuum (UV + 
Vacuum, a dark blue line), simulated Mars 
CO2 atmosphere* in the dark (Dark + CO2 
Mars, an orange line), and polychromatic 
UV radiation under simulated Mars CO2 
atmosphere* (UV + Mars CO2, a red line). 
The laboratory controls (black lines) 
represent the unexposed seeds stored in the 
dark at 4°C during the EVT experiments. 
Germination time is expressed in hours 
after imbibition (HAI), performed in the 
dark at 4°C for 72 hours. 
The plant genotypes: (A) Wassilewskija 
(Ws-2), (B) Landsberg erecta (Ler-0) and 
(C) a flavonoid-lacking mutant in Ler-0 
accession (tt4-1). Wild ecotypes are marked 
with asterisks. 
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Fig. 84. Time course of seed germination 
for the Arabidopsis flavonoid-lacking, tt4-1, 
mutant after the exposure of seeds to 
polychromatic simulated solar UV light  
(λ = 200-400 nm, fluence 1.5 x 105 kJm-2). 
The UV exposure experiment was performed 
as a part of the EVT-E1 (Experimental 
Verification Test) programme, where seeds 
were exposed to UV radiation in air under 
atmospheric pressure (UV + air 1 atm, a 
magenta line). The laboratory control (black 
line) represents the unexposed seeds stored in 
the dark at 4°C during the EVT experiments. 
Germination time is expressed in hours after 
imbibition (HAI), performed in the dark at 
4°C for 72 hours. 
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17.2.1. Germination capacity (Gmax%) of seeds exposed to polychromatic UV light 

under simulated space vacuum and simulated Mars CO2 atmosphere* 

 

The germination capacity of the Ws-2, Ler-0 and tt4-1 seeds was expressed as the maximal 

germination percentage (Gmax%), reached at the end of the germination process. The mean values 

of Gmax% were obtained from three parallel experiments, observing n = 40 seeds. The Gmax% 

values for the Ws-2, Ler-0 and tt4-1 samples, which were exposed to polychromatic UV200-400 

light, simulated space vacuum and simulated Mars CO2 atmosphere*, were compared to Gmax% 

values for unexposed laboratory control samples that reached 100% in all three tested genotypes 

(Fig. 85). The Gmax% data were analyzed statistically using one-way ANOVA and the Tukey-

Kramer multiple comparisons test at α = 0.05. Since similar statistical results were obtained 

using untransformed and %arcsin  transformed Gmax% data, only the results from 

untransformed percentage data are presented here.  

 

Seeds exposed only to simulated space vacuum (Dark +Vacuum) reached a maximal 

germination percentage of 98% in the Ws-2 line and 100% in the Ler-0 wild type line, as well as 

the tt4-1 mutant line (Fig. 85A, B and C). Combined exposure to polychromatic UV200-400 light 

and simulated space vacuum (UV + Vacuum) resulted in Gmax% values of 92% and 98% in the 

Ws-2 and Ler-0 samples, respectively (Fig. 85A and B). ANOVA showed no statistical 

differences in germination capacity among (Dark + Vacuum), (UV + Vacuum) and unexposed 

laboratory control for the Ws-2 and Ler-0 wild type lines. Additional t-test showed no statistical 

differences between (Dark + Vacuum) and (UV + Vacuum) exposed samples in both the Ler-0  

(p = 0.3739) and Ws-2 (p = 0.3305) wild type line. Furthermore, no statistical difference was 

observed between the tt4-1 sample exposed to (Dark + Vacuum) and the laboratory control, since 

both samples reached Gmax% of 100% (Fig. 85C). In contrast, polychromatic UV200-400 light in 

combination with simulated space vacuum had a drastic effect on the flavonoid-lacking tt4-1 

line, since no germinated seeds (Gmax% = 0%) were observed in the samples exposed to (UV + 

Vacuum). 

 

After exposure to simulated Mars CO2 atmosphere* (Dark + CO2 Mars atm), the Ws-2, 

Ler-0 and tt4-1 seeds germinated with Gmax% values of 98%, 97% and 60%, respectively (Fig. 

85D, E and F). Seeds that were exposed to the combined effects of polychromatic UV200-400 light 

and simulated Mars CO2 atmosphere* (UV + CO2 Mars atm) reached Gmax% values of 97% in the 

case of the Ws-2 line and 80% in the case of the Ler-0 line (Fig. 85D and E). Statistical tests 
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showed no significant difference in germination capacity within the group of (Dark + CO2 Mars 

atm), (UV + CO2 Mars atm) and laboratory control for the Ws-2 line.  
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Fig. 85. Maximal germination percentage (Gmax%) of Arabidopsis seeds exposed to simulated space and Mars 
conditions, including polychromatic solar UV light (λ = 200-400 nm, fluence 1.5 x 105 kJm-2), simulated space 
vacuum (10-5 Pa) and simulated Mars CO2 atmosphere* at 1 atm (95.6 % CO2). The Gmax% values of samples 
exposed to simulated space conditions were compared to those obtained for the laboratory controls (unexposed 
seeds that were stored in the dark at 4°C during the EVT experiments). Values are the mean ± standard deviation 
from three parallel experiments (n = 40). Bars with different letters denote a significant difference at α < 0.05, 
according to ANOVA and the Tukey-Kramer test. The precise values from ANOVA are indicated above the bars, 
where * means a significant level (P < 0.05), ** very significant (P < 0.01) and *** extremely significant  
(P < 0.001) level of difference. 
The plant genotypes were: Wassilewskija (Ws-2), A and D; Landsberg erecta (Ler-0), B and E; a flavonoid-lacking 
mutant in Ler-0 accession (tt4-1), C and F. Wild ecotypes are marked with asterisks. 
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In contrast, a significant difference (p = 0.0217) was detected for the Ler-0 line, due to 

decreased Gmax% value in sample exposed to (UV + CO2 Mars atm), while (Dark + CO2 Mars 

atm) sample showed statistically unaltered germination capacity. On the other hand, an 

extremely significant decrease (p < 0.001) in germination capacity was observed for flavonoid-

lacking tt4-1 seeds that were exposed to (Dark + CO2 Mars atm) and no germinated seeds (Gmax% 

= 0%) were observed after the exposure of tt4-1 samples to (UV + CO2 Mars atm) (Fig. 85F). 

 

The cross-comparison of the effects of simulated space vacuum (Dark + Vacuum) and 

simulated Mars CO2 atmosphere* (Dark + CO2 Mars atm) revealed no statistical difference in 

Gmax%  for both Ws-2 (Fig. 85A and D) and Ler-0 (Fig. 85B and E) wild type lines. In contrast, 

an extremely significant decrease (p < 0.001) in Gmax% was observed for tt4-1 seeds exposed to 

(Dark + CO2 Mars atm), when compared to that exposed to (Dark + Vacuum) (Fig. 85C and F).  

 

When the combined effects of (UV + Vacuum) were cross-compared to the combined 

effects of (UV + CO2 Mars atm), no statistical difference in Gmax%  was observed for Ws-2 wild 

type line (Fig. 85A and D), but significant decrease (p < 0.05) in Gmax% was detected in Ler-0 

sample exposed to (UV + CO2 Mars atm) (Fig. 85B and E). 
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17.2.2. Mean germination time (MGT) of seeds exposed to polychromatic UV 

light and simulated space vacuum and simulated Mars CO2 atmosphere* 

 

In addition to germination capacity (section 17.2.1), we also studied the dynamics of 

germination in Arabidopsis seeds that were exposed to simulated space and Mars conditions. 

Mean germination time (MGT), as one of the parameters of germination dynamics, represents an 

inverse expression of overall germination speed, and thus it indicates seed vigour. 

 

The effects of polychromatic UV200-400 light, simulated space vacuum and simulated Mars 

CO2 atmosphere* on the MGT of exposed Ws-2, Ler-0 and tt4-1 seeds are presented in Fig. 86. 

The MGT values of exposed samples are compared to the MGT values of unexposed laboratory 

control samples. Mean germination time (MGT) was calculated according to Equation 1 (see 

chapter 1, section 4.2.2.1). Mean values for MGT were obtained from three parallel experiments, 

observing n = 40 seeds. One-way ANOVA and the Tukey-Kramer post-hoc test (α = 0.05) were 

performed on square-root transformed MGT values due to a slightly positively skewed 

germination time course (see Table 20 in section 17.2.3). 

 

The exposure of seeds to simulated space vacuum (Dark + Vacuum) resulted in faster seed 

germination in Ws-2 and Ler-0 wild type lines, compared to the laboratory control samples (Fig. 

86A and B). One-way ANOVA and the Tukey-Kramer post-hoc test showed an extremely 

significant decrease (p < 0.0001) in the MGT value for the Ler-0 sample exposed to (Dark + 

Vacuum). The same result was obtained using an unpaired t-test. In the case of the Ws-2 line, the 

Tukey-Kramer post-hoc test appeared to be less sensitive to the differences between the sample 

exposed to (Dark + Vacuum) and the laboratory control, but the unpaired t-test, as well as 

alternative Student-Newman-Keuls post-hoc test, clearly showed significant decrease (p < 0.05) 

in MGT value for Ws-2 sample exposed to (Dark + Vacuum). Unlike in the Ws-2 and Ler-0 

lines, the MGT of tt4-1 seeds did not change after the exposure of seeds to simulated space 

vacuum (Fig. 86C). The unpaired t-test showed no significant difference in the MGT values 

between tt4-1 (Dark + Vacuum) sample and the laboratory control.  

 

Exposure to polychromatic UV200-400 light in the combination with simulated space 

vacuum (UV + Vacuum) had a strong impact on the MGT of exposed seeds, resulting in an 

extremely significant increase (p < 0.0001) in MGT values for Ws-2 and Ler-0 wild type seeds 

(Fig. 86A and B) and inhibition of germination in the case of flavonoid-lacking tt4-1 mutant 

(Fig. 86C).  
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Fig. 86. Mean germination time (MGT) of Arabidopsis seeds exposed to simulated space and simulated Mars 
conditions, including simulated polychromatic solar UV light (λ = 200-400 nm, fluence 1.5 x 105 kJm-2), simulated 
space vacuum (10-5 Pa) and simulated Mars CO2 atmosphere* at 1 atm (95.6 % CO2). The MGT values of samples 
exposed to simulated space conditions are compared to those obtained for laboratory controls (unexposed seeds that 
were stored in the dark at 4°C during the EVT experiments). Values are the mean ± standard deviation of three 
parallel experiments (n = 40). Bars with different letters denote a significant difference at α < 0.05, according to 
ANOVA and the Tukey-Kramer test, as well as the unpaired t-test in the case of the tt4-1 samples, calculated for 
square-root transformed data. The precise values from ANOVA and the unpaired t-test are indicated above the bars, 
where * means a significant level (P < 0.05), ** very significant (P < 0.01) and *** extremely significant  
(P < 0.001) level of difference. 
The plant genotypes were: Wassilewskija (Ws-2), A and D, Landsberg erecta (Ler-0), B and E; a flavonoid-lacking 
mutant in Ler-0 accession (tt4-1), C and F. Wild ecotypes are marked with asterisks. 
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The exposure of seeds to simulated Mars CO2 atmosphere* (Dark + CO2 Mars atm) had no 

effect on the MGT of the Ws-2 seeds (Fig. 86D), but it had a strong effect on the germination 

behaviour of Ler-0 and tt4-1 seeds (Fig. 86E and F). Compared to the MGT values of laboratory 

controls, ANOVA and the Tukey-Kramer test showed an extremely significant increase  

(p < 0.0001) in MGT values for both the Ler-0 wild type line and the flavonoid-lacking tt4-1 

mutant.  

 

The mean germination time of seeds that were exposed to polychromatic UV200-400 light in 

combination with simulated Mars CO2 atmosphere* (UV + CO2 Mars atm) increased even more 

than in the case of seeds exposed only to simulated Mars CO2 atmosphere*. Due to the combined 

effects of UV200-400 radiation and increased level of CO2, Tukey-Kramer post-hoc test indicated 

an extremely significant increase (p < 0.0001) in MGT values for both Ws-2 and Ler-0 wild type 

lines, compared to the samples exposed to (Dark + CO2 Mars atm) and unexposed laboratory 

controls (Fig. 86D and E). The exposure of flavonoid-lacking tt4-1 seeds to polychromatic 

UV200-400 light under simulated Mars CO2 atmosphere* had a dramatic effect on germination, 

since no germinated tt4-1 seeds were observed after the exposure to (UV + CO2 Mars atm) (Fig. 

86F).  

 

Cross-compared the effects of simulated space vacuum (Dark + Vacuum) and simulated 

Mars CO2 atmosphere* (Dark + CO2 Mars atm) on MGT, revealed no statistical difference in the 

Ws-2 wild type line (Fig. 86A and D), while an extremely significant difference (p < 0.001) was 

observed in the case of the Ler-0 wild type line (Fig. 86B and E) and the tt4-1 mutant line (Fig. 

86C and F).  

 

Similarly, when the combined effects of (UV + Vacuum) were cross-compared to the 

combined effects of (UV + CO2 Mars atm), no statistical difference was observed in MGT for 

the Ws-2 wild type line (Fig. 86A and D), while an extremely significant difference (p < 0.001) 

was observed in the case of the Ler-0 wild type line (Fig. 86B and E). 
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17.2.3. Other parameters of germination dynamics in seeds exposed to 

polychromatic UV under simulated space vacuum and  

simulated Mars CO2 atmosphere* 

 

In addition to the mean germination time (section 17.2.2), other parameters of germination 

dynamics, such as T50%, T25-75% and the skewness of the germination curves, were determined for 

Arabidopsis seeds exposed to simulated space and simulated Mars conditions. The precise values 

for these parameters, as well as the statistical distribution of significant differences (α = 0.05) 

according to one-way ANOVA and the Tukey-Kramer post-hoc tests for the Ws-2, Ler-0 and  

tt4-1 seed samples, exposed to polychromatic UV200-400, simulated space vacuum and simulated 

Mars CO2 atmosphere*, are presented in Table 20.  

 

The value T50% represents a central tendency of the germination process and it corresponds 

to the time necessary to reach 50% of the germination maximum. Compared to T50% values of 

unexposed samples (laboratory controls), ANOVA showed an extremely significant (p < 0.0001) 

decrease in T50% values for Ws-2 and Ler-0 seed samples that were exposed to simulated space 

vacuum (Dark + Vacuum), as well as for the Ws-2 seeds exposed to simulated Mars CO2 

atmosphere* (Dark + CO2 Mars atm). On the other hand, extremely significant (p < 0.0001) 

increase in T50% values was observed in the Ler-0 and tt4-1 samples exposed to simulated Mars 

CO2 atmosphere* (Dark + CO2 Mars atm), as well as in all samples exposed to polychromatic 

UV200-400 light in the combination with simulated space vacuum (UV + Vacuum) or simulated 

Mars CO2 atmosphere* (UV + CO2 Mars atm). Unlike the Ler-0 wild type line and the  

tt4-1 mutant line, which showed the same statistical distribution of differences in variance for 

MGT and T50%, an altered distribution of differences in variance for these two parameters was 

observed in the Ws-2 line. 

 

Skewness of the germination curves was calculated from the ratio T50% / MGT. Since the 

observed T50% values for the Ws-2, Ler-0 and tt4-1 lines appeared lower than MGT values in all 

cases, the calculated values for skewness <1 indicated a slightly asymmetric nature of 

Arabidopsis germination curves, as it was previously observed in experiments with quasi-

monochromatic UV-C254 light (Table 15 in section 16.2.1.1.3 and Table 16 in section 

16.2.2.1.5). Compared to the laboratory control, ANOVA showed no statistically significant 

difference in positively skewed germination behaviour for all Ler-0 samples exposed to 

simulated space and simulated Mars CO2 conditions.  
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Table 20. The effects of simulated space and simulated Mars conditions on parameters of germination dynamics 
of Arabidopsis seeds, including T25-75%, T50%, mean germination time (MGT) and skewness of germination curves. 
Seeds were exposed to simulated space vacuum (10-5 Pa) or simulated Mars CO2 atmosphere* at 1 atm (95.6 % 
CO2) in the dark or in combination with simulated polychromatic solar UV light (λ = 200-400 nm, fluence 1.5 x 105 
kJm-2). The values for T25-75%, T50%, MGT and germination curve skewness of samples exposed to simulated space 
and simulated Mars conditions are compared to those obtained for the laboratory controls (unexposed seeds that 
were stored in the dark at 4°C during the EVT experiments). Values are the mean ± standard deviation of three 
parallel experiments (n = 40). Different letters denote a significant difference at α < 0.05, according to ANOVA and 
the Tukey-Kramer post-hoc test performed on square-root transformed data for T25-75%, T50%, and MGT parameters, 
and untransformed data for the skewness parameter.  
The plant genotypes were: Wassilewskija (Ws-2), Landsberg erecta (Ler-0) and the flavonoid-lacking mutant  
(tt4-1) in the Ler-0 accession. Wild ecotypes are marked with asterisks. 
 
 
 

GENOTYPE EXPERIMENTAL 
CONDITIONS PARAMETERS OF GERMINATION DYNAMICS 

  T25-75% 
(hours) 

T50% 
(hours) 

MGT (hours) SKEWNESS 
T50% / MGT 

LAB CONTROL 6.8  ab 18.9  a 21.0  a 0.8983  a 

Dark + Vacuum 5.7  a 15.3  b 18.3  a 0.8372  ab 

UV200-400 + Vacuum 9.7  b 29.4  c 37.3  b 0.7897  b 

Dark + CO2 Mars atm 6.3  ab 16.7  b 20.1  a 0.8306  ab 

Ws-2* 

UV200-400 + CO2 Mars atm 16.3  c 27.3  c 36.1  b 0.7596  b 

LAB CONTROL 5.1  ab 20.2  a 21.7  a 0.9310  a 

Dark + Vacuum 2.7  a 15.6  b 16.9  b 0.9230  a 

UV200-400 + Vacuum 11.1  c 51.4  c 57.5  c 0.8937  a 

Dark + CO2 Mars atm 9.8  bc 38.5  d 44.3  d 0.8692  a 

Ler-0* 

UV200-400 + CO2 Mars atm 36.2  d 78.3  e 91.6  e 0.8589  a 

LAB CONTROL 5.2  a 19.7  a 22.2  a 0.8872  a 

Dark + Vacuum 4.2  a 18.7  a 21.9  a 0.8529  a 

UV200-400 + Vacuum n/a n/a n/a n/a 

Dark + CO2 Mars atm 31.1  b  b 52.7  b 0.7724 b 

tt4-1 
(Ler-0) 

UV200-400 + CO2 Mars atm n/a n/a n/a n/a 

n/a = not applicable parameter (0% germinated seeds) 
 



PART II / Chapter 5 RESULTS II 297 

 

In contrast, a statistically significant (p < 0.05) positive shift in skewness of the 

germination curve was detected in the Ws-2 seeds exposed to (UV + Vacuum) and (UV + CO2 

Mars atm). Thus the first half of the germination time course in the Ws-2 samples exposed to 

UV200-400 light was longer than in the control sample. Unlike the Ler-0 background genotype, the 

flavonoid-lacking tt4-1 mutant showed a statistically significant (p < 0.05) positive shift in 

germination skewness for the sample that was exposed to (Dark + CO2 Mars atm). This effect 

was not observed in the tt4-1 samples exposed to (Dark + Vacuum). 

 

The T25-75% parameter is the measure of germination uniformity. It corresponds to a time 

period between 25% and 75% of maximum germination, and thus it is related to the steepness of 

germination curve around the median. The statistical distribution of differences in variance for 

T25-75% parameter in the tt4-1 line is equal to those for MGT and T50% parameters, while an 

altered statistical distribution of differences in variance for T25-75% parameter was detected in the 

Ws-2 and Ler-0 wild type lines. The Tukey-Kramer post-hoc test indicated that simulated space 

vacuum (Dark + Vacuum) or simulated Mars CO2 atmosphere* (Dark + CO2 Mars atm) did not 

affect germination uniformity of the Ws-2 and Ler-0 seeds. In contrast, the exposure of tt4-1 

seeds to (Dark + CO2 Mars atm) resulted in an extremely significant (p < 0.001) increase in  

T25-75% value, while simulated space vacuum (Dark + Vacuum) had no effect on germination 

uniformity of the tt4-1 seeds. The germination uniformity of the Ws-2 samples exposed to (UV + 

Vacuum) was not different from that of the laboratory control, but it differed significantly  

(p < 0.05), when compared to the Ws-2 sample exposed to (Dark + Vacuum). The exposure of 

the Ws-2 seeds to (UV + CO2 Mars atm) resulted in an extremely significant (p < 0.001) increase 

in the T25-75% value. In the case of the Ler-0 wild type line, both (UV + Vacuum) and (UV + CO2 

Mars atm) affected the germination uniformity, resulting in a significant (p < 0.05) and 

extremely significant (p < 0.001) increases in T25-75%, respectively. 
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17.2.4. The viability of flavonoid-lacking tt4-1 Arabidopsis seeds exposed to 

polychromatic UV under simulated space vacuum and 

 simulated Mars CO2 atmosphere* (Tetrazolium test) 

 

After the germination test, the viability of ungerminated Arabidopsis tt4-1 seeds was 

determined by the tetrazolum (TZ) test. Since dormant, deteriorated or seriously damaged seeds 

demonstrate drastically reduced or even lost germination capacity, the TZ test can be used as a 

method for detection of potentially viable seeds among ungerminated seeds. The conversion of 

tetrazolium salts into bright red formazan end-product indicates the metabolic activity of viable 

cells. Due to the impermeability of the seed coat observed in flavonoid-containing Ws-2 and  

Ler-0 Arabidopsis seeds, the evaluation of seed viability by the TZ test was feasible only for 

flavonoid-lacking tt4-1mutant, which has a transparent seed coat that allows efficient penetration 

of the tetrazolium salt solution. Thus, red-stained tt4-1 seeds were considered viable, while 

uncoloured tt4-1 seeds were determined as dead seeds. 

 

Since the exposure to polychromatic simulated solar UV200-400 radiation, applied alone or 

in combination with simulated space vacuum and simulated Mars CO2 atmosphere*, had 

dramatic effects on the germination capacity of exposed tt4-1 seeds (Gmax% = 0%), as seen in 

Fig. 85, the viability of ungerminated tt4-1 seeds was further determined by the TZ test (Fig. 

87). All three replicas of seed samples in positive TZ (+) control (untreated viable seeds) and 

negative TZ (-) control (seeds inactivated by autoclaving) stained brightly red or remained 

unstained, respectively. Dark control seeds, which were not exposed to UV radiation and were 

kept in the air at a pressure of 1 atmosphere, stained red at the level of 100% in all three replicas. 

In contrast, all tt4-1 seeds that remained ungerminated after the exposure to polychromatic 

UV200-400 radiation alone (UV + air) or in combination with simulated space vacuum (UV + 

Vacuum) and simulated Mars CO2 atmosphere* (UV + CO2 Mars atm), remained unstained in all 

parallel replicas. This result clearly showed that viability of the tt4-1 seeds was entirely lost after 

the exposure to polychromatic simulated solar UV200-400 radiation at fluence of 1.5 x 105 kJm-2. 
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Fig. 87. The effect of polychromatic UV radiation under simulated space vacuum and simulated Mars CO2 
atmosphere* on the viability of Arabidopsis flavonoid-lacking tt4-1 seeds exposed to simulated polychromatic solar 
UV light (λ = 200-400 nm, fluence 1.5 x 105 kJm-2) alone or in the combination with simulated space vacuum  
(10-5 Pa) and simulated Mars CO2 atmosphere* at 1 atm (95.6 % CO2). The inviability of the tt4-1 seeds (Ler-0 
accession) that remained ungerminated at the end of germination assay was confirmed by the tetrazolium (TZ) test. 
Bars represent 2 mm.  
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17.3. Early-seedling stage:  

effects of polychromatic UV under simulated space vacuum and  

simulated Mars CO2 atmosphere* 

 

Following the germination stage (principal growth stage 0.5; see section 17.2) of 

Arabidopsis seeds that were exposed to polychromatic UV light under simulated space vacuum 

and simulated Mars CO2 atmosphere*, the germinants were further grown under in vitro 

conditions and development of early-stage seedlings was observed at the principal growth stage 

1.0 (Boyes et al., 2001; Kjemtrup et al., 2003). In order to predict whether germinants, which 

have been developed from the Ws-2, Ler-0 and tt4-1 seeds exposed to polychromatic UV200-400 

radiation, simulated space vacuum and simulated Mars CO2 atmosphere*, had the capacity to 

develop into functional and healthy plants, the development and morphology of essential 

seedling structures, such as root system (e.g. primary root), shoot axis (e.g. hypocotyl) and 

cotyledons, were further studied. Similarly to the experiments with quasi-monochromatic  

UV-C254 light (see section 16.3), here we studied the following parameters of early-seedling 

growth: percentage of normal seedlings, abnormal seedlings and ungerminated seeds (section 

17.3.1), characterization and quantification of types of damage in abnormally developed 

seedlings (section 17.3.2), and the length of normally developed primary roots (section 17.3.3).  

 

 

17.3.1. Normal seedlings, abnormal seedlings and ungerminated seed occurrence 

after exposure of seeds to polychromatic UV light under simulated space 

vacuum and simulated Mars CO2 atmosphere* 

 

According to the rules for seed testing (ISTA, 1999), the results of early-seedling stage 

experiments were grouped into the following three categories: normal seedlings, abnormal 

seedlings and ungerminated seeds. The total percentage of sown seeds (100%) was thus equal to 

the sum of the percentages for these three groups. Normal seedlings are defined as those that 

show potential for continued development into satisfactory plants, when grown under favourable 

conditions, while abnormal seedlings include damaged, deformed or unbalanced seedlings, 

which would unlikely develop into normal plants (ISTA, 1999). Observing the development of 

15-day-old Arabidopsis seedlings that were grown from seeds exposed to simulated space and 

simulated Mars conditions, the percentage of normal and abnormal seedlings, as well as 

ungerminated seeds was determined for the Ws-2, Ler-0 and tt4-1 lines (Fig. 88). One-way 
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ANOVA and the Tukey-Kramer post-hoc test were performed, both at the level of significance  

α = 0.05, where calculated mean values were obtained from three parallel experiments with  

n = 40 sample size.  

 

Laboratory controls (unexposed seeds) in the Ws-2, Ler-0 and tt4-1 lines developed 100% 

normal seedlings, where neither abnormally developed seedlings nor ungerminated seeds were 

observed (Fig. 88A-F).  

 

The exposure of seeds only to simulated space vacuum (Dark + Vacuum) had no effect on 

subsequent development of early-stage seedlings in the Ws-2 and Ler-0 lines, as well as the tt4-1 

mutant, since almost all seeds germinated into normal seedlings (Fig. 88A-C).  

 

In contrast, the exposure of seeds to polychromatic UV200-400 light in combination with 

simulated space vacuum (UV + Vacuum) had a strong effect on Ws-2 and Ler-0 seedling 

development (Fig. 88A and B), resulting in a very significant decrease (p = 0.0054) in the 

percentage of the Ws-2 normal seedlings (72%), and extremely significant decrease (p < 0.0001) 

in percentage of normal Ler-0 seedlings (59%). The percentage of abnormal seedlings in (UV + 

Vacuum) samples increased, reaching 20% and 39% for the Ws-2 and Ler-0 line, respectively. 

No statistically significant increase in the percentage of ungerminated seeds was observed in the 

Ws-2 and Ler-0 wild type seeds exposed to (UV + Vacuum). Polychromatic UV200-400 light in 

combination with simulated space vacuum inhibited the germination of tt4-1 seeds, since all 

exposed seeds remained ungerminated (Fig. 88C).  

 

Statistical tests showed that the exposure of wild type seeds to simulated Mars CO2 

atmosphere* (Dark + CO2 Mars atm) had no effect on seedling development, where the 

percentage of normal seedlings reached the level of 94% and 89% in the Ws-2 and Ler-0 line, 

respectively (Fig. 88D and E). The low percentage of abnormal seedlings and ungerminated 

seeds in the case of the Ws-2 and Ler-0 samples exposed to the (Dark + CO2 Mars atm) had no 

statistical significance, compared to the laboratory controls. In contrast, the exposure of 

flavonoid-lacking tt4-1 seeds to (Dark + CO2 Mars atm) had a marked effect on early-stage 

seedling development (Fig. 88F). An extremely significant decrease (p < 0.0001) in the 

percentage of normal seedlings (55%) was observed, and the percentage of abnormal seedlings 

(5%) and ungerminated seeds (40%) increased after the exposure of the tt4-1 seeds to (Dark + 

CO2 Mars atm).  
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Fig. 88. The effect of simulated space and simulated Mars conditions on the germination and development of 
Arabidopsis seedlings after exposure of seeds to polychromatic simulated solar UV light (λ = 200-400 nm, fluence 
1.5 x 105 kJm-2), simulated space vacuum (10-5 Pa) and simulated Mars CO2 atmosphere* at 1 atm (95.6 % CO2). 
Percentages of ungerminated seeds, as well as normal and abnormal seedlings developed from seeds exposed to 
simulated space and Mars CO2 conditions were compared to the laboratory control samples (seeds that were stored 
in the dark at 4°C during the EVT experiments). Values are the mean ± standard deviation of three parallel 
experiments (n = 40). Bars with different letters within the same group, denote a significant difference at α < 0.05, 
according to ANOVA and the Tukey-Kramer post-hoc test. The precise values of ANOVA are indicated above the 
bars, where * means a significant level (P < 0.05), ** very significant (P < 0.01) and *** extremely significant (P < 
0.001) level of difference. 
The plant genotypes were: Wassilewskija (Ws-2) in A and D; Landsberg erecta (Ler-0) in B and E; a flavonoid-
lacking mutant in Ler-0 accession (tt4-1) in C and F. Wild ecotypes are marked with asterisks. 
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The exposure of seeds to polychromatic UV200-400 light in combination with simulated 

Mars CO2 atmosphere* (UV + CO2 Mars atm) had a strong effect on development of normal 

seedlings in all three Arabidopsis lines. An extremely significant decrease (p < 0.0001) in the 

percentage of normal Ws-2 and Ler-0 seedlings was observed, dropping to 56% and 32%, 

respectively (Fig. 88D and E). The percentage of abnormal Ws-2 and Ler-0 seedlings, which 

were grown from seeds exposed to (UV + CO2 Mars atm), increased significantly (p < 0.0001), 

reaching 41% and 48%, respectively (Fig. 88D and E). Only a few Ws-2 seeds (3%) remained 

ungerminated after exposure to (UV + CO2 Mars atm), having no statistical significance, 

compared to the laboratory control. In contrast, a statistically significant increase (p < 0.05) in 

the percentage of ungerminated seeds was observed in the Ler-0 sample exposed to (UV + CO2 

Mars atm), reaching 20% (Fig. 88E). Polychromatic UV200-400 light in combination with 

simulated Mars CO2 atmosphere* completely inhibited the germination of the flavonoid-lacking 

tt4-1 seeds (Fig. 88F). 

 

 

17.3.2. Characterisation and quantification of seedling damage after exposure of 

seeds to polychromatic UV light, simulated space vacuum and simulated 

Mars CO2 atmosphere* 

 

Early-stage Arabidopsis seedlings that were grown from seeds exposed to simulated space 

and simulated Mars CO2 conditions frequently developed an abnormal morphology of essential 

seedling structures, such as the primary root, hypocotyl and cotyledons. Fig. 89 shows different 

types of damage observed in 15-day-old seedlings, developed from exposed Ws-2 and Ler-0 

wild type seeds. As in the case of seeds exposed to quasi-monochromatic UV-C254 light (see 

section 16.3), the root appeared to be the most sensitive organ in seedlings developed from seeds 

exposed to simulated solar polychromatic UV200-400 light. The shortening of primary roots in 

otherwise normally developed seedlings was first observed (Fig. 89B). An altered morphology 

of the shoot axis was also frequently found, where seedlings developed an abnormally short or 

twisted hypocotyl (Fig. 89C). Seriously damaged seedlings showed morphological abnormalities 

in both the shoot axis and the root system. For instance, abnormal Ws-2 and Ler-0 seedlings that 

developed a short or twisted hypocotyl, showed at the same time a short (Fig. 89D), retarded 

(Fig. 89E) or even missing (Fig. 89F) primary root. Heavily damaged seedlings with missing 

hypocotyl and root system in combination with undeveloped cotyledons, which were observed 

after exposure to quasi-monochromatic UV-C254 light (see Fig. 75G in section 16.3.2), were not 

here detected.  
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Fig. 89. Types of damage to essential structures of early-stage Arabidopsis seedlings, developed from seeds 
exposed to simulated space and Mars conditions, including polychromatic simulated solar UV light (λ = 200-400 
nm, fluence 1.5 x 105 kJm-2), simulated space vacuum (10-5 Pa) and simulated Mars CO2 atmosphere* at 1 atm (95.6 
% CO2). Morphological changes in 15-day-old seedlings: normally developed seedling (A), normal seedling with 
shorter primary root (B), damaged seedling with hypocotyl short or twisted, but normally developed primary root 
(C), damaged seedling with hypocotyl short or twisted and short primary root (D), damaged seedling with hypocotyl 
short and retarded primary root (E), damaged seedling with short hypocotyl and missing primary root (F). The full 
length of normally developed primary roots is not presented on pictures in panel A and C. Bars represent 1 mm. 
(Here presented photographs show Ws-2 Arabidopsis seedlings). 
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In order to determine the relative contribution of each type of seedling damage in relation 

to the EVT exposure conditions, aberrant seedling forms were quantified and statistically 

analyzed using ANOVA and the Tukey-Kramer post-hoc test (α = 0.05). The percentages of 

seedlings with different types of damage were graphed in stacked bars, together with the 

percentage of ungerminated seeds for the Ws-2, Ler-0 and tt4-1 lines (Fig. 90). Thus, the 

cumulative percentage of damaged seeds represented the sum of individual percentages for each 

category of seedling damage and the percentage of ungerminated seeds. In all three analyzed 

genotypes, neither damaged seedlings, nor ungerminated seeds were observed in unexposed 

samples (laboratory controls).  

 

The exposure of seeds to simulated space vacuum (Dark + Vacuum) had no effect on 

subsequent development of early-stage seedlings, since neither seedlings with aberrant 

morphology nor ungerminated seeds were detected in the Ler-0 samples (Fig. 90B), and only a 

few damaged seedlings or ungerminated seeds that were observed in the Ws-2 and tt4-1 samples 

had no statistical relevance, compared to the laboratory controls (Fig. 90A and C).  

 

The irradiation of seeds with polychromatic UV200-400 light under simulated space vacuum 

(UV + Vacuum) affected subsequent seedling development, where 28% of the Ws-2 and 42% of 

the Ler-0 seeds developed either into the seedlings with aberrant morphology or they remained 

ungerminated (Fig. 90A and B). The most frequent type of damage was in the form of seedlings 

with a short or twisted hypocotyl, but with a normally developed primary root and cotyledons, 

observed in 14% of the Ws-2 and 30% of the Ler-0 seedlings developed from exposed seeds. 

More severe damage included seedlings with abnormally developed both shoot and root axes, 

where 4% of the Ws-2 and 5% of the Ler-0 seedlings had a short or twisted hypocotyl, together 

with a short primary root. The low percentage of the Ws-2 and Ler-0 seedlings that developed a 

short or twisted hypocotyl together with retarded primary root, as well as Ler-0 seedling with a 

short hypocotyl and missing primary root, showed no statistical difference, compared to 

laboratory controls. As demonstrated before (see section 17.3.1), the percentages of 

ungerminated Ws-2 and Ler-0 seeds had no statistical relevance, compared to laboratory 

controls. In contrast, the tt4-1 seeds exposed to (UV + Vacuum) were seriously damaged to the 

point that all seeds remained ungerminated (Fig. 90C). 

 



PART II / Chapter 5 RESULTS II 306 

 

 

 
 

Vacuum and UV200-400nm Mars CO2 atmosphere* and UV200-400nm  

Ws-2* 

  

Ws-2* 

Ler-0* 

 

 Ler-0* 

tt4-1 
(Ler-0) 

  

tt4-1 
(Ler-0) 

 
 
 
Fig. 90. Damaged Arabidopsis early-stage seedlings germinated from seeds exposed to simulated space and 
simulated Mars conditions: simulated polychromatic solar UV light (λ = 200-400 nm, fluence 1.5 x 105 kJm-2), 
simulated space vacuum (10-5 Pa) and simulated Mars CO2 atmosphere* at 1 atm (95.6 % CO2). Percentages of 
ungerminated seeds and different types of damaged seedlings developed from seeds exposed to simulated space 
conditions are compared to the laboratory control samples (unexposed seeds that were stored in the dark at 4°C). 
Mean values were obtained from three parallel experiments (n = 40) and analysed by ANOVA and the Tukey-
Kramer post-hoc test (α = 0.05), where * means a significant level (P < 0.05), ** very significant (P < 0.01) and *** 
extremely significant (P < 0.001) level of difference.   
The plant genotypes were: Wassilewskija (Ws-2), A and D; Landsberg erecta (Ler-0), B and E; a flavonoid-lacking 
mutant in Ler-0 accession (tt4-1), C and F. Wild ecotypes are marked with asterisks. 
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Although cumulative percentages of damaged seeds reached 7% in the Ws-2 and 11% in 

the Ler-0 samples exposed to simulated Mars CO2 atmosphere* (Dark + CO2 Mars atm), 

individual percentages for each type of seedling damage and the percentage of ungerminated 

seeds remained low, showing no statistical difference, compared to the laboratory controls (Fig. 

90D and E). After exposure of the tt4-1 seeds to Dark + CO2 Mars atm, a total of 45% of the 

seeds were damaged (Fig. 90F), resulting in an extremely significant increase (p < 0.0001) in the 

percentage of seedlings with a short or twisted hypocotyl (5%), as well as in the percentage of 

ungerminated seeds (40%).  

 

The exposure of seeds to polychromatic UV200-400 light in combination with simulated 

Mars CO2 atmosphere* (UV + CO2 Mars atm) had a strong impact on early-stage seedling 

development. The Ws-2 wild type line appeared more resistant to (UV + CO2 Mars atm) than the 

Ler-0 wild type line, since the cumulative percentages of damaged seedlings and ungerminated 

seeds reached 42% and 69%, respectively (Fig. 90D and E). The most frequent abnormality in 

exposed Ws-2 samples (27%) were seedlings with a short or twisted hypocotyls and normally 

developed primary roots, as well as cotyledons. The same type of damage reached only 8% in 

exposed Ler-0 samples. However, more severe seedling damage that occurred in the form of 

seedlings with a short or twisted hypocotyl and short primary roots appeared to be the most 

frequent damage in exposed Ler-0 samples (28%). In addition, 8% of Ler-0 seedlings exhibited 

short or twisted hypocotyl and retarded primary roots. This type of seedling damage was not 

observed in the exposed Ws-2 samples. In both Ws-2 and Ler-0 samples that were exposed to 

(UV + CO2 Mars atm), a statistically important increase in the percentage of seriously damaged 

seedlings with short or twisted hypocotyl and missing root system was observed, reaching 5% in 

the Ws-2 and 6% in the Ler-0 line. As demonstrated previously (see section 17.3.1), the 

percentages of ungerminated Ws-2 seeds had no statistical relevance, compared to the laboratory 

controls, while a statistically significant increase in the percentage of ungerminated seeds (20%) 

was observed in the Ler-0 line. All tt4-1 seeds exposed to (UV + CO2 Mars atm) were heavily 

damaged, so that all remained ungerminated (Fig. 90F). 
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17.3.3. Effects of exposure to polychromatic UV light under simulated space 

vacuum and simulated Mars CO2 atmosphere* on primary root length 

 

One of the first morphological changes in the early-stage Arabidopsis seedlings t grown 

from the exposed seeds was observed on the root axis. Since damaged seedlings frequently 

exhibited shorter, retarded or even missing primary roots (Fig. 89), the root system was 

considered as one of the most critical points in plant development. Therefore, we measured the 

length of normally developed primary roots in 10-day-old Ws-2, Ler-0 and tt4-1 seedlings that 

were grown from seeds exposed to simulated space vacuum or simulated Mars CO2 atmosphere* 

alone, or in combination with polychromatic simulated solar UV200-400 light (Fig. 91). The mean 

values for root length were obtained from three parallel experiments observing n = 22 seedlings 

per sample. Using parametric tests (ANOVA and unpaired t-test) and nonparametric tests 

(Kruskal-Wallis and Mann-Whitney tests), both at the level of significance α = 0.005, the mean 

values for the root length of exposed samples were statistically compared to those obtained for 

unexposed samples (laboratory controls).  

 

As shown in Fig. 91A-C, the exposure of seeds to simulated space vacuum (Dark + 

Vacuum) had no effect on the growth of the primary roots in the Ws-2, Ler-0 and tt4-1 seedlings. 

Parametric tests, as well as nonparametric tests, showed no statistical differences in the root 

length between exposed samples and the laboratory controls in all three genotypes.  

 

The exposure of the seeds to polychromatic UV200-400 light in combination with simulated 

space vacuum (UV + Vacuum) was associated with reduction in root length in the Ws-2, as well 

as in the Ler-0 seedlings (Fig. 91A and B). ANOVA, as well as the Kruskal-Wallis test, 

indicated an extremely significant differences (p < 0.0001) in root length among samples 

exposed to (UV + Vacuum), (Dark + Vacuum) and the laboratory controls in both wild type 

lines.  
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ROOT LENGTH OF Arabidopsis SEEDLINGS  

 Vacuum and UV200-400nm Mars CO2 atmosphere* and UV200-400nm  
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Fig. 91. The length of primary roots in 10-day-old Arabidopsis seedlings germinated from the seeds that were 
exposed to simulated solar UV light (λ = 200-400 nm, fluence 1.5 x 105 kJm-2), simulated space vacuum (10-5 Pa) 
and simulated Mars CO2 atmosphere* at 1 atm (95.6 % CO2). The root length of samples exposed to simulated 
space and simulated Mars conditions are compared to the laboratory controls (unexposed seeds that were stored in 
the dark at 4°C) Values are the mean ± standard deviation of three parallel experiments (n = 22). Bars with different 
letters denote a significant difference at α < 0.05 according to ANOVA (parametric test) and the Kruskal-Wallis test 
(nonparametric test), as well as the unpaired t-test (parametric test) and the Mann-Whitney test (nonparametric test) 
in the case of tt4-1 samples. The precise values of statistical tests are indicated above the bars, where * means a 
significant level (P < 0.05), ** very significant (P < 0.01) and *** extremely significant (P < 0.001) level of 
difference. 
The plant genotypes were: Wassilewskija (Ws-2) in A and D, Landsberg erecta (Ler-0) in B and E, and a flavonoid-
lacking mutant in Ler-0 accession (tt4-1) in C and F. Wild ecotypes are marked with asterisks. 
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Simulated Mars CO2 atmosphere* had no effect on the growth of primary roots in the  

Ws-2 seedlings, since no statistical difference in root length was observed between (Dark + CO2 

Mars atm) sample and the laboratory control (Fig. 91D). In contrast, the Ler-0 wild type line, as 

well as the tt4-1 mutant line, appeared to be more sensitive to simulated Mars CO2 atmosphere*, 

since both genotypes developed shorter primary roots (Fig. 91E and F). ANOVA followed by 

the Tukey-Kramer post-hoc test (parametric statistical tests) showed an extremely significant 

difference (p < 0.001) in root length between the Ler-0 sample exposed to (Dark + CO2 Mars 

atm) and the laboratory control. A similar result was obtained using the Kruskal-Wallis test 

followed by the Dunn post-hoc test (nonparametric statistic tests), but at the very significant 

level of difference (p < 0.01). In the case of the tt4-1 line, both the parametric test (unpaired t-

test) and the nonparametric test (Mann-Whitney test) indicated an extremely significant 

difference (p < 0.0001) in root length between the sample exposed to (Dark + CO2 Mars atm) 

and the laboratory control.  

 

The Ws-2 and Ler-0 seeds that were irradiated with polychromatic UV200-400 light under 

simulated Mars CO2 atmosphere* (UV + CO2 Mars atm) developed seedlings with significantly 

shorter primary roots (Fig. 91D and E). Both ANOVA (parametric statistical test) and the 

Kruskal-Wallis test (nonparametric statistical test), showed an extremely significant differences 

(p < 0.0001) in the root length among samples exposed to (UV + CO2 Mars atm), (Dark + CO2 

Mars atm) and the laboratory controls in the both wild type lines.  
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17.4. Plant development stage: 

effects of simulated space conditions, including polychromatic UV light 

and simulated space vacuum 

 

We recall that according to the BBCH scale, the plant development is conventionally 

divided into number of principal growth stages, each coded with the number from 0-9 (Boyes et 

al., 2001; Kjemtrup et al., 2003). In the present work, we were interested in putative changes in 

development of Arabidopsis plants that were grown from exposed seeds, and we measured 

different physiological parameters throughout three principal growth stages: the seed 

germination (principal growth stage 0.5), the early-seedling stage (principal growth stage 1.0) 

and the mature plant development (principal growth stage 8.0). The results related to the 

resistance of Arabidopsis seeds to the effects of simulated space and simulated Mars conditions, 

observed at the level of the seed germination and the early-seedling stage are presented above 

(see sections 17.2 and 17.3, respectively). In this section we are focused at the level of the 

development of mature Arabidopsis plants grown from exposed seeds. 

 

Our aim was to determine whether the germinants grown from exposed Arabidopsis seeds 

were able to develop into functional and healthy plants. This was tested during the soil-based 

experiments performed under greenhouse conditions. The seeds were first imbibed in vitro and 

than transferred to the soil where they were let to germinate. The plant growth and development 

was further studied in Arabidopsis plants, reaching the principal growth stage 8.0, which is 

defined as a developmental stage of mature Arabidopsis plants with the first siliques shattered 

(Boyes et al., 2001; Kjemtrup et al., 2003). After 45 days of plant cultivation, the percentage of 

survived plants, the percentage of fertile plants, as well as the average height of mature plants 

was determined for the Ws-2, Ler-0 and tt4-1 samples exposed to simulated space conditions 

(Fig. 92). The percentage of survivors comprised all the germinants that at least reached the 

principal growth stage 3.0, characterized by the growth of rosette leaves (Boyes et al., 2001; 

Kjemtrup et al., 2003), and it included the plants that passed through subsequent stages, up to the 

principal growth stage 8.0. The percentage of fertile plants (seed producers) included only the 

mature plants with developed siliques that reached the principal growth stage 8.0. Due to a large 

number of samples, the plant growth and development was studied only in the samples exposed 

to simulated space conditions, including simulated space vacuum and polychromatic solar  

UV200-400 light, while the samples that were exposed to simulated Mars conditions were not 

analysed in these soil-based experiments.  
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Fig. 92. The effects of simulated space conditions on the growth of Arabidopsis plants developed from seeds 
exposed to simulated polychromatic solar UV light (λ = 200-400 nm, fluence 1.5 x 105 kJm-2) and simulated space 
vacuum (10-5 Pa). Seeds were germinated in the soil and plants were grown in the greenhouse for 45 days (48 DAI) 
when the percentage of survived plants, percentage of fertile plants and plant height of fertile plants were 
determined. Values are the mean ± standard deviation of three parallel experiments, with n = 8 sample size. Bars 
with different letters denote a significant difference at α < 0.05, according to ANOVA (parametric test) and the 
Kruskal-Wallis test (nonparametric test), as well as unpaired t-test (parametric test) and the Mann-Whitney test 
(nonparametric test) in the case of tt4-1 samples. The precise values of statistical tests are indicated above the bars, 
where * means a significant level (P < 0.05), ** very significant (P < 0.01) and *** extremely significant  
(P < 0.001) level of difference. DAI = days after imbibitition. 
The plant genotypes were: Wassilewskija (Ws-2), A, D and G; Landsberg erecta (Ler-0), B, E and H; and a 
flavonoid-lacking mutant in Ler-0 accession (tt4-1), G, H and I. Wild ecotypes are marked with asterisks. 

 

 

                                                 
1The percentages of survived and fertile plants were scored out of the total number seeds sown in soil.  
2The height was measured in mature plants that reached the principal growth stage 8.0. 
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Out of the total number of sown seeds, 71% of Ws-2, 58% of Ler-0 and 63% of tt4-1 

unexposed seeds (laboratory control) germinated and finally developed into plants (Fig. 92A-C). 

As it has been already observed in this work (see section 16.4), the germinability of unexposed 

Arabidopsis seeds was markedly lower in soil-based experiments, compared to the in vitro 

germination assay. This phenomenon is probably related to more restrictive greenhouse 

conditions, including lower humidity and substrate water potential, greater temperature 

variations and growth in non-axenic environment. However, all developed plants in the Ler-0 

laboratory control reached the growth stage 8.0 (seed producers), while 67% of Ws-2 and 54% of 

tt4-1 unexposed seeds finally developed into fertile plants (Fig. 92D-F).  

 

The exposure of seeds to simulated space vacuum (Dark + Vacuum) alone had no effect on 

subsequent plant development and growth in the Ws-2, Ler-0 and tt4-1 lines. ANOVA  

(α = 0.05) showed no statistical differences in the percentage of survived plants (Fig. 92A-C), 

the percentage of fertile plants (Fig. 92D-F) and the average height of fertile plants (Fig. 92G-I) 

between the samples exposed to (Dark + Vacuum) and the laboratory controls. The same result 

was obtained using an unpaired t-test with %arcsin transformed or log (x+1) transformed data 

for percentages of survived and fertile plants, as well as nonparametric tests (Kruskal-Wallis and 

Mann-Whithey tests), in the case of the plant height parameter.  

 

In contrast, the exposure of seeds to polychromatic simulated solar UV200-400 light under 

simulated space vacuum (UV + Vacuum) had a strong effect on plant development in all three 

genotypes. The percentage of survived Ws-2 and Ler-0 plants after the exposure to (UV + 

Vacuum) dropped to the level of 25% and 38%, respectively (Fig. 92A and B). This was 

confirmed by ANOVA, which showed a statistically significant decrease in the percentage of 

survived plants in exposed samples for both the Ws-2 (p = 0.0171) and Ler-0 (p = 0.0183) lines. 

The development of fertile plants (seed producers) was also strongly affected by exposure to 

(UV + Vacuum), where 25% of the Ws-2 and 29% of the Ler-0 plants reached finally the growth 

stage 8.0 (Fig. 92D and E). Comparing the laboratory controls, statistical tests indicated a 

significant reduction in the percentage of fertile plants in the samples exposed to (UV + 

Vacuum). Statistical difference was detected at a significant level (p = 0.0194) in the Ler-0 line 

and at very significant level (p = 0.0073) in the Ws-2 line. Since the exposure of Arabidopsis 

seeds only to simulated space vacuum (Dark + Vacuum) had no impact on subsequent plant 

growth and development (see above), the phenomenon of reduced percentage of survived, as 

well as fertile plants in samples exposed to (UV + Vacuum) was attributed to the effects of 

polychromatic UV200-400 radiation.  



PART II / Chapter 5 RESULTS II 314 

 

No survivors, and thus no fertile mature plants, were observed in the tt4-1 sample exposed 

to (UV + Vacuum) (Fig. 92C and F). The exposure of the tt4-1 seeds only to polychromatic 

simulated solar UV200-400 light under atmospheric pressure (UV + Air), resulted also in complete 

inhibition of germination of the tt4-1 seeds (Fig. 92C, F and I).  

 

The height of mature plants in the Ws-2 and Ler-0 lines was not affected by the exposure 

to (UV + Vacuum) (Fig. 92G and H). This was confirmed by ANOVA (parametric statistical 

test), as well as the Kruskal-Wallis test (nonparametric statistical test), which revealed no 

statistically significant difference in the plant height between (UV + Vacuum) exposed and 

laboratory control samples for both Ws-2 and Ler-0 wild type lines.  
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17.5. Survival rates of Arabidopsis plants developed from seeds exposed to 

polychromatic UV light under simulated space vacuum and  

simulated Mars CO2 atmosphere*  

 

After the exposure of Arabidopsis seeds to simulated space conditions and simulated Mars 

conditions, which included exposure to simulated space vacuum (10-5 Pa) or simulated Mars CO2 

atmosphere* at 1 atm (95.6 % CO2) applied alone or in combination with polychromatic 

simulated solar UV light (λ = 200-400 nm, fluence 1.5 x 105 kJm-2), the survival rates for the 

Ws-2, Ler-0 and tt4-1 lines were determined at two developmental stages, the seed germination 

stage (germination experiments in vitro) and the plant development stage (soil-based 

experiments in greenhouse), as shown in Table 21. The survival rates of Arabidopsis plants 

developed from exposed seeds were calculated using the formula for surviving fraction S(UV) of 

Bacillus spores exposed to UV radiation (Horneck, 1993), which was modified for the plant 

model (see Equation 5 in section 15 and the details about its modification in section 16.5). The 

average survival rates were calculated from three parallel experiments, where the maximal 

percentage of germinated seeds (germination experiments in vitro) was determined from n = 40 

sample size, while the percentage of survived plants (soil-based experiments in greenhouse) from 

n = 8 sample size.  

 

Germination tests in vitro indicated that seeds that were exposed to simulated space 

vacuum survived at very high level, reaching 98% in the Ws-2 wild type line, and 100% in both 

the Ler-0 wild type line and the flavonoid-lacking tt4-1 mutant line. After the exposure to 

polychromatic UV200-400 light in combination with simulated space vacuum, the survival rate of 

the Ws-2 seeds slightly decreased to 92%, while reaching a high level (98%) in the Ler-0 line. In 

contrast, no survived germinants (0%) were detected in the tt4-1 samples that were exposed to 

polychromatic UV200-400 light in combination with simulated space vacuum. The Ws-2 and Ler-0 

wild type seeds survived the exposure to simulated Mars CO2 atmosphere*, reaching 98% and 

97%, respectively. The flavonoid-lacking tt4-1 seeds were more sensitive to the exposure to 

simulated Mars CO2 atmosphere*, since the survival rate dropped to the level of 60%. The 

exposure to polychromatic UV200-400 light under simulated Mars CO2 atmosphere* had no effect 

on the survival rate (100%) of Ws-2 seeds germinated in vitro, while a decreased survival rate 

(80%) was detected in the Ler-0 line. No germinants (0%) were detected in the tt4-1 sample that 

was exposed to polychromatic UV200-400 light under simulated Mars CO2 atmosphere*.  
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The survival rates at the plant development stage were determined only for the samples 

exposed to simulated space conditions, including simulated space vacuum applied alone or in 

combination with polychromatic UV200-400 light, while the survival rates of samples exposed to 

simulated Mars conditions were not determined. The soil-based experiments indicated that the 

exposure of seeds to simulated space vacuum had no effect on the survival of Arabidopsis plants, 

where 100% survival was detected in all three tested genotypes. In contrast, the exposure of 

seeds to polychromatic UV200-400 light in combination with simulated space vacuum had a strong 

effect on the survival of plants grown in the soil, where the survival rates dropped to 36% in the 

Ws-2 line and 53% in the Ler-0 line. No survived plants (0%) were detected in the tt4-1 sample 

exposed to polychromatic UV200-400 light under simulated space vacuum. Since the exposure to 

simulated space vacuum did not affect the survival of soil-grown plants, the effect of decreased 

survival rate after the exposure to combined conditions of polychromatic UV200-400 light and 

simulated space vacuum was attributed to the effects of UV radiation. 

 

 

 

Table 21. The effects of simulated space and Mars conditions on the survival of Arabidopsis plants developed 
from seeds exposed to simulated polychromatic solar UV light (λ = 200-400 nm, fluence 1.5 x 105 kJm-2), simulated 
space vacuum (10-5 Pa) and simulated Mars CO2 atmosphere at 1 atm (95.6 % CO2). The survival rates were 
measured at two plant developmental stages: the seed germination stage (Gmax% ) and the plant growth stage (% 
survived plants).  
The plant genotypes were: Wassilewskija (Ws-2), Landsberg erecta (Ler-0) and a flavonoid-lacking mutant (tt4-1) 
in Ler-0 accession. Wild ecotypes are marked with asterisks. 
 

 SURVIVAL (%)a 
Seed germination stage 

SURVIVAL (%)b 
Plant growth stage 

SAMPLES Vacuum 
UV 
+ 

Vacuum 
CO2 Mars 

UV 
+ 

CO2Mars 
Vacuum 

UV 
+ 

Vacuum 
CO2 Mars 

UV 
+ 

CO2Mars 

Ws-2* 98 92 98 100 100 36 nd nd 

Ler-0* 100 98 97 80 100 53 nd nd 

tt4-1 
(Ler-0) 100 0 60 0 100 0 nd nd 

a Survival determined in the germination tests (in vitro experiments) from the maximal percentage of germinated 
seeds. 
b The percentage of survived plants scored out of the total number of seeds sown in soil (greenhouse experiments). 
nd = not determined 
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According to our UV spectroscopy results, elaborated in part I, chapters 3 and 4, we 

postulated that among different potential and known UV screening compounds, flavonoids were 

particularly suited to protect DNA from deleterious direct effects of UV (including VUV) 

radiation. However, using the similarity with DNA absorption spectra as a primary criterion, the 

spectroscopy results provided just a preliminary evaluation of the potential effectiveness of these 

screens. Therefore, it was further necessary to demonstrate the UV-protection capacity of 

flavonoids in experiments in vivo.  

 

There is good evidence that flavonoids protect plants from the effects of UV-B radiation by 

acting as sunscreens (Teramura, 1983; Cen and Bornman, 1993; Jordan, 1996; Reuber et al., 

1996; Bornman et al., 1997; Greenberg et al., 1997). Previously reported results demonstrated 

that flavonoid-deficient Arabidopsis plants, as well as mutants with a reduced level of 

flavonoids, had higher sensitivity to the deleterious effects of UV-B radiation (Li et al., 1993; 

Lois and Buchanan, 1994; Landry et al., 1995; Rao et al., 1996). Stapelton and Walbot (1994) 

reported that DNA in flavonoid-containing Zea mays plants was better protected from UV-B and 

UV-C induced damage than that in flavonoid-deficient plants. In addition, Koostra (1994) 

directly demonstrated the UV screening capacity of some flavonoids that were capable of 

preventing the UV-B-induced damage to DNA. Flavonoids also have an important role as 

antioxidants and free radical scavengers (Miller, 1996; Parr and Bolwell, 2000), protecting DNA 

and other macromolecules in plant cells from oxidative damage, resulting from the indirect 

effects of UV radiation (Landry et al., 1995; Rao et al., 1996; Saraf et al., 2007). Upon UV 

exposure, flavonoids are found to accumulate in plants in relatively high amounts (Vierstra et al., 

1982).  

 

Plant seeds contain high concentrations of flavonoids e.g. Arabidopsis seeds contain about 

15 mg g-1 seed of total flavonoids, including flavonols and proanthocyanidins, each representing 

approximately a half of the flavonoid content (Lepiniec et al., 2006; Routaboul et al., 2006). Yet, 

little is known about the resistance of plant seeds to UV radiation. Most previous studies were 

focused on the effects of UV radiation on the vegetative rather than the reproductive parts of 

plants. Few studies concerned the effects of UV radiation, especially in the UV-B part of the 

spectrum, on seed germination and early seedling development (Musil, 1994; Tosserams et al., 

1997; Musil et al., 1998; Dai and Upadhyaya, 2002; Farokh et al., 2010). Even less is known 

about the effects of UV-C radiation on plant seeds, since this part of the solar spectrum does not 

reach the surface of the present-day Earth, and thus it is of less ecological concern. Many seeds 
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tolerate harsh environmental conditions, provided they are in a dry state. The lifespan of seeds 

can be remarkably long, ranging from decades to centuries, and even millennia (Buitink and 

Leprince, 2004, and references therein). During seed drying, the cellular viscosity increases 

dramatically, and reaching the dry state, the cytoplasm transforms into so-called glassy state 

(Buitink et al., 2002; Buitink and Leprince, 2004; Buitink and Leprince, 2008). For more 

information about seed water content and formation of glassy state in dry seeds see chapter 1, 

section 4.3.1. Due to its high viscosity, intracellular glasses have been shown to slow down 

severely molecular diffusion and to decrease the probability of chemical reactions (Buitink and 

Leprince, 2008). It explains why seeds in dry state have drastically reduced metabolic activity, 

however, they retaining their ability to germinate (Rajjou and Debeaujon, 2008). Due to the low 

moisture content in seeds, free radicals and reactive oxygen species (ROS) that are involved in 

UV-induced oxidative stress might have lower mobility and therefore limited access to the target 

molecules, such as DNA, proteins and lipids. In addition, molecules of water in hydrated tissues 

can act as a direct source of free radicals (e.g. highly reactive hydroxyl radical), which are 

readily generated through the photohydrolytic reactions. Thus, lower moisture content might be 

related to a lower level of macromolecular damage and higher resistance in dry seeds. On the 

other hand, being in a metabolically quiescent state, dry seeds accumulate damage all through 

the period of exposure to stress conditions, and due to lower molecular mobility their ability to 

detoxify ROS and to repair DNA damage enzymatically might be seriously reduced (Bailly, 

2004). Thus, accumulation of non-enzymatic antioxidant components and UV screening 

molecules play an important role in the longevity and the high resistance of dry seeds (Buitink et 

al., 2002; Bailly, 2004; Rajjou and Debeaujon, 2008).  

 

In this work we have chosen Arabidopsis seeds as a terrestrial model for testing resistance 

to the harsh conditions found in space, particularly to highly energetic UV radiation. Due to their 

small size (0.3-0.5 mm, Al-Shehbaz and O’Kane, 2002), Arabidopsis seeds were particularly 

suitable for our space experiments (EXPOSE-EuTEF and EXPOSE-R, see chapter 1, section 2), 

where the limited available space in sample holders was of great concern. Therefore, our primary 

aim was to determine the resistance of Arabidopsis seeds to UV radiation and other simulated 

space conditions. Arabidopsis thaliana seemed an appropriate model plant because of its small, 

sequenced genome, rapid life cycle, and because of availability of extensive information 

concerning the genetics, biosynthesis and chemistry of diverse secondary metabolites. These 

advantages have enabled the creation of a large collection of Arabidopsis mutants that are 

defective in synthesis of specific chemical compounds. In order to examine the role of certain 

secondary metabolites in the UV resistance of seeds, we used Arabidopsis mutants with altered 
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phenylpropanoid biosynthetic pathways, which were defective in the ability to synthesise 

specific UV absorbing compounds, such as flavonoids and sinapate esters that represent two 

major classes of UV screens in plants. We studied the resistance of Arabidopsis seeds through 

three plant developmental stages: the germination stage, the stage of early-seedling development 

and the stage of mature plant development. In this work, we discuss the biological endpoints of 

survival observed during one generation cycle (M1) of Arabidopsis from exposed seed up to the 

stage of mature plant, capable of producing the next-generation seeds. Up to now, little attention 

has been paid to seed germination and early-seedling growth processes as a response to UV 

radiation, particularly the UV-C part of the spectrum.  

 

The germination stage in seeds exposed to stress e.g. UV radiation, is a critical step in 

plant development, since the direct damage to DNA, as well as oxidative damage on 

macromolecules that have been progressively accumulated in quiescent seeds, will be expressed 

all at once at the moment of seed imbibition and subsequent phase of germination. This may 

ultimately lead to reduced vigour4, low germinability or even seed death. The plant seed contains 

an embryo with a preformed radicle, hypocotyl and cotyledons, encapsulated all together in the 

protective seed coat. During germination, the growth of the embryo will proceed from two 

meristems, one in the root and one in the shoot apex. These meristems, consisting of few initial 

cells, are sensitive targets for radiation-induced damage. The enzymatic repair of accumulated 

DNA lesions, as well as enzymatic detoxification of accumulated ROS and free radicals, largely 

depend on the successful reactivation of metabolic processes following seed imbibition (Bailly, 

2004; Rajjou and Debeaujon, 2008). The detoxification and DNA repair potential of exposed 

seeds can be strongly reduced if these enzymes, as well as other proteins are targets on their own 

to directly or indirectly induced UV damage. In addition, seed germination is a potentially 

harmful process per se due to increased respiratory activity and a greater influx of oxygen into 

the imbibed seeds, which leads to the oxidative damage through the formation of ROS in 

germinating seeds (Bailly, 2004). The increased mobility of molecules in rehydrated seeds leads 

to improved accessibility of enzymes to their substrates, but it also leads to increased activity of 

ROS and free radicals which have better access to the target molecules. As a result, reduced or 

even lost germinability of seeds exposed to UV occurs as a result of an imbalance between the 

accumulated damage and the efficiency of the repair and detoxification systems, activated in 

imbibed seeds. In order to determine the effect of UV radiation and other simulated space 

conditions on the germination of Arabidopsis seeds, we measured following endpoints: the 

germination capacity (Gmax%) and parameters of germination dynamics, including the mean 
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germination time (MGT), the median of germination (T50%), the germination uniformity (T25-75%) 

and the skewness of the germination curve (T50%/ MGT).  

 

The early-seedling stage is the second critical step in plant development, since it reveals 

whether or not the germinants are able to grow into normal seedlings with fully developed 

essential seedling structures, such as root system, hypocotyl (shoot axis) and cotyledons (first 

seedling leaves) (ISTA, 1999). Within the plant life cycle, the seedling stage is one of the most 

vulnerable stages, usually showing the highest mortality rates (Fenner, 1987). Thus, we also 

aimed to determine the effects of UV exposure of Arabidopsis seeds on subsequent seedling 

development. To this purpose, we measured the percentage of normally developed seedlings, as 

well as the percentage of abnormal seedlings and the percentage of remaining ungerminated 

seeds. We also characterized and quantified the types of damage to essential seedling structures. 

In addition, we measured the length of the primary roots in seedlings germinated from exposed 

seeds, since root growth and development are sensitive to many environmental stresses and 

growth factors (Gregory, 2006; Qi et al., 2007). 

 

We were also interested in the stage of mature plants, in order to determine whether or not 

Arabidopsis seedlings that were grown from UV exposed seeds, further developed into 

functional and healthy plants, capable of producing progeny. Plants were grown in soil, under 

greenhouse conditions. We determined the percentage of surviving plants, as well as the 

percentage of fertile plants (seed producers), which developed from exposed seeds. It was 

reported that increased levels of solar UV radiation inhibited growth and reduced total biomass 

in a variety of plant species (reviewed in Teramura, 1983; Greenberg et al., 1997; Murphy, 1997; 

Day, 2001). Thus, we also measured the height of the mature plants that were grown from seeds 

exposed to UV light.  
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18. RESISTANCE OF Arabidopsis SEEDS TO QUASI-

MONOCHROMATIC UV-C254 LIGHT 

 

In the present work, we first determined the effects of UV-C radiation on the resistance of 

Arabidopsis seeds. The source of quasi-monochromatic UV-C light emitted predominantly at λ = 

254 nm, the wavelength of particular interest due to its proximity to the maximum of absorption 

of DNA in region I (λ ≈260 nm) (see chapter 3, section 9 and chapter 4, section 12). Since the 

action spectrum for the induction of DNA pyrimidine dimers roughly follows the absorption 

spectrum of DNA (Britt, 1996), we assumed that above 200 nm, the maximal biological damage 

would be caused by UV-C radiation at wavelengths close to 260 nm. Although the UV-C part of 

the solar spectrum does not reach the surface of present-day Earth because of atmospheric 

absorption, a high flux of unattenuated UV-C radiation was probably present on the early Earth, 

prior the build-up of the ozone layer (Cockell, 1998; Cockell, 2001a). Highly energetic UV-C 

radiation is present in space, as well as in extraterrestrial environments e.g. on the Moon and on 

Mars (Cockell, 2001c), where it represents one of the most important obstacles to the emergence 

of life and its propagation.  

 

In our experiments, the source of UV-C254 light was not strictly monochromatic due to a 

small contribution of UV-B312 (8%) and UV-A365 (2%) light, in addition to the predominant UV-

C254 (90%) part of the emitted light. The effects and type of damage are wavelength dependent, 

due to differences in the energy carried by the UV photons, absorption spectra of key biological 

molecules and various photophysical and photochemical mechanisms involved in damage 

induction and repair. For instance, short-wave UV-C radiation causes a direct damage to DNA, 

generating predominantly cyclobutane pyrimidine dimers (CPDs) and (6-4) photoproducts as a 

result of direct excitation of DNA (Kielbassa et al., 1997). Similarly, UV-B radiation induces the 

formation of dimeric pyrimidine photoproducts (Kielbassa et al., 1997; Cadet et al., 2005), but 

besides this direct damage, it also induces an indirect damage to DNA through the production of 

ROS that are generated in photooxidation reactions. Due to a strong absorption at 280 nm, UV-

B/UV-C radiation is also potentially very damaging to proteins. Because DNA is a weak 

chromophore for UV-A radiation, the photons in this range are absorbed in the cells by other 

biologically important molecules, which can act as endogenous photosensitizers, causing the 

indirect damage to DNA by ROS and free radicals (Ravanat et al., 2001).  

 

Therefore we found it necessary to examine and distinguish the effects of the dominant 

UV-C254 light on Arabidopsis seeds from that caused by the relatively minor UV-B312 and UV-
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A365 component of the emitted light. We thus employed three types of cut-off filters: a quartz 

filter that transmitted essentially all of the UV light emitted by the source, here marked as the 

UV-C + (UV-B + UV-A) light, a glass filter that filtered out the dominant UV-C light, thus 

transmitting only background UV-B + UV-A part of light, and an aluminium foil filter that 

blocked all emitted light. Since we did not use the Mylar UV-B cut-off filter, we could not 

distinguish between the effects of UV-B and UV-A components of emitted background 

radiation. Nevertheless, here is important to note that the UV-A component had only a minor 

contribution (2%) to the emitted light.  

 

In this work, we studied the effects of quasi-monochromatic UV-C254 light on seeds in two 

Arabidopsis wild type lines, Ws-2 and Col-0, and we compared the resistance of these seeds to 

that of two mutant lines that were defective in the biosynthesis of UV-screening compounds, 

flavonoids in the tt4-8 line (Ws-2 accession) and sinapate esters in the fah1-2 mutant (Col-0 

accession).  

 

The transgenic tt4-8 mutant carries a T-DNA insertion, resulting in the disruption of the 

gene for chalcone synthase (CHS), a key enzyme for flavonoid synthesis. This mutant does not 

accumulate flavonoids, explaining the yellow colour of the tt4-8 seeds (Debeaujon et al., 2003; 

Pourcel et al., 2005). Our previous HPLC analysis revealed the absence of flavonoids in tt4-8 

seeds (Zalar, 2004). Recent LC-MS studies confirmed that tt4-8 seeds were deprived of 

flavonols, proanthocyanidins (characteristic for the seed coat) and anthocyanins (characteristic 

for the vegetative parts), the three classes of flavonoid compounds that normally accumulate in 

Arabidopsis wild type lines (Routaboul et al., 2006; Luceri et al., 2008). In addition, Luceri et al. 

(2008) reported that other phenolics are not obviously affected in the tt4-8 mutant.  

 

In order to examine possible pleiotropic effects that sometimes accompany T-DNA 

mutagenesis (Bentsink and Koornneef, 2008), which ultimately might interfere with the effects 

of UV radiation on tt4-8 seeds, we also examined a transgenic control mutant, a dyx line. This 

mutant carries the same T-DNA fragment inserted in the genome of the Ws-2 background, but 

without disruption of gene for CHS.  

 

The second mutant line was a sinapate ester-deficient mutant, fah1-2 (Col-0 accession), 

previously called sin1-2 (Chapple et al., 1992), which has a dysfunctional ferulate-5-hydroxylase 

(F5H), an enzyme important in the synthesis of sinapate esters (Ruegger et al., 1999). Sinapate 

esters are derivatives of hydroxycinnamic acids, and they strongly absorb in the UV-B part of the 
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spectrum, and thus together with flavonoids, are considered as major UV-B protectants in 

Arabidopsis plants (Chapple et al., 1992; Li et al., 1993; Landry et al., 1995; Sheahan, 1996). For 

detailed discussion about UV absorption properties of flavonoids and sinapate esters see chapter 

4, section 14. Excited under long-wave UV-A light, sinapic acid and sinapate esters exhibit a 

bright blue fluorescence (Chapple et al., 1992; Lorenzen et al., 1996; Sheahan, 1996). Our results 

clearly showed that the sinapate ester mutant was totally deprived of sinapate esters, since no 

blue fluorescence was detected in fah1-2 seed extracts (Fig. 51, chapter 3, section 11.2.1). This 

result was further confirmed by LC-MS analysis, since no sinapoyl choline, sinapoyl glucose, 

sinapoyl malate or free sinapic acid were detected in fah1-2 seed extracts (see chapter 3, section 

11.2.2) In addition, LC-MS showed that fah1-2 seeds contained normal levels of flavonoid 

compounds, comparable to those found in the Col-0 wild type (results not presented).  

 

In our UV-C254 exposure studies, the flavonoid-containing seeds were irradiated for long 

time periods, to achieve exposures to extremely high fluences of UV light. The UV-C fluences 

were 3-6 orders of magnitude higher than those in previous studies on the effects of UV-C 

radiation on vegetative parts of plants, seeds and fruits (Jenkins et al., 1995; Danon and Gallois, 

1998; Brown et al., 2001; Narayanasamy, 2006; Iriti et al., 2007; Kunz et al., 2008; Bashandy et 

al., 2009). In addition, the doses of UV-C254 light that we previously used to test the extreme 

resistance of Bacillus subtilis spores were 6 orders of magnitude lower than those used in our 

experiments with Arabidopsis seeds (Horneck et al., 1984a; Horneck et al., 1984b; Weber and 

Greenberg, 1985; Riesenman and Nicholson, 2000; Slieman and Nicholson, 2001; Moeller et al., 

2005; Moeller et al., 2007b). The Ws-2 and dyx seeds were irradiated for 30 and 60 days, 

reaching the maximal fluence of UV-C = 6.0 x 105 kJm-2. Due to the observed decrease in UV 

lamp output with such long periods of continuous operation, the irradiation of the second set of 

samples, the Col-0 and fah1-2 seeds, was extended up to 40 days for the lower range of fluence, 

while the maximal fluence achieved after 60 days of exposure was UV-C = 4.8 x 105 kJm-2, 

reaching unfortunately the end of the lamp’s lifetime. Since previous studies indicated that 

flavonoid-lacking mutant lines are more sensitive to UV light, the tt4-8 seeds were irradiated for 

shorter time periods, from 0.5 to 139 hours (UV-C = 2.8 x 102 - 5.9 x 104 kJm-2). This means that 

the tt4-8 seeds were exposed to 1-3 orders of magnitude lower fluences of UV light compared to 

the flavonoid-containing seeds. 

 

In the present study, we determined the germination capacity and the seed vigour of UV 

irradiated seeds, performing the germination tests both under optimal and suboptimal (10ºC) 

temperature conditions. Standard germination tests, usually performed under optimal conditions, 
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sometimes show a relatively high germination performance of the seeds with affected vigour. 

Under suboptimal conditions, the germination process is slower, enabling the detection of 

relatively small differences in seed quality (ISTA, 1995). Although ISTA (1999) recommends 

using paper or sand substrates in standardized germination tests for various plant species, in this 

work we used 0.8% agar medium (agar-solidified ultrapure water) as a substrate for Arabidopsis 

seed germination. Depending on their concentration, gelling agents might affect in vitro 

performance, e.g. higher concentrations of gelling agent lead to lower water potential (ψw), thus 

reducing water availability (Smith and Spomer, 1995). It was reported that a small reduction in 

ψw (down to -0.6 MPa) may cause a slight delay in the initiation of germination, but without 

reduction in the maximal germination percentage (Bradford, 1990; Chon et al., 2004). Reported 

ψw for 0.8% agar medium is about -0.45 MPa (Beruto et al., 1999), while the matric potential is 

found to contribute only 1-2% to the total water potential of agar medium (Beruto et al., 1995).  

 

Although the usage of a water-saturated paper substrate is well recommended due to its ψw 

close to 0 (ψw = 0 for pure distilled water), our preliminary germination tests on special 

germination filter paper (Filtres Durieux®) showed a lower consistency of germination results 

than on 0.8% agar support (results not presented). This observation might be related to the 

several problems experienced during germination of very small-sized Arabidopsis seeds on 

water-saturated filter paper, including the problem of easy displacement of small seeds over the 

surface of the moistened filter paper, seed clumping, and higher sensitivity of small seeds to the 

local differences in water availability, caused by the differences in the fine structure of the filter 

paper surface. All of these problems were largely overcome by using the agar-solidified 

substrate. In addition, using the agar-solidified medium it allowed us, besides the germination 

tests, to proceed directly with further in vitro studies, observing the stage of seedling 

development. The usage of agar-solidified medium enabled also in situ measurements of 

seedling roots. By positioning vertically the culture plates with germinated seeds, it enabled the 

seedling roots to grow straight down over the surface of solid medium, making easier the 

measurement of the length of rather thin Arabidopsis seedling roots. For all of these reasons, we 

considered the usage of agar-solidified substrate is better suited than moisten germination filter 

paper for studying the germination and development of Arabidopsis seedlings. We assumed that 

the possible slight delay in the start of germination would be of less concern in our studies, since 

all seed samples were analyzed in the same manner, and thus here we interested only in the 

relative differences between the control and UV exposed samples, rather than in absolute values 

of germination parameters.  
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18.1. Testing the stability of Arabidopsis dark control seed samples 

 

The quasi-monochromatic UV-C254 exposure experiments were performed over long time 

periods, and besides the damaging effects of UV radiation, prolonged exposure to potentially 

unfavourable conditions might lead to accelerated seed ageing. Deterioration of seeds is 

manifested through progressive loss of seed quality with time (Coolbear, 1995). When seeds 

deteriorate, they lose vigour, become more sensitive to stress conditions and ultimately become 

unable to germinate (Rajjou and Debeaujon, 2008). Many factors contribute to seed 

deterioration, including storage conditions, where relative humidity and temperature represent 

two most important factors (Buitink and Leprince, 2004; Buitink and Leprince, 2008). Storage 

stability of seeds is closely related to the molecular mobility and packing density of the 

intracellular matrix (Buitink et al., 2002; Buitink and Leprince, 2004). Therefore, the formation 

of intracellular glasses is necessary for providing the stability for long-term survival of seeds 

(Buitink and Leprince, 2004). The water content at which the cytoplasm transforms into a glassy 

state during drying depends on the temperature; the lower the temperature of drying, the higher 

the cellular water content at which the cytoplasm becomes glassy (Buitink and Leprince, 2008). 

According to generalized rules proposed by Harrington (1972), seed life is halved by each 1% 

increase in seed moisture content, as well as by each 5ºC increase in temperature. The optimal 

storage conditions for Arabidopsis seeds are at room temperature or at 4ºC for the short- to 

medium-term storage, as well as at -20ºC for long-term storage, and 5-6% (fw) seed moisture 

content (Anderson and Wilson, 2000). Prior the UV exposure experiments, we determined the 

moisture content of Arabidopsis seeds that we used in the present study. We found that the 

moisture content of all seeds was close to the suggested optimal range: Ws-2 (5.7%), dyx (4.7%), 

Col-0 (5.3%), fah1-2 (5.2%), tt4-8 (6.6%) (results not presented).  

 

Before studying the effects of UV radiation on seed resistance, it was first necessary to 

determine the quality and performance of dark control seed samples. The dark controls referred 

to the seeds that were exposed to the experimental conditions, but protected from UV light by the 

thin aluminium foil filter. Placed under the UV lamp, which also emitted some infrared light, the 

seeds were exposed to higher average temperatures (up to 28°C) than that suggested as the 

optimal storage temperature range. Therefore, it was necessary to test whether these non-storage 

conditions might affect the germination performance of Arabidopsis dark control seeds. This was 

particularly important for the long-term UV exposure experiments in order to exclude possible 

interference of the effects of accelerated seed ageing after prolonged exposure to unfavourable 

non-storage conditions and that caused by UV radiation.  
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Our results indicated that all flavonoid-containing dark control seeds, including the Ws-2 

and Col-0 wild type lines, as well as the dyx and fah1-2 mutant lines, showed high performance 

and good stability in seed quality, even after 60 days of treatment (Fig. 62A-D). High 

germination capacity (Gmax% = 96-100%), and high vigour of the Ws-2, Col-0, dyx and fah1-2 

dark control seeds, which was measured through different parameters of germination dynamics, 

including MGT, T75-25%, T50%  and the germination skewness, did not differ from those for the 

laboratory controls (seeds stored in the dark at 4°C), with the exception of slightly slower 

germination observed in the Ws-2 dark control samples (Fig. 62A). Germinating under 

suboptimal conditions at 10ºC, all flavonoid-containing dark control Arabidopsis seeds exhibited 

an excellent performance and unaltered germination behaviour, even in the case of the Ws-2 dark 

control (Fig. 65A-D). These results confirmed the high stability of Arabidopsis seeds after 

relatively long time periods of exposure to experimental conditions. We concluded that, besides 

UV radiation as a parameter of our direct interest, the other parameters of the experimental 

conditions in the present study did not influence the germinability and the vigour of all 

flavonoid-containing Arabidopsis seeds.  

 

On the other hand, dark control samples of the flavonoid-deficient tt4-8 mutant, showed 

some differences in germination behaviour after relatively short-term treatment of seeds under 

control experimental conditions (Fig. 68A). Although the germination capacity (Gmax%) did not 

alter with time, remaining at about 100% all through the period of experiment duration (Fig. 

69A), the germination dynamics of the tt4-8 dark control seeds was altered after 48 and 139 

hours of treatment (Fig. 71A). Compared to the laboratory control samples (seeds stored at 4°C), 

the tt4-8 dark control showed only a small increase in MGT after 48 hours of treatment. 

However, after 139 hours of treatment, a significant decrease in the seed vigour was detected in 

the tt4-8 dark control seeds. A 13-hour-increase in MGT resulted from both a delayed start of 

germination and decreased uniformity of germination in seeds treated for 139 hours. These 

results indicated a possible seed ageing problem and the beginning of seed deterioration process 

in the tt4-8 dark controls after prolonged exposure to experimental, non-storage conditions. A 

similar result was also reported in our previous work, where we observed an altered germination 

dynamics for the tt4-8 seeds that were used as a negative control (unexposed seeds) in the UV-

C254 exposure experiments (Zalar, 2004). We reported therein a decline in germination speed for 

the tt4-8 control seeds after prolonged exposure to the experimental conditions (seeds protected 

from UV-C light and kept at 25-30°C), starting from 45 hours up to the maximal 115 hours of 

treatment.  
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Oxidative stress is probably one of the important processes involved in seed ageing (Bailly, 

2004; Rajjou and Debeaujon, 2008). The supply of oxygen to the embryo largely depends on the 

structure, the thickness and the biochemical properties of the seed coat (Corbineau and Côme, 

1995). Pigments that are accumulated in large amounts in seed coats are mainly flavonoid 

compounds, and particularly proanthocyanidins (condensed tannins). These phenolic compounds 

fix molecular oxygen through reactions catalyzed by polyphenoloxidases and some other, non-

enzymatic processes (Côme, 1982; Corbineau and Côme, 1995; Debeaujon et al., 2007). In this 

way, oxidized flavonoid polymers limit the oxygen supply to the embryo during the storage, thus 

preventing ROS formation and oxidative damage (Corbineau and Côme, 1993). Therefore, as 

efficient antioxidants and free radical scavengers, flavonoids have beneficial effects on seed 

longevity (Rice-Evans et al., 1997; Debeaujon et al., 2007; Rajjou and Debeaujon, 2008). In 

addition, oxidized flavonoids make seed coats impermeable to water, thus acting as germination 

inhibitors, but also as protectors against imbibition damage (Debeaujon et al., 2000; Debeaujon 

et al., 2007). It was reported that Arabidopsis pigmentation mutants (e. g. transparent testa 

mutants), which are defective in the testa flavonoids, exhibit more seed deterioration than their 

wild type lines (Debeaujon et al., 2000). Generally these mutants show a reduced germination 

capacity and a higher rate of seedling abnormalities after the long-term ambient storage or 

controlled deterioration tests (Debeaujon et al., 2000; Clerkx et al., 2004). In addition, the 

pigmentation mutants exhibit a reduced dormancy, compared to wild type seeds (Debeaujon et 

al., 2000; Debeaujon et al., 2007). This phenomenon was also observed in our experiments, since 

the tt4-8 laboratory control seeds started to germinate 12.5 hours earlier than that in the Ws-2 

wild type line. This was also reported in our previous work, where we observed a faster 

germination in the tt4-8 mutant seeds, compared to the wild type seeds (Zalar, 2004). In addition, 

the storage stability of Arabidopsis seeds was also found to correlate with density of the 

cytoplasmic molecular matrix (Buitink et al., 2002; Buitink and Leprince, 2004). The fast-dried 

embryos exhibit a less tight hydrogen-bonding network, which is likely associated with more 

loosely packed glassy structure (Buitink and Leprince, 2004). The differences in stability under 

experimental control conditions between flavonoid-lacking tt4-8 and wild type Ws-2 seeds might 

reflect an altered seed composition (e.g. changes in accumulation of LEA proteins) or might be 

caused by possibly faster drying of tt4-8 embryos due to more permeable flavonoid-lacking seed 

coat, which allows faster water loss and easier gas exchange. This may be also correlated with 

observed lower resistance of tt4-8 seeds on dry-heating at high temperatures, compared to the 

Ws-2 wild type (see Annex C). 
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In spite of observed change in vigour of the tt4-8 dark control seeds exposed to the 

experimental conditions up to 139 hours, further seedling development was not affected in all 

tt4-8 dark control samples, as well as in the flavonoid-containing dark controls (Ws-2, Col-0, dyx 

and fah1-2). More than 95% of seeds in all dark control samples germinated into normal 

seedlings, showing no difference in percentage of normal seedlings (chapter 5, section 16.3.1), as 

well as primary root growth (chapter 5, section 16.3.3). 

 

 

Concluding remarks (5) 

 

Dry Arabidopsis seeds that served as dark controls in the UV exposure experiments 

exhibited a good stability in seed quality after prolonged exposure, up to 60 days, to the 

experimental, non-storage conditions. Their stability in quality was characterized by the high 

germination capacity and high seed vigour, measured through different parameters of 

germination dynamics, including the mean germination time (MGT), the germination uniformity 

(T75-25%) and the skewness of germination curve.  

 

In contrast, seeds that lack flavonoids (tt4-8 mutant seeds) showed lower stability than the 

wild type seeds. Although the tt4-8 dark control seeds retained a high germination capacity all 

through the experiment, their vigour started to decline already after 48 hours of exposure to the 

experimental, non-storage conditions. These results indicated possible beginning of seed 

deterioration process in the tt4-8 dark control seeds and their higher susceptibility to seed ageing, 

compared to flavonoid-containing seeds. Further experiments, however, would be necessary to 

determine the level of possible oxidative stress related to the accelerated seed ageing in tt4-8 

mutant e.g. by direct measuring the production of different types of ROS species using selective 

fluorescent ROS probes (APF, HPF, DCFH-DA etc.) or by measuring the activity of antioxidant 

enzimes (CAT, POD, SOD etc.). In plants, flavonoids are known as good antioxidants. Here we 

suggest that flavonoids play an important role in protection of seeds against oxidative stress, thus 

preventing accelerated seed ageing. 
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18.2. Influence of the UV-B + UV-A portion of emitted light on germination 

performance, and development of early-stage seedlings and mature plants  

 

Although the UV-C254 source emitted only about 10% of UV-B + UV-A light, it was first 

necessary to determine the possible effects of this part of emitted light on the germination of 

Arabidopsis seeds, as well as on seedling development, and subsequent development of mature 

plants. The UV-B doses used in this study were, nevertheless, 2-3 orders of magnitude higher 

than those used in previously published work on the effects of UV-B radiation on the vegetative 

parts of plants (Mirecki and Teramura, 1984; Murali et al., 1988; Barnes et al., 1990; Rao and 

Gill, 1993; Landry et al., 1995), and about 1-2 orders of magnitude higher than UV-B doses used 

in previous studies on seed resistance (Musil, 1994; Musil et al., 1998; Dai and Upadhyaya, 

2002). Therefore our study provided new data about responses of Arabidopsis seeds to high 

doses of UV-B + UV-A radiation. Using Arabidopsis seeds as a plant model, these experiments 

may have ecological and agronomical implications, given the reduction of the stratospheric 

ozone layer and subsequent effects of increased solar UV-B flux on terrestrial biota.  

 

The germination stage 

 

Our results revealed a high resistance of Arabidopsis seeds to the UV-B + UV-A portion of 

emitted light, since the germination capacity (Gmax%) was found unaltered in all flavonoid-

containing seeds, including Ws-2, dyx, Col-0 and fah1-2 seed lines (Fig. 62E-H and Fig. 63A-

D). All flavonoid-containing seeds exhibited high germinability (Gmax% = 95-100%), even after 

60 days of UV exposure (Fig. 63A-D). These results were also confirmed by the germination 

tests performed under suboptimal temperature conditions (Fig. 65E-H). In addition, we also 

found that the seed vigour, which was expressed through the mean germination time (MGT), was 

not affected by UV-B + UV-A light in the Ws-2, dyx and Col-0 seeds germinated under optimal 

conditions (Fig. 64A-C). Besides MGT, other parameters of germination dynamics, such as 

T50%, T25-75% and germination skewness, remained unchanged after exposure of the Ws-2, dyx 

and Col-0 seeds to UV-B + UV-A radiation. The only exception was increased T25-75% value in 

the Col-0 seeds irradiated with the maximal UV fluence (Table 15). This indicated that after 60 

days of UV exposure, the Col-0 seeds had lower germination uniformity than the control seeds. 

When irradiated seeds were germinated under suboptimal conditions, the Ws-2 line showed no 

differences in MGT, even after 60 days of exposure (Fig. 66A). However, the dyx and Col-0 

seeds that were exposed to the maximal UV fluences showed a small increase in MGT, when 

germinated under suboptimal temperature conditions (Fig. 66B and C). These small differences 
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in the germination dynamics, observed mostly under suboptimal germination conditions, 

revealed a slightly higher resistance in the Ws-2 wild type seeds, compared to the dyx mutant 

(Ws-2 accession) and the Col-0 wild type line. Although all three seed lines are supposed to 

contain normal levels of flavonoids and sinapate-ester compounds, the observed slight changes 

in UV resistance indicated possible differences in the chemical and biochemical composition of 

seeds, the efficiency in ROS and free radical detoxification or differences in the activity of their 

repair mechanisms. Previously it was found that the naturally occurring genetic variation in 

various plant species, including Arabidopsis, may cause not only differences in their 

morphological and physiological traits, but also variations in the tolerance to diverse biotic and 

abiotic stress factors, such as pathogens, freezing temperatures, drought, UV radiation, high/low 

CO2 concentrations, oxidative factors and high concentrations of salt and metals (Koornneef et 

al., 2004). Slight differences in the response to UV-B + UV-A radiation between the two 

different Arabidopsis ecotypes, Ws-2 and Col-0, detected at the level of germination speed, are 

likely related to the genetic variations that occur among different ecotypes. Torabinejad and 

Caldwell (2000) reported the occurrence of variations in morphological responses to enhanced 

UV-B radiation among seven different Arabidopsis ecotypes. Ecotypic variations in plant growth 

as response to enhanced polychromatic UV-A and UV-B + UV-A were also observed among 

Arabidopsis Ws, Col and Ler wild types (Cooley et al., 2001). Various levels of UV-absorbing 

compounds in different ecotypes are among the factors that may contribute to the observed 

variations in UV tolerance (Torabinejad and Caldwell, 2000). Previous studies reported naturally 

occurring variations in flavonoid content in the seeds of Ws-2, Col-0 and Ler-0 Arabidopsis 

ecotypes (Lepiniec et al., 2006; Routaboul et al., 2006). Our results from UV-B + UV-A 

exposure experiments also showed small differences in seed vigour between a T-DNA insertion 

control mutant, dyx, and the Ws-2 background. This observation might be in relation to possible 

pleiotropic effects, caused by T-DNA insertion, which perhaps resulted in unexpected, small 

alternations in the level of UV protective compounds and/or repair and detoxification 

mechanisms. 

 

Regardless of the small effects on the seed vigour, our results demonstrated a high 

resistance of Arabidopsis seeds to UV-B + UV -A radiation up to doses of UV-B = 4.3 x104  

kJm-2 and UV-A = 1.2 x 104 kJm-2. Relatively little information is available in the literature on 

the seed germination response to enchanted levels of UV-B radiation, despite its agronomic and 

ecological relevance. Previous studies revealed different, and sometimes opposed responses of 

seeds to UV-B radiation, depending on plant species, and the intensity and the quality of UV-B 

light. For instance, Dai and Upadhyaya (2002) reported that UV-B doses of 1.1 x 102 kJm-2 (10 
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days of irradiation, 8 hours day-1) do not inhibit seed germination in various weedy species. The 

study of Tosserams et al. (1997) revealed no adverse effects of enhanced polychromatic UV-B 

radiation (9.18 kJm-2day-1) on seeds in several plant species from dune grasslands. On the other 

hand, enhanced polychromatic UV-B radiation (7.1 kJm-2day-1) was found to reduce germination 

in radish and cucumber seeds (Tevini et al., 1983). Surprisingly, enhanced ambient UV-B 

radiation (280-320 nm) at a maximal fluence of 1.5 x 103 kJm-2 is found to improve germination 

in seed morphs of Dimorphotheca pluvialis (Musil, 1994). A faster germination in UV-B 

irradiated safflower seeds was also reported by Farokh et al. (2010). A non-linear UV-B+UV-A 

dose response was observed in dry seeds of Leucadendron laureolum (Musil et al., 1998). 

 

Although our experiments revealed a high level of UV-B + UV-A tolerance in wild type 

Arabidopsis seeds, the mutant seeds that were deficient in major UV-absorbing compounds 

(flavonoids and sinapate esters) showed increased sensitivity to UV-B + UV-A radiation.  

 

The sinapate ester mutant, fah1-2, showed a high germination capacity (nearly 100%) that 

was unaltered even after 60 days of irradiation (Fig. 63D). It remained at a high level even when 

seeds were germinated under suboptimal conditions (Fig. 65H). However, the vigour of the 

fah1-2 seeds was altered after exposure to UV-B + UV-A light. Compared to the dark control 

sample, a small, but statistically significant decrease in germination speed for 1.7 hours (11.3% 

increase in MGT) was detected already after 40 days of irradiation (UV-B = 2.3 x104 kJm-2 and 

UV-A = 6.9 x 103 kJm-2), as shown in Fig. 64D. The germination was further slowed for 4.6 

hours (30.5% increase in MGT) in fah1-2 samples exposed for 60 hours (UV-B = 3.4 x104 kJm-2 

and UV-A = 9.5 x 103 kJm-2). This effect was even more pronounced when irradiated fah1-2 

seeds germinated under suboptimal temperature conditions, since MGT increased for 8.6 and 

15.6 hours after 40 and 60 hours of UV exposure, respectively (Fig. 66D). As fah1-2 seeds 

lacked sinapate esters, but contained normal levels of flavonoids (see discussion above and 

chapter 3, section 11.2), the difference in seed vigour between fah1-2 seeds and the Col-0 

background indicated the importance of sinapate-esters in the UV-B + UV-A protection. Due to 

their high absorbance in the UV-A and UV-B part of the spectrum, sinapate esters are considered 

efficient UV protectors. The broad absorption peak at 320 nm (Fig. 55B, chapter 3, section 

11.4.1.2) indicated that sinapate esters would provide major protection against UV-B light 

(Sheahan, 1996). Since they absorb to a lesser extent around 260 nm, sinapate esters would 

provide more screening protection to proteins than to DNA, and they could protect other 

molecules that absorb in the UV-B and UV-A regions (see discussion in chapter 4). In addition, 

they probably play a role in indirect protection, acting as efficient antioxidants (Landry et al., 
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1995). Several authors reported the importance of sinapate esters in the UV-B protection of 

Arabidopsis seedlings (Chapple et al., 1992; Li et al., 1993; Landry et al., 1995; Sheahan, 1996). 

However, UV-B doses used in these studies were about two orders of magnitude lower than 

those used in our experiments on Arabidopsis seeds.  

 

We also examined the UV-B + UV-A tolerance of the flavonoid-lacking tt4-8 mutant 

seeds. We found that UV exposure up to 139 hours (UV-B = 4.2 x103 kJm-2 and UV-A = 1.2 x 

103 kJm-2) did not affect the germination capacity (Gmax%) of the tt4-8 seeds, which reached 

about 100% in all examined samples (Fig. 69B). However, seed vigour was altered in the 

irradiated tt4-8 seeds, but only at the higher UV-B + UV-A fluences (Fig. 71B). After 10 hours 

of irradiation (UV-B = 2.9 x102 kJm-2 and UV-A = 79 kJm-2), MGT started to increase 

significantly and germination was slower for 5.1 hours. Germination further slowed in seeds 

irradiated with increasing fluences of UV-B + UV-A radiation. After 139 hours of UV exposure, 

germination slowed down for 25.1 hours (148% increase in MGT). Since flavonoid-lacking tt4-8 

dark control seeds exhibited reduced seed vigour after 48 and 139 hours of exposure to 

experimental conditions (see above), we assumed that the lower germination speed of the tt4-8 

seeds irradiated with high UV fluences is likely the result of combined effects of UV-B + UV-A 

radiation and possible oxidative damage involved in seed ageing, which is may be enhanced in 

flavonoid-lacking seeds (Debeaujon et al., 2000).  

 

Taking into account the differences in germination speed, our results clearly indicated that 

flavonoid-lacking tt4-8 seeds were two orders of magnitude more sensitive to UV-B + UV-A 

light than the sinapate ester mutant fah1-2 line, while germination capacity remained unaffected 

in both mutants. This result implied that the flavonoids in Arabidopsis seeds provided greater 

UV-B + UV-A protection than sinapate esters. To our knowledge, this is the first comparative 

study on the effects of UV-B + UV-A radiation on Arabidopsis seeds of different genotypes, 

including the mutants deficient in major UV-protective compounds. Here we report for the first 

time in vivo evaluation of the effectiveness of flavonoids and sinapate esters in the protection of 

dry Arabidopsis seeds from UV-B + UV-A light. Previous studies were not focused on the UV 

resistance in seeds, but rather on the vegetative parts or tissues in Arabidopsis plants and 

seedlings, and they came to disparate conclusions about the UV-B protection efficiency of 

flavonoids and sinapate esters. Landry et al. (1995) reported that hydroxycinnimate esters 

(sinapate esters) are more efficient UV-B protectants than flavonoids, due to the increased 

sensitivity of Arabidopsis fah1 seedlings to UV-B radiation in comparison to the tt4 mutant. 

Sheahan (1996) communicated that sinapate esters provide better UV-B attenuation in leaves of 
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Arabidopsis seedlings than flavonoids, since sinapate-deficient mutants suffered from greater 

epidermal penetration of UV-B light than the flavonoid-deficient mutant, causing enhanced 

chlorophyll excitation. On the other hand, Li et al. (1993) demonstrated in vivo the significance 

of both flavonoids and sinapate esters in the UV-B protection of Arabidopsis seedlings. 

According to Rao et al. (1996), UV induced flavonols are predominant UV-B protectants in 

Arabidopsis seedlings. Possible variations in the UV response and protection mechanisms in 

different developmental stages (seeds, seedlings and plants) are likely related to temporal and 

spatial differences in the types and concentrations of accumulated UV protective compounds, 

notably flavonoids and sinapate esters. For instance, significantly higher amounts of sinapate 

esters are detected in Arabidopsis seedlings (1000 pmol seedling-1) than in dry seeds  

(300 pmol seed-1), as reported by Lorenzen et al. (1996). Sinapoyl choline is a major sinapate 

ester accumulated in Arabidopsis seeds, together with smaller amounts of sinapoyl glucose, 

while sinapoyl malate is found exclusively in leaf tissues (Chapple et al., 1992; Ruegger et al., 

1999). In mature Arabidopsis seeds, quercetin-3-O-rhamnoside (quercitrin) is the major flavonol 

compound, which accumulates in seed coats in particularly high concentrations (Kerhoas et al., 

2006; Lepiniec et al., 2006; Routaboul et al., 2006). In contrast to seeds, which accumulate 

predominantly glycosylated derivatives of quercetin, Arabidopsis leaves, stems, flowers and 

seedlings mainly accumulate glycosylated derivatives of kaempferol (Veit and Pauli, 1999; 

Lepiniec et al., 2006). Quercetin derivatives have a higher antioxidant potential, and are 

therefore considered more effective UV-protectors than other flavonols (Montesinos et al., 1995; 

Ryan et al., 2001; Ryan et al., 2002; Owens et al., 2008). Moreover, proanthocyanidins (also 

known as condensed tannins), which occur exclusively in seeds, accumulate in high 

concentrations in seeds coats. These flavonoid polymers exhibit high antioxidant capacity, and 

are considered efficient free radical scavenging agents (Miller, 1996; Bors and Michel, 1999; 

Lepiniec et al., 2006; Routaboul et al., 2006). 

 

The early-seedling stage 

 

Reduced plant growth, visible through stunting, reduced root weight, reduced leaf area etc. 

is known to occur as a response of seedlings and mature plants to elevated UV-B or UV-B + 

UV-A radiation (Teramura, 1983; Cooley et al., 2001; Day, 2001). However, in our study we did 

not expose directly the seedlings and plants to UV radiation, but rather we were interested in 

subsequent development of seedlings that were grown from UV-B + UV-A irradiated seeds. 
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We found that the UV-B +UV-A component of emitted light did not influence subsequent 

seedling growth and development in the Ws-2 and dyx (Ws-2 accession) lines, since almost all 

irradiated seeds germinated into normal seedlings (Fig. 72A and B). In addition, all Ws-2 

seedlings developed normal primary roots and their average length did not differ from that of the 

dark control sample (Fig. 79A). Surprisingly, a small reduction in root length (about 14%) was 

observed in dyx seedlings that were grown from irradiated seeds, but only at the highest UV-B + 

UV-A fluences (60 days of irradiation) (Fig. 79B). The higher sensibility of root development in 

dyx samples, compared to the Ws-2 wild type, might be due to genotypic differences related to a 

T-DNA insertion and possible, as-yet uncharacterized pleiotropic effects in this mutant line. 

Genotype effects related to differences in UV-B + UV-A response were also observed in the  

Col-0 wild type line, where a small, but statistically significant increase in the percentage of 

abnormal seedlings (3%) was detected in the samples that were irradiated for 60 days (Fig. 72C). 

Morphological changes in the Col-0 seedlings were manifested through a short or twisted 

hypocotyl, while other seedling structures appeared unaffected (Fig. 75C and Fig. 76C). For 

instance, seed exposure to UV-B + UV-A light did not affect the primary root growth in the Col-

0 early-stage seedlings (Fig. 79C). The effect of inhibited hypocotyl elongation in seedlings 

exposed to UV-B light was also reported in other plant species, including cress, tomato and 

cucumber (Steinmetz and Wellmann, 1986; Lercari et al., 1990; Ballaré et al., 1991). As already 

observed in our germination tests, this result indicated a slightly higher sensitivity of the Col-0 

wild type seeds to UV-B + UV-A radiation, compared to the Ws-2 wild type. This might be 

explained by the possible differences in seed biochemistry of these two Arabidopsis lines, as 

discussed above.  

 

In contrast, the sinapate ester mutant, fah1-2, appeared more sensitive than the background 

Col-0 wild type line, since UV-B + UV-A radiation significantly affected fah1-2 seedling 

development. This result again demonstrated the importance of sinapate esters in the protection 

of seeds from UV-B + UV-A radiation. The occurrence of abnormal seedlings increased by 11%, 

but only at higher doses received after 60 days of irradiation (Fig. 72D). Two types of damaged 

seedlings were observed: (1) seedlings with short or twisted hypocotyls, but with normally 

developed other structures (Fig. 75C and Fig. 76D) and (2) seedlings with short or twisted 

hypocotyls and short primary roots (Fig. 75D and Fig. 76D). However, the average root length in 

the population of fah1-2 seedlings grown from irradiated seeds did not differ from that of the 

dark control sample (Fig. 79D).  
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On the other hand, the development of flavonoid-lacking tt4-8 seedlings appeared 

unaffected by the exposure of seeds to UV-B + UV-A light up to 139 hours. Almost all irradiated 

tt4-8 seeds developed into normal seedlings (Fig. 73A), and their primary roots grew normally, 

without reduction in average root length (Fig. 80A). Although we found no changes in tt4-8 

seedling development, it is however important to note that the maximal UV-B + UV-A fluence 

in this case was 12.4 times lower than the maximal fluence to which the sinapate ester mutant 

(fah1-2) was exposed. Since the response of tt4-8 samples to the higher fluences of UV-B + UV-

A light (equivalent to that used with fah1-2 samples) remain unknown, it is difficult to compare 

more precisely the UV-B + UV-A protection capacities of flavonoids and sinapate esters at the 

level of early-seedling development.  

 

The plant development stage 

 

Enhanced solar UV-B radiation has been shown to affect anatomical and morphological 

traits in plants (e. g. plant architecture, biomass allocation, leaf structure), as well as plant 

phenology (e.g. emergence, flowering, reproduction and senescence)(Rozema, 2000). However, 

our results showed a high resistance of Arabidopsis to UV-B + UV-A radiation, even at the stage 

of mature plant development. Here is important to note that in our experiments, the vegetative 

parts of plants were not directly exposed to UV light, but rather the seeds, which subsequently 

grew into plants.  

 

When UV-B + UV-A irradiated Arabidopsis seeds were germinated in the soil and than 

allowed to grow into mature plants under greenhouse conditions, we observed no effects on 

subsequent plant development in all examined flavonoid-containing Arabidopsis lines, including 

the Ws-2, Col-0 and fah1-2 lines. In all of these lines, the measured parameters of plant growth 

and development, such as the percentages of survived plants, the percentages of fertile plants 

(plants capable of producing next-generation seeds) and the height of mature plants did not differ 

between UV exposed and dark control samples (Fig. 81A-I).  

 

In contrast, the exposure of flavonoid-lacking tt4-8 seeds to the maximal doses of UV-B + 

UV-A light had an effect on subsequent plant development (Fig. 82A-C). The exposure of seeds 

for 139 hours resulted in a reduction in plant survival and fertility (Fig. 82A and B). Plant 

growth was also inhibited in samples irradiated for 48 and 139 hours, where plant height was 

reduced by 58% in both cases (Fig. 82C). This result indicated that at the level of the plant 

development stage, the flavonoid lacking tt4-8 mutant was at least 29 times more sensitive than 
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the wild type Ws-2 line, as well as the sinapate ester mutant, fah1-2. For comparison, the 

germination difference between Ws-2 wild type and tt4-8 mutant ranged over about two orders 

of magnitude at the germination stage.  

 

Concluding remarks (6) 

 

Arabidopsis seeds showed high resistance to UV-B + UV-A portion (10%) of light emitted 

from the quasi-monochromatic UV-C254 source. This was confirmed at the three different 

developmental stages: the seed germination, the early-seedling stage and the mature plant 

development stage.  

At the germination stage, all examined seed lines, including flavonoid-containing Ws-2, 

dyx, Col-0, as well as the sinapate ester mutant, fah1-2 and the flavonoid-lacking mutant, tt4-8, 

retained a high germination capacity after the exposure to UV-B + UV-A light. However, the 

differences in the response to UV-B + UV-A light among different seed lines were observed 

through the smaller changes ingermination dynamics. Compared to the Ws-2 wild type line, 

small changes in germination speed in the Col-0 wild type line and the control T-DNA insertion 

mutant, dyx, were only obvious when seeds were germinated under stress conditions (suboptimal 

temperature).  

The effects of UV-B + UV-A light were more pronounced in the fah1-2 line, which 

exhibited lower seed vigour and higher percentage of abnormally developed seedlings. This 

indicated the importance of sinapate esters in the UV protection.  

The seed vigour in flavonoid-lacking tt4-8 line was more seriously affected by UV-B + 

UV-A radiation, showing about 100 times higher sensitivity, compared to fah1-2 seeds. We 

concluded that in Arabidopsis seeds, flavonoids provide greater protection than sinapate esters 

against UV-B + UV-A radiation.  

Furthermore, our results showed that the germination and the early-seedling stages are the 

two critical and very sensitive phases in plant development. They reveal whether or not plants 

can cope with damage accumulated in the quiescent seeds. Depending on the degree and type of 

damage, on the one hand, and the efficiency in protection and damage repair, on the other hand, 

these early developmental phases are decisive for further plant development. All putative 

molecular and cellular damages that accumulated in dry seeds during UV-B + UV-A irradiation 

were either reversed or successfully repaired in all flavonoid-containing Arabidopsis lines, since 

plants continued with their normal development, reaching maturity. This was not the case in the 

flavonoid-lacking tt4-8 mutant, in which UV-B + UV-A radiation affected the plant survival, 

vegetative growth and reproductive capacity.  
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18.3. Effects of UV-C radiation on Arabidopsis seeds, determined at three  

plant developmental stages 

 

The aim of our experiments was to determine the response of Arabidopsis seeds to highly 

energetic UV-C (λ = 254 nm) radiation, observing three different stages of plant development: 

the germination stage, the early-seedling stage and the stage of plant development. Little is 

known about the response of plant seeds to UV-C light, which does not endanger present-day 

terrestrial biota. However, the effects of highly energetic UV-C light are of great photobiological 

and astrobiological concern (see chapter 1, section 3.3). We were especially interested in this 

part of spectrum in the context of the preparation for the EXPOSE-EuTEF and EXPOSE-R space 

experiments (for details see chapter 1, section 2), in which our seed samples were exposed to the 

full solar UV emission spectrum at λ>110 nm, including the highly energetic UV-C 

wavelengths. The expected UV fluence in the EXPOSE experiments was about 1.5 x 105 kJm-2, 

which was calculated for 377.4 solar constant hours (1.5 years of a mission duration), and 

integrated for the UV range 200-400 nm (Rabbow, 2007a). We reasoned that UV-C (λ = 254 

nm) light is among the wavelengths that causes the most damaging effects due to the high 

absorbance of DNA in the region around 260 nm, which leads to a direct excitation of DNA and 

induction of severely damaging lesions. Therefore, in our laboratory experiments we attempted 

to simulate a worst-case scenario by exposing Arabidopsis seeds to monochromatic UV-C254 

light with exceptionally high fluences in the range of 105 kJm-2, which corresponded to the 

integrated fluence of polychromatic solar UV light (λ = 200-400 nm), expected in the EXPOSE 

experiments. The Ws-2 and dyx seeds were irradiated for 30 days (UV-C = 3.1 x 105 kJm-2) and 

60 days (UV-C = 6.0 x 105 kJm-2), while the Col-0 and fah1-2 seeds were exposed for 40 days 

(UV-C = 3.5 x 105 kJm-2) and 60 days (UV-C = 4.8 x 105 kJm-2). UV-C light represented 90% of 

the incident light in our experiments, and since we were unable to filter out the remaining 

concurrent part of UV-B + UV-A light, we actually measured the combined effects of UV-C + 

(UV-B + UV-A) light. UV-B + UV-A light represented only a minor part of incident light. 

Nevertheless, comparing the results from the UV-B + UV-A exposure experiments and that 

obtained from the UV-C + (UV-B + UV-A) experiments, we concluded about the effects of the 

dominant UV-C part of the emitted light.  
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The germination stage 

 

Our results clearly demonstrated the extreme resistance of dry Arabidopsis seeds to quasi-

monochromatic UV-C254 light, since neither UV-C + (UV-B + UV-A) nor the UV-B + UV-A 

part of the emitted light affected the germination capacity (Gmax%) in all examined flavonoid-

containing seed lines (Ws-2, dyx, Col-0 and fah1-2), as seen in Fig. 62E-H. On exposure to 

extremely high fluences of UV-C light, up to 6.0 x 105 kJm-2 (Ws-2 and dyx lines) or 4.8 x 105 

kJm-2 (Col-0 and fah1-2 lines), all these seed samples exhibited high values of Gmax% (93-100%), 

which did not differ from those of the respective dark control samples (Fig. 63E-H). This result 

was further confirmed in germination tests performed under suboptimal temperature conditions 

(Fig. 65E-H). A high UV-C resistance of dry Arabidopsis wild type seeds was also described by 

A. B. Britt (personal communication), where no inhibition of germination is observed in seeds 

irradiated for 96 hours at the UV-C fluence of 8.986 x 103 kJm-2. Although it is considered a 

particularly high fluence, in comparison to those used previously in the UV-C exposure studies 

on seedlings and plants (Jenkins et al., 1995; Murphy, 1997; Tiunaitienė et al., 2002; Preuss and 

Britt, 2003; Iriti et al., 2007), the fluences used in our study are about two orders of magnitude 

higher than that used by A. B. Britt. It is important to note that even these extreme fluences of 

UV-C light did not have an inhibitory effect on the germination of Arabidopsis seeds. 

 

Although the germination capacity was not affected, our results showed that  

UV-C + (UV-B + UV-A) radiation had, however, an effect on the vigour of the Ws-2, dyx, Col-0 

and fah1-2 seeds (Fig. 62E-H). The germination process in irradiated seeds was slowed down, as 

measured by the increase in the mean germination time (MGT) (Fig. 64E-H). Since the  

UV-B + UV-A part of the incident light had no effect on the MGT in the Ws-2 line, and only 

slight effects in the dyx and Col-0 lines (see discussion above in section 18.2), changes in MGT 

after irradiation of seeds with entirely transmitted UV-C + (UV-B + UV-A) light was essentially 

attributed to the dominant UV-C component.  

 

The wild type Ws-2 and Col-0 seeds appeared the most resistant. The Ws-2 seeds showed 

no change in germination speed was observed after 30 days of UV-C exposure (Fig. 64E). 

However, at the highest fluence of UV-C light (6.0 x 105 kJm-2) the germination of Ws-2 seeds 

slowed down for 6.6 hours (20.5% increase in MGT). In the Col-0 irradiated seeds, the MGT 

increased for 16.3% already after 40 days of UV-C exposure (3.5 x 105 kJm-2). At the maximal 

UV-C fluence, reached after 60 days of irradiation, the MGT increased for 19.5% (Fig. 64G). 

The differences in the germination speed became more pronounced in seeds that were 
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germinated under temperature suboptimal conditions (Fig. 65E and G, as well as Fig. 66E and 

G). Comparing the UV-C response of two wild type Ws-2 and Col-0 seeds that were germinated 

at suboptimal temperature (10°C), we found that the latter appeared more resistant, since at the 

maximal UV-C fluence achieved after 60 days of irradiation, the MGT increased for 34.5% and 

20.3%, respectively. Slight differences in seed vigour between these two ecotypes were also 

observed in the UV-B + UV-A exposure experiments, although they were detected only under 

suboptimal conditions (see discussion above, section 18.2). These differences in UV response 

were likely due to naturally occurring genetic variations, observed in many plant species, 

including different Arabidopsis ecotypes (Torabinejad and Caldwell, 2000; Cooley et al., 2001; 

Koornneef et al., 2004). These differences could be due to small variations in the chemical 

composition of the seeds and/or the efficiency of detoxification and repair systems. The water 

content might be one of the important factors in determining the level of resistance in seeds (see 

discussion above). The Ws-2 and Col-0 seeds that were used in our UV exposure experiments 

had a similar water content, 5.7% and 5.3%, respectively, thus we concluded that it was not the 

cause of the observed variations in UV-C sensitivity. Variations in the types and amounts of UV 

absorbing compounds might play an important role in the level of UV protection in different 

plant ecotypes. For instance, Lepiniec et al. (2006) reported differences in the total flavonoid 

content in Arabidopsis seeds of the Ws-2 (~ 15 mg g-1 seed) and Col-0 (~ 13.2 mg g-1 seed) 

ecotypes.  

 

A T-DNA control mutant, dyx, appeared more sensitive to UV-C light than the Ws-2 

background (Fig. 64F), since germination was slowed down already after 30 days of exposure 

(33.9% increase in MGT). Comparing the germination speed as the measure for the seed vigour, 

we found that the dyx seeds were 2.85 times more sensitive to UV-C254 light than the Ws-2 

background. This unexpected difference in the vigour of the Ws-2 and dyx seeds could be related 

to pleiotropic effects caused by the random insertion of a T-DNA into the Ws-2 genome. This in 

turn might affect the chemical and biochemical composition of the seeds and/or the activity of 

the systems involved in coping with UV-induced damage. Further genetic, metabolic and 

chemical studies are necessary to determine the effects of T-DNA insertion on the gene 

expression, chemical content and physiology of dyx seeds. 

 

In addition to observed extreme resistance of Arabidopsis dry seeds to UV-C radiation, in 

this work we also determined in vivo the contribution of UV-absorbing compounds, including 

flavonoids and sinapate esters, in such a high level of UV-C tolerance. Many studies in the 

literature describe the UV-B protective capacities for these two groups of UV-screening 
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compounds (Chapple et al., 1992; Li et al., 1993; Landry et al., 1995; Rao et al., 1996; Sheahan, 

1996). In addition, these studies focused on the UV protection efficiency of flavonoids and 

sinapate esters in the vegetative and aerial parts of plants, rather than in seeds. In our work, this 

is extended in the UV-C part of spectrum by testing the UV resistance of two Arabidopsis 

mutant seeds, fah1-2 and tt4-8, former deficient in sinapate esters and latter in flavonoids. 

 

Our results showed high UV-C resistance in sinapate ester-lacking seeds, fah1-2, since the 

germination capacity (Gmax%) remained at the maximal level (about 100%), even after 60 days of 

irradiation (UV-C = 4.8 x 105 kJm-2), as seen in Fig. 63H. However, the exposure of fah1-2 

seeds to UV-C + (UV-B + UV-A) light affected markedly germination dynamics in this mutant 

line (Fig. 62H). The fah1-2 seeds exhibited an increase in MGT of 67.5% (10.2 hours of delay in 

germination) after 40 days of irradiation (Fig. 64H). These sinapate ester-lacking seeds showed 

4.78 times higher sensitivity to UV-C + (UV-B + UV-A) radiation than the Col-0 background. 

Germination under suboptimal conditions revealed even more pronounced differences in vigour 

between the irradiated and the dark control fah1-2 seeds (Fig. 66H). Since the UV-B + UV-A 

component of the incident light was found to have an effect, although to a lesser extent, on the 

germination speed of fah1-2 seeds, the results of the UV-C + (UV-B + UV-A) exposure 

experiments should be interpreted with caution, taking into account possible combined effects of 

dominant UV-C light and the background UV-B + UV-A light on seed vigour. Other parameters 

of germination dynamics were similar to the MGT parameter (Table 15). An interesting effect of 

UV-C + (UV-B + UV-A) light was observed on the skewness of the fah1-2 germination curve. 

In contrast to the Col-0, Ws-2 and dyx seeds, a positive shift in germination skewness was 

observed in the irradiated fah1-2 samples, indicating that the germination process in these seeds 

was seriously delayed, mostly in the first half of the germination period. This phenomenon was 

not detected after the exposure to only UV-B + UV-A portion of incident light. It suggested that 

after UV-C exposure, the fah1-2 seeds suffered from a larger amount of accumulated damage to 

DNA and other essential macromolecules (RNAs, proteins and lipids), so that the time required 

to detoxify, repair or to de novo synthesise damaged molecules in the beginning of the 

germination period (see chapter 1, section 4.2.2) probably slowed down seriously the 

germination process.  

 

Our study on fah1-2 seeds clearly demonstrated the role of sinapate esters in the UV 

protection. The differences in seed vigour of irradiated fah1-2 and Col-0 seeds suggested that 

sinapate esters provide important protection against extremely high fluences of UV-C light. 

Sinapate esters are described in the literature to provide efficient direct UV-B screening 
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protection in Arabidopsis, as well as indirect protection, acting as antioxidant agents and free 

radical scavengers (Landry et al., 1995; Sheahan, 1996). Here we evaluated for the first time the 

efficiency of sinapate esters in the UV-C protection of dry Arabidopsis seeds. However, since 

germination of sinapate ester-deficient seeds was not inhibited by the high fluences of UV-C 

radiation or by the UV-B + UV-A component of emitted light, we suggest that other protective 

compounds in fah1-2 seeds, such as flavonoids, could provide an additional level of UV 

protection.  

 

In contrast to the fah1-2 seeds, we demonstrated that the flavonoid-lacking tt4-8 seeds 

were extremely sensitive to UV-C + (UV-B + UV-A) light. It affected not only the germination 

speed, as seen in other flavonoid-containing seeds, but it also had a strong adverse effect on 

germination capacity (Gmax%), as seen in Fig. 68C and Fig. 69C. A statistically significant 

decrease in Gmax% (83%) was observed already after 3 hours of exposure (UV-C = 1.7 x 103 kJm-

2), as seen in Fig. 69C. At the maximal UV-C fluence of UV-C = 5.9 x 104 kJm-2, which 

corresponded to 139 hours of irradiation, the Gmax% dropped to only 13%. Almost all tt4-8 seeds 

that remained ungerminated after exposure to UV-C light were dead, since no metabolic activity 

was detected by the tetrazolium viability test (Table 17). As the UV-B +UV-A part of the light 

did not affect germination capacity (Fig. 69B), the inhibitory effect on seed germination was 

attributed to the highly energetic UV-C part of emitted light. These results showed that the 

flavonoid-lacking tt4-8 seeds were at least two orders of magnitude more sensitive to UV-C 

radiation than the flavonoid-containing seeds, including the Ws-2 (background line), the dyx (T-

DNA insertion control mutant) and the Col-0 wild type, as well as the sinapate ester mutant, 

fah1-2. It is important to note that in contrast to the tt4-8 mutant, all of flavonoid-containing 

seeds did not exhibit reduced germination capacity even at the highest fluences reached after 60 

days (1 440 hours) of exposure to UV-C radiation. In addition to Gmax%, the exposure to UV-C + 

(UV-B + UV-A) light slowed the germination speed of the tt4-8 seeds (Fig. 71C). The low 

fluences of UV-B + UV-A light did not affect the germination dynamics of the tt4-8 seeds (Fig. 

71B and Table 16). Therefore, the effects observed up to 5 hours of irradiation, were due to the 

dominant UV-C part of the incident light. The exposure to very low UV fluences, reached after 

only 0.5 hours of irradiation, resulted in a significant delay in germination for 18.9 hours (111% 

increase in MGT), as seen in Fig. 71C. The germination of irradiated tt4-8 seeds further slowed, 

as the duration of UV exposure increased up to 5 hours (UV-C = 2.8 x 103 kJm-2). Surprisingly, 

at the higher fluences of UV-C + (UV-B + UV-A) radiation, after more than 5 hours of exposure, 

the MGT followed a nonlinear dose-response trend. This phenomenon might be explained by the 

complex interaction of several factors acting concurrently at the higher UV fluences. One of the 
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possible reasons might be the partial overlap of two UV response phenomena, the slowing down 

of germination and the decrease in the maximal percentage of germinated seeds. The nonlinear 

dose-response behaviour of the MGT parameter at higher UV fluences might also result from 

possible combined effects, which are not necessarily additive, of the dominant UV-C part of 

light (Fig. 71C), the UV-B + UV-A component of light (Fig. 71B) and the problem of 

accelerated ageing of the tt4-8 seeds, observed after 48 and 139 hours of treatment (Fig. 71A). 

Other parameters of germination dynamics, such as T50% and T75-25%, also showed nonlinear 

response in the tt4-8 seeds exposed to the higher UV doses (Table 16). A nonlinear UV dose-

response behaviour is often observed in complex biological systems, in contrast to the linear 

dose-response known for many photochemical reactions studied in vitro systems (Setlow, 1974; 

Sutherland, 2002). In biological systems, the UV dose response represents the sum of different 

photochemical and photobiological processes; it includes no only the processes of damage 

induction to different types of molecules, but it also involves various detoxification mechanisms, 

as well as repair systems. 

 

The results from our study clearly demonstrate the importance of flavonoids in UV 

protection, especially in the highly energetic UV-C part of the spectrum. Observing the 

germination stage, we found that flavonoids provided at least two orders of magnitude higher 

UV-C protection to Arabidopsis seeds than sinapate esters. Flavonoids also exhibited a greater 

effectiveness, by 2 orders of magnitude, than sinapate esters in protection of Arabidopsis seeds 

from UV-B + UV-A radiation (for details see discussion above, section 18.2). These findings 

corroborated our results from UV absorption spectroscopy studies, performed both in solution 

and in dry films (Fig. 55B and Fig. 57A, chapter 3, for details see discussion I, chapter 4, section 

14). It supported our hypothesis that flavonoids could be considered as ideal UV screens (Zalar 

et al., 2007b; Zalar et al., 2007c). A flavonol, quercetin-3-O-rhamnoside (quercitrin), and the 

proanthocyanidins (condensed tannins) are the major flavonoid constituents of Arabidopsis 

seeds. They are predominantly concentrated in the seed coat, protecting the embryo and its 

genomic DNA from damage (Lepiniec et al., 2006; Routaboul et al., 2006). Our UV absorption 

studies indicated that glycosylated flavonoids, such as quercitrin, due to high absorption in the 

UV-C part of the spectrum and an absorption maximum close to that of DNA in region I, would 

provide efficient direct screening protection (Fig. 55A and Fig. 57, chapter 3, sections 11.4.1.2 

and 11.4.2.2, respectively). Furthermore, our spectroscopy studies implied that glycosylated 

flavonoids would also screen efficiently in the UV-B and UV-A regions due a of broad 

absorption peak in the 300-400 nm region, with the local maximum at about 350 nm. Additional 

evidence for the importance of seed coat and flavonoids in direct UV screening protection is 
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reported in our previous work (Zalar, 2004). For instance, the exposure of the flavonoid-deficient 

tt4-8 seeds to UV-C254 light that was filtered through dry layers of different flavonoids, placed 

above the seeds, showed that these compounds can improve the UV resistance of the tt4-8 seeds. 

Furthermore, in the same work it was demonstrated that the removal of the seed coat from both 

the tt4-8 mutant and the Ws-2 wild type embryos increases their sensitivity to UV-C254 light. 

Besides screening protection, both groups of flavonoids, glycosylated flavonoids and condensed 

tannins, are known to act as strong antioxidant agents and free radical scavengers, also providing 

efficient indirect protection to DNA and other biologically important molecules (Landry et al., 

1995; Montesinos et al., 1995; Ryan et al., 2001; Lepiniec et al., 2006).  

 

The early-seedling stage 

 

The analysis of the early-seedling stage was undertaken to determine whether the exposure 

of seeds to UV-C + (UV-B + UV-A) light affected subsequent growth and development of 

Arabidopsis seedlings. Although we found that UV-B + UV-A light had no effect (Ws-2 and 

dyx) or just a small effect (Col-0) on subsequent seedling development, the exposure of 

Arabidopsis seeds to UV-C + (UV-B + UV-A) light affected significantly seedling development 

in the Ws-2 and dyx lines, and surprisingly, to a much lesser extent the development of seedlings 

in the Col-0 line (Fig. 72E-G). We concluded that the observed abnormal development was 

caused mostly by UV-C light. After 30 days of irradiation (UV-C = 3.1 x 105 kJm-2), more than 

50% of the exposed Ws-2 and dyx seeds developed abnormal seedlings. This was even more 

pronounced at the maximal UV-C fluence reached after 60 days of irradiation (6.0 x 105 kJm-2), 

where irradiated seeds developed 57% (Ws-2) and 64% (dyx) of abnormal seedlings, respectively 

(Fig. 72E and F).Different types of seedling damage were observed in the UV-C exposed 

samples, mostly concerning hypocotyl and root growth (Fig. 75 and Fig. 76E-G). The majority 

of abnormal Ws-2 and dyx seedlings exhibited short or twisted hypocotyls, but normally 

developed roots (Fig. 75C). Some of seedlings, besides having damaged hypocotyls, they 

developed short roots (Fig. 75D and Fig. 76E-F), or even seriously retarded roots (Fig. 75E and 

Fig. 76E-F). These findings are in accordance with several previous studies on the effects of 

UV-C light on seedling growth and development. Like the effects of UV-B exposure, UV-C 

radiation induced an inhibition of hypocotyl elongation in the irradiated seedlings of several 

plant species, including lettuce, tobacco, radish and cucumber (Lapointe et al., 1996; Kobzar et 

al., 1998; Hirokazu et al., 1999; Shinkle et al., 2005). There is also evidence that UV-C radiation 

affects root growth in Arabidopsis seedlings (Al Khateeb and Schroeder, 2009). However, in all 

of these studies, seedlings were directly exposed to UV-C radiation, as opposed to seedlings 
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grown from irradiated seeds (the present report). Among the most serious damage in the Ws-2 

and dyx lines, we observed seedlings with short hypocotyls and missing roots (Fig. 75F and Fig. 

76E). In addition, a small, but statistically significant percentage of the Ws-2 seeds that were 

exposed to the maximal UV-C fluence developed into heavily damaged seedling forms with no 

hypocotyl, no roots and undeveloped cotyledons (Fig. 75G and Fig. 76E). Besides the increased 

number of seedlings with morphological abnormalities, our results demonstrated that UV-C light 

has an inhibitory effect on the growth of primary roots in normal Ws-2 and dyx seedlings, 

developed from irradiated seeds (Fig. 79E and F). After exposure to a lower UV-C dose, the Ws-

2 and dyx samples developed 16% shorter primary roots, while more than a 43% reduction in the 

length of the seedling roots was observed in samples that were irradiated for 60 days. Similar 

inhibitory effects of UV-C radiation on root growth was described in Arabidopsis wild type 

seedlings that were directly irradiated with UV-C light at fluences as low as 0.5-1.5 kJm-2 (Al 

Khateeb and Schroeder, 2009). Our results indicate that the seeds of the Ws-2 wild type and the 

T-DNA insertion control (dyx) had, in spite of the genetic difference, similar growth responses to 

UV-C radiation.  

 

Surprisingly, the Col-0 wild type appeared more robust than the Ws-2 line to the effects of 

UV-C light on early-seedling development, since only 15% of the irradiated Col-0 seeds 

developed abnormal seedlings after 60 days of exposure (Fig. 72G), and UV-C radiation induced 

less severe seedling damages than in the Ws-2 line. The major type of UV-C induced seedling 

damage in the Col-0 line concerned the development of the hypocotyl (short or twisted 

hypocotyl), while other seedling structures remained mostly unaffected (Fig. 75C and Fig. 76G). 

In addition, the exposure of the Col-0 seeds to UV-C radiation did not affect the growth of 

primary roots in developed early-stage seedlings (Fig. 79G). Thus, although the Col-0 and Ws-2 

wild type seeds exhibited asimmilar level of UV resistance at the germination stage (see 

discussion above), the Col-0 line appears to be more resistant to the effects of UV-C at the early-

seedling stage. This indicates that Col-0 seeds, although containing to some extent less (∼12%) 

flavonoids (Lepiniec et al., 2006; Routaboul et al., 2006), this wild type line might have more 

efficient detoxification and/or damage repair systems than the Ws-2 line. The repair of DNA and 

organelles, as well as de novo synthesis of macromolecules, occurs in the early phases of 

germination process prior the radicle protrusion (see Fig. 24, chapter 1, section 4.2.2.). It could 

explain why irradiated seeds required a longer time to germinate in order to repair more 

efficiently all accumulated damage and to replace damaged molecules by the newly-synthesised 

molecules, prior the radicle emergence and further development of seedlings. However, further 

comparative studies at molecular level would be necessary in order to determine the origin of 
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ecotypic differences between the Ws-2 and the Col-0 line, including the quantification and 

determination of the types of DNA lesions, as well as studying the expression and activity of 

antioxidant enzymes POD, CAT and SOD in irradiated dry seeds and developed seedlings. 

 

Unlike the Col-0 background, the sinapate ester mutant, fah1-2, appeared less resistant to 

UV-C + (UV-B + UV-A) radiation, not only at the level of germination, but also at the level of 

subsequent early-seedling development. After 60 days of UV exposure, 60% of the irradiated 

fah1-2 seeds developed into abnormal seedlings (Fig. 72H). Most of the damaged seedlings 

exhibited an altered hypocotyl morphology (short or twisted hypocotyl), which occurred alone or 

in combination with short primary roots (Fig. 75C-D and Fig. 76H). Although more sensitive 

than the Col-0 background, irradiated fah1-2 seeds did not develop seedlings with the heavily 

damaged essential structures, observed in the Ws-2 wild type (Fig. 76E-H). Even though we 

found that the UV-B + UV-A component of the incident light had some effects on seedling 

development after 60 days of irradiation of the fah1-2 seeds (Fig. 72D, for details see discussion 

above, section 18.2), its contribution was relatively small in comparison to the effects of UV-C + 

(UV-B + UV-A) light (Fig. 72H). Therefore, we suggested that these effects might be mainly 

due to the dominant UV-C light, but the possibility to the combined effects of UV-C and UV-B 

+ UV-A radiation, which might not be simply additive, has also to be taken into consideration. In 

contrast to the Col-0 line, UV-C radiation has an inhibitory effect on the root growth of normal 

fah1-2 seedlings developed from irradiated seeds (Fig. 79H). The UV-B + UV-A part of the light 

did not contribute to this effect (Fig. 79D). The average root length in the population of fah1-2 

seedlings decreased after 40 days of irradiation, and exposure to the maximal fluence of UV-C 

radiation (60 days of exposure) resulted in a 25% reduction of root length. In spite of differences 

in the UV-C response at the stage of the early-seedling development, between the Col-0 and 

fah1-2 lines, this sinapate ester-deficient mutant exhibits a relatively high resistance to UV-C 

radiation, in comparison to the flavonoid-deficient mutant (see below). We suggested that the 

flavonoids, as the major UV-screening and detoxification compounds, largely contributed to this 

phenomenon. 

 

Similarly to the germination stage, the flavonoid-lacking mutant, tt4-8, exhibited a high 

level of UV-C sensitivity with respect to subsequent seedling development and primary root 

growth. The root growth in seedlings that developed from irradiated tt4-8 seeds was seriously 

inhibited by UV-C radiation (Fig. 80B). We found that the UV-B + UV-A part of the incident 

light, after 139 hours of exposure, did not affect the development of essential seedling structures 

nor the growth of primary roots in exposed tt4-8 samples (Fig. 73A and Fig. 80A). Increasing 



PART II / Chapter 6 DISCUSSION II 346 

 

 

UV-C fluences from 2.8 x 102 kJm-2 (0.5 hours of exposure) up to 5.9 x 104 kJm-2 (139 hours of 

exposure) caused a decrease in the percentage of normal seedlings and, as expected, a 

progressive increase in the percentage of ungerminated seeds (Fig. 74). The percentage of 

abnormal tt4-8 seedlings increased linearly up to 2 hours of UV-C exposure. Surprisingly, at the 

higher doses the percentage of abnormally developed seedlings did not follow the linear trend in 

the UV-C dose-response (Fig. 74). A non-linear behaviour was also observed at the germination 

stage, measuring the parameters of germination dynamics, MGT, T75-25% and germination 

skewness (Fig. 71C and Table 16B). From the dose-response curve presented in Fig. 74, it can 

be observed that the percentage of abnormal seedlings remained constant in the UV-C fluence 

range between 1.7 x 103 kJm-2and 2.8 x 103 kJm-2, corresponding to irradiation from 3 to 5 hours. 

The same fluence range is paralleled by the prominent increase in MGT and T75-25% values, and 

significant decrease in germination skewness (Fig. 71C and Table 16B). This might indicate that 

the slowing down of germination occurred, especially in the first half of the germination period, 

possibly due to the activation of detoxification/repair systems, which enabled keeping relatively 

constant the number of abnormal seedlings. Above the threshold UV-C fluence, reached after 10 

hours of exposure (4.0 x 103 kJm-2), the efficiency in damage repair might have declined in 

germinating tt4-8 seeds, since sudden increase in percentage of abnormal seedlings up to 83% 

was paralleled with sudden faster germination speed (decrease in MGT and T75-25% and increase 

in skewness) (Fig. 71C and Fig. 74). The non-linearity phenomenon of UV dose-response 

functions for biological endpoints was also discussed by Setlow (1974) and Sutherland (2002). 

These authors pointed out that although many photochemical reactions are linear within the 

biologically relevant range of UV doses, many biological responses exhibit a more complex, 

non-linear dose-response due to the combined effects of direct DNA damage, repair and multiple 

interactions of photochemical reactions, such as photoreactivation and the induction of indirect 

DNA damage.  

 

In our study, we found that the exposure of the tt4-8 seeds to increasing fluences of UV-C 

light induced a variety of different types of seedling damage, ranging from the less severe at the 

lowest UV-C dose, such as altered hypocotyl morphology (hypocotyl short or twisted), up to 

seriously damaged seedlings with missing hypocotyls, missing roots and undeveloped 

cotyledons, observed at the higher fluences (Fig. 75 and Fig. 78). After 10 hours of UV-C 

exposure (4.0 x 103 kJm-2), the tt4-8 seeds were seriously damaged, so that the percentage of 

heavily damaged seedlings and ungerminated seeds increased markedly. No normal tt4-8 

seedlings developed from the seeds irradiated with UV-C fluences greater than 2.1 x 104 kJm-2. 
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This means that further development of mature plants is hardly to be expected in the tt4-8 

samples exposed to high doses of UV-C radiation.  

 

Compared to the effects of seed irradiation on the subsequent development of the Ws-2 and 

fah1-2 seedlings, these results confirm the importance of flavonoids in UV-C protection. They 

appear to be more efficient UV-C protectors in Arabidopsis seeds than sinapate esters. 

 

The plant development stage 

 

We also examined whether or not irradiated seeds are capable of developing into healthy, 

mature plants. The chances of plant survival largely depend on the degree and the type of 

damage, as well as on the efficiency in protection and damage repair during the early-seedling 

stage. Therefore, irradiated seeds were germinated in the soil and the growing seedlings were 

allowed to develop under greenhouse conditions up to the stage of mature plants.  

 

We found that in contrast to the UV-B + UV-A component of the incident light, the 

exposure of seeds to UV-C + (UV-B + UV-A) radiation had a strong inhibitory effect on 

subsequent plant growth and development in all examined Arabidopsis lines. Therefore, the 

dominant UV-C part of the incident light is responsible for the significant decrease in the 

percentage of survived Ws-2, Col-0 and fah1-2 plants grown from 60-day irradiated seeds (Fig. 

81A-C). The plant survival rates indicate that the Col-0 line (72% survival) is more resistant to 

UV-C radiation than the Ws-2 line (53% survival), but that both wild type lines are more 

resistant than the sinapate ester mutant, fah1-2 (45% survival), as seen in Table 18. These results 

showed that sinapate esters are important UV-C protective compounds in Arabidopsis seeds, 

capable of improving the survival rates of plants grown from irradiated seeds.  

 

Like at the stage of early-seedling development, the plant development stage showed that 

the Col-0 line better tolerates exposure to UV-C radiation. Compared to the Ws-2 line, the higher 

plant survival rate in the Col-0 line suggested that this wild type line might have a more efficient 

repair system, in spite of a putatively lower UV screening capacity related to the lower 

concentration of flavonoids in the Col-0 seeds (Lepiniec et al., 2006; Routaboul et al., 2006). 

Besides the plant survival rate, the exposure of seeds to UV-C radiation also affected the 

vegetative growth and reproductive output of Arabidopsis plants (Fig. 81). Exposure of 

Arabidopsis seeds to high fluences of UV-C (up to 60 days of exposure) inhibited the growth of 

developing plants. Significantly reduced height of mature plants was detected in all studied 
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genotypes (Fig. 81G-I). In addition, the exposure of seeds to UV-C led to a reduction in the 

percentage of fertile plants (Fig. 81D-F). Similar effects on plant growth and reproductive output 

were previously reported in numerous studies concerning plant responses to an enhanced level of 

UV radiation (reviewed by Day, 2001 ). The reduced plant growth under enhanced UV radiation 

is likely related to the costs involved in the production of secondary metabolites, the repair of 

DNA or membrane damage and the scavenging of free radicals (Rozema et al., 1997b; Treutter, 

2006). 

 

The exposure of the tt4-8 seeds to UV-C light had an extreme inhibitory effect on 

subsequent plant growth and development in this flavonoid-lacking mutant (Fig. 82D-F). The 

plant survival rate in the tt4-8 line was seriously reduced (54% survival) after only 1 hour of 

irradiation (5.3 x 102 kJm-2), and fluences above 2.8 x 103 kJm-2 resulted in 0% plant survivors 

(Fig. 82D).These results indicate that the flavonoid-deficient mutant is about 1000 times more 

sensitive than the Ws-2 background, and about 300 times more sensitive than the sinapate ester 

mutant.  

 

Concluding remarks (7) 

 

Our results revealed the extreme resistance of dry Arabidopsis seeds to quasi-

monochromatic light emitted from the UV-C254 source. We found that even after 60 days of 

irradiation (UV-C fluences up to 6 x 105 kJm-2), Arabidopsis seeds retained a high and unaltered 

germination capacity. To our knowledge, this is the first report of such a high UV-C resistance 

encountered among all known terrestrial life forms. Nevertheless, in spite of their high 

germinability, irradiated seeds started to show a decline in the seed vigour, which was 

manifested through a slightly slower germination process and a lower germination uniformity. 

Small differences in vigour of UV-C irradiated seeds, observed between two wild type lines, Ws-

2 and Col-0, were likely due to naturally occurring genetic variations that are common among 

different Arabidopsis ecotypes e.g. occurrence of differences in seed physiology, their chemical 

composition and efficiency in repair and detoxification systems. Further comparative chemical 

analyses of seed content, particularly of the major UV screening compounds in seeds (flavonoids 

and sinapate esters), would be necessary to elucidate small differences in the UV response of the 

Ws-2, Col-0 and dyx seeds. Greater differences in seed vigour, observed between the sinapate 

ester mutant, fah1-2, and the wild type line, indicated the importance of sinapate esters in 

protection of seeds against UV-C radiation.  
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Unlike all tested flavonoid-containing seeds, the flavonoid-lacking mutant, tt4-8, exhibited 

a remarkably higher sensitivity to UV-C radiation. The UV-C fluences as low as 1.7 x 103 kJm-2 

affected significantly the germination capacity of the tt4-8 seeds, and only 13% of seeds 

germinated after exposure to UV-C = 5.9 x 104 kJm-2. The present study clearly demonstrates the 

importance of flavonoids in the UV-C protection. Observing the germination stage, we found 

that flavonoids provide at least 2 orders of magnitude higher UV-C protection in Arabidopsis 

seeds, compared to sinapate esters. These in vivo results are in good agreement with our UV 

spectroscopy results (see discussion I, chapter 4, section 14).  

 

At the germination stage, we determined the scale of UV-C tolerance for different seed 

lines as follows: Col-0 ≥ Ws-2 > dyx > fah1-2 >> >tt4-8. 

 

Our study also demonstrated that the exposure of Arabidopsis seeds to the high UV-C 

fluences had an important impact on subsequent seedling development, increasing the number of 

abnormal seedlings. Damaged seedlings exhibited mostly changes in hypocotyl and root growth. 

At the early-seedling stage, the Col-0 wild type appeared more resistant than the Ws-2 line. We 

suggested that in spite of lower seed flavonoid content, the Col-0 line might have more efficient 

detoxification and/or repair mechanisms. However, further studies at molecular level would be 

necessary to determine the differences in the number and types of UV-induced damage among 

different genotypes. The molecular damage should be measured before imbibition (in dry 

irradiated seeds) and after the germination (in early-stage seedlings). The efficiency of 

detoxification mechanisms could be further determined by mesuring the ROS production (e.g. by 

using ROS specific probes), as well as by measuring the activity of detoxification enzymes 

(POD, CAT, SOD etc.) in both the irradiated dry seeds and early-stage seedlings.  

 

At the stage of early-seedling development, the flavonoid-lacking tt4-8 mutant exhibited, 

as expected, a high sensitivity to UV-C radiation, developing a high percentage of seriously 

damaged seedlings. No normal seedlings developed from tt4-8 seeds that were exposed to UV-C 

at fluences above 2.1 x 104 kJm-2.  

 

At the stage of early-seedling development, we determined the following scale of UV-C 

resistance for different Arabidopsis genotypes: Col-0 > Ws-2 = dyx ≥ fah1-2 >> > tt4-8. 

 

Our in-soil experiments demonstrated that UV-C light had a strong inhibitory effect on 

vegetative growth and reproductive output in Arabidopsis plants developed from irradiated 
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seeds. We determined a higher plant survival rate in the Col-0 (72%) than in the Ws-2 (53%) 

line, suggesting that the former wild type line exhibited a higher level of the UV-C resistance, 

possibly due to more efficient detoxification and/or repair systems (see above). Comparing the 

UV-C resistance at the stage of plant development for the sinapate ester-lacking mutant, fah1-2, 

and the flavonoid-lacking mutant, tt4-8, we confirmed that flavonoids, as the major UV screens 

in Arabidopsis seeds, provide more efficient UV-C protection than sinapate esters.  

 

At the stage of plant development, we determined the scale of UV-C resistance for 

different Arabidopsis genotypes as follows: Col-0 > Ws-2 > fah1-2 >> >tt4-8. 

 

 

 

18.4. UV-C resistance of Arabidopsis seeds compared to other highly resistant 

life forms, including Bacillus subtilis spores 

 

According to present study, dry seeds can be considered as extremely resistant terrestrial 

life forms, which can survive exposure to particularly high fluences of damaging UV-C light. 

Plant vegetative forms, such as seedlings and mature plants that are directly subjected to UV-C 

radiation show severe damage even at much lower UV doses that those used in our seed 

exposure experiments. For instance, the exposure of Arabidopsis seedlings to UV-C fluences of 

10-50 kJm-2 is found to induce apoptotic-like changes and DNA fragmentation. Jenkins (1995) 

reported that exposure of Arabidopsis seedlings to UV-C fluence as low as 3.2 kJm-2 has a lethal 

effect on 50% of wild type seedlings (LD50). Compared to this, our results showed that wild type 

Arabidopsis seeds have at least 2 x 105 times higher UV-C resistance than seedlings, since no 

lethal effect was detected in irradiated seeds at fluences as high as UV-C = 6.0 x 105 kJm-2. In 

contrast, flavonoid-lacking mutant seeds appeared much more sensitive to UV-C radiation (see 

chapter 5, section 16.2.2). Nevertheless, determining the LD50 from the UV-C dose response 

curve for Arabidopsis tt4-8 seeds (LD50 = 6.2 x 103 kJm-2) (Fig. 70), we found that even UV 

sensitive flavonoid-deficient seeds were about 2 x 103 times more resistant than irradiated 

flavonoid-containing vegetative forms (wild type seedlings).  

 

Arabidopsis dry seeds were also found to be extremely UV resistant in comparison to other 

organisms and life forms, in particular those which are used in astrobiological studies as 

terrestrial models known to withstand extreme conditions. For instance, we found that wild type 
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Arabidopsis seeds were at least 106 times more resistant than dry spores of Bacillus subtilis. Our 

experiments showed that a UV-C fluence as low as 0.5 kJm-2 killed 99.6% of Bacillus subtilis 

WT 168 spores (Fig. 60B). From the UV-C dose response, we also determined a lethal dose that 

inactivated 50% (LD50 = 0.123 kJm-2), as well as 90% (LD90 = 0.245 kJm-2) of Bacillus subtilis 

WT 168 spores (Fig. 61). The latter value is equivalent to the parameter F10 (10% survival rate), 

which is sometimes used in literature to express the sensitivity of organisms to absorbed doses of 

radiation. Our LD90 (F10) value for Bacillus subtilis WT 168 spores was in close agreement with 

previously reported values for the same strain, obtained for the spores exposed to UV-C254 light 

either in a dry state or in suspension (Horneck et al., 1984a; Weber and Greenberg, 1985; 

Nicholson et al., 2000; Moeller et al., 2007a; Moeller et al., 2007b). Other Bacillus subtilis wild 

type strains that were used in photobiological and astrobiological studies exhibit similar or 

slightly lower LD90 values for UV-C irradiated spores (Horneck et al., 1984b; Horneck et al., 

1995; Riesenman and Nicholson, 2000; Bernardini et al., 2003; Link et al., 2004). For 

comparison, 6 orders of magnitude higher UV-C doses had no effect on the germinability of 

Arabidopsis seeds. Comparing the UV-C dose response curves and LD90 values for Bacillus 

subtilis spores and tt4-8 seeds (Fig. 61 and Fig. 70), we found that even flavonoid-lacking seeds 

were 2.7 x 105 times more resistant to deleterious effects of UV-C radiation. Arabidopsis seeds 

are thus shown to be far more resistant even than spores of Bacillus pumilus SAFR-032, an 

isolate obtained from an ultraclean spacecraft assembly facility, for which was reported the 

highest degree of spore UV-C254 resistance observed by any Bacillus spp. encountered to date 

(LD90 = 1.7 kJm-2) (Link et al., 2004). Another example of high resistance is known in bacterium 

Deinococcus radiodurans, which exhibits an extraordinary ability to tolerate the lethal effects of 

a variety of DNA-damaging agents, including UV radiation. This organism survives UV-C254 

doses up to 1 kJm-2 (Battista et al., 2000; Chen et al., 2000), which makes this extremophile at 

least 105 times more sensitive to UV radiation than Arabidopsis seeds. We found that even the 

flavonoid-lacking tt4-8 seeds were highly UV-C254 resistant, compared to these stress-tolerant 

organisms. We suggest that several factors contribute to such extreme resistance of plant seeds, 

including the fact that they are multicellular life forms, they contain particularly low water 

content, the protective role of the seed coat, the shielding effect of the multicellular endosperm 

rich in proteins that may absorb UV light, the occurrence of redundancy in genetic information 

that is common in plant genomes, and high efficiency of detoxification and repair systems. In 

this work we demonstrated that UV screening compounds, which accumulate in high 

concentrations in plant seeds, provide an additional level of UV resistance and that flavonoids, as 

the major UV protective compounds in plant seeds, increase the level of UV-C resistance of 

seeds by at least 2 orders of magnitude. 
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19. RESISTANCE OF Arabidopsis SEEDS TO SIMULATED 

POLYCHROMATIC SOLAR UV200-400 RADIATION  

 

Due to its high energy and efficient absorption by many biologically important 

macromolecules, solar UV is considered one of the most deleterious components of solar 

radiation (Nicholson et al., 2005). The UV portion of the extraterrestrial solar spectrum spans the 

wavelength range from about 100 to 400 nm. The highly energetic wavelengths below 290 nm 

currently do not reach the Earth, thanks to the absorption by the protective ozone shield in the 

upper atmosphere. Space experiments have shown that solar UV radiation is the main cause of 

inactivation of microorganisms, such as viruses, bacterial spores and fungal spores, where the 

UV spectral range between 200 and 300 nm was found to have the highest biological 

effectiveness (Lorenz et al., 1969; Horneck et al., 1984a). DNA is considered a prime target for 

UV damage, since the action spectra for decline in viability of microorganisms roughly follow 

the absorption curve of DNA (Horneck, 1993; Horneck et al., 1995; Nicholson et al., 2000). 

Although previous studies on Bacillus spores have shown that UV-C radiation, especially at  

λ = 254 nm, is more effective than UV-B and UV-A light (Riesenman and Nicholson, 2000; 

Slieman and Nicholson, 2000; Slieman and Nicholson, 2001; Moeller et al., 2005), we were 

interested, however, to also examine possible combined effects of the range of wavelengths  

(λ = 200-400 nm) occurring in polychromatic extraterrestrial sunlight. This we considered an 

important issue, especially in view of the simultaneous accumulation of different types of 

molecular damage, including direct and indirect mechanisms of damage to DNA and other 

essential molecules, as well as induction of oxidative damage, for which the wavelength 

dependence was previously demonstrated by Kielbassa et al. (1997) and Ravanat et al. (2001) 

(for details see chapter 1, section 3.3.3 and Fig. 19). In addition, some UV wavelengths play an 

important role in the light-dependant repair processes, which can reverse the DNA damage 

caused by the highly energetic UV radiation (e. g. UV-A light activates the photolyase enzyme, 

involved in the photoreactivation repair) (Britt, 1996; Tuteja et al., 2001; Sinha and Häder, 

2002).  

 

In extraterrestrial environments, deleterious UV radiation is encountered together with 

other harsh conditions. In space, extremely high vacuum can be encountered, which can cause a 

complete desiccation of cells and ultimately death. Acting in combination, polychromatic solar 

UV radiation and high vacuum were found to have a synergistic effect in inactivation of different 

types of microorganisms (Bücker et al., 1974; Horneck et al., 1984b; Weber and Greenberg, 
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1985; Horneck, 1993; Dose et al., 1996; Fekete et al., 2005). On Mars, which has an atmosphere 

rich in CO2 (∼95%), but poor in oxygen and lacking efficient gaseous UV absorbers (e.g. ozone 

shield), high fluxes of deleterious solar UV radiation (λ ∼ 200-400 nm) reach the surface of the 

planet. Up to date, little is known about the combined effects of polychromatic solar UV 

radiation and high concentrations of CO2.  

 

Therefore, in the present study, we further examined the resistance of dry Arabidopsis 

seeds to simulated polychromatic solar UV200-400 light, at fluence as high as 1.5 x 105 kJm-2, 

which corresponded to the expected total fluence of extraterrestrial solar UV200-400 light in the 

EXPOSE experiments after 1.5 years of space mission outside the International Space Station 

(ISS) (for details see chapter 1, section 2). In addition, the integrated fluence of polychromatic 

UV200-400 light was in the range close to that used in our laboratory experiments with quasi-

monochromatic UV-C254 radiation (see discussion above, section 18). However, it is important to 

mention that the partial fluence at λ = 254 nm in simulated polychromatic solar UV200-400 light 

was about 1400 times lower than that for the same wavelength emitted from our monochromatic 

UV-C254 source. Furthermore, we examined the effects of simulated space vacuum and simulated 

CO2 rich Mars atmosphere on dry Arabidopsis seeds, separately, as well as in combination with 

simulated polychromatic solar UV200-400 light. The exposure experiments were performed as part 

of the pre-flight EXPOSE-EVT (Experiment Verification Tests), where two flavonoid-

containing Arabidopsis wild type lines, Ws-2 and Ler-0 were used, together with the flavonoid-

deficient tt4-1 mutant line (Ler-0 accession). The impact of polychromatic UV200-400 light and 

high vacuum or simulated CO2 rich Mars atmosphere was determined at the three plant 

developmental stages: the seed germination, the early-seedling stage and the mature plant 

development. 
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19.1. Effects of simulated polychromatic solar UV200-400 radiation and  

simulated space vacuum on seed resistance 

 

Since an extreme space vacuum per se represents one of the limiting factors for transfer of 

life through space, prior to studying the combined effects of simulated polychromatic solar 

UV200-400 and simulated space vacuum (10-5 Pa), we first examined separately the effects of high 

vacuum on dry Arabidopsis seeds.  

 

19.1.1. Effects of high vacuum 

 

Exposure to space vacuum causes extreme desiccation, leading to a high rate of mutations 

and ultimately to cell death. The mechanisms of DNA damage due to the exposure to vacuum are 

mostly based on desiccation damage, where the removal of water induces changes in the 

structure of DNA, leading to single-strand (ss) and double-strand (ds) breaks. Extreme 

desiccation also affects the integrity of proteins and it may lead to the formation of DNA-protein 

complexes (Nicholson et al., 2000; Tuteja et al., 2001; Fekete et al., 2005). Previous studies on 

the effects of simulated space conditions revealed that extreme desiccation at 10-6 Pa for 24 

hours results in complete killing of Escherichia coli and Halobacterium halobium cells, while 

55% of Clostridium mangenoti spores and 75% of Bacillus subtilis spores survived the exposure 

to a high vacuum (Koike et al., 1992; Nicholson et al., 2000). Space experiments during the 

EURECA mission showed that up to 25% of Bacillus subtilis spores survived after 327 days of 

exposure to high space vacuum (~ 10-5 Pa) (Horneck et al., 1995). However, only 1-2% of non-

protected Bacillus spores resisted after 6 years of exposure to space vacuum during the long 

duration exposure LDEF mission, while embedding of the spores in glucose and salt crystals 

significantly improved their survival (Horneck et al., 1994; Horneck et al., 1995; Horneck, 

1999). Data from several space experiments suggested that there is a slow, but progressive loss 

in the survival of spores as a function of the duration of exposure to high vacuum (Horneck et 

al., 1984b; Horneck et al., 1994; Horneck et al., 1995). On the other hand, it is known that many 

plant seeds are desiccation-tolerant life forms, which have developed efficient mechanisms to 

withstand the loss of the major portion of their water content and are able to survive in the dry 

state for prolonged periods thanks to the formation of intracellular glasses (Tuteja et al., 2001; 

Buitink and Leprince, 2004; Buitink and Leprince 2008; Rajjou and Debeaujon, 2008; and 

references herein). Furthermore, the longevity of many orthodox seeds is improved by 

desiccation and storage under low vacuum and/or cold, permitting long-term seed preservation 
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(Tauer, 1979; Yeh et al., 2005; Sastry et al., 2007). However, little is known about the effects of 

high vacuum on the viability and germination performance of plant seeds.  

 

Our results clearly showed that exposure to a simulated space vacuum (10-5 Pa) for 22 days 

had no adverse effects on Arabidopsis seed germination (Fig. 83A-C), as well as on the 

subsequent development of early-stage seedling (Fig. 88A-C, Fig. 90A-C and Fig. 91A-C) and 

the growth of the mature plants (Fig. 92A-I). The germination tests revealed that seeds exposed 

to vacuum retained their high germination capacity (Gmax%) at about 100% in all three examined 

Arabidopsis lines, including wild type lines Ws-2 and Ler-0, as well as flavonoid-lacking 

mutant, tt4-1 (Fig. 83A-C and Fig. 85A-C). These results are in accordance with previously 

reported data, which indicated that a high vacuum environment at 10-7 Torr (1.33 x 10-5 Pa) has 

no effect on seed germinability in five Japanese crop species (Hashimoto, 2001).  

 

In addition, our results also revealed that high vacuum had a small, but surprisingly 

positive effect on germination speed in Arabidopsis wild type lines, resulting in a slightly faster 

germination of the Ws-2 seeds, while the vacuum treated Ler-0 seeds germinated significantly 

faster (22% decrease in MGT) than the control samples (Fig. 83A-B, Fig. 86A-B and Table 20). 

The inducing effect of high vacuum on germination may be explained by possible mechanical 

weakening (cracking) of the seed coat in treated seeds. It is well known that the scarification or 

removal of the seed coat can promote germination in many plant seeds (Toole et al., 1956; 

Corbineau and Côme, 1995; Geneve, 1998). Depending on their structure and chemical 

composition, seed coats represent the germination constraints mostly by being impermeable to 

water and gases (notably oxygen), or by their mechanical resistance to radicle protrusion 

(Corbineau and Côme, 1995; Debeaujon et al., 2000). For details about seed coat effects on seed 

germination see chapter 1, section 4.2.3.3. Besides a direct physical effect on seed germination, 

other effects of exposure to vacuum, related to oxygen deprivation and extreme desiccation 

should be also considered. The response of seeds to anoxia is generally species-dependent, e.g. 

some nondormant seeds lose their ability to germinate because they enter into secondary 

dormancy, while some dormant seeds in other species become able to germinate when subjected 

to anoxic conditions (Côme, 1982; Côme et al., 1991; Corbineau and Côme, 1995). Oxygen 

deprivation may result in the production of ethanol by fermentation. Ethanol accumulation in 

anoxic conditions might break dormancy and stimulate germination in various seeds. (Corbineau 

et al., 1991; Corbineau and Côme, 1995). In addition, oxygen deprivation likely promotes the 

production of ethylene, once the seeds have been removed from anoxic conditions and exposed 

to the air (Lieberman, 1979; Corbineau and Côme, 1995). The increased production of ethylene, 
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which is an important phytohormone, may facilitate the germination in many plant seeds 

(Corbineau and Côme, 1995). On the other hand, the exposure of seeds to high vacuum may lead 

to a massive water loss, as reported by Hashimoto (2001), who observed an important weight 

reduction in seeds that were kept under high vacuum. Since the water potential gradient between 

the seed and its surrounding is a driving force for the water uptake, which is necessary for 

promoting germination, drier seeds that were exposed to vacuum may exhibit faster germination 

due to a greater water potential gradient (Bewley and Black, 1994a). In contrast, drying of seeds 

beyond the critical water content may result in a higher level of desiccation damage, particularly 

by inducing irreversible peroxidative damage to membrane lipids, DNA damage and alternations 

in protein structures (Tuteja et al., 2001; Walters et al., 2002). Nevertheless, most plant seeds 

possess a high desiccation tolerance (Tuteja et al., 2001; Buitink et al., 2002; Walters et al., 

2002; Buitink and Leprince, 2004). Seeds are rich in soluble carbohydrates, such as sucrose and 

raffinose family oligosaccharides (RFOs), which together with a specific group of proteins (e.g. 

LEA proteins), form an intracellular glassy matrix, which improves the stability of 

macromolecules and their complexes within desiccated cells (Bewley and Black, 1994a; Buitink 

et al., 2002; Buitink and Leprince, 2004; Buitink and Leprince, 2008). Thus, mature dry seeds 

are adapted to tolerate a low water content that occurs under normal physiological conditions, e. 

g. Arabidopsis seeds in our experiment contained only 6-7% water prior to the vacuum 

treatment.  

 

Our results further indicated that even the flavonoid-lacking tt4-1 seeds exhibit a high level 

of resistance to simulated space vacuum, since both the germination capacity and the seed vigour 

remained unaltered after the treatment. Unlike in the wild-type Ws-2 and Ler-0 seeds, the 

vacuum treatment of the tt4-1 seeds did not result in faster germination speed (Fig. 83C and Fig. 

86C). This could be explained by initially greater permeability of the flavonoid-lacking seed 

coats to water and oxygen in untreated tt4-1 seeds, in contrast to the impermeable seed coats of 

the wild type seeds.  

 

Since we expected that during the EXPOSE space missions outside the ISS, our seed 

samples would be exposed to a pressure of about 10-5 Pa, we concluded that space vacuum alone 

would probably not be detrimental factor for the survival of Arabidopsis seeds. This estimation is 

consistent with results obtained from previous space experiments, which showed that various 

plant seeds survived exposure to space vacuum for the almost 6 years of the LDEF mission 

(Alston, 1991; Musgrave, 2002). In addition, Anikeeva et al. (1990) reported that vacuum and 
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low temperatures alone were not among those space environment factors that had the adverse 

effects on Arabidopsis seeds flown for 13 days aboard the biosatellite Kosmos 1887.  

 

19.1.2. Combined effects of polychromatic UV200-400 light and high vacuum 

 

The space experiments, as well as simulation experiments, revealed that the inactivating 

effect of polychromatic solar UV radiation was increased by simultaneous exposure to space 

vacuum (Horneck et al., 1984b; Weber and Greenberg, 1985). For instance, there was reported a 

tenfold increase in the UV-sensitivity of Bacillus subtilis spores when they were simultaneously 

exposed to space vacuum and solar UV radiation, compared to the samples that were exposed 

solely to solar UV light (Bücker et al., 1974; Horneck et al., 1995; Horneck, 1999). It was 

previously suggested that the formation of “vacuum-specific” photoproducts in DNA, as well as 

DNA protein cross-linking and DNA strand breaks are among the most severe injuries that are 

less amenable to cellular repair processes (Lindberg and Horneck, 1991; Horneck, 1993; 

Horneck et al., 1995). The same effect of increased photosensitivity due to desiccation damage 

caused by simultaneous exposure to vacuum was also described for bacterial cells of highly 

resistant Deinococcus radiodurans, conidia of fungus Aspergillus ochraceus, viral particles of 

bacteriophage T7 and dry films of DNA (Dose et al., 1995; Dose et al., 1996; Fekete et al., 

2005). We therefore examined the combined effects of simulated polychromatic solar UV200-400 

(1.5 x 105 kJm-2) and simulated space vacuum (10-5 Pa) on dry Arabidopsis Ws-2, Ler-0 and tt4-

1 seeds (Ler-0 accession).  

 

The germination stage 

 

Simultaneous exposure to polychromatic UV200-400 light (1.5 x 105 kJm-2) and high vacuum 

had no effects on germination capacity of the flavonoid-containing Ws-2 and Ler-0 wild type 

seeds, which reached high Gmax% in both seed lines (Fig. 83A-B and Fig. 85A-B). However, the 

germination dynamics was markedly affected in the Ws-2 and Ler-0 seeds after exposure to 

polychromatic UV200-400 light under simulated space vacuum (Fig. 83A-B and Table 20). These 

seeds germinated much slower than the control samples (78% and 165% increase in MGT, 

respectively), as well as the seeds that were exposed solely to simulated space vacuum (Fig. 

86A-B). A significant increase in the MGT, which was also observed for the T50% parameter 

(Table 20), was mostly due to a delayed start of germination in exposed Ws-2 (7 hours of delay) 

and Ler-0 (24 hours delay) seed samples (Fig. 83A-B). This delay in radicle emergence might be 

due to a longer time required for DNA repair in the embryos, prior to entering in the process of 
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DNA replication and subsequent cell division that are necessary for normal seedling growth. 

Lower germination uniformity (increase in T25-75%) contributed to a lesser extent to the overall 

slower germination in exposed Ws-2 seeds, but it had a greater contribution, together with the 

delayed start of germination, in overall decrease of germination speed in Ler-0 seeds (Table 20). 

Since the exposure of seeds to only simulated space vacuum did not have any adverse effect on 

seed germination (see discussion above), we assumed that the observed change in germination 

dynamics in both the Ws-2 and Ler-0 seeds were due to the effects of polychromatic UV200-400 

light.  

 

Our results indicated that irradiated Ler-0 wild type seeds, in spite of high germinability, 

they had lower vigour than the Ws-2 seeds, and thus were less resistant to polychromatic  

UV200-400 light. This difference is likely due to naturally occurring genetic variations, observed 

among different ecotypes of Arabidopsis thaliana, regarding the plant resistance to diverse biotic 

and abiotic stresses (Koornneef et al., 2004). Variations in plant response to UV radiation were 

also reported among Arabidopsis Ws, Col-0 and Ler-0 wild ecotypes (Cooley et al., 2001). We 

have already observed the occurrence of the ecotypic differences between the Ws-2 and Col-0 

wild type lines in seed resistance to quasi-monochromatic UV-C radiation (for details see 

discussion above, sections 18.2 and 18.3). We suggested that the variations in the response of 

these two seed lines to polychromatic UV200-400 radiation might be due to differences in the 

chemical and biochemical composition of seeds and/or differences in the efficiency of 

detoxification and repair systems, activated after seed imbibition. Further comparative studies at 

molecular level (e.g. types and number of DNA lesions, expression and activity of antioxidant 

enzymes POD, CAT and SOD etc.), as well as further chemical studies of seed composition are 

necessary in order to determine the origin of ecotypic differences between Ws-2 and Ler-0 lines.  

 

Nevertheless, previously chemical studies reported small differences in the flavonoid 

content of Ws-2 and Ler-0 seeds. Although these two ecotypes accumulate similar amounts of 

the total seed flavonids, the Ler-0 seeds accumulate less flavonols (∼5.8 mg g-1 seeds) than the 

Ws-2 seeds (∼7.4 mg g-1 seeds), particularly quercetin-3-O-rhamnoside (known as quercitrin) 

and its derivative quercetrin-di-rhamnoside, which are the two main flavonols in Arabidopsis 

seeds (Lepiniec et al., 2006; Routaboul et al., 2006). On the other hand, the Ler-0 seeds contain 

more proanthocyanidins (∼9 mg g-1 seeds) in comparison to the Ws-2 seeds (∼7 mg g-1 seeds) 

(Lepiniec et al., 2006; Routaboul et al., 2006). Compared to our results, these reported data 

might indicate the importance of flavonols, and particularly quercitrin, which accumulates in 

high concentration in seed coat, in a direct UV-screening protection of Arabidopsis seeds.  
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In contrast to the flavonoid-containing seeds, simultaneous exposure to polychromatic UV 

light and high vacuum had a dramatic impact on flavonoid-lacking tt4-1 seeds, since the 

germination of exposed seeds was entirely inhibited (Gmax% = 0%), as seen in Fig. 83C. In 

addition, the TZ test showed that all the irradiated tt4-1 seeds that remained ungerminated, were 

in fact metabolically dead (Fig. 87). Since our results clearly indicated that a simulated space 

vacuum alone had no effect on the germination of the tt4-1 seeds, it was important to examine 

whether the inhibition of germination was caused uniquely by polychromatic UV200-400 light or 

by possible synergistic action of high vacuum and UV radiation. The same result, Gmax% = 0%, 

was obtained after the exposure of the tt4-1 seeds to polychromatic UV200-400 light in air under 

atmospheric pressure (Fig. 84). We therefore concluded that polychromatic UV200-400 radiation 

alone had a deleterious effect on the flavonoid-deficient seeds, such as to cause the accumulation 

of severe and unrepairable UV-induced damage that killed all irradiated seeds. Since the tt4-1 

seeds contain normal level of sinapate esters (Shirley et al., 1995), our results confirmed the 

importance of flavonoids as the major UV-screening compounds that efficiently protect 

Arabidopsis seeds not only from monochromatic UV-C254 light (see discussion above, section 

18), but also from highly energetic polychromatic solar UV200-400 light.  

 

The early-seedling stage 

 

We found that 72% of the Ws-2 and 59% of the Ler-0 seeds that were exposed to 

polychromatic UV200-400 radiation (1.5 x 105 kJm-2) under simulated space vacuum germinated 

into normal seedlings (Fig. 88A-B). However, we also observed a significant increase in the 

percentage of abnormal seedlings in the population of irradiated Ws-2 and Ler-0 seeds (Fig. 

90A-B). The abnormally developed Ws-2 and Ler-0 seedlings mostly exhibited short or twisted 

hypocotyls (Fig. 89C), and some of them, besides changed hypocotyl morphology, developed 

short roots (Fig. 89D). The inhibitory effect of polychromatic UV200-400 radiation on root growth 

occurred even in the population of normally developed seedlings, where a significant reduction 

in root length was measured for both the Ws-2 (26%) and Ler-0 (60%) lines (Fig. 91A-B). We 

found that similarly to the germination stage, the Ler-0 wild type line exhibited higher sensitivity 

to polychromatic UV200-400 light, compared to the Ws-0 wild type line. Furthermore, our results 

indicated that the morphological changes to essential seedling structures are caused by exposure 

to polychromatic UV200-400 radiation, while simulated space vacuum had no effect on seedling 

development. Our findings are in accordance with previous studies that reported the inhibitory 

effects of UV radiation on hypocotyl elongation and root growth in irradiated seedlings 
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(Lapointe et al., 1996; Kobzar et al., 1998; Hirokazu et al., 1999; Shinkle et al., 2005; Al 

Khateeb and Schroeder, 2009), as well as with our studies on the effects of monochromatic UV-

C254 light on Arabidopsis early-stage seedlings developed from irradiated seeds (see discussion 

above, section 18). Interestingly, we found that exposure of the Ws-2 wild type seeds to 

polychromatic UV200-400 radiation at a total fluence in the range of 105 kJm-2 results in less 

damage to early-stage seedlings (detected as a lower percentage of abnormal seedlings and less 

severe types of seedling damage) than in the case of exposure of the Ws-2 seeds to 

monochromatic UV-C254 light with a fluence in a similar range (compare Fig. 72E with Fig. 

88A, and Fig. 76E with Fig. 90A). This phenomenon may be explained by the fact that the 

partial fluence at λ = 254 nm in polychromatic UV200-400 light was 1400 times lower than the 

fluence of quasi-monochromatic UV-C254 light, which probably had potentially high damaging 

direct effects on DNA. 

 

The stage of plant development 

 

In spite of high germinability in vitro, the polychromatic UV200-400 light had a strong 

impact on subsequent survival of in-soil grown plants, developed from exposed Ws-2 and Ler-0 

seeds (Fig. 92A-B). Only 36% of the plants survived in the exposed Ws-2 sample, while 

curiously better survival was observed for Ler-0 plants (53%) (Table 21). This might indicate 

that the Ler-0 wild type, although less resistant at the germination and early-seedling 

developmental stages, exhibited better performance at the stage of plant development than the 

Ws-2 wild type. Furthermore, we found that in spite of the adverse effect on in-soil plant 

survival, polychromatic UV200-400 light did not affect the reproductive output in the Ws-2 line, 

since all of the surviving plants developed finally into the mature plants, capable of producing 

the progeny (Fig. 92D). Nevertheless, polychromatic UV200-400 light did reduce the percentage of 

fertile plants in the Ler-0 line (Fig. 92E). In contrast to high doses of monochromatic UV-C254 

radiation (up to 6 x 105 kJm-2), polychromatic UV200-400 light (1.5 x 105 kJm-2) did not affect 

vegetative plant growth in both the Arabidopsis wild type lines (Fig. 92G and H). In-soil 

experiments also confirmed that polychromatic UV200-400 light had dramatically adverse effect on 

the flavonoid-deficient tt4-1 mutant, since no germinants were observed after the irradiation to 

polychromatic UV200-400 light separately or in combination with high vacuum. 



PART II / Chapter 6 DISCUSSION II 361 

 

 

Concluding remarks (8) 

 

We demonstrated that simulated space vacuum alone, known to cause a complete 

desiccation, killing all vegetative bacterial cells and a considerable portion of Bacillus spores 

within several hours, had no adverse effects on Arabidopsis seeds even after 22 days of 

treatment. All Arabidopsis seed lines, including two wild type lines, Ws-2 and Ler-0, as well as 

the flavonoid-lacking mutant, tt4-1, exhibited a high resistance to extremely low pressure (10-5 

Pa), expected during EXPOSE space mission. After the exposure, all seeds retained a high 

germinability (Gmax% ≈ 100%) and showed an excellent germination performance. In addition, all 

germinated vacuum-treated seeds developed into normal seedlings and further into normal 

mature plants with good reproductive capacity.  

 

Our results revealed remarkably high resistance of Arabidopsis wild type seeds to 

combined effects of simulated polychromatic solar UV200-400 radiation (1.5 x 105 kJm-2) and 

simulated space vacuum (10-5 Pa), both in the range of values expected for the EXPOSE 

missions. Simultaneous exposure to polychromatic UV200-400 radiation and high vacuum had no 

effect on germinability of the Ws-2 and Ler-0 wild type seeds (Gmax% = 92 and 98%, 

respectively). Regardless of their high germination capacity, we observed a significant decline in 

seed vigour, which was manifested through a slower germination (increase in MGT), delayed 

start of germination and lower germination uniformity (increase in T25-75%) in both the Ws-2 and 

Ler-0 samples. Since the exposure of seeds to only simulated space vacuum did not have any 

adverse effect, we concluded that observed change in germination behaviour is due to the effect 

of polychromatic UV200-400 radiation. We assumed that the delay in radicle emergence in 

irradiated seeds is likely due to a longer time required to cope with accumulated UV-induced 

molecular damage (DNA repair and de novo synthesis of proteins and RNAs etc.). The Ler-0 

ecotype appeared more sensitive to polychromatic UV200-400 radiation, since it exhibited more 

pronounced decline in the seed vigour, compared to the Ws-2 ectype. The differences in the 

sensitivity for these two wild types were also detected at the subsequent developmental stage, the 

early-seedling development. Irradiated Ler-0 seeds developed more abnormal seedlings than the 

Ws-2 ecotype (39% and 20%, respectively). We assumed that observed differences in the UV 

response between these two wild types are probably due to naturally occurring ecotypic 

variations (e.g. Ler-0 seeds contain 22% less flavonols, particularly quercetin-3-O rhamnoside 

and quercetin-di-rhamnoside, Routaboul et al., 2006). Damaged seedlings exhibited mostly 

changes in hypocotyl (short or twisted) and root growth (short primary roots). The inhibitory 

effect of polychromatic UV200-400 radiation on root growth occurred even in the population of 
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normally developed seedlings. This might be the cause of relatively low percentage (53% Ler-0 

and 36% Ws-2) of survived soil-grown plants that were developed from irradiated seeds.  

 

In contrast to flavonoid-containing wild type seeds, simulated polychromatic solar  

UV200-400 light in combination with simulated space vacuum had a dramatic effect on the 

flavonoid-lacking tt4-1 seeds (Ler-0 accession), since no viable seeds were detected in irradiated 

sample. The same result was also obtained after the exposure of the tt4-1 seeds only to 

polychromatic solar UV200-400 light. Therefore, the deleterious effect was attributed solely to 

polychromatic UV200-400 light, while the effect of high vacuum or possible synergistic action of 

these two parameters is here excluded. These results clearly demonstrate the importance of 

flavonoids in UV screening protection of plant seeds. Since the partial fluence at λ = 254 nm in 

simulated polychromatic solar UV200-400 light was about 1400 times lower than for the same 

wavelength emitted from our quasi-monochromatic UV-C254 source, we concluded that 

flavonoids are not only good protectors against the critical UV-C254 wavelength, but they likely 

provide efficient protection all through the UV-C part of spectrum, as well as in the UV-B and 

UV-A wavebands that are part of polychromatic UV light. 

 

At the germination and the early-seedling stage, we determined the scale of UV200-400 

resistance for different Arabidopsis genotypes as follows: Ws-2 > Ler-0 >> tt4-1. 

 

However, at the stage of mature plant development we determined the following scale of 

UV200-400 resistance: Ler-0 > Ws-2 >> tt4-1. 
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19.2. Effects of simulated polychromatic solar UV200-400 radiation and simulated 

Mars CO2 atmosphere*1 

 

UV radiation in extraterrestrial environments is different from that encountered on the 

surface of present-day Earth. The UV flux on the surfaces of planetary bodies is predominantly 

determined by the composition of the atmosphere. Mars has a relatively thin atmosphere that has 

about one hundredth of the total atmospheric pressure on Earth. The Martian atmosphere is 

composed predominantly of CO2 (95%) and low concentrations of N2 (2.7%) and Ar (1.6%), 

with traces of O2 (0.13%), CO (0.07%) and water vapour (0.03%) (Faure and Mensing, 2007b; 

Barlow, 2008). Unlike the Earth, Mars does not have a significant atmospheric ozone layer. 

Therefore, in addition to the UV-A (280-365 nm) part of the spectrum, the UV-B (280-315 nm) 

and UV-C (200-280 nm) wavebands of solar radiation reach the surface of Mars relatively 

unattenuated (Fig. 14, chapter 1, section 3.3.1.2) (Cockell, 2001b). Because UV radiation below 

195 nm is absorbed by atmospheric CO2, the VUV (< 200 nm) part of the solar spectrum is not 

of concern in the Martian surface environment (Cockell, 2001b; Cockell, 2001c). Even though 

Mars receives about half as much total solar radiation of Earth, the amounts of UV radiation at 

the Martian surface are much higher (Thomas et al., 2006). It is estimated that the biologically 

effective irradiance (DNA-weighted damage) on Mars is approximately 1000 times higher than 

on the surface of the Earth under a worst-case scenario, and it is calculated that almost 78% of 

this damage would be caused by the UV-C part of the spectrum (Cockell et al., 2000; Cockell, 

2001b). In past years, several photobiological and dosimetric studies were undertaken under 

simulated Mars conditions to determine the effects of a variety of Martian environmental 

parameters on the growth and survival of terrestrial microorganisms. These studies aimed to 

estimate the possibility of existence of any past or present life on Mars, to evaluate the chances 

of the survival of terrestrial microbial contaminants dispersed during the course of human 

exploration missions on Mars, or even to determine the suitability of potential pioneering 

terrestrial life forms for future controlled colonization and terraforming of Mars (Schwartzkopf 

and Mancinelli, 1991; Mancinelli and Klovstad, 2000; Schuerger et al., 2003; Cockell et al., 

2005; Thomas et al., 2006; Osman et al., 2008). The combination of parameters, characteristic 

for a harsh Martian environment, including the low temperature, low atmospheric pressure, low 

moisture, high atmospheric CO2 and high UV flux is not experienced by any known Earth 

organism. Nevertheless, a variety of microorganisms are demonstrated to survive the freeze-thaw 

cycles from +25 to -60°C, low atmospheric pressures down to 10 mb, and levels of moisture in 

                                                 
1 Mars CO2 atmosphere* was simulated only in view of its composition (95.56% CO2, 2.72% N2, 1.56% Ar and 
0.16% O2), but not the pressure, since all experiments were performed at 1 atm (101.3 kPa) instead of 600 Pa. 
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soils of ∼0.5% (Mancinelli and Klovstad, 2000, and references therein). Up to now, no terrestrial 

organism is known to survive exposure to sterilizing Martian UV flux . Even Bacillus spores, 

known to be among the most resistant terrestrial life forms, are completely killed within minutes 

of exposure to simulated Martian UV radiation (Schuerger et al., 2003; Osman et al., 2008).  

 

In this work we demonstrated that plant seeds are particularly resistant life forms capable 

of surviving temperature extremes (see Annex C), extreme desiccation at extremely low pressure 

of simulated space vacuum (section 19.1.1), as well as extremely high fluences of 

monochromatic UV-C254 (section 18.3) and polychromatic UV200-400 radiation (section 19.1.2). 

Therefore we aimed to further examine the effects of simulated polychromatic solar UV200-400 

radiation in combination with a simulated Mars CO2 atmosphere* on resistance of dry 

Arabidopsis seeds. However, the conditions of the simulated Mars atmosphere in our experiment 

differed from those present on Mars, since the total pressure of 6 mb (600 Pa) had unfortunately 

to be replaced by a pressure of 1 atm (~ 101.3 kPa) due to the technical problems encountered 

during the EVT experiments (for details see chapter 2, sections 8.1.2.2.4 and 8.1.2.2.5). Because 

we consider only the effects of the composition of CO2 rich atmosphere, excluding possible 

effects of a low total atmospheric pressure, in this report, we use the term simulated Mars CO2 

atmosphere*12. Previously reported data showed that the exposure to a low pressure atmosphere 

of 60 mb (Earth atmospheric composition) does not inhibit the germination of wheat seeds, while 

exposure to a CO2 rich atmosphere (simulated Mars atmosphere), both at low and high pressure, 

has a significant effect on seed germination (Schwartzkopf and Mancinelli, 1991). In addition, in 

the present work we showed that Arabidopsis seeds are resistant to extremely low pressure, such 

as simulated space vacuum (10-5 Pa) (see discussion in section 19.1.1), which is about 7 orders of 

magnitude lower than that of the Martian atmosphere. Therefore, we assumed that the effect of 

specific composition of Martian atmosphere (∼ 95% CO2) is of greater concern for our 

experimental model (Arabidopsis seeds) than the effect of low-pressure atmosphere.  

 

19.2.1. Effects of CO2 rich atmosphere 

 

Several authors reviewed the plant responses to elevated atmospheric CO2 in the context of 

ecological studies (Goudriaan and Unsworth, 1990; Lawlor and Mitchell, 1991; Rozema et al., 

1997a). Plants respond generally positively to higher atmospheric CO2 concentrations (Rozema 

et al., 1997a). The most known responses to elevated CO2 include an increase in the rate of net 

photosynthesis and enhanced growth in various plant species (Rozema et al., 1997a; Ward and 

Strain, 1999). The germination process in seeds has been much less studied than plant growth 
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with respect to elevated CO2 concentrations. Although beneficial effects on seed longevity by 

long-term seed storage under a pure CO2 atmosphere have been reported in various plant species 

(Sayre, 1940; Barton, 1953; Harrison, 1956; Doijode, 2001), higher concentrations of CO2 may 

have some effects on subsequent germination process. Here two effects should be considered, a 

direct action of high CO2 concentrations on seed metabolism and, on the other hand, an effect of 

oxygen deprivation in seeds that are placed in atmospheres rich in CO2. The latter also concerned 

our study on the effects of high vacuum on dry Arabidopsis seeds (see section 19.1.1). During 

the germination under normal physiological conditions, O2 is required for the respiration of 

imbibed seeds, while CO2 and ethylene, which are released as the result of metabolic activity, 

may also interact with seed dormancy and germination (Corbineau and Côme, 1995). The effects 

of O2 and CO2 concentrations on germination are rather complex and not fully understood. Low 

O2 availability during the imbibition phase reduces or even inhibits germination in most species 

(Hadas, 2004). On the other hand, increased concentrations of CO2 have been shown to stimulate 

the germination of various seeds (reviewed by Corbineau and Côme, 1995). The effects of 

elevated CO2 often interact with those of ethylene, since CO2 enhances the production of 

ethylene in plants. Both gases might stimulate seed germination acting either in an additive or a 

synergistic manner (Corbineau and Côme, 1995). Regardless of that, several studies reported 

inconsistent results on the effect of elevated CO2 on germination, ranging from the positive 

(Wulff and Alexander, 1985), neutral (Garbutt et al., 1990) or even negative effects (Andalo et 

al., 1996), depending on the plant species. It seems that only low concentrations of CO2 (0.5-5%) 

can stimulate germination, while higher concentrations (above 10%) have rather inhibitory effect 

on seed germination (Corbineau and Côme, 1995). Therefore, in the present work, we considered 

necessary to better examine the effects of CO2 rich atmosphere (96% CO2) on Arabidopsis dry 

seeds, studying the processes of seed germination and early-seedling development. The stage of 

plant development, however, was not examined in this study.  

 

The germination stage 

 

In our experiments, dry seeds of Arabidopsis thaliana were first exposed to a CO2 rich 

atmosphere (96% CO2) for 21 days and then germinated under normal Earth atmosphere. Our 

results showed that the simulated Mars CO2 atmosphere* (96% CO2) did not affect germination 

capacity (Gmax% = 98%) nor the germination dynamics in the Ws-2 wild type seeds (Fig. 85D 

and Fig. 86D, respectively).  
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A surprisingly different result was obtained after the treatment of the second wild type, the 

Ler-0 seeds. Although, the germination capacity remained unaltered and reached a high level 

(Fig. 85E), the germination speed was seriously affected after the exposure of the Ler-0 seeds to 

the simulated Mars CO2 atmosphere (a two-fold increase in MGT) (Fig. 86E). A similar result 

was obtained measuring the T50% parameter of germination dynamics for treated Ler-0 seeds 

(Table 20). Nevertheless, the other parameters of germination dynamics, the T25-75% and the 

skewness of germination curve, did not differ from the control sample (Table 20). These results 

indicated that after the exposure to simulated Mars CO2 atmosphere*, the Ler-0 seeds still 

retained high germination uniformity, and the overall germination process was slower mostly 

due to the delayed start of germination (about 8 hours) (Fig. 83B). Our results correlates partially 

with that obtained by Andalo et al. (1996), who reported that elevated atmospheric CO2 

concentrations likely reduce the seed quality in Arabidopsis thaliana. They demonstrated that 

Arabidopsis seeds produced under elevated CO2 germinate slower. However, they also reported 

that the total germination percentage is also lower in these seeds, what was not observed in our 

study. On the other hand, seeds that are produced under normal atmospheric conditions, and 

germinated under elevated CO2, exhibited an unaltered total germination percentage, but 

significantly faster germination (Andalo et al., 1996). The same authors reported significant 

variations in the response of seeds to elevated CO2 in different genotypes of Arabidopsis 

thaliana, isolated from natural populations. This correlates with unexpected differences in the 

response of the Ws-2 and Ler-0 seeds exposed to the simulated Mars CO2 atmosphere*. It 

suggested that observed differences in the CO2-treated Ws-2 and Ler-0 seeds have likely a 

genetic origin (ecotypic variations). This result might be of concern for the practice of long-term 

seed storage under a pure CO2 atmosphere. Since we found that sensitivity to CO2 is not only 

species-specific, but also ecotype-specific, we suggest that the usage of any other inert gasous 

atmosphere, such as N2, Ar or vacuum, would be more suitable for the long-term storage of 

seeds. 

 

Previous studies have shown that the low partial pressure of O2 and the high partial 

pressure of CO2 in the simulated Mars atmosphere are the two major factors inhibiting the 

germination of wheat seeds (Schwartzkopf and Mancinelli, 1991). However, the same authors 

reported that treatment with simulated Mars atmosphere does not have a lethal effect on wheat 

seeds, since these seeds retained their germinability upon their return to a normal Earth 

atmosphere. In an effort to elucidate the inconsistency of the effects of CO2 on seed germination, 

Yoshioka et al. (1995) found that CO2 stimulates the germination under normal physiological 

conditions, but it promotes the secondary dormancy as a response to exposure of seeds to 
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unfavourable conditions. For instance, the same authors demonstrated the induction of secondary 

dormancy in seeds that were pre-exposed to CO2 and subsequently subjected to water stress, 

hypoxia or an increased concentration of ABA, which is a germination-inhibitory phytohormone. 

Therefore, we concluded that CO2 likely acts as an inhibitor of germination in the Ler-0 line, 

probably promoting the secondary dormancy in the Ler-0 seeds after the exposure to extremely 

hypoxic condition, such as the simulated Mars CO2 atmosphere*. In contrast, the Ws-2 seeds 

appeared to be insensitive to the action of CO2.  

 

Furthermore, our results revealed an unexpectedly high sensitivity of dry Arabidopsis tt4-1 

seeds (Ler-0 background) to the simulated Mars CO2 atmosphere* (Fig. 83C). After the 

exposure to CO2 rich atmosphere, these flavonoid-lacking seeds exhibited a significant decline in 

their germination capacity (Gmax% = 60%), as shown in Fig. 85F. In addition, these seeds 

germinated much slower after the exposure to high CO2 partial pressure (137% increase in 

MGT) (Fig. 86F). Other parameters of germination dynamics in the exposed tt4-1 seeds revealed 

that CO2 did not slow down the germination of the tt4-1 seeds only by simply delaying the start 

of germination (11.5 hours of delay), but also by decreasing the germination uniformity, 

especially in the first half of the germination process (Table 20). In addition to its Ler-0-based 

genotype, which appeared more sensitive than the Ws-2 genotype, the extreme CO2 sensitivity of 

the tt4-1 seeds might be also related to a greater seed coat permeability in this flavonoid-lacking 

mutant, which facilitates gas exchange between the embryo and its environment (Debeaujon et 

al., 2000; Debeaujon et al., 2001; Debeaujon et al., 2007). Therefore, being long-term exposed to 

the simulated Mars CO2 atmosphere*, the tt4-1 embryos were likely subjected to a much higher 

concentration of CO2 than the wild type embryos. However, it remains unclear whether the high 

concentration of CO2 has only an inhibitory effect on germination or whether it has also a toxic 

effect on tt4-1 seeds (the effect known under the term CO2 narcosis). Since the viability of CO2-

exposed tt4-1 seeds was not examined by the TZ test, it is unknown whether the ungerminated 

tt4-1 seeds were killed or just metabolically arrested due to the CO2-induced secondary 

dormancy. 

 

The early-seedling stage 

 

In spite of the changes observed in germination dynamics of Ler-0 seeds, the subsequent 

early-seedling development in both, the Ws-2 and Ler-0 wild type lines, was not affected by the 

exposure of Arabidopsis seeds to high CO2 concentration (simulated Mars CO2 atmosphere*). 

Almost all treated seeds germinated into normal seedlings (Fig. 88D-E and Fig. 90D-E). It 
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indicated that although treated Ler-0 seeds germinated slower, these seeds did not experience a 

significant decline in the seed vigour after the 21-days-exposure to simulated Mars CO2 

atmosphere*. It means that the treatment with high concentrations of CO2 had probably only an 

inhibitory effect on germination, rather than damaging effect on the exposed Ler-0 seeds. 

However, to confirm this assumption, further studies are necessary, including the determination 

of the level and nature of possible molecular damage in CO2-treated seeds e.g. before imbibition 

(in dry exposed seeds) and after germination (in seedlings developed from exposed seeds). 

Furthermore, it would be also interesting to determine the activity of repair and detoxification 

enzymes. The treatment with germination-promoting phytohormones e.g. gibberellins (GAs) and 

ethylene might reveal the state of dormancy in CO2-treated Ler-0 seeds, providing more 

information about assumed germination-inhibitory action of high CO2 concentrations. 

 

On the other hand, we found that CO2 treatment had an effect on root growth, but only in 

the Ler-0 ecotype, in which normally developed seedlings in the population had in average a 

significantly shorter primary roots (root length reduced by 26%) (Fig. 91E). This result 

contradicts the overall belief that elevated atmospheric CO2 stimulates root growth in plants (Del 

Castillo et al., 1989; Rogers et al., 1992a; Rogers et al., 1992b). Crookshanks et al. (1998) 

observed significant developmental changes in the roots of early-stage Arabidopsis seedlings, 

reporting an increase in root length, higher root extension rate and enhanced root branching in 

the seedlings that were exposed to elevated CO2. However, these authors measured the effects of 

much lower CO2 concentration (2x CO2 Earth atmosphere that equals ~ 0.07%), compared to the 

simulated Mars CO2 atmosphere* (96% CO2) that was used in our experiments. In addition, 

stimulating effects of CO2 on root growth have been found to be related to enhanced carbon 

transport to roots upon the exposure of aerial parts of plants to elevated CO2 (Crookshanks et al., 

1998). The metabolism and response to higher concentrations of CO2 are likely different in plant 

seeds, compared to the vegetative parts of plants. For instance, Andalo et al. (1998) reported that 

root length and branching are reduced in Arabidopsis seedlings, grown from seeds that have been 

produced under the atmosphere with elevated CO2. These findings are in agreement with our 

results on the effects of CO2 on root shortening observed in the Ler-0 ecotype. In contrast, no 

effects on root growth were observed in the Ws-2 seedlings (Fig. 91D), confirming the 

occurrence of genetic variability between these two Arabidopsis ecotypes. Even at the stage of 

early-seedling development, the Ws-2 wild type line appeared more robust than the Ler-0 

ecotype, being insensitive to high concentrations of CO2. 
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Similarly to the germination results, the early-seedling stage revealed increased sensitivity 

of the flavonoid-lacking tt4-1 mutant to the simulated Mars CO2 atmosphere*. Besides inhibition 

of germination, the exposure of the tt4-1 seeds to a high CO2 concentration induced the 

development of abnormal seedlings, mostly with short or twisted hypocotyl (Fig. 90F). Thus, 

only 55% of CO2-exposed tt4-1 seeds grew into normal seedlings (Fig. 88F). Similarly to the 

effects in the Ler-0 background, high CO2 concentration also caused root shortening (root length 

reduced by 24%) in seedlings of this flavonoid-lacking mutant (Fig. 91F). 

 

 

19.2.2. Combined effects of polychromatic UV200-400 light and  

CO2 rich atmosphere 

 

In this work we also examined possible combined effects of polychromatic UV200-400 

radiation and simulated Mars CO2 atmosphere* on Arabidopsis seeds. These effects were studied 

at the two developmental stages: the stage of seed germination and the stage of early-seedling 

development. Relatively little is known about combined effects of CO2 and UV radiation on 

plant growth and development. Few previous studies concern the ecological problems of climate 

change on Earth in relation to the effects of elevated Earth atmospheric CO2 and increased solar 

UV radiation on terrestrial biota (reviewed by Rozema et al., 1997). Since many plants respond 

positively to elevated atmospheric CO2 and negatively to enhanced UV-B radiation, most studies 

have reported no significant net effects on plant growth (Rozema et al., 1997a). To our 

knowledge, no studies on the combined effects of high concentrations of CO2 and polychromatic 

UV radiation on dry plant seeds have been published yet.  

 

The germination stage 

 

Our results showed that simultaneous exposure to extremely energetic polychromatic 

UV200-400 light (1.5 x 105 kJm-2) and simulated Mars CO2 atmosphere (96% CO2) had no effects 

on germinability of the Ws-2 wild type seeds, which regardless of the exposure, reached a high 

Gmax% = 97% (Fig. 83A and Fig. 85D). However, the germination dynamics in exposed Ws-2 

seeds were significantly altered. These seeds germinated slower, having a relative increase of 

72% in MGT (Fig. 86D) and a delay in germination start of about 6 hours (Fig. 83A). 

Nevertheless, comparing the shapes of the germination curves (Fig. 83A), the germination 

capacity (Fig. 85A and D) and the speed of germination (Fig. 86A and D) of the Ws-2 seeds that 

were irradiated under the simulated Mars CO2 atmosphere* and those that were irradiated under 
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the simulated space vacuum, we concluded that these two samples share a similar germination 

behaviour. This result, together with the fact that neither high vacuum nor simulated Mars CO2 

atmosphere* alone affected the germination of the Ws-2 seeds, implies that the observed changes 

in the germination dynamics are caused by polychromatic UV200-400 light.  

 

On the other hand, the Ler-0 wild type seeds appeared to be much more sensitive to the 

combined effects of polychromatic UV200-400 light and simulated Mars CO2 atmosphere* than the 

Ws-2 wild type seeds (Fig. 83A and B). Along with our data on the effects of polychromatic 

UV200-400 light under high vacuum (section 19.1.2), and in accordance with previously reported 

data on ecotypic variations in Arabidopsis plants (Andalo et al., 1996; Torabinejad and Caldwell, 

2000; Cooley et al., 2001; Koornneef et al., 2004), our results confirm the occurrence of genetic 

variations in seed resistance between the Ws-2 and Ler-0 ecotypes. The possible reasons for 

differences in the UV response of these two seed lines are discussed above. The differences 

between these two ecotypes in their response to polychromatic UV200-400 light are more 

pronounced under the simulated Mars CO2 atmosphere* than under simulated space vacuum. 

The exposed Ler-0 seeds exhibited a reduced germinability (Gmax% = 80%), and markedly altered 

germination behaviour (Fig. 83B and Fig. 85E). For example, the germination process in these 

seeds was significantly slower, since a 4.2-fold increase (322%) in MGT was measured, relative 

to the control samples (Fig. 86E). A delay of 24 hours in germination start, as well as the lower 

germination uniformity (T25-75%), both contributed to such a significant germination slowdown of 

exposed Ler-0 seeds (Fig. 83B and Table 20). In addition, our results indicate that both factors, 

the high CO2 concentration and the polychromatic UV200-400 light alone had adverse effects on 

the germination of the Ler-0 seeds, and the combined effects of these two factors appeared even 

more pronounced, suggesting that they probably act in a synergistic manner (compare Fig. 86B 

and E). The synergistic action of simulated Martian atmosphere and simulated Martian UV200-400 

radiation was also observed by Osman et al. (2008), who studied the resistance of desiccated 

Bacillus pumilus spores and other non-spore-formining bacterial cells. 

 

The flavonoid-deficient tt4-1 seeds, in contrast, appeared extremely sensitive to 

polychromatic UV200-400 light in combination with the simulated Mars CO2 atmosphere*, since 

no germinants (Gmax% = 0%) were detected in exposed tt4-1 samples (Fig. 83C and Fig. 85F). In 

addition, the TZ test revealed that none of these ungerminated seeds remained viable (Fig. 88). 

In spite of the fact that a high concentration of CO2 alone had a strong inhibitory effect on the 

germination of the tt4-1 seeds (Fig. 83C), the major detrimental effects were, however, attributed 

to polychromatic UV200-400 light which, regardless of being applied alone (Fig. 84) or in 
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combination with a high vacuum or simulated Mars CO2 atmosphere* (Fig. 83C), killed all the 

irradiated tt4-1 seeds. Similarly to our experiments with quasi-monochromatic UV-C254, and in 

agreement with our absorption spectroscopy results (chapter 3, section 11.4 and chapter 4, 

section 14), the results on resistance to polychromatic UV200-400 radiation revealed the extreme 

UV-sensitivity of flavonoid-lacking seeds. These results demonstrate the importance of 

flavonoids, which act as the major UV-screening compounds in Arabidopsis seeds.  

 

The early-seedling stage 

 

Simultaneous exposure of Arabidopsis seeds to polychromatic UV200-400 radiation and 

simulated Mars CO2 atmosphere* had a strong impact on the subsequent development of early-

stage seedlings. We observed that the percentage of normal seedlings that developed from 

exposed seeds dropped significantly in the Ws-2 line (56%), and even more in the Ler-0 wild 

type (32%), as seen in Fig. 88D and E, respectively. The effect of significant root shortening in 

the population of normally developed seedlings was observed in both the Ws-2 and Ler-0 

samples exposed to UV200-400 light under simulated Mars CO2 atmosphere* (Fig. 91D and E). 

The abnormally developed Ws-2 and Ler-0 seedlings exhibited a variety of morphological 

damages (Fig. 90D and E). Damaged seedlings most frequently developed short or twisted 

hypocotyls alone or in combination with short primary roots (Fig. 89C and D). In addition, 

severely damaged seedlings were also observed, especially in the Ler-0 line, where seedlings 

developed retarded or even missing roots in addition to damaged hypocotyls (Fig. 89E and F). 

These data clearly showed that, combined together, the polychromatic UV200-400 light and 

simulated Mars CO2 atmosphere* induce more damage in the early-stage Arabidopsis seedlings 

than polychromatic UV200-400 light in combination with high vacuum (compare Fig. 88D-E 

with Fig. 88A-B, as well as Fig. 90D-E with Fig. 90A-B). Similarly to the germination stage, 

these results indicate that a high CO2 concentration enhances the adverse effects of highly 

energetic UV radiation on seedling development in both Arabidopsis wild type lines. These two 

factors might act synergistically in exposed Arabidopsis seeds. To our knowledge, this is the 

first report of possible synergistic effects of high concentrations of CO2 and UV radiation on 

plant seeds and their subsequent early seedling development.  
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Concluding remarks (9) 

 

In this study we considered only the effects of the gas composition (CO2 rich atmosphere), 

but not the effects of a low pressure of the Martian atmosphere. Our results revealed that 21-

days-exposure to only simulated Mars CO2 atmosphere* (96% CO2, but at 1 atm) had no effects 

on germination capacity and seed vigour, as well as on subsequent seedling development in the 

Ws-2 wild type line.  

The Ler-0 wild type appeared more sensitive to high CO2 concentrations, probably due to 

naturally occurring genetic variations between the Ws-2 and Ler-0 ecotype. The CO2-treated 

Ler-0 seeds exhibited a high germination capacity, but altered germination behaviour. The CO2-

exposed Ler-0 seeds germinated much germinated slower due to a delayed start of germination. 

However, almost all CO2-exposed Ler-0 seeds subsequently developed into normal seedlings. 

Therefore we assumed that high concentrations of CO2 had probably an inhibitory effect on 

germination, rather than damaging effect in exposed Ler-0 seeds. Further studies on seed 

physiology would be necessary to confirm this hypothesis (e.g.co-treatment with germination-

promoting and germination-inhibiting phytohormones, detection of ROS, measuring the activity 

of antioxidant enzymes etc.).  

In contrast to the wild types seeds, the flavonoid-lacking tt4-1 mutant (Ler-0 accession), 

showed unexpectedly high sensitivity to simulated Mars CO2 atmosphere*, which was observed 

both at the germination stage and the stage of early-seedling development. Exposure to a high 

CO2 concentration affected both the germination capacity and seed vigour in the tt4-1 seeds. 

Only 55% of CO2-treated tt4-1 seeds developed into normal seedlings. One of the reasons for the 

increased CO2 sensitivity of the tt4-1 seeds might be a greater permeability of flavonoid-lacking 

seed coat, which enables easier penetration of CO2 in interior of the seed.  

 

Simultaneous exposure to simulated polychromatic solar UV200-400 (1.5 x 105 kJm-2) and 

simulated Mars CO2 atmosphere* (96% CO2, but at 1 atm) revealed a remarkably high resistance 

of Arabidopsis Ws-2 wild type seeds, which exhibited a high germination capacity (Gmax% = 

97%), even after 21 days of exposure. For comparison, under the simulated Martian atmosphere 

and simulated Martian polychromatic UV radiation, more than 99% of Bacillus spores are killed 

within tens of seconds to few minutes of exposure (Mancinelli and Klovstad, 2000; Schuerger et 

al., 2003; Osman et al., 2008). Regardless of high Gmax%, the germination behaviour in exposed 

Ws-2 seeds was significantly altered (slower germination, delayed start of germination and 

decreased germination uniformity). High similarity of germination curves between the Ws-2 

sample irradiated under simulated Mars CO2 atmosphere* and that irradiated under high vacuum, 
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bring us to the conclusion that observed changes in germination of exposed Ws-2 seeds were due 

the polychromatic UV200-400 radiation. This conclusion is also supported by the fact that 

simulated Mars CO2 atmosphere* (section 19.2.1) or high vacuum (section 19.1.1) applied alone 

had no effect on germination of the Ws-2 seeds.  

The Ler-0 wild type line was more sensitive than Ws-2 line to combined effects of 

simulated polychromatic solar UV200-400 and simulated Mars CO2 atmosphere*. Acting 

simultaneously, these to parameters had a synergistic adverse effects, decreasing the germination 

capacity (Gmax% = 72%) and lowering the seed vigour in exposed Ler-0 seeds. The exposed Ler-0 

seeds showed a markedly slower germination with delayed start of germination, as well as a 

decreasdecline in the germination uniformity. A slower germination of irradiated Ws-2 and Ler-0 

seeds correlated with higher level of accumulated unrepaired damage, manifested through 

significantly higher level of abnormally developed seedlings. The abnormally developed Ws-2 

and Ler-0 seedlings exhibited a variety of morphological damages, ranging form the short or 

twisted hypocotyls in seedlings with normally developed roots up to the severely damaged 

seedling forms with retarded or even missing root system. The synergistic action of deleterious 

polychromatic UV200-400 and simulated Mars CO2 atmosphere* were also observed at the stage of 

early-seedling development. To our knowledge, this is the first report of synergistic effect of UV 

radiation and high CO2 concentration on plant seeds. These results may have implication in the 

future photobiological and dosimetric studies, studying the chances of survival for terrestrial life 

on Mars (e.g. planetary protection issues, but also future terraforming and colonization issues). 

Here we point out that particular attention should be paid on possible synergistic effects of CO2 

and UV radiation, which might be in some cases species-specific, but also genotype- (or strain-) 

specific. 

We demonstrated that the flavonoid-deficient tt4-1 seeds were extremely sensitive to 

polychromatic UV200-400 when irradiated under simulated Mars CO2 atmosphere*. No viable seed 

were detected in irradiated samples. The effect was attributed to UV radiation, since equally 

deleterious effect was also obseved in tt4-1 samples that were exposed only to polychromatic 

UV200-400 radiation. This again confirmed the importance of flavonoids in UV-screening 

protection of seeds. We concluded that the flavonoid-lacking seeds are at least 5 orders of 

magnitude more sensitive to polychromatic solar UV200-400 radiation than the wild type seeds. 

 

At both the germination and early-seedling stage the scale of UV200-400 resistance under the 

high CO2 partial pressure was determined for different Arabidopsis genotypes as follows:  

Ws-2 > Ler-0 >>tt4-1. 
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The aim of astrobiology is to extend our knowledge about the origin of life and the 

processes involved in evolution and distribution of life on Earth or elsewhere in the Universe, 

determining the physical, chemical and environmental limitation factors for survival. Despite the 

existence of different theories about the origin of terrestrial life (e.g. theory of abiogenesis, 

panspermia hypothesis etc.), many of them consider the importance of solar UV radiation in the 

processes that might have preceded the emergence of life and those that have likely directed the 

evolution of life. In spite of being the primary source of energy on the surface of Earth, solar 

radiation was probably a source of deleterious damage to biomolecules and cellular components 

during the early evolution (Cockell, 1998; Nicholson et al., 2000). Extraterrestrial environments 

possess quite different UV radiation regimes, both in terms of absolute flux and spectral quality, 

compared to that found on Earth (Cockell, 2001b). Among all parameters of space environment, 

UV radiation is considered as one of the most deleterious factors, limiting the chances of 

interplanetary transfer and dispersal of life through space (Hotchin et al., 1968; Lorenz et al., 

1968; Bücker et al., 1974; Spizizen et al., 1975; Horneck et al., 1984a; Horneck et al., 1984b; 

Horneck, 1993; Horneck et al., 1994; Horneck, 1995). The reason for that is the occurrence of 

highly energetic UV-C and VUV radiation in space environment. Planetary bodies that contain 

atmosphere are partially protected from high fluxes of UV radiation. For instance, ozone 

accumulated in the Earth’s atmosphere strongly absorbs the UV wavelengths shorter than 300 

nm, thus shielding the terrestrial surface from highly energetic VUV, UV-C and most of UV-B 

wavelengths (Cockell, 1998; Cockell, 2001b; Nicholson et al., 2005). However, the atmosphere 

of the early Earth probably lacked a significant ozone layer. Therefore evolving on the early 

Earth, life had likely to cope with higher fluxes of UV-C and UV-B radiation (Cockell, 1998; 

Cockell, 2001a; Cockell and Raven, 2007). Mars atmosphere, which is composed mainly of 

carbon dioxide (CO2), absorbs the wavelengths below 195 nm and thus shields from the VUV 

part of the spectrum. However, there is a considerably greater flux of UV-B radiation on the 

surface of Mars, in addition to UV-C wavelengths that are transmitted through the Martian 

atmosphere (Cockell, 2001b; Cockell, 2001c). On the other hand, the surfaces of planetary 

bodies that lack atmosphere (e. g. asteroids and Earth’s Moon) are exposed to full spectrum of 

solar UV radiation (Nicholson et al., 2005).  

 

In astrobiological studies, attention has been focused mainly on prokaryotes that show high 

stress resistance, including the so-called extremophiles, which flourish in environments where 

nothing else can survive. Some prokaryotes are highly resistant to water-stress. For instance, 

some cyanobacteria, such as Chroococcidiopsis that naturally inhabit both hot and cold deserts, 

can resist high desiccation (Friedmann et al., 1967; Friedmann, 1971). Spores of bacterium 

Bacillus subtilis have been shown to posses remarkably high resistance to different stress factors, 
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including heat, desiccation, high vacuum, chemicals, UV and ionizing radiation etc. (reviewed 

by Nicholson et al., 2000). The bacterium Deinococcus radiodurans is the most radiation-

resistant microorganism known on Earth today (Levin-Zaidman et al., 2003). Meristematic black 

microfungi from Antarctica were reported to withstand the harsh conditions of extremely low 

temperature, low water availability and UV radiation (Onofri et al., 2004). Lichens, which are 

symbiotic associations of an alga and/or cyanobacteria and a fungus, are able to colonize habitats 

where conditions are too extreme to support the life of other organisms (e.g. lichens inhabit harsh 

Antarctica and Arctic regions, as well as tropical regions) (de Vera et al., 2004; de la Torre 

Noetzel et al., 2007). On the other hand, the limits of eukaryote survival are not as well known. 

The existence of terrestrial extremophiles has led to speculations about possible survival of 

organisms during interplanetary transfer and that life could be present even on other planets of 

the Solar system (Onofri et al., 2008). 

 

The Earth orbit space technology has provided a new opportunity in advancing the 

astrobiological studies, enabling a direct exposure of terrestrial life forms and organic matter to 

the full spectrum of solar radiation outside the constraints of the Earth’s atmosphere. In most of 

previous space experiments the exposure time to space environment was relatively short, ranging 

from few hours up to several weeks, with exception of the ERA/EURECA experiment that lasted 

about 11 months (see Annex A). To date, the maximum time that organisms have been exposed 

to open space environment was 6 years during the LDEF mission. Bacillus subtilis spores 

survived almost 6 years in space on board LDEF facility (NASA) when shielded against solar 

UV radiation (Horneck et al., 1994). However, direct exposure to the solar extraterrestrial UV 

radiation killed most of Bacillus spores. So far, lichens are the only yet studied life form capable 

of surviving two-week exposure to combined all parameters of space environment, including UV 

radiation, as tested during the BIOPAN-5 mission (Sancho et al., 2007).  

 
Recently, the European Space Agency (ESA) has developed two EXPOSE facilities 

(EXPOSE-E and EXPOSE-R) that were attached to the external pallet of the International Space 

Station (ISS). These facilities supported long-term (about 1.5 years) photobiological and 

photochemical experiments that are carried out under open space conditions. Among these 

astrobiological experiments, the SEEDS experiments study the responses of plant seeds to 

extreme space conditions, notably full solar UV radiation. Prior the space flight, we performed 

several preliminary ground-based experiments in order to determine the resistance of 

Arabidopsis seeds to UV radiation and some other parameters of space environment. Here below 

are discussed some of the main conclusions that were drawn from the present study. 
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1. Due to its high absorption in the short-wavelength part of the UV spectrum, DNA is 

considered a particularly sensitive target to UV-induced damage. The qualitative VUV-UV 

absorption characteristics of DNA can slightly vary depending on the hydration status of 

the molecule and overall (genomic) G+C content. However, a greater influence on the UV 

absorption properties of DNA might be expected in the local, noncoding segments of 

genomic DNA, where repeated nucleotide sequences and the extreme G+C or A+T content 

are frequently encountered. 

 
DNA stores essential genetic information about the structure and function of each 

organism. The absorption spectrum of DNA roughly correlates with the action spectra for DNA 

damage and photoproduct formation (Hidea et al., 1986). We measured VUV-UV absorption 

spectra (λ = 125-340 nm) of DNA and its components in order to better understand the UV 

absorption characteristics of DNA and to predict its viability after exposure to UV light. VUV-

UV absorption spectra of dry thin films of genomic DNA revealed two maxima of absorption at 

264 nm (region I) and at 192 nm (region II), as well as continuously increasing absorption 

towards the lower end of the spectrum at 125 nm (region III). Upon hydration, a small 

hypsochromic shift of the absorption peak in the region I (260 nm) was observed for the same 

DNA sample. Since the degeneracy of genetic code allows significant variations in G+C content, 

we investigated whether the nucleotide content in the coding DNA regions can influence the 

overall UV absorption properties. We measured VUV-UV absorption spectra for synthetic, 

protein-encoding DNA that contained 30%, 50% and 63% G+C, while retaining the same amino 

acid sequence in encoded polypeptide chain. We concluded that besides a small bathochromic 

shift in region I, which correlated with increasing G+C content, the differences in the total G+C 

content in this synthetic, protein-encoding DNA had relatively small effect on the overall 

qualitative properties of UV absorption spectra. The VUV-UV absorption spectra of 

homopolymeric oligoA+T (G+C content 0%) and oligoG+C (G+C content 100%) DNA samples 

differed significantly from each other, as well as from that of genomic DNA. Although these 

extreme G+C contents do not represent in reality the nucleotide content of genomic DNA, such 

nucleotide sequences, known as the homopolymeric DNA tracts, do occur locally in the 

noncoding regions of the genomes of both prokaryotic and particularly eukaryotic organisms 

(Dechering et al., 1998; Shomer and Yagil, 1999). We concluded that nucleotide content in 

noncoding DNA regions can significantly alter the UV absorption of the local segments in 

genomic DNA. 
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2. Based on degree of similarity of VUV-UV absorption spectra between DNA and different 

studied potential, ubiquitously occurring UV screens (nucleotides, proteins, free amino 

acids, polyamines and tyramine), we concluded that these compounds would provide less 

efficient UV screening protection to genomic DNA, unless they are present in relatively 

high concentrations in cells. The exception are mononucleotides, particularly adenosine 5’-

triphosphate (ATP), which might be better suited to protect DNA from UV-induced damage. 

We suggested that on the early Earth, the primitive cells might have used ATP as an 

ancient UV screen. 

 
Organisms that evolved on Earth developed different mechanisms for resisting UV 

radiation, including the synthesis of UV screens. We assumed that an ideal UV screen would 

absorb UV radiation in a manner similar to DNA. We first examined the VUV-UV properties of 

different organic compounds that occur in all organisms. We assumed that some of these 

compounds might have been present in the primitive cells on the early Earth. Comparing VUV-

UV spectra (λ = 125-340 nm) of nucleotides, proteins, free amino acids, polyamines and 

tyramine with VUV-UV spectrum of genomic DNA, we concluded that most of these potential, 

ubiquitously occurring UV screens would provide relatively poor UV screening protection to 

DNA, unless their concentration in cell is so high that the target would be protected even at the 

absorption minima of screen. Such a nonspecific opacity to UV radiation would be less efficient 

than that afforded by a well-matched UV screen. However, among all here studied potential UV 

screens, we single out the free nucleotides, particularly adenosine 5’-triphosphate (ATP), which 

might be best suited to protect DNA from UV light throughout the DNA absorption spectrum. 

We suggested that during the early history of life on Earth, when organisms were likely exposed 

to high fluxes of energetic UV radiation, the primitive cells might have used ATP as an ancient 

UV screen, in addition to its primary roles in the energy transfer and building up the genetic 

material. 

 
 
3. Comparing the qualitative VUV-UV absorption properties of DNA and different known 

specialized UV screens that occur in phylogenetically diverse groups of organisms 

(mycosporine-like amino acids, scytonemin, carotenoids, melanin and flavonoids), we 

evaluated the likely effectiveness of these molecules in shielding DNA from deleterious UV 

radiation. We found that among all studied substances, flavonoids (particularly 

glycosylated flavonols), which are plant-specific sunscreens, can be considered the ideal 

UV screens due to a remarkable resemblance of their VUV-UV absorption spectra with that 

of DNA. 



Chapter 7 GENERAL DISCUSSION AND CONCLUSIONS 378 

 

In contrast to unspecific, potential UV screens, many organisms synthesise specific 

chemical compounds that are highly efficient in filtration of deleterious UV wavelengths. In the 

present work we measured VUV-UV absorption spectra (λ = 125-340 nm) of dry thin films of 

different specialized UV screens. This study provides valuable spectroscopic data about the 

VUV-UV absorption properties of above mentioned specialized UV screens, which were 

previously practically unknown in the spectral region below 200 nm. Using similarity with DNA 

absorption spectrum as a primary criterion, we evaluated their likely effectiveness in screening 

deleterious UV light.  

We concluded that MAAs, which are intracellular UV screens found in cyanobacteria, 

algae, some heteroptrophic bacteria, fungi, lichens, as well as in a variety of marine invertebrates 

and vertebrates, provide a relatively good screening protection against UV-B and UV-A 

radiation, as well as in the VUV region, but they are poor UV screens in the UV-C part of the 

spectrum.  

Scytonemin, which is an extracellular pigment found in sheaths of many cyanobacteria, 

exhibits an excellent screening properties in the UV-A part of the spectrum. It likely provides a 

good protection to DNA in the VUV, and to the lesser extent in the UV-C part of the spectrum. 

However, scytonemin probably screens relatively poorly in the UV-B region. Cyanobacteria 

belong to an ancient phylogenetic group of phototrophic organisms that likely existed 3.5 Ga 

ago, when the early Earth was probably exposed to highly energetic solar UV radiation. We 

assumed that scytonemin, if occurred in ancient cyanobacteria, would probably not be alone 

sufficient to protect cells from unfiltered solar UV radiation. Ancient cyanobacteria might have 

used some other complementary UV screens in addition to scytonemin.  

Carotenoids are synthesized by all photosynthetic organisms (including plants, algae and 

cyanobacteria), and in some heterotrophic bacteria and fungi. Carotenoids absorbs mainly in the 

visible part of the spectrum (blue light), with an extension into the UV-A. Although carotenoids 

would efficiently screen from VUV radiation, they would not provide good screening protection 

to DNA from UV-C and UV-B radiation. We suggested that carotenoids may play an important 

role in photoprotection, but probably acting as efficient antioxidants and free radical quenchers 

(indirect UV protection), rather than UV screens.  

Melanins are known specialized UV screens that are widely distributed in the animal 

kingdom, but they could be also found in some eubacteria and fungi. The monotonous, almost 

linear increase in absorption throughout the visible and UV part of spectrum down to 145 nm, 

below which the absorption climbed steeply towards the lower end of the spectrum, revealed that 

melanins would provide efficient, but unspecific UV screening protection to biological material 

filtering out unselectively all UV wavelengths and part of visible light. This would be a 
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disadvantage for photosynthetic organisms and other organisms that depend on capturing 

sunlight.  

Flavonoids are specialized UV screens found in plants. The VUV-UV absorption spectra 

of three here studied glycosylated flavonols (quercitrin, isoquercitrin and robinin) showed a 

remarkably high level of similarity with that of DNA. Complemented with proanthocyanidins 

(also known as condensed tannins), which are another group of catechin-containing polymeric 

flavonoids that are particularly rich in plant seeds, glycosylated flavonoids would screen 

efficiently in the VUV, UV-C, as well as the UV-B part of the spectrum. Flavonoids also 

strongly absorb UV-A light, possible preventing the formation of ROS that can lead to the 

indirect UV-induced DNA damage. We suggested that according to the UV absorption 

properties, flavonoids can be considered the ideal UV screens. 

 
 

4. Plant seeds are rich sources of secondary metabolites. We confirmed that flavonoids, 

sinapate esters and glucosinolates are the major secondary metabolites in Arabidopsis 

seeds. We found that quercetin-3-O-rhamnoside (also know as quercitrin) is a dominant 

and remarkably abundant flavonoid in Arabidopsis seeds. Conventional UV absorption 

spectra in solution and VUV-UV absorption spectra in dry films revealed that flavonoids 

predominate the overall UV absorption spectrum of crude seed extract. We found that the 

majority of glucosinolates isolated from Arabidopsis seeds are poor UV absorbers, thus 

probably inefficient UV screens. According to UV absorption spectroscopy results, and 

contrary to previously reported studies, we suggested that flavonoids are better suited UV 

screens than sinapate esters. 

 
Plants produce a large variety of different secondary metabolites. Seeds accumulate 

relatively high amounts of secondary metabolites, particularly flavonoids. They are known to 

resist various harsh conditions, including biotic and abiotic stresses (Rajjou and Debeaujon, 

2008). We aimed to identify and isolate the substances from Arabidopsis seed extract that are 

dominant, not only quantitatively, but also by their UV absorption features that might provide 

efficient UV screening protection to DNA. Our HPLC and LC-MS analyses showed that 

Arabidopsis seeds contain a large variety of chemical substances, identified and classified mainly 

as flavonoids, sinapate esters and glucosinolates.  

Conventional UV absorption spectra in solution (λ = 200-400 nm), as well as VUV-UV 

absorption spectra in dry films (λ = 125-340 nm) revealed that a crude extract from Arabidopsis 

wild type seeds absorbs strongly in the UV part of the spectrum. The UV absorption 

characteristics of flavonoids predominated the overall UV absorption spectrum of the seed 
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extract. We found that quercetin-3-O-rhamnoside (a type of glycosylated flavonol, also know as 

quercitrin) is a dominant and remarkably abundant flavonoid in Arabidopsis seeds. Studying UV 

absorption spectra in solution and VUV-UV spectra in dry films, we found that glycosylated 

flavonols (including quercitrin) that were isolated from Arabidopsis seeds are well-suited UV 

screens, which may provide efficient screening protection to DNA in the UV-C (DNA peak I), as 

well as the VUV (DNA peaks II and III) part of the spectrum. Due to a high absorption in the 

UV-A part of the spectrum, we suggested that flavonoids may also act as efficient protectants 

against indirect, oxidative damage to DNA and proteins.  

Besides flavonoids, were also detected smaller amounts of sinapate esters in Arabidopsis 

seed extract. Sinapate esters are known to act as efficient UV protectants in plants, and were 

reported to provide even better UV screening protection than flavonoids (Chapple et al., 1992; 

Sheahan, 1996). However, our absorption spectroscopy results led us to conclude that sinapate 

esters would be less suited than flavonoids in providing a direct UV screening protection to 

DNA, particularly in the UV-C part of the spectrum, since they showed a local absorption 

maximum at the wavelengths at which DNA exhibits the maximum of absorption. Nevertheless, 

sinapate esters might have another indirect role in the UV protection, making them more 

efficient protectants in vivo than flavonoids. 

Glucosinolates, the third group of secondary metabolites isolated from Arabidopsis seeds, 

were shown to be poor UV absorbers above 250 nm. We concluded that aliphatic glucosinolates, 

which represent the majority of Arabidopsis seed glucosinolates, would provide no specific 

protection to DNA or other cellular targets in the UV-A, UV-B and UV-C part of spectrum.  

 

We concluded that among different secondary metabolites isolated from plant seeds, 

flavonoids can be considered as the best suited UV screens. Since our UV absorption 

spectroscopy studies provided only preliminary estimation of UV screening efficiency, further in 

vivo experiments were necessary to confirm our hypothesis (for details see points 10. and 11.).  

 

 

5. Plant seeds can be considered as a good multicellular photobiological model, particularly 

suitable for in vivo study of the ability of chemical substances to provide efficient UV 

screening protection. 

 
The UV screens provide the first line of defence before damage occurs. Because screening 

compounds represent a passive method of UV protection, proving that enhanced survival in 

irradiated organism is only due to the presence of particular chemical substance may be a 

complex problem. Other physiological responses, including the active mechanisms of 
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photoprotection, such as the enzymatic damage repair and detoxification may also be involved. 

Therefore, to evaluate the UV screening efficiency in vivo, it is necessary to test whether the 

compound could provide UV protection when other physiological processes are not functioning. 

One of the methods is exposing the cells to UV light while they are in dry state. Whereas this 

method is suitable for some microbial models (e.g. spore-forming bacteria and desiccation-

tolerant cyanobacteria), for the majority of multicellular organisms this approach may be 

problematic, since the desiccation will usually kill a whole organism (Cockell and Knowland, 

1999). The exception are plant seeds, which are multicellular life forms that are extremely 

tolerant to desiccation thanks to the formation of intracellular glasses (Buitink and Leprince, 

2004; Buitink and Leprince, 2008). The advantage of using dry seeds in photobiological studies 

is that they are in metabolically quiescent state. Therefore the UV resistance of plant seeds is 

well comparable with other model organisms used in photobiological studies e.g. Bacillus 

subtilis spores. In dry seeds, the progressive accumulation of damage occurs, and due to very 

low metabolic activity, there is little or no damage repair. Therefore, the efficiency in passive 

UV screening is one of the essential issues for survival of dry seeds. Plant seeds accumulate 

large amounts of UV screening compounds. They are rich sources of flavonoids, which we 

consider particularly efficient UV screens. 

 
In this work we studied the UV resistance of Arabidopsis thaliana seeds, observed through 

the three different stages of plant developmental: the germination, the early seedling stage and 

the stage of mature plant development. Depending on the efficiency of UV screening protection 

and consequently, the level of accumulated damage in dry seeds, the germination is considered a 

decisive phase. At the germination stage, besides the germination capacity (Gmax%), we studied 

the dynamics of germination process, measuring the mean germination time (MGT), the median 

of germination (T50%), the germination uniformity (T25-75%) and the skewness of germination 

curve (T50%/MGT). We suggested that the germination capacity alone, which is observed at the 

end of germination process, is not sufficient to understand the physiology of seed resistance, 

since the germination dynamics provides additional information about the seed vigour, likely 

indicating the state of accumulated damage and its repair (e.g. more damage accumulated, the 

germination is slower due to longer time required for repair and detoxification prior the radicle 

emergence). In addition, comparing the resistance among different irradiated seeds samples, we 

found that Gmax% parameter reveals the differences at the large scale (orders of magnitude), while 

by measuring the parameters of germination dynamics (e.g. MGT), we can detect fine 

differences in germination behaviour, measurable at the small scale (within the same order of 

magnitude).  
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In addition to the germination phase, we found that the subsequent stage of the early-

seedling development is the second critical step in plant development, since it reveals whether or 

not the germinants are able to grow into normal seedlings with fully developed essential seedling 

structures: the root system, hypocotyl and cotyledons. Depending on the efficiency of repair and 

detoxification systems in germinating seed, the seedling damage will be more or less severe. 

After the exposure of Arabidopsis seeds to UV radiation, we found that low seed vigour was 

usually related to the increased number of abnormally developed seedlings, which were grouped 

into following five categories: (1) seedlings with short or twisted hypocotyls, but normally 

developed primary roots, (2) seedlings with short or twisted hypocotyls and short primary roots, 

(3) seedlings with short or twisted hypocotyls and retarded roots, (4) seedlings with short or 

twisted hypocotyls and missing roots, (5) seedling forms with missing hypocotyls, missing roots 

and cotyledons that are not fully developed. Categories 3, 4 and 5 we considered as severely 

damaged seedlings, which rarely developed further into mature plants. We concluded that the 

seedlings primary root system is a particularly sensitive organ, which if damaged (short, retarded 

or missing) will lower the chances of plant survival.  

 

 
6. Dry Arabidopsis thaliana wild type seeds exhibit high resistance to extremely high fluences 

(up to 6 x 105 kJm-2) of quasi-monochromatic UV-C254 light. 

 
In order to predict the survivability of Arabidopsis seeds exposed to space conditions 

during 1.5 years of the EXPOSE missions, it was necessary to determine the upper limits of seed 

resistance to deleterious, highly energetic UV radiation. Since the action spectrum for the 

induction of DNA damage roughly follows the absorption spectrum of DNA, we assumed that 

above 200 nm the maximal biological effectiveness of DNA damage would be caused by UV-C 

radiation at wavelengths close to the maximum of absorption of DNA (λ ≈ 260 nm). Since the 

light emitted from our UV-C254 source was not strictly monochromatic, comprising 90% of 

dominant UV-C254 radiation and the minor portion (10%) of concurrent UV-B312 + UV-A365 

light, we call it the quasi-monochromatic UV-C254 light. As we found that the minor UV-B + 

UV-A portion of the incident light had no adverse effects on Arabidopsis wild type seeds (see 

point 7.), we concluded that all below described changes were due the dominant UV-C254 

component of emitted light. 

 
At the germination stage, we found that irradiated wild type Arabidopsis seeds exhibit an 

extremely high resistance to quasi-monochromatic UV-C254 light at fluence as high as 6 x 105 

kJm-2 (Ws-2 ecotype) and 4.8 x 105 kJm-2 (Col-0 ecotype), showing unaltered and remarkably 
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high germination capacity (Gmax% = 93-99%). However, a smaller change in germination 

dynamics indicated the beginning of decline in seed vigour, which was manifested through 

slightly slower germination and lower germination uniformity. At the early-seedling stage, we 

detected increased percentage of abnormal seedlings that were grown from irradiated seeds. 

Most of seedlings exhibited short or twisted hypocotyls, but normal or sometimes shorter roots. 

Some of seedlings were seriously damaged, having short or twisted hypocotyls and retarded or 

even missing roots. Only few germinants gave rise to the aberrant forms that had neither 

developed hypocotyls nor roots, and exhibiting poorly developed cotyledons. The in-soil 

experiments revealed that plant growth and development were affected by UV-C254 light. 

Besides decreased survival rate of mature plants (72% in the Col-0 and 53% in the Ws-2 

ecotype), UV-C254 light had also a strong impact on vegetative growth, as well as reproductive 

output of plants developed from irradiated seeds. Our results demonstrated that the high 

germinability in UV-C254 irradiated seeds does not necessarily guarantee the high survival rate of 

mature plants, justifying the need to study not only the germination phase but also the whole 

process of plant development. The phenomenon of decreased plant survival rate is likely related 

to the lower vigour of irradiated seeds (indicating more accumulated damage), the higher rate of 

seedling damage, which particularly affected the root system (indicating the higher level of 

unrepaired damage), and the fact that the in-soil growth conditions in greenhouse are more 

restrictive than optimal in vitro conditions, used to study the germination and early-seedling 

development.  

 

In spite of lower plant survival, we consider Arabidopsis seeds extremely resistant to UV-

C254 light, compared to any other know terrestrial life form. Arabidopsis seeds are at least 6 

orders of magnitude more resistant to UV-C254 light than Bacillus subtilis WT 168 spores (LD50 

= 0.123 kJm-2 and LD90 = 0.245 kJm-2, according to the present study). They are also at least 5 

orders of magnitude more resistant than spores of Bacillus pumilus SAFR-032, an isolate 

obtained from an ultraclean spacecraft assembly facility, for which was reported the highest 

degree of spore UV-C254 resistance observed by any Bacillus spp. encountered to date (LD90 = 

1.7 kJm-2) (Link et al., 2004). Arabidopsis seeds are also far more resistant to UV-C254 light (at 

least 5 orders of magnitude) than radiation resistant extremophile, a bacterium Deinococcus 

radiodurans (Battista et al., 2000; Chen et al., 2000).  
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7. Arabidopsis thaliana wild type seeds are highly resistant to UV-B + UV-A light up to 

fluences of 4.3 x 104 kJm-2 and 1.2 x 104 kJm-2, respectively, which had no effects on seed 

germination nor subsequent phases of the early-seedling development and the mature plant 

development.  

 
Although UV-B + UV-A wavelengths represented only the minor portion (10%) of the 

light emitted from the UV-C254 source, after long-duration exposure (up to 60 days) of 

Arabidopsis seeds to incident UV light, the total fluences of the concurrent UV-B312 and UV-

A365 radiation reached a very high level. Irradiated wild type Arabidopsis seeds showed a high 

resistance to UV-B + UV-A portion of the emitted light at fluences as high as UV-B = 4.3 x 104 

kJm-2 and UV-A = 1.2 x 104 kJm-2 (Ws-2 ecotype) or UV-B = 3.4 x 104 kJm-2 and UV-A = 9.5 x 

103 kJm-2 (Col-0 ecotype). The exposure of the Ws-2 and Col-0 wild type seeds to UV-B + UV-

A radiation had no effect on germination capacity, which remained at high level (Gmax% = 95-

100%) in irradiated seeds. Similarly, there was no observed change in germination dynamics in 

irradiated wild type seeds. In addition, all germinated seeds subsequently developed into normal 

seedlings, indicating that UV-B + UV-A-induced damage ether did not occur (e.g. due to the 

efficient UV screening protection) or it was successfully repaired during the early phases of 

germination. Furthermore, we found that the exposure of the wild type seeds to UV-B + UV-A 

radiation had no effects on in-soil plant growth and development or reproductive capacity.  

 

For comparison, 3 orders of magnitude lower UV-B +UV-A fluence kills 90% of Bacillus 

subtilis wild type spores (LD90 = 30 kJm-2) (Riesenman and Nicholson, 2000; Slieman and 

Nicholson, 2000). The UV doses in the present study were 2-3 orders of magnitude higher than 

those used in previous studies on the effects of UV-B radiation on the vegetative parts of plants 

(Mirecki and Teramura, 1984; Murali et al., 1988; Barnes et al., 1990; Landry et al., 1995), and 

about 1-2 orders of magnitude higher than those used in studies on seed resistance (Musil, 1994; 

Musil et al., 1998; Dai and Upadhyaya, 2002). Therefore, the present study provides new data 

about the resistance of Arabidopsis seeds to high levels of UV-B + UV-A radiation. These 

experiments, in addition to photobiological and astrobiological context, may have ecological and 

agronomical implications, given the reduction of the stratospheric ozone layer and enhanced 

levels of UV radiation, particularly UV-B radiation, on the surface of Earth. 
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8. Arabidopsis thaliana wild type seeds showed a remarkably high resistance to simulated 

polychromatic solar UV200-400 (1.5 x 105 kJm-2) when exposed under simulated space 

vacuum for 22 days. This indicated that dry Arabidopsis thaliana seeds might survive the 

long-term exposure to space conditions during the EXPOSE missions at the ISS. 

 
In space, deleterious UV radiation is encountered together with other harsh conditions. 

Yet, polychromatic solar UV radiation has been found to be one of the most damaging factors in 

space, as tested with various terrestrial biological models (Hotchin et al., 1968; Lorenz et al., 

1968; Bücker et al., 1974; Spizizen et al., 1975; Horneck et al., 1984a; Horneck et al., 1984b; 

Horneck et al., 1994). Our results from the EVT simulation experiments showed a remarkably 

high resistance of Arabidopsis wild type seeds to simulated polychromatic solar UV200-400 light at 

fluence as high as 1.5 x 105 kJm-2, which corresponded to the expected total fluence of 

extraterrestrial solar UV200-400 light in the EXPOSE experiments after 1.5 years of space mission 

outside the ISS. A special attention was paid to possible combined effects of polychromatic solar 

UV and extreme space vacuum, since it is known that acting together, these two factors may 

have a strong adverse synergistic effect (Horneck et al., 1984a; Weber and Greenberg, 1985; 

Dose et al., 1996; Fekete et al., 2005). Nevertheless, simultaneous exposure of dry Arabidopsis 

seeds to simulated polychromatic solar UV200-400 radiation and simulated space vacuum (10-5 Pa), 

which corresponded to the pressure encountered outside the ISS, had no effect on germination 

capacity in both the Ws-2 and Ler-0 wild type seeds. This is the first report of such high level of 

resistance to simulated space conditions known to occur in any yet-studied life form. In spite of 

their high germinability (Gmax% = 92-98%), a considerable change in germination dynamics was 

however observed in irradiated seeds. This indicated an important decline in seed vigour, 

particularly in Ler-0 seeds, which was manifested through markedly decreased germination 

speed, delayed start of germination and lower germination uniformity. We assumed that the 

delay in radicle emergence in irradiated seeds is likely due to a longer time required to cope with 

accumulated damage. Probably due to remaining unrepaired (or unsuccessfully reversed) 

damage, the percentage of abnormally developed seedlings increased in irradiated Ws-2 and Ler-

0 samples. Seedlings with abnormal morphology exhibited mostly changes in growth of the 

hypocotyls (short or twisted) and primary roots (short roots). Only few irradiated seeds 

developed seriously damaged seedlings with retarded roots. We assumed that the affected root 

growth was the major reason of relatively low survival rate for the mature plants that were grown 

in soil from irradiated seeds (53% in the Ler-0 and 36% in the Ws-2 ecotype). Because we found 

that simulated space vacuum alone had no adverse effect on seed germination and subsequent 

development of early-stage seedlings and grown plant, we concluded that all here described 

effects are due to polychromatic UV200-400 radiation.  
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Although polychromatic UV200-400 light caused an important decrease in the final survival 

rate of grown plant, Arabidopsis seeds, however, should be considered an extremely resistant life 

form. For comparison, exposure of Bacillus subtilis spores to comparable polychromatic UV200-

400 radiation at fluences as low as 1 kJm-2 caused inactivation of the spores by 2 orders of 

magnitude (Horneck, 1993). Arabidopsis seeds are more than 5 orders of magnitude more 

resistant than Bacillus pumilus spores, which showed less than 10% survival after the exposure 

to polychromatic UV200-400 light at 9 kJm-2 (Osman et al., 2008). Comparing the results from the 

EVT experiments that were performed in parallel to our simulation experiment, we found that 

Arabidopsis dry seeds are far more resistant to combined effects of simulated polychromatic 

UV200-400 light and simulated space vacuum than the other astrobiological models. For instance, 

under the same experimental conditions, the isolates of Antarctic black fungi Cryptomyces and 

cryptoendolithic communities, which are considered as extremely resistant life forms particularly 

suitable for astrobiological studies, showed no survival (Onofri et al., 2008). Under similar 

simulation conditions, the lichens, such as Xanthoria elegans, which are used in space 

experiments as extremely resistant models for testing lithopanspermia theory (Sancho et al., 

2007; de la Torre et al., 2010), showed about 3 orders of magnitude lower resistance to combined 

effects of simulated polychromatic UV200-400 light and simulated space vacuum (de Vera et al., 

2004), when compared to Arabidopsis dry seeds. 

 
 
9. Simultaneous exposure to simulated polychromatic solar UV200-400 (1.5 x 105 kJm-2) and 

simulated Mars CO2 atmosphere* (95.6% CO2 at 1 atm) revealed a high resistance of 

Arabidopsis wild type seeds even after 21 days of exposure. High concentrations of CO2 

may enhance the effects of UV radiation, suggesting that these two factors probably act in a 

synergistic manner. 

 
Mars has a thin atmosphere composed predominantly of CO2 (∼95%) at the total pressure 

of about 6 mb (600 Pa). Since it lacks a significant ozone layer, high fluxes of relatively 

unattenuated solar UV radiation, including highly energetic UV-C wavelengths reach the surface 

of Mars. Because in our experiments the Martian atmosphere was simulated only in view of its 

composition, but not the low pressure, we termed it the “simulated Mars CO2 atmosphere*”. 

After 21 days of exposure to polychromatic UV200-400 light (1.5 x 105 kJm-2) under the simulated 

Mars CO2 atmosphere*, wild type Arabidopsis seeds exhibited high resistance, retaining 

relatively high germination capacity (Gmax% = 97% and 80% for the Ws-2 and Ler-0 ecotypes, 

respectively). However, the germination dynamics was markedly altered in the exposed seeds, 

particularly in the Ler-0 ectype (the germination was slowed and the start of germination was 

considerably delayed), indicating serious decline in the seed vigour. This was consistent with 
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higher level of abnormally developed seedlings, which exhibited a variety of morphological 

changes, ranging from the short or twisted hypocotyls up to seriously damaged primary roots 

(retarded or even missing root system). We found that simulated polychromatic solar UV200-400 

had a stronger impact when seeds were exposed under simulated Mars CO2 atmosphere* than 

under simulated space vacuum. To our knowledge, this is the first report of possible synergistic 

effects of high concentrations of CO2 and UV radiation on plant seeds.  

 

In spite of the observed effects of polychromatic solar UV200-400 radiation and CO2 rich 

atmosphere on seed germination and seedling development, we concluded that Arabidopsis seeds 

are highly resistant, when compared to the other biological models (e.g. more than 99% of 

Bacillus subtilis and Bacillus pumilus spores are killed within tens of seconds to few minutes of 

exposure to simulated Martian polychromatic UV radiation under simulated Martian atmosphere, 

Mancinelli and Klovstad, 2000; Schuerger et al., 2003; Osman et al., 2008). Therefore we 

suggested that plant seeds could be considered as a suitable eukaryotic model for the future 

biological exploration of Mars. For instance, in addition to the physical spectroradiometers, 

monolayers of dry plant seeds could be used as the passive biological UV-dosimeters in the 

future photobiological experiments on Mars. Previously reported biological systems, such as 

Escherichia coli vegetative cells, Bacillus subtilis dosimeters (DLR-biofilm) or 

Chroococcidiopsis sp. dosimeters showed relatively high sensitivity to polychromatic UV 

radiation (e.g. these organisms are killed within one day of UV exposure in environments that 

are used as terrestrial analogues for Mars) (Karentz and Lutze, 1990; Quintern et al., 1994; 

Rettberg and Cockell, 2004; Cockell et al., 2008). We suggest that plant seeds, as the more 

robust biological UV-dosimeters, which would measure the integrated biologically effective 

irradiance at the higher orders of magnitude scale, could be used complimentarily to above-

mentioned sensitive, fine-scale biological UV-dosimeters. 

 
 
10. Flavonoids and sinapate esters are the two major classes of plant UV screens that may 

contribute to remarkably high UV resistance of Arabidopsis seeds. Using Arabidopsis 

mutant seeds that were deficient in flavonoids (tt4-8 and tt4-1 mutants) and sinapate esters 

(fah1-2 mutant) we determined in vivo the capacity of these compounds to provide efficient 

UV protection. We concluded that flavonoids are capable of improving considerably the 

resistance of Arabidopsis seeds to quasi-monochromatic UV-C254, as well as polychromatic 

UV200-400 radiation. 

 
Besides studying the responses of dry Arabidopsis thaliana seeds to quasi-monochromatic 

UV-C254 light and simulated polychromatic solar UV200-400 light, in this work we aimed to 
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elucidate the chemical bases of such an extreme UV resistance. Flavonoids and sinapate esters 

are known to act in seedlings and vegetative parts of plants as efficient UV protectants, 

particularly in the UV-B part of spectrum (Chapple et al., 1992; Li et al., 1993; Stapleton and 

Walbot, 1994; Landry et al., 1995; Sheahan, 1996). Yet, little is known about their UV 

protection capacity in plant seeds. Even less is known about their protective efficiency in the 

UV-C part of spectrum. Therefore, we determined for the first time the physiological value of 

flavonoids and sinapate esters in protection of Arabidopsis seeds from quasi-monochromatic 

UV-C254 light and its UV-B + UV-A concurrent light, as well as polychromatic UV200-400 

radiation.  

 
 
a) Sinapate esters 

 
Similarly to its wild type background (Col-0), the sinapate ester-lacking seeds (fah1-2) 

showed unexpectedly high level of resistance to quasi-monochromatic UV-C254, as well as to its 

UV-B + UV-A portion. Both lines, Col-0 and fah1-2, exhibited a high and unaltered germination 

capacity (Gmax%) even after 60 days of irradiation. Nevertheless, the germination dynamics of 

irradiated fah1-2 seeds was affected by UV-B + UV-A light, and to the greater extent by the 

entirely transmitted quasi-monochromatic UV-C254 light. Comparing the differences in the 

relative MGT increase between irradiated fah1-2 and Col-0 seeds, we concluded that at the 

germination stage, sinapate ester-lacking seeds were about 75% less resistant to UV-B + UV-A 

light and about 5 times less resistant to entirely transmitted quasi-monochromatic UV-C254 

radiation than the wild type.  

At the stage of mature plant, however, no effects on survival and development of in-soil 

grown plants were detected in the fah1-2 mutant irradiated with UV-B + UV-A light (up to UV-

B = 3.4 x 104 kJm-2 and UV-A = 9.5 x 103 kJm-2). We concluded that at the studied UV fluence 

ranges, sinapate esters have a relatively small contribution in UV-B + UV-A resistance of 

Arabidopsis seeds. In contrast, quasi-monochromatic UV-C254 light (up to UV-C = 4.8 x 105 

kJm-2) had a greater impact on the final plant survival rate in irradiated fah1-2 sample (45%) 

than in irradiated Col-0 sample (72%). It means that sinapate esters are either more efficient in 

the protection against UV-C light than in the UV-B + UV-A part of spectrum, or more likely, 

that the fluences of UV-B + UV-A light were not high enough to observe greater differences 

between the sinapate esters-lacking and wild type samples. Nevertheless, our results led us to 

conclude that sinapate esters do not provide the principal protection to Arabidopsis seeds against 

the UV-C radiation nor the UV-B + UV-A part of the spectrum. In addition to sinapate esters, 

other chemical, biochemical or structural factors are probably important in coping with UV 

radiation. 
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b) Flavonoids 

 
Unlike all tested flavonoid-containing seeds (including the sinapate ester mutant, fah1-2), 

the flavonoid-lacking mutants, tt4-8 and tt4-1, exhibited remarkably higher sensitivity to UV 

radiation. Quasi-monochromatic UV-C254 radiation and polychromatic UV200-400 light had 

particularly deleterious effects on flavonoid-lacking Arabidopsis seeds.  

 

At the germination stage, both germination capacity (Gmax%) and germination dynamics of 

irradiated tt4-8 were seriously affected by quasi-monochromatic UV-C254 radiation. Only 13% of 

irradiated tt4-8 seeds germinated after exposure to the maximal fluence of UV-C = 5.9 x 104 

kJm-2 (139 hours of irradiation). We found that almost all ungerminated tt4-8 seeds were 

metabolically dead. Since the concurrent UV-B + UV-A portion of emitted light (fluences up to 

UV-B = 4.2 x 103 kJm-2 and UV-A = 1.2 x 103 kJm-2) had no effect on germinability of the 

flavonoid-lacking seeds, we concluded that these deleterious effects can be attributed to the 

dominant UV-C254 component of emitted light. We found that increasing fluences of UV-C254 

light induced a progressive inhibition of germination in irradiated tt4-8 seeds. This allowed us to 

establish the UV-C254 dose-response curve for dry flavonoid-lacking seeds and to determine the 

lethal UV-C254 doses that kill 90% and 50% of tt4-8 seeds (LD90 = 6.5 x 104 kJm-2 and LD50 = 

6.2 x 103 kJm-2, respectively).  

At the stage of plant development, we found that quasi-monochromatic UV-C254 radiation 

had an extreme inhibitory effect on plant growth and development. The survival rate of in-soil 

grown plants was seriously reduced (54%) after only 1 hour of irradiation (UV-C = 5.3 x 102 

kJm-2), while no survivors were detected after 5 hours of exposure (UV-C = 2.8 x 103 kJm-2). 

Compared to the irradiated Ws-2 wild type seeds, these results clearly demonstrated that 

flavonoids are important UV screens, capable of improving the resistance of Arabidopsis seeds 

to quasi-monochromatic UV-C254 radiation for about 3 orders of magnitude. 

 
Flavonoid-lacking seeds (tt4-1 mutant) also exhibited an extremely high sensitivity to 

simulated polychromatic solar UV200-400 light (1.5 x 105 kJm-2). In contrast to wild type, which 

reached a high Gmax%, no flavonoid-lacking seed remained viable after the exposure to only 

polychromatic UV200-400 light or in combination with simulated space vacuum or simulated Mars 

CO2 atmosphere*. We concluded that the flavonoid-lacking seeds are at least 5 orders of 

magnitude more sensitive to simulated polychromatic solar UV200-400 radiation than the wild type 

seeds. These results clearly demonstrated the importance of flavonoids in UV screening 

protection of plant seeds. 
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11. We found that flavonoids provide greater UV protection to Arabidopsis seeds than 

sinapate esters. Flavonoids are thus the major screening compounds in Arabidopsis seeds, 

conferring the high seed UV resistance. These in vivo results are in good agreement with 

our UV absorption spectroscopy results, supporting the hypothesis that flavonoids could be 

considered as ideal UV screens.  

 
Due to their high absorbance in the UV-A and UV-B part of spectrum, sinapate esters are 

generally considered as efficient UV screens. Earlier in vivo studies reported that sinapate esters 

are predominant and even more efficient UV protectors than flavonoids (Chapple et al., 1992; 

Landry et al., 1995; Sheahan, 1996). Contrary to these findings, our study clearly demonstrated 

that flavonoids provide greater UV protection to irradiated Arabidopsis seeds than sinapate 

esters. Comparing the responses of flavonoid-lacking seeds (tt4-8), sinapate ester-lacking seeds 

(fah1-2) and their respective wild type seeds, we concluded that in Arabidopsis seeds, flavonoids 

provide at least two orders of magnitude higher resistance than sinapate esters to quasi-

monochromatic UV-C254 radiation, as well as the UV-B + UV-A portion of emitted light. These 

findings corroborated our results from the UV absorption spectroscopy studies (for details see 

point 4). The possible reason of discrepancy could be that previous studies were focused on the 

vegetative parts of plants (seedlings and leaves), rather than on seeds. Variations in the UV 

responses in different developmental stages (seeds, seedlings and plants) are likely related to the 

temporal and spatial differences in the types and concentrations of accumulated UV screening 

compounds. For instance, Arabidopsis seedlings contain higher amounts of sinapate esters than 

dry seeds (Lorenzen et al., 1996). In addition, the composition of flavonoids and sinapate esters 

in Arabidopsis seeds differs from that in the vegetative parts of plants (Chapple et al., 1992; 

Ruegger et al., 1999; Lepiniec et al., 2006; Routaboul et al., 2006). Further comparative 

quantitative studies would be necessary to determine the concentrations of the total flavonoids 

and sinapate esters, as well as the partial concentrations of specific compounds in the flavonoid-

lacking, sinapate ester-lacking and wild type seeds, as well as the vegetative parts of seedlings 

and plants. It would be also interesting to study the level of UV resistance in seeds that are 

double mutants for both flavonoids and sinapate esters.  
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General conclusions 
 

Plant seeds are adapted to survive a variety of adverse conditions on Earth, including 

extreme cold and heat, as well as extreme desiccation. Some seeds exhibit the exceptional 

longevity, remaining viable for several decades, or even millennia. Plant seeds consist of 

embryo, which is a preformed young plant that carries important genetic information, 

encapsulated within the protective seeds coat. The anatomy, chemistry and genome structure 

make plant seeds resistant to various harsh conditions, including UV radiation. We demonstrated 

that Arabidopsis thaliana seeds are extremely resistant to high fluences of polychromatic  

UV200-400 light, UV-B312+UV-A365 radiation, as well as UV-C254 radiation, which is considered as 

particularly deleterious due to the wavelength proximity to one of the DNA absorption maxima. 

To our knowledge, no other known life form is reported to resist such a high level of UV 

radiation. The exceptionally high UV resistance of plant seeds can be greatly attributed to 

flavonoids, which accumulate in high concentrations in the seed coat. Our UV absorption 

spectroscopy and in vivo studies showed that flavonoids, and particularly glycosylated flavonols 

(e.g. quercetin-3-O-rhamnoside), are the excellent UV screens, providing seeds an efficient 

protection against damaging UV radiation. Besides UV radiation, Arabidopsis thaliana seeds 

also showed a high resistance to the other extreme conditions that can be encountered in space 

(e.g. extremely high vacuum) or in extraterrestrial environments (e.g. Martian CO2 rich 

atmosphere). We concluded that plant seeds can be considered as a suitable terrestrial model for 

photobiological and astrobiological studies that investigate the likelihood of interplanetary 

transfer of life. Even if viability of entire seeds would be lost during the hypothetical long-

duration interplanetary journey, seeds could still contain some remaining viable cells, organelles, 

subcellular structures, macromolecules or small molecules, which might provide the biological 

or chemical basis for starting or modifying life elsewhere (for details see Tepfer and Leach, 

2006). 

 

Although the present work includes comprehensive chemical, absorption spectroscopy and 

plant physiology studies, it would be further interesting to study the effects of UV radiation at 

the molecular level, quantifying and determining the types of UV-induced DNA damage, 

studying the oxidative damage by measuring the accumulation of reactive oxygen species (ROS) 

and studying the efficiency of DNA repair and detoxification systems. Since we observed the 

biological endpoints of survival during only one generation cycle (M1) of Arabidopsis thaliana 

plants, grown from exposed seeds up to the stage of mature plant, we suggest that it would be 

also necessary to extend the study on the next generation (M2), in order to better determine the 

reproductive capacities and to examine the mutation frequencies in progeny. 
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Abstract : Panspermia, the dissemination of life through space, would require resistance to the
conditions found in space, including UV light. All known life forms depend on DNA to store
information. In an effort to understand the liabilities of DNA to UV light and modes of DNA

protection in terrestrial life forms, we established UV–VUV (125–340 nm) absorption spectra for dry
DNA and its polymerized components and mononucleotides, as well as for a selection of potential UV
screens ubiquitous in all organisms, including proteins, selected amino acids and amines (polyamines

and tyramine). Montmorillonite clay was included as a potential abiotic UV screen. Among the
potential screens tested, adenosine triphosphate (ATP) appeared to be particularly attractive, because its
UV absorption spectrum was similar to that of DNA. We suggest that the use of ATP in UV protection
could have pre-dated its current role in energy transfer. Spectroscopy also showed that UV absorption

varied according to nucleotide content, suggesting that base pair usage could be a factor in adaptation
to given UV environments and the availability of UV screens.
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VUV–UV absorption spectroscopy.

Introduction

Panspermia requires that life survive travel through space.

Man has explored Earth’s moon, and most of the unmanned

craft sent to planets and beyond have been contaminated by

microorganisms. Exospermia, the dissemination of Earth’s

life through space (Tepfer & Leach 2006), is thus clear, but

the capacity of life to thrive in a remote environment has

not been demonstrated. No other Earth-like environment is

known in the Solar System, and exoplanets are only just being

discovered. Conditions on these exoplanets are likely to be

inhospitable or extremely deleterious to life as we know it.

The origin of life on Earth is unknown, but fossilized bac-

teria are found in rocks from 3.43 Gy ago, suggesting that

complex life either evolved in the first gigayear of Earth’s

existence or was imported. The first case, spontaneous gen-

eration, could have occurred through incremental steps,

starting with simple chemistry. The second case, the intro-

duction of life from outside the Earth or introspermia (Tepfer

& Leach 2006), requires that life resist conditions in space.

Destructive UV light is a potential liability in both cases.

Theories of the origin of life are difficult to test, but we can

use terrestrial models to study how organisms currently resist

UV radiation, and we can hopefully improve this resistance.

The environment on Earth and the chemistry of prebiotic life

4 Gy ago are not known with certitude (Leach et al. 2006).

Thus, attempts to spontaneously generate life must be made

under assumed conditions of simulation. On the other hand,

the plausibility of panspermia can be tested by examining the

ability of contemporary terrestrial life to withstand space

travel. However, proof that life came to Earth via panspermia

(introspermia) will require finding life elsewhere (onMars, for

instance) and showing that it uses DNA and the same genetic

code as terrestrial life forms. Unfortunately, contamination

(as a result of Man’s space exploration) potentially compli-

cates the search for extra-terrestrial life.

On Earth, life survives in extreme conditions, e.g. close to

undersea fumaroles and in the desiccated Atacama desert.

The mechanisms whereby extremophiles adapt to these en-

vironments are as diverse as the occupied niches, but they all

serve, either directly or indirectly, to protect the biological

information encoded in DNA. Some of the mechanisms for
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conserving the genome are starting to be understood. For

instance, Deinococcus radiodurans survives desiccation and

radiation by rebuilding a functional genome from the frag-

ments produced during stress, using a novel genome recon-

struction strategy (Zahradka et al. 2006). In photosynthetic

organisms, damage from UV radiation can be attenuated by

UV shields that filter out deleterious UV radiation, but still

transmit the wavelengths required to fix CO2.

In exoenvironments, UV radiation would be a major dan-

ger for organisms dependent on light to fix carbon. Solar

irradiance diminishes between 300 and 130 nm, but since

photon energy increases and DNA absorbs in this range,

short-wave Solar UV radiation remains a liability for unpro-

tected organisms. On Earth, present-day organisms are

shielded from these wavelengths by stratospheric ozone, but

before the accumulation of atmospheric oxygen, as a result of

photosynthesis, life probably had to cope with the full spec-

trum of Solar UV radiation. We reasoned that by examining

UV shields in present-day organisms, it might be possible to

understand how life could have adapted to conditions on

primitive Earth, and eventually how to better prepare it for

survival in exohabitats.

A UV shield should absorb incident photons and dissipate

their energy, if possible without molecular damage. Physical

distance between the shield and sensitive targets, such as

DNA, would thus help cope with the energy absorbed.

Extracellular coats or sheaths are well known in the microbial

world, and plant seeds are surrounded by a seed coat.

Chromosomal DNA is localized in the interior, as far as

possible from incident light and other deleterious com-

ponents of the environment, and is surrounded by cellular

substances that help protect against UV. We assume here that

an ideal UV shield for DNA would absorb UV radiation in a

similar manner as DNA. We thus evaluate the potential

suitability of UV shields according to the degree of similarity

between their VUV–UV absorption spectrum and that of

DNA. This approach allows us to propose concepts that can

be experimentally verified.

In this and the following paper (Zalar et al. 2007), we

measure VUV–UV spectra of thin films of potential and

demonstrated UV shields, using synchrotron light between

125 and 340 nm, extending the energy range of existing

spectra that were generally not known below 200 nm. We

begin by examining absorption by DNA and its components,

and then we establish absorption curves for potential uni-

versal UV screens, i.e. those found in all forms of life. (The

accompanying paper (Zalar et al. 2007) is devoted to dem-

onstrating UV screens in specific prokaryotic and eukaryotic

organisms.) The structures of the substances examined here

are given in Fig. 1.

Results

VUV–UV absorption by DNA and its components

DNA. In the dry salmon sperm DNA sample, absorption

maxima (Fig. 2; see also Fig. 9) were observed at 264 nm

(region I) and 192 nm (region II), with absorbance climbing

to 125 nm at the lower end of the spectrum (region III). In the

hydrated sample, the peak at 264 nm was shifted to 260 nm,

and the peak at 192 nm was obscured by absorbance by the

solvent (Fig. 2). These peak behaviours are similar to those

observed in comparing the heavy-water solution spectra of

native DNA and DNA denatured by heat (Falk 1964).

Oligonucleotides (polymerized ). All oligonucleotides (homo-

polymers of 20 nucleotides) showed major absorption peaks

grouped in three regions: 255–286 nm (region I), 159–220 nm

(region II) and in a third region (III) of absorbance, in-

creasing to the highest observed value at 125 nm, the shortest

wavelength measured (Fig. 3; see also Fig. 9). The oligo-

nucleotides showed more spectral features than DNA, with

three peaks or shoulders detected for oligoT, five for oligoA

and four for oligoG. The purines (A, G) thus showed more

features than the pyrimidines (C, T), as expected from their

more complex structures. A peak or shoulder was observed at

208 nm in all but oligoC, where a peak was seen instead at

220 nm and an inflection around 200 nm. The two purines

had peaks at 255–257 nm, while the pyrimidines had peaks at

268 (oligoT) and 278 nm (oligoC).

The broad salmon sperm DNA peaks at 192 and 264 nm

are thus resolvable into oligonucleotide spectral families, with

the peak interval greater in the pyrimidines than in the pu-

rines. As noted above, in the purines, the region I peak oc-

curred at 255 nm for oligoG and at 257 nm for oligoA, with

shoulders at 286 and 271 nm, respectively. In oligoC, the re-

gion I peak occurred at 278 nm, but in oligoT it was found at

268 nm. In addition, the oligoG spectrum showed a strong

shoulder at 286 nm. Thus, in DNA sequences rich in GC base

pairs, absorption by region I should shift to longer wave-

lengths. A similar analysis for the region II family (150–

230 nm) showed that absorption by the AT pair should occur

at shorter wavelengths, compared with the GC pair, but this

difference should be less dramatic than for region I.

These observations suggest that the overall absorption

spectrum of DNA depends on its state of hydration and the

relative frequencies of the GC versus the AT base pairs. DNA

sequences composed uniquely of AT will absorb more at the

short wavelengths, and those made up of GC more at the

longer wavelengths.

Nucleotide monomers (unpolymerized ). The unpolymerized

monomers that make up DNA could also serve as UV filters.

These include the four bases alone and their ribose deriva-

tives : nucleosides (without the phosphate) or nucleotides

(with the phosphate). A potential advantage of these small

molecule UV screens would be their ability to diffuse or be

transported through cellular compartments of the organism.

We therefore determined absorption spectra for the four

monomer nucleotides (Fig. 4; see also Fig. 9), and compared

them with our spectra for polymerized (oligo)A/G/C/T, as

well as with the published spectra of thin films of the un-

polymerized A/G/C/T nucleobases, measured by Yamada &

Fukutome (1968) and also by Isaacson (1972) (Table 1). Our
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peak wavelength assignments generally agreed with previous

reports. In addition, the spectra for polymerized A, T and G

were similar, in numbers of bands and peak wavelengths, to

those of the monomers (see Fig. 9).

We can conclude for A, T and G that interaction between

bases of the same type in an oligonucleotide is relatively

small, beacuse polymerization has little effect on the absorp-

tion spectrum in the region we measured. Thus, the accumu-

lation in a cell of these mononucleotides could contribute to

protecting DNA against UV radiation. (The remarkable

similarity between monoA and DNA absorption curves is

discussed later.)

In contrast to A, T and G, the peaks in the cytidine nu-

cleotide sample changed with polymerization, with the region

I peak shifting to higher wavelengths and the region II peak

shifting to lower wavelengths (Fig. 4; see also Fig. 9). A peak

at 182 nm in oligoC was absent in the monomer. In water, the

cytosine peak wavelengths in the 190–300 nm region are more

dependent on pH than the corresponding peaks for A, G and

T (Voet et al. 1963), and absorption spectra for monoC ap-

pear to vary for different samples and as a result of ageing

(Yamada & Fukutome 1968).

UV absorption by proteins and their components

The amino acid sequence determines protein structure as well

as overall charge. Basic proteins (e.g. histones) bind DNA

electrostatically. Depending on their amino acid sequence,

proteins have the potential to insert into membranes via

N

N

NH

N

NH2

 NH

NH

O

O

CH3

 

N

NH

NH

N

NH2

O

 

N

NH

NH2

O  

R
O

O

OH

O

OH

O

PP

O

O

OH

OH

OH

O

P

 

NH2

NH2

 

NH2

NH NH2

 

NH2 NH
NH NH2

 

 
 

 

O

NH2

CH3

CH3

OH

 
 

 

OHN NH

NH2

NH2

OH

 
 

 

O

O NH2

OH

OH

 
 

 

O

NH2
N
H

OH

 
 

NH2

OH  

R = nucleobase 
 A/G/T/C 

a) NUCLEOBASES AND NUCLEOTIDES b) AMINO ACIDS 

c) POLYAMINES AND TYRAMINE 

Valine (Val) 

Arginine (Arg) 

Aspartate (Asp) 

Tryptophan (Trp) 

Adenine (A) Thymine (T) 

Guanine (G) Cytosine (C) 

Deoxyribonucleoside triphosphate (dNTP) 

Putrescine (Put) 

Spermidine (Spd) 

Spermine (Spm) 

Tyramine 

Fig. 1. Chemical structures of molecules used in VUV–UV absorption spectroscopy, including DNA, proteins (and their subunits) and

potential UV screens : (a) A/G/T/C nucleobases (adenine/guanine/thymine/cytosine) and nucleotides (deoxyribonucleoside triphosphates,

dNTPs); (b) amino acids (valine, Val; arginine, Arg; aspartate, Asp; tryptophan, Trp); (c) naturally occurring polyamines (putrescine, Put;

spermidine, Spd; spermine, Spm) and the aromatic amine, tyramine.
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hydrophobic residues, adhere to membrane phospholipids

through electrostatic interactions or bind specifically to

diverse structures or molecules (e.g. consider the interactions

between antigens and antibodies, enzymes and substrates and

receptors and their ligands).

We examined the UV absorption spectrum of histones,

which are positively charged DNA-binding proteins found in

eukaryotic cells. Absorption peaks (Fig. 5; see also Fig. 9)

were observed at 170 and 192 nm, and a continuous increase

in absorbance occurred below 150 nm. Although there

was relatively little absorption above about 230 nm, higher

protein concentration showed the characteristic protein ab-

sorbance peak at 280 nm (Fig. 5, inset). Histones do not ap-

pear to be ideal UV protectors for DNA absorption region I.

An identical spectrum was obtained for bovine serum albu-

min (results not shown), a small globular protein of 585

amino acids.

Amino acids can be classified according to their side

groups. For absorption spectroscopy, we chose one from

each of two of the four standard classes. In order to better

assess the influence of the aromatic ring in tryptophan, an

additional two from the ‘neutral and hydrophobic’ class were
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A. Zalar et al.232



selected. (Another criterion in the choice of particular sam-

ples was the ability of amino acids to make thin films that

produced a minimum of scattering.) The amino acids were:

arginine (basic), tryptophan (neutral and hydrophobic), val-

ine (neutral and hydrophobic) and aspartic acid (acidic).

Their spectra (Fig. 6; see also Fig. 9) showed that potential

protection of DNA absorption regions II and III in the DNA

curve is a common feature, but that UV screening for region

I is only seen with the aromatic amino acid, tryptophan,

where a broad, complex peak at 287 nm was recorded, with a

shoulder at 272 nm, reminiscent of the vibrational structure

in benzenoid spectra in this region.

UV absorption by polyamines and tyramine

Polyamines are small polycationic molecules, found in all

living organisms. They are essential for optimal growth and

development in eukaryotic and prokaryotic cells (Martin-

Tanguy et al. 1990). As they are positively charged at cellular

pH, they interact with negatively charged molecules, such as

DNA (Basu et al. 1990; Pohjanpelto & Holtta 1996), mem-

brane phospholipids (Schuber et al. 1983; Beigbeder et al.

1995; Tassoni et al. 1996) and some proteins (Apelbaum et al.

1988). Putrescine (Put), spermine (Spm) and spermidine (Spd)

are the major polyamines found in most cells, where they are

present in high concentrations. In addition to the aliphatic

polyamines (Put, Spm and Spd), aromatic amines, such as

tyramine (Tyr), naturally occur in prokaryotic and eu-

karyotic organisms.

Polyamines can be found not only as free molecular bases,

but also conjugated to small molecules or bound to proteins.

In plants, polyamines and aromatic amines are usually con-

jugated with phenolic acids such as hydroxycinnamic acids,

e.g., t-cinnamic, caffeic, ferulic and p-coumaric acids (Martin-

Tanguy 1985, 1997; Martin-Tanguy et al. 1991). Polyamines

are known in the laboratory to interact strongly with

DNA, to stabilize condensed DNA conformations (Flink &

Pettijohn 1975) and thus to protect DNA from degradation.

In nature they are important in the regulation of growth, but

they are not considered to be hormones, because of their

elevated cellular concentrations. They accumulate in response

to stress, possibly as a way of storing nitrogen produced by

the breakdown of proteins. In plants, polyamines and their

conjugates are implicated in growth, development and the

regulation of flowering and responses to biotic and abiotic

stress (Martin-Tanguy 1985, 1997, 2001; Martin-Tanguy

et al. 1991; Tepfer & Martin-Tanguy 1991). Polyamine ac-

cumulation in plants was induced by UV-B (An et al. 2004)

and by UV-C radiation (Campos et al. 1991).

The UV absorption spectra (Fig. 7; see also Fig. 9) for

spermidine, putrescine, spermine and tyramine showed a

peak in the 170 nm region, with continued absorbance to

123 nm. Tyramine gave peaks at 198 nm, at 221 nm and twin

peaks in the region of 282 nm with a shoulder at 267 nm.

Tyramine would thus protect DNA in both DNA absorption

regions I and II.

UV absorption by clay

Inorganic materials, such as clay, which has been proposed as

a catalyst in prebiotic chemistry (Bernal 1951; Ferris et al.

1996; Rode 1999), are obvious candidates for protecting
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DNA and the organisms that contain it. Adsorption of DNA

on soil components, particularly on clays, protects DNA

against degradation by nucleases (Romanowski et al. 1991;

Paget et al. 1992; Gallori et al. 1994; Lorenz & Wackernagel

1994; Demaneche et al. 2001) and DNA adsorbed on clay

minerals, such as montmorillonite and kaolinite, is partially

protected against UV light and X-rays (Ciaravella et al. 2004;

Scappini et al. 2004). We therefore examined montmorillonite

clay as a possible UV screen. The absorption spectrum of clay

showed peaks at 141, 184 and 247 nm, with strongly increas-

ing absorbance below 135 nm (Fig. 8; see also Fig. 9).

Although the features are not as distinct as in other sub-

stances analysed, clay absorbed throughout the absorption

spectral region of DNA, but the observed peaks were blue-

shifted by about 10–20 nm with respect to dry salmon sperm

DNA. These montmorillonite clay peaks could be the result

of organic contamination.

Discussion

DNA conserves the information that defines life on Earth.

Terrestrial life on primitive Earth or in future space travel

must cope with the full spectrum of Solar UV. We therefore

examined UV absorption by DNA and by a few of the poss-

ible chemical screens that could protect DNA, based on the

working assumption that the DNA and UV screen absorp-

tion curves should match as closely as possible. We con-

sidered molecules common to essentially all forms of life :

DNA, DNA subunits, proteins, amino acids, polyamines and

tyramine. In addition, we examined a clay as a possible

abiotic DNA protector.

Absorption spectra of DNA

Peak wavelengths and intensity ratios vary in published

DNA absorption spectra. This could be due to differences

in the source of the DNA and how it was prepared. Our

salmon sperm DNA sample was extracted with organic sol-

vents to remove proteins and small molecules. Salmon

sperm DNA belongs to the AT rich class, having a GC con-

tent of 41.2% (Chargaff et al. 1951). Spectra in the dry and

hydrated states were compared (Fig. 2), using a DNA film

dried onto a MgF2 window and the same DNA dissolved in

water. DNA in films is no longer in the B state, but in a

distorted configuration in which the complementary pairing

and the parallel stacking of the DNA bases is reduced, but the

double helical strands remain entwined (Falk et al. 1963;

Falk 1964).

Table 2, where we compare our results with already pub-

lished DNA absorption spectra (Inagaki et al. 1974; Sontag

& Weibezahn 1975; Ito & Ito 1986), gives relative absorption

intensities of DNA films at selected wavelengths, with respect

to the intensity of the 260 nm band. The DNA samples of

Inagaki et al. (1974) and those of Sontag &Weibezahn (1975)

were from calf thymus, but the DNA sample of Ito & Ito

(1986) was specified only as ‘highly polymerized DNA’. Our

relative intensities agree with those of Sontag & Weibezahn,

who used lamp radiation sources. The relative intensities of

Ito & Ito, who used a synchrotron radiation source, have

higher values, and those of Inagaki et al. have lower values.

The DNA films of Sontag & Weibezahn and Inagaki et al.

were on metal mesh screens, whereas those of Ito & Ito were

on CaF2 plates.

The intensity measurements of Inagaki et al. were in-

directly determined, partly based on a Kramers–Kronig

analysis of the index of refraction of the films. They are thus

subject to defects in this treatment. The higher relative in-

tensities recorded by Ito & Ito might be due to greater scat-

tering or to the DNA sample’s unreported origin. Although

the absorption spectra of the DNA films reported in Table 2

are quite similar, apart from the relative intensity differences

mentioned above, they exhibit small differences in peak

wavelengths, as might be expected from the different DNA

source materials and sample preparations.

Effects of nucleotide composition on UV absorption

Absorption spectra of the polymerized nucleotides (homo-

polymers) that compose DNA suggest that absorption

region I would shift to longer wavelengths in DNA composed

uniquely of G and C nucleotides, compared with DNA

made up of A and T. Furthermore, DNA in the dry state

shows a small red-shift for region I (Fig. 2). Relative

GC content varies in different organisms (Marmur & Doty

1962), e.g. between 31% (Clostridium perfigens) and 72%

(Micrococcus lysodeikticus) ; see Lewis & Johnson (1974). The

potential for G use is clear in the genetic code, where in many

cases an alternative codon can contribute a supplementary G

Table 1. Comparison of peak wavelengths of monomer and

polymerized A/G/C/T (our measurements) with those of

unpolymerized A/G/C/T nucleobases measured by Yamada

& Fukutome (1968) and by Isaacson (1972)

Adenine peaks (nm) Guanine peaks (nm)

OligoA

MonoA

OligoG

MonoG

(a) (a) (b) (c) (a) (a) (b)

271 262 269–272 273 286 290 282–289

257 255 253 246–251

208 210 210 212 206 (200) 198–200

188 190 182 191 186 189 185

159 158 160 161

Cytosine peaks (nm) Thymine peaks (nm)

OligoC

MonoC

OligoT

MonoT

(a) (a) (b) (a) (a) (b) (c)

278 274 271 268 266 265–270 266

220 232 208 208 211 209

200 197 199–203 175 175 176 175

182 135 144 141

162 (inflection) 156 161

135 150

(a) Present paper; (b) Yamada & Fukutome (1968); (c) Isaacson

(1972).
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to the sequence, without changing the protein sequence. We

calculate that a hypothetical gene, encoding a protein in-

corporating one of each of the 20 amino acids, can vary in

GC content by more than twofold, without changing

the amino acid sequence. (The minimum GC content was

30%; the maximum was 63%.) In theory, nucleotide content

(including non-coding sequences) could thus evolve or be

engineered to alter the overall absorption characteristics

of the genome, but this hypothesis needs to be verified ex-

perimentally.

Three hydrogen bonds in the GC pair, as opposed to two in

the AT pair, make the double helix of nucleic acids more

stable at high temperatures (Galtier & Lobry 1997).

According to our observations, the red-shift potentially

conferred by a sequence rich in G and C should also confer

better UV protection by proteins (see below section on pro-

teins and aminoacids as UV screens). In addition, lowering

the frequency of the AT pair would reduce the chances

of dimerization of adjacent thymines, which are involved in

the majority of the mutagenic photo lesions caused by UV

radiation.

The existence and degree of a hypothetical red-shift

associated with high GC can be determined by studying

UV absorption by synthetic DNA sequences that vary in

GC content, and the sensitivity of these hybrids to specific

UV wavelengths can be measured in vitro. The ecological
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pertinence of altered GC content could be assessed using

a gene encoding a genetic marker, such as an antibiotic re-

sistance, that has been altered to contain more GC base

pairs, while encoding the same protein. The biological

robustness of this altered sequence could be tested by expos-

ing the gene to UV radiation in vitro (with and without

UV screens), then testing its integrity in vivo, by introducing

it into bacteria challenged by the antibiotic. It should

thus be possible to experimentally evaluate the adaptive

significance of changes in the absorption spectrum of a target

nucleic acid.

In addition to the above spectroscopic properties,

chemical, thermodynamic and conformational attributes

could be influenced by overall base composition or interac-

tions between neighbouring bases (DNA sequence).

Hydrodynamic (e.g. viscosity) and visible light-scattering

properties of DNA probably depend more on gross poly-

nucleotide structure and molecular weight, than on base

composition or sequence. These characteristics could never-

theless influence genome survival, and they should be taken

into account in studies of DNA stability using synthetic

DNA.
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ATP as a UV screen

A simple life form could consist of DNA and molecules it

encodes, which would replicate the DNA and protect it

from UV radiation. The simplest UV screen for DNA would

thus be nucleotide monomers, an RNA or a protein that has

the same absorption spectrum as DNA. An overview of the

absorption curves (Fig. 9) suggests that dry salmon sperm

DNA is best protected by nucleic acids and their components,

while free amines, histone protein and selected amino acids

are less attractive UV screens.

Among the DNA components, the absorption spectrum of

adenine mononucleotide best matches that of DNA, with

absorption peaks corresponding closely to those of DNA

(Fig. 4; see also Fig. 9). Adenine mononucleotide is the DNA

form of ATP, which is the primary energy currency in con-

temporary cells. The two forms have identical spectra (un-

published results). The intracellular ATP steady state pool is

about 1 mM in mammalian cells (Wang et al. 1997), which

would provide a 30% attenuation at 260 nm for a tissue

thickness of 100 mm. UV protection would be further in-

creased in thicker tissues or if cells are adapted to accumu-

lating higher ATP concentrations. Organisms living before

the formation of our oxygen-rich atmosphere were likely ex-

posed to high UVC and VUV, and they could have used

adenine mononucleotide or ATP as an element of their UV

resistance phenotype. In primitive cells, this attribute might

have preceded the use of ATP in energy transfer. Thus, an

answer to the question of why ATP is the energy currency of

the cell might be that it was essential to accumulate high

concentrations of ATP to protect the genome against UV

light.

Proteins and amino acids as UV screens

DNA protection by proteins is less obvious, because DNA

has an absorption peak at around 260 nm and protein has a

peak around 280 nm (Fig. 5; see also Fig. 9). They both

absorb around 200 nm (region II), and continue absorbing

Table 2. Comparison of the relative absorption of DNA films

at selected wavelengths, relative to the 260 nm absorption

peak

DNA source

(and reference)

Absorption at selected wavelengths

260 nm 190 nm 160 nm 150 nm

Salmon sperm DNA

(present paper)

1 1.48 1.62 1.98

Calf thymus DNA (a) 1 1.47 1.52 1.91

Unspecified DNA (b) 1 1.86 1.98 2.18

Calf thymus DNA (c) 1 1.23 1.18 1.36

(a) Sontag & Weibezahn (1975); (b) Ito & Ito (1986); (c) Inagaki et al.

(1974).
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through the VUV, but there is no obvious way for a protein

to efficiently protect DNA at 260 nm (region I), unless the

concentration of the screen is so high that the target is pro-

tected even at absorption minima. We assume that such a

non-specific, generalized opacity to UV radiation would be

less efficient than that afforded by a well-matched UV screen,

such as ATP.

An examination of four amino acids, representative of the

20 that make up proteins, showed that protection of region I

in DNA could be produced by the aromatic amino acid,

tryptophan (region I at 272–287 nm), which carries a ring

system that is rich in p electrons and reminiscent of the

double ring structure found in the purines. We conclude that

a DNA sequence with high GC content (which would shift

region I to higher wavelengths), encoding a protein carrying

aromatic amino acids, such as tryptophan, would be pro-

tected for both regions I and II. This hypothesis can be tested

experimentally, by designing and expressing such a protein.

Similar protein engineering might be used to improve UV

protection in vivo in exoenvironments. For instance, storage

proteins in seeds might be altered to better serve as UV

screens. Proteins rich in aromatic amino acids are found in

the Bacillus subtilis spore coat, where they are thought to play

a part in UV resistance (Driks 1999; Riesenman & Nicholson

2000).

Polyamines and tyramine as UV screens

Aside from nucleic acid and protein precursors, organisms

produce a variety of small metabolites through enzymatic

pathways encoded in multiple genes. As the genes and regu-

latory systems responsible for these pathways are becoming

known, they are recognized as candidates for metabolic en-

gineering. Small metabolites constitute possible UV screening

material that could diffuse within the cell and be transported

across membranes.

The polyamines are an example of small diffusable mol-

ecules known to stabilize DNA and for which the molecular

genetics are known, but according to their absorption spec-

tra, they would protect regions II and III, but not region I

(Figs 6 and 8). However, the aromatic amine, tyramine, car-

ries a benzene ring, and given its UV absorption spectrum,

should protect both DNA regions I and II. Tyramine is

positively charged at physiological pH, so it will bind elec-

trostatically to DNA. In plants, tyramine conjugation to hy-

droxycinnamic acids, which also carry a benzene ring, is

induced by UV light, and hydroxycinnamic acids conjugate

with polyamines, possibly improving their DNA protective

capacities. Caffeic, ferulic and t-cinnamic acid have a peak

around 290 nm (our unpublished results), but this could

change after conjugation. Engineering of these biosynthesis

pathways is possible, and as regulatory circuits are discovered

that control batteries of genes, these pathways should become

easier to manipulate.

Small molecules, including secondary metabolites, such

as polyphenols (see the accompanying paper (Zalar et al.

2007)), could thus act as UV screens. Some of them, such as

the polyamines, have DNA binding and DNA protecting

properties. In contemporary organisms, the biosynthesis of

such metabolites requires complex enzymatic reactions, but

similar compounds might have been present in the prebiotic

environment (Bernstein 2006). Any UV screen that also binds

DNA carries the risk that the absorbed energy is transferred

to the DNA, causing photosensitization rather than protec-

tion. The need to have spatial distance between the screen and

the target DNA could have contributed to the evolution of

cells surrounded by phospholipid bilayers, and eventually to

the formation of cell walls and spore or seed coats.

The binding and UV protective characteristics of small

molecules can be tested experimentally in vitro (e.g. using

synthetic DNA sequences) and in vivo (e.g. by manipulating

enzymatic pathways through metabolic engineering). It

should thus be possible to test the predictive validity of our

assumption that an ideal UV screen would have an absorp-

tion pattern similar to that of the target. Genetic engineering

can also direct enzymes into selected cellular compartments

or into specific tissues. For instance, a seed storage protein

could be made richer in tryptophan, and the resistance of the

resulting seeds assessed under space conditions.

Astrobiological considerations

The theory that life is universal (panspermia) was restated by

Arrhenius at the beginning of the last century. It has since

been championed by (among others) Wickramasinghe and

Hoyle (Hoyle & Wickramasinghe 1986; Wickramasinghe &

Wickramasinghe 2003; Wickramasinghe 2004) and by Crick

and Orgel (Crick & Orgel 1973; Crick 1981). The former

thought of life as intrinsic to matter and carried by comets ;

the latter proposed that extra-Solar System intelligences in-

tentionally disseminated life through the universe (directed

panspermia).

In exploring the Solar System and beyond, man is clearly

engaged in Crick and Orgel’s directed panspermia. To con-

sciously direct it, we will need to adapt life to survival in

space. The UV absorption spectra presented here suggest that

DNA sequences could be altered to adapt the genome’s ab-

sorption spectrum to a given UV environment or to given UV

screens. UV screen synthesis could be encoded in the DNA as

proteins or as enzymes that produce small molecules derived

from metabolic processes. Our survey of some obvious can-

didates singled out adenine mononucleotide as a promising

small molecule. It is theoretically possible to design a simple

organism starting with the DNA sequence. Features, such as

UV screens, could be built in that would make for enhanced

survival in space. Similar genetic methods could be used to

improve existing organisms for space travel and for possible

loss of atmospheric UV protection on Earth.

Methods

Absorption spectra

Absorption spectra were recorded at the UV1 beamline at

the synchrotron radiation source ASTRID (Institute for

Storage Ring Facilities, University of Aarhus in Denmark).

Monochromatized light was passed from the beamline

A. Zalar et al.238



through a LiF window into a vacuum chamber capable of

containing up to four MgF2 discs. The light exited the

chamber via a MgF2 window and was detected with a

UV–VUV sensitive photomultiplier tube (PMT). The discs

could be placed in the beam one at a time, and the transmitted

light was measured from 125 to 340 nm in 1 nm steps.

Typically, three discs with dried samples were placed in the

chamber and a fourth disc was kept blank. More details of

how to avoid absorption of VUV light in the gap between the

exit window and the PMT, and on how to avoid higher-order

radiation contaminating the spectrum are described else-

where (Eden et al. 2006).

Spectra are based on transmission measurements. They

have scattering components in addition to absorption.

Scattering due to imperfections in the MgF2 windows was

removed by computing the ratio between the transmission of

the window plus the sample and that of the blank window.

Absorption was thus determined asA=log(I0/It) where I0 and

It are the measured intensity of transmitted light through the

blank disc and the sample disc, respectively. Scattering was

assumed to be similar for each sample, based on the

reproducibility of selected spectra. In published spectra

(125–400 nm) of thin films of the five nucleobases (Yamada &

Fukutome 1968), scattering was estimated to be 10–30% of

the optical density at the shortest wavelengths.

Preparation of samples

Samples were air-dried onto MgF2 windows (diameter,

23 mm). Spectroscopy using dry samples under vacuum

avoided solvent absorbance, which is usually observed in

absorption measurements below 200 nm (Foldvari et al.

1981), and approximated conditions expected in dormant

spores or seeds. Sterile, ultrapure water (R>10 MV Cm) was

made with the Milli-Q apparatus (Millipore).

Salmon sperm DNA (Sigma-Aldrich, France) was ex-

tracted twice with a mixture of phenol (saturated with H2O)

and chloroform in a 1:1 ratio, in order to remove proteins.

After centrifugation, the aqueous phase was extracted three

times with chloroform to remove phenol, then precipitated

with two volumes of ethanol in the presence of ammonium

acetate. The DNA was spooled and washed with ethanol

(70%) to remove salts and the remaining traces of organic

solvents. The DNA was dried and resuspended in H2O. To

facilitate pipetting, viscosity was reduced by passage through

a 22-gauge needle.

Oligonucleotides (Genosys-Sigma, France) of adenine

(oligoA), thymine (oligoT) and cytosine (oligoC) were pur-

chased in the dry state as 20-mers. Oligonucleotide solutions

were prepared in H2O (pH 7.5). 200 ml of oligoA/T/G/C

(100 mM each) were air-dried on MgF2 windows. About

0.1 mg (dry weight) of each sample was deposited on each

MgF2 window.

Monomer nucleotides (monoA/T/G/C) in the form of

deoxyribonucleoside triphosphates (Promega, France)

were prepared as 1 mM solutions in water (pH 7.5).

750 ml of dATP and dGTP and 500 ml of dTTP and dCTP

were dried onto MgF2 windows, giving films consisting

of 0.45 mg of dATP and dGTP and 0.3 mg of dTTP and

dCTP.

Samples of unfractioned whole histone from calf thymus,

type II-A (Sigma-Aldrich, France), were prepared in water

(pH 7.5). 500 ml samples at 0.3 and 1 mg mlx1 were air-dried

on MgF2 windows. The dry histone samples consisted of 0.15

and 0.5 mg (high histone concentration) per MgF2 window.

L-Arginine (Arg), L-Aspartic acid (Asp), L-Valine (Val)

and L-Tryptophan (Trp) (Sigma-Aldrich, France) were dis-

solved in water (pH 7.5). Samples, consisting of 400 ml of

Arg (2 mg mlx1), 500 ml of Asp (2 mg mlx1), 1 ml of Val

(2.6 mg mlx1) and 400 ml of Trp (0.5 mg mlx1) were air-dried

on MgF2 windows. The final mass per MgF2 window was

0.8 mg of Arg, 1 mg of Asp, 2.6 mg of Val and 0.2 mg of Trp.

Spermine (Sigma-Aldrich, France), spermidine (Sigma-

Aldrich, France) and putrescine (Fluka, France), were freshly

prepared in water (pH 7.5). The solutions of 1 ml of spermine

(1.1 mg mlx1), 500 ml of spermidine (3 mg mlx1) and 500 ml

of putrescine (15 mg mlx1) were air-dried, so that final

quantities were 1.1, 1.5 and 7.5 mg per MgF2 window, re-

spectively. Tyramine (Sigma-Aldrich, France) was prepared

as 0.3 mg mlx1 solution in 100% methanol, and 500 ml of

this solution was dried on the MgF2 window. The solid film

contained 0.15 mg of tyramine per MgF2 window.

The clay mineral (Na-montmorillonite/SWy-1, from

Crook Country, Wyoming, USA, from the clay minerals

repository, University of Missouri, Columbia, USA) was

kindly provided by R. Prost. Clay particles were suspended in

water, followed by centrifugation at 3000G for 5 min, which

caused visible layering. The upper band of particles in the

pellet was removed with a spatula and the process was re-

peated five times. A 500 ml sample (0.5 mg mlx1) of Na-

montmorillonite/SWy-1 was air-dried on a MgF2 window.
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Abstract : We used synchrotron light to determine VUV-UV absorption spectra (125–340 nm) of thin

films of substances associated with UV resistance in specific groups of organisms or across limited
phylogenetic boundaries : scytonemin, mycosporine-like amino acids, dipicolinic acid, b-carotene,
melanin and flavonoids (quercitrin, isoquercitrin, robinin and catechin). The objective was to extend
known UV absorption spectra into the vacuum UV, and to evaluate the likely effectiveness of these

molecules in shielding DNA from the unfiltered solar UV found in space, using similarity with DNA
absorption spectra as the primary criterion. The spectroscopy indicated that plant flavonoids would be
ideal UV screens in space. We suggest that flavonoids represent primitive UV screens, and offer

explanations (including horizontal gene transfer) for their presence in plants. We also discuss the
possibility of improving UV resistance by increasing flavonoid accumulation through metabolic
engineering, in the hope of better adapting life for space travel, i.e. for its dissemination away from the

Earth (exospermia). Finally, we propose using plant seeds as exospermia vehicles for sending life
(including artificial life) into space.
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Key words : b-carotene, dipicolinic acid, flavonoids, melanin, mycosporine-like amino acids, panspermia, scytonemin,
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Introduction

The spectrum of solar UV emission is generally divided into

the UVA (315–400 nm), the UVB (280–315 nm), the UVC

(200–280 nm) and the VUV (<200 nm). Biological energy on

today’s Earth is mostly derived from photosynthesis.

Currently, ozone blocks UV light below 300 nm but, in the

distant past, primitive photosynthetic organisms probably

had to cope with more energetic wavelengths in order to

benefit from the light required to fix atmospheric carbon

compounds. Since contemporary bacterial spores are killed

after a short exposure to unfiltered solar UV in space

(Horneck et al. 2001), we need to explain how organisms

adapted to UV liability on primitive Earth, in the absence of

atmospheric oxygen and ozone.

Possibilities include a protective organic haze (Westall

et al. 2006), displacement within microbial mats (Bebout

& Garcia-Pichel 1995) and accumulation of UV screens, e.g.

scytonemin in cyanobacteria (Garcia-Pichel et al. 1992), that

protect throughout the UV, but do not interfere with photo-

synthesis. Biological molecules of all sorts absorb UV light.

They are thus potential UV screens, as well as targets for

photodestruction. In the accompanying paper (Zalar et al.

2007), we used synchrotron light to examine UV absorption

between 125 and 340 nm for a few of the potential UV screens

that are ubiquitous in the cells of all organisms. DNA was

considered to be the principal target. In this paper we apply

the same approach to known UV screens from a variety of

organisms.

DNA absorbs in three regions: I (with a peak at

260–264 nm), II (with a peak at 192 nm) and III (below

125 nm). Dehydration shifts the peak in region I to longer

wavelengths (from 260 to 264 nm), and this peak could

also shift to longer wavelengths with increased frequency of

the guanine–cytosine (GC) base pair, which is also considered

to be more stable than the adenine–thymine (AT) base

pair (see the accompanying paper). Solar emission declines

to essentially zero at 125 nm; thus absorption peaks
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corresponding to regions I and II would be the major source

of UV liability.

We present here thin-film VUV-UV absorption spectra

for known UV screens: scytonemin, mycosporin-like amino

acids, dipicolinic acid, b-carotene, melanin and flavonoids

(quercitrin, isoquercitrin, robinin and catechin). They are

evaluated according to the degree of spectral similarity

between the screen and the target DNA. The results are

discussed with reference to the origin and evolution of life and

the possibility of dispersal of life via directed exospermia.

Methods

The flavonoids analysed in this study were: quercitrin

(quercitin-3-O-rhamnoside), isoquercitrin (quercetin-3-b-D-

glucoside), robinin (kaempferol-3-O-robinoside-7-O-rhamno-

side) and (+)-catechin (+)-3,3k,4k,5,7-pentahydroxyflavan).
Standard solutions (3 mg mlx1) of quercitrin (Sigma-Aldrich,

France), isoquercitrin (Fluka, France) and catechin (Extra-

synthese, France) were prepared in 100% (v/v) methanol,

while robinin (Extrasynthese, France) was prepared as an

aqueous solution (1 mg mlx1). Dipicolinic acid (DPA, 2,6-

pyridinedicarboxylic acid) was purchased from Sigma-

Aldrich, France. A standard solution (4 mgmlx1) ofDPAwas

prepared in 100% (v/v) methanol. The calcium chelate of

DPA (Ca-DPA) wasmade bymixing (1:1) equimolar volumes

of the DPA standard solution and aqueous solution of CaCl2
(2.4r10x2 M). Melanin (Sigma-Aldrich, France) was pur-

chased as synthetic melanin, made by the oxidation of tyrosine

with hydrogen peroxide. A standard solution (1 mg mlx1) of

melanin was prepared in 1 N NH4OH. A standard solution

(1 mg mlx1) of b-carotene (Extrasynthese, France) was pre-

pared in 100% ethyl acetate and stored at x20 xC, protected

from light. Chlorophyll a and b (from spinach) were purchased

from Fluca (France). Stock solutions (0.5 mg mlx1) were pre-

pared in absolute ethanol.

Scytonemin was extracted from UVA induced cells of the

cyanobacterium, Chroococcidiopsis CCMEE 5056, kindly

provided by R. Castenholtz. The UV induced and control

(non-induced) cells of Chroococcidiopsis were collected by

centrifugation and pellets were kept frozen in the dark.

Thawed cells were oven dried at 50 xC for 1 h, then homo-

genized in 3 ml acetone (100% v/v) by sonication (VibraCell,

Sonics & Materials, Danbury CT), while cooling on ice and

protected from light. The resulting suspension was kept at

4 xC for 20 h in the dark. The extracts were centrifuged and

about 3 ml of yellow supernatant, containing scytonemin,

were collected and stored at x20 xC. The scytonemin was

further purified by high-performance liquid chromatography

(HPLC). The acetone from the crude extracts was removed

by evaporation under a stream of nitrogen and dry residues

were dissolved in 100% (v/v) acetonitrile. The separation of

the compounds by HPLC was performed on a Waters 600

multisolvent delivery system, using a Kromasil C18 column

(250r4.6 mm2 i.d., 5 mm particle size, Alltech, France). The

mobile phase comprised the mixture of solvent A (pure water)

and solvent B (acetonitrile : methanol : tetrahydrofuran,

75:15:10, v/v/v) at a flow rate of 1 ml mlx1 and a linear

gradient of solvents A:B (70:30, v/v) from 0 to 10 min,

changing to 0:100 (v/v) after 20 min and ending with the

initial conditions A:B (70:30 v/v) for 10 min. The chroma-

tographic and spectral data were acquired with a Waters 990

photodiode array detector set at 388 nm and HPLC fractions

were collected.

The scytonemin fraction was identified by its characteristic

UV absorption spectrum (Proteau et al. 1993; Sinha & Hader

2002). Purified scytonemin was dried under a stream of ni-

trogen, quantified and dissolved in 100% (v/v) ethyl acetate,

yielding 0.5 mg mlx1. The presence of scytonemin in the

prepared sample and its purity were further confirmed by

mass spectrometry (see below).

Liquid chromatography–mass spectroscopy (LC-MS) was

performed using an Alliance 2695 (Waters, USA) reverse

phase HPLC system coupled to a Quattro LC mass spec-

trometer (MicroMassCo, Manchester, UK) with an electro-

spray ionization interface. Data acquisition and analyses

were performed by MassLynx software. Chromatography

was carried out on a C18 Uptisphere column (150r2 mm2,

i.d., 5 mm particle size; Interchrom, France), connected to a

Waters 2487 UV detector set at 252 nm and 386 nm. The

mobile phase, at a flow rate of 0.15 ml minx1, contained the

mixture of two solvents, acetonitrile and water, both acidified

with 0.5% (v/v) acetic acid. The gradient profile comprised

initial conditions (acetonitrile :water, 2:98 v/v) for 5 min,

linear gradient up to 100:0 v/v acetonitrile :water for 25 min

and a rinsing step (acetonitrile :water, 100:0 v/v) for 10 min.

Prior the LC-MS analysis, the solvent ethyl acetate was re-

moved from the scytonemin sample by evaporation under a

stream of nitrogen and replaced by acetonitrile, as a more

suitable solvent for liquid chromatography. The 5 ml aliquot

of the 10 times diluted scytonemin fraction was injected and

data were acquired for both positive and negative ionization

modes.

LC-MS results showed that the HPLC fraction of the

cyanobacteria extract, further used for absorption analysis,

contained high amounts of well-purified scytonemin. Strong

signals of [M+H]+ ion at mass-to-change ratio (m/z) 545 in

positive mode and [M+H]x ion at m/z 543 in negative mode

were observed, confirming the presence of scytonemin (mol-

ecular weight 544). Moreover, the ion at m/z 273 was ob-

served in the positive mode, resulting from the fragmentation

of the scytonemin molecule into two symmetric halves. Beside

the common form of scytonemin, which was dominant (93%)

in the sample, small amounts (7%) of the reduced form were

also observed, confirming a previous report (Squier et al.

2004). A reduced form of scytonemin was commonly found

in the anoxic layers of microbial mats (Garcia-Pichel &

Castenholz 1991; Proteau et al. 1993).

Two mycosporine-like amino acid samples, MAA-6 and

MAA-9, isolated from the marine red algae, Corallina offici-

nalis, and prepared in 0.2% (v/v) acetic acid, were kindly

provided by the group of D.-P. Häder. Conventional (LC-

MS) and tandem mass spectrometry (LC-MS-MS) were per-

formed in order to determine the type ofmycosporine-like acid
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present in the MAA-6 and MAA-9 samples (Whitehead &

Hedges 2003). The LC-MS system is described above.

10 ml aliquots of 10 times diluted MAA-6 and MAA-9

samples were eluted on an Uptisphere C18 column

(150r2 mm2, i.d., 5 mm particle size; Interchrom, France)

with a mobile phase that was composed of solvent A (aceto-

nitrile :water, 95:5, v/v, 0.2% acetic acid) and solvent B

(water:acetonitrile, 95:5, v/v, 0.2% acetic acid) at a flow rate

of 0.15 ml minx1. The gradient profile comprised initial con-

ditions (A:B, 0:100 v/v) for 5 min, linear gradient up to

100:0 v/v, A:B for 50 min and a rinsing step (A:B, 100:0 v/v)

for 5 min. Absorption was measured continuously at 290 nm

and 259 nm.

Mass spectra showed that the MAA-9 sample contained

porphyra-334 (molecular weight 346), forming a [M+H]+

ion at m/z 347 and a [M+H]x ion at m/z 345 in positive and

in negative modes, respectively. Besides porphyra-334, as a

major component, small amounts of shinorine (molecular

weight 332) and palythinol (molecular weight 302) were

detected. Shinorine and palythinol gave the signal only in

positive mode, forming [M+H]+ ions at m/z 333 and 303,

respectively. Traces of unidentified molecules that gave the

[M+H]+ ions at m/z 163, 205, 223, 255 and 279 were also

detected, and they were thought to be impurities.

Fraction MAA-6 contained the same impurities found in

fraction MAA-9. The MAA palythine (molecular weight 244)

that formed a [M+H]+ ion at m/z 245 in positive mode was

also detected, but in small amounts in the MAA-6 sample.

The presence of porphyra-334 in MAA-9, and palythine in

MAA-6 was further confirmed by tandem LC-MS-MS,

comparing the characteristic fragmentation patterns with

those previously reported (Whitehead & Hedges 2003).

Although MAA-6 and MAA-9 contained trace amounts of

impurities, their absorption spectra, which were obtained by

conventional spectrophotometry in solution (the results are

not presented), showed lmax=320 nm for MAA-6 and

lmax=334 nm for MAA-9, which are characteristic absorp-

tion maxima for porphyra-334 and palythine, respectively

(Takano et al. 1978, 1979; Sinha et al. 1998).

The VUV-UV absorption spectra, in the 125–340 nm re-

gion, were obtained using the UV1 beamline (Eden et al.

2006) at the Synchrotron Radiation source ASTRID,

Institute for Storage Ring Facilities, University of Aarhus,

Denmark. The resulting spectra were based on the measure-

ments of UV light transmitted through the sample, which was

dried onto a MgF2 window (diameter 23 mm). The instal-

lation and the measurement technique are described in detail

in the accompanying paper (Zalar et al. 2007). Recorded

spectra were the result of absorption and scattering. For the

sake of simplicity and the small contribution of scattering to

the optical density, the obtained spectra in this study are

called absorption spectra. The scattering problems of dry

films are discussed in the accompanying paper. Since most

of the samples were prepared in organic solvents that

absorb UV light below 200 nm, the absorption spectra were

measured in a vacuum, with the samples prepared as thin,

solid films.

Dry films of the melanin and flavonoid samples (quercitrin,

isoquercitrin, robinin and catechin) were produced by air-

drying 500 ml of each diluted standard solution (0.1 mg mlx1)

on the surface of a MgF2 window. Two dilutions of the b-

carotene standard solution, 0.5 mg mlx1 (high concentration)

and 0.125 mg mlx1, were prepared in ethyl acetate, with

300 ml and 250 ml dried on a MgF2 window, respectively. The

solution of Ca-DPA chelate was diluted in 50% (v/v) meth-

anol and 500 ml of a 0.4 mg mlx1 solution was air-dried on a

MgF2 window. The MAA-6 and MAA-9 samples, containing

mycosporine-like amino acids (MAAs), were prepared in

0.2% acetic acid. 500 ml of each (MAA-6 and MAA-9) were

dried on MgF2 windows. The solid film of scytonemin was

prepared by drying 900 ml of the sample solution, which

contained purified scytonemin (0.5 mg mlx1), in ethyl acetate,

onto MgF2 windows.

In order to exclude the background absorption by the re-

maining traces of solvents in the dry samples, 500 ml of water

(pH 7), 0.2% (v/v) acetic acid, 1 N NH4OH, 100% (v/v)

methanol, 100% (v/v) ethyl acetate and a solution of CaCl2
(1.2r10x2 M) in 50% methanol were dried onto MgF2 win-

dows and the absorption was measured. No absorption or a

weak absorption signal was detected for all tested solvents.

Results

UV absorption by scytonemin and mycosporine-like

amino acids

Following exposure to UVA, scytonemin accumulates as a

yellow pigment in sheathed cyanobacteria (Garcia-Pichel et

al. 1992). Scytonemin (see Fig. 1) consists of four benzene

rings and four five-member rings (Proteau et al. 1993). The

published UV absorption spectrum for scytonemin in sol-

ution (Proteau et al. 1993; Sinha et al. 1998) shows peaks at

212, 252, 278, 300 and 386 nm, with the major peaks at 252

and 386 nm. We used HPLC to purify scytonemin from

UVA-induced cyanobacteria, kindly provided by R.

Castenholtz. Conventional solution UV spectroscopy (not

shown) confirmed peaks at 211, 253, 298 and 388 nm, with

major peaks at 253 and 388 nm. Our far-UV spectrum of thin

films showed peaks at 195 and 253 nm, and below 195 nm,

absorbance climbed strongly to 125 nm, the end of the spec-

trum (Fig. 2).

The MAAs (Fig. 1) are diverse structures that include a six-

carbon ring (cyclohexenone or cyclohexenimine), conjugated

with the nitrogen of an amino acid or its imino alcohol

(Nakamura et al. 1982; Sinha et al. 1999; Shick & Dunlap

2002). Their absorption maxima range from 310 to 360 nm

(Nakamura et al. 1982). MAAs accumulate in response to UV

exposure in certain cyanobacteria and algae (Garcia-Pichel

et al. 1993; Sinha & Hader 2002). MAAs have also been

found in heterotrophic bacteria, fungi, lichens and in a variety

of marine invertebrates and vertebrates (Shick & Dunlap

2002). VUV-UV absorption spectra (Fig. 2) were qualitatively

similar for two mycosporine-like amino acids, palithyne

(MAA-6) and porphyra-334 (MAA-9), generously provided

by the group of D.-P. Häder. MAA-6 showed absorbance at
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164 and 195 nm (with a weak peak at 300 nm), while MAA-9

absorbed at 164, 192 and 340 nm. Published solution spectra

show strong absorbance in the UVB (Sinha et al. 1998).

UV absorption by dipicolinic acid

DPA (2,6-pyridinedicarboxylic acid) is located in the

Bacillus subtilis spore core as a 1:1 chelate with divalent

cations, predominantly Ca2+ (Murrell 1967; Setlow et al.

2006). It comprises about 10% of the dry weight of the

spores (Murrell 1967; Setlow 1994; Paidhungat et al. 2001;

Slieman & Nicholson 2001). DPA is a substituted six

member ring, carrying a single nitrogen in the ring (Setlow

et al. 2006) (Fig. 1). The calcium chelate (Ca-DPA) was

used for spectroscopy. DPA protects spores from wet heat,
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probably by reducing water content (Setlow et al. 2006).

DPA can act either as a UV protector (Berg & Grecz 1970;

Grecz et al. 1973; Slieman & Nicholson 2001) or as a

UV photosensitizer (Germaine & Murrell 1973; Lindsay

& Murrell 1983; Setlow & Setlow 1993), promoting for-

mation of spore photo product in damaged DNA (Douki

et al. 2005; Setlow et al. 2006). We chose DPA (Ca-DPA)

for VUV-UV spectroscopic studies, because of the high

amounts of Ca-DPA present in the spores, the low content

of water in the spore core (25–55%) and the complex role

of DPA in the photochemistry of spore DNA (Douki et al.

2005).
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The UV absorbance spectrum of DPA thin films showed

peaks at 151, 195, 231, 273 and 281 nm (Fig. 3). It should thus

protect DNA in region II, but not in region I, unless region I

absorption were shifted to longer wavelengths, e.g. due to a

high content of GC, see the accompanying paper (Zalar et al.

2007). Additional absorption in the UVB and UVA was not

seen, and this was confirmed using conventional solution

spectrophotometry (unpublished results).

UV absorption by b-carotene and melanin

Carotenoids are isoprenoid compounds, found in many

photosynthetic organisms and in some non-photosynthetic

bacteria (Armstrong 1994; Duc le et al. 2006). They ac-

cumulate following UV stress, and are generally considered

to protect against UV by acting as antioxidants. b-carotene

consists of two six-carbon rings at opposite ends of a polyene

chain (Fig. 1). This structure suggested an appropriate UV

screen for DNA in the UVC region. The absorption spectrum

showed peaks at 195 and 277 nm (Fig. 4). b-carotene should

thus protect DNA region II, but would afford less protection

for DNA region I, unless absorption by region I is shifted to

higher wavelengths owing to high GC content, see the ac-

companying paper (Zalar et al. 2007).

Melanin pigments are widely distributed in the animal and

plant kingdoms, and they are found in some bacteria

(Hinojosa-Rebollar et al. 1993). Besides photoprotection

as their primary biological function, melanins have chemo-

protective roles as free radical scavengers and antioxidants

(Riley 1997). There are two types of animal melanins,

eumelanin (black-brown) and pheomelanin (yellow-reddish).

The precise structure of natural melanin is not known, be-

cause of its poor solubility and its association with proteins

and lipids. Melanin is thus considered to be a highly irregular

heteropolymer, containing indoles and other intermediate

products derived from the oxidation of tyrosine (Pezzella

et al. 1997; Riley 1997). It has been suggested that eumelanins

form nano-aggregates that contain a mixture of smaller

oligomers (Clancy et al. 2000), composed of 5,6-dihydroxy-

indole 2-carboxylic acid (DHICA) and 5,6-dihydroxyindole

(DHI) derivatives linked with pyrrole units (Wakamatsu& Ito

2002). The chemical structures of the main building units of

melanin are presented in Fig. 1.

Our absorption spectrum (Fig. 4) of a dry film of melanin

showed uniform absorption in the studied spectral region,

with an exponential increase of absorbance towards lower

wavelengths and two small peaks at 161 and 186 nm. Melanin

should thus provide non-specific UV protection over a wide

range of wavelengths. A characteristic broad band absorp-

tion of melanins in the UV and visible part of the spectrum

with an exponential increase of absorbance in the UV was

previously reported (Meredith & Riesz 2004). The monotonic

absorption profile with no specific features can be explained

by the complexity of the melanin structure. Rather than a

single chromophore, melanins appear to be composed of

groups of similar species, giving a smooth, featureless ex-

ponential curve (Meredith et al. 2006).
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UV absorption by flavonoids

Flavonoids are produced from phenylalanine through the

phenylpropanoid pathway (Dixon et al. 1998; Winkel-Shirley

2001). They are representative of the approximately 8000

polyphenols identified in plants. In seeds, flavonoids are

concentrated in the seed coat, where they are thought to

provide a UV shield. The basic flavonoid structure is two

aromatic rings linked through an oxygenated heterocycle

(Fig. 1). We determined UV absorption spectra for the major

seed flavonoids, including quercitrin, isoquercitrin, robinin

and catechin. The first three are conjugated with sugars, and

the last is the catechin monomer that is condensed to form

tannins. The spectra of catechin, quercitrin and isoquercitrin

showed a broad peak at 204 nm, and the corresponding

peak in robinin was at 199 nm (Fig. 5). The region I peak was

at 258 nm for quercitrin and isoquercitrin, with a shoulder at

270 nm. The robinin region I peak was at 269 nm. Catechin

showed a peak at 280 nm, and then absorbance was flat to

340 nm. In contrast, absorbance increased to 340 nm for

quercitrin, isoquercitrin and robinin. The presence of a

peak at 355 nm was confirmed by conventional solution

UV spectroscopy (not shown). The absorption spectrum

for condensed tannins, i.e. polymerized catechin (not shown),

was similar to that of catechin. Quercitrin (quercetin-3-O-

rhamnoside) is the dominant flavonoid found in Arabidopsis

seeds, at a concentration of 3.6 mg gx1 of seeds (Routaboul

et al. 2006). Its UV absorption curve matched that of DNA,

and it also absorbed strongly in the UVA and UVB. The

combination of these four flavonoids from Arabidopsis

seeds should provide protection over the entire UV spectrum.

Absorption in the visible region

Absorption in the visible region was measured in solution

(data not shown) for all the UV screens studied, and it was

compared with chlorophyll a and b (measured in ethanol),

which absorbed strongly at 410 nm and 660 nm (chlorophyll

a) and 450 nm and 635 nm (chlorophyll b). Scytonemin

(in ethyl acetate) absorbed at 388 nm, possibly causing inter-

ference with the chlorophyll a peak at 410 nm. b-carotene

in (ethyl acetate) absorbed between 430 and 480 nm, which

could partially mask absorption by chlorophyll a and

strongly mask absorption by chlorophyll b. Neither scytone-

min nor b-carotene showed possible masking of chlorophyll

in the region between 635 nm and 660 nm. The other com-

pounds studied did not absorb in the visible region, and thus

should not interfere with photosynthesis.

Discussion

Biological protection by UV screens

We used spectroscopy to evaluate known UV screens, in the

hope of learning their possible role in the origin and devel-

opment of life and finding ways of protecting life during space

travel, i.e. during exospermia, the dissemination of life away

from Earth. UV screens accumulate in an organism after

exposure to UV (Garcia-Pichel et al. 1992; Garcia-Pichel
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& Castenholz 1993; Garcia-Pichel et al. 1993; Cockell

& Knowland 1999; Castenholz & Garcia-Pichel 2000).

They absorb UV energy and dissipate it towards relatively

insensitive targets. DNA is the prime example of a sensitive

target, but other substances vital to life (or that become

deleterious after absorbing UV) could also be targets,

e.g. proteins and lipids. Free radicals, produced by UV at

wavelengths where DNA does not absorb, can later attack

DNA. An ideal UV screen would therefore not just protect

DNA, but also a variety of substances that absorb at other

wavelengths.

Not surprisingly, UV screens (such as carotenoids and

flavonoids) are often also free radical scavengers (Everett et al.

1995). A given molecule can thus be recruited by evolution

for more than one function, and it can be difficult to evaluate

the importance of such functions – in this case, the relative

contribution of free radical scavenging and physical screening

of UV.

UV absorbance by organic molecules is largely due to

conjugated double bonds, either in chains or in rings. All of

the UV screens examined absorbed in the vicinity of DNA

absorption regions I and II (Fig. 6), mostly due to aromatic

rings of various sorts. For example, the flavonoids, e.g.

quercitrin and robinin, have absorption peaks at 204 and

199 nm, respectively, and the quercitrin peak is broad, giving

good coverage to DNA region II at 192 nm (Figs 5 and 6).

The melanin peak at 186 nm is part of a generally increasing

absorbance, and should thus also protect DNA region II

(Figs 4 and 6). b-carotene, DPA, MAA-9 (porphyra-334),

MAA-6 (palythine) and scytonemin showed peaks at 195 nm,

protecting DNA region II (Figs 2–4 and 6), although the

MAA-9 peak was weak (Fig. 2).

In contrast to this generalized absorbance corresponding to

region II, clear protection for DNA region I (264 nm) was less

common (Figs 6 and 7). Scytonemin absorbed at 253 nm,

DPA absorbed at 273–281 nm and b-carotene at 277 nm

(Figs 2–4, 6 and 7). While scytonemin and DPA could clearly

protect DNA in this region, their peaks were displaced by

10 nm below and above that of DNA.

On the other hand, absorption close to DNA region I was

clearer in quercitrin, isoquercitrin and robinin, which also

absorbed in the UVB (Figs 5 and 6). The fourth flavonoid,

catechin, showed a peak at 280 nm, and no absorption in the

UVB (Fig. 5). Thus, the first three flavonoids had absorption

spectra remarkably similar to that of DNA, with additional

absorption in the UVB, while catechin absorbed more like a

protein.

We conclude that flavonoids would protect DNA from in-

cident UV throughout the DNA absorption spectrum, and

that they would protect other molecules by absorbing in the

UVB. They are known free radical scavengers and metal

chelators. Their accumulation in plants is stimulated in re-

sponse to UV, and mutants of Arabidopsis lacking flavonoids

show increased sensitivity to UV (Li et al. 1993). In seeds,

flavonoids are concentrated in the seed coat, which serves to

protect the embryo and nutrient reserves until germination is

induced. The concentration of a flavonoid UV shield in the

seed coat would distance the screen from the target DNA

carried in the embryo, facilitating transfer of the energy ab-

sorbed without harm to the chromosomal DNA.

A comparison of absorption spectra for flavonoids and

scytonemin revealed an interesting paradox (Figs 2, 5 and 6).

Quercitrin, isoquercitrin and robinin are better mimics of

the DNA spectrum than is scytonemin, which protects DNA
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region II and affords protection in the UVB, but the nearest

scytonemin peak to DNA region I (264 nm) was at 253 nm.

In contrast, quercitrin, isoquercitrin and robinin showed

absorption at 258–270 nm, which should better protect

DNA region I. Paradoxically, scytonemin should represent

more ancient pigments (Garcia-Pichel & Castenholz 1991;

Garcia-Pichel et al. 1991), yet it seems better adapted to

protecting DNA from the UVA and UVB present in today’s

environment, than from the UVA, UVB and UVC thought to

have been a liability on early Earth.

There are several possible explanations for this discrep-

ancy. One concerns the validity of the criterion used for

predicting protection (the degree of similarity between the

target and the screen absorption spectra), but some of these

predictions based on this criterion can be tested experimen-

tally. Another explanation is that plants have retained the

ancestral genes encoding primitive UV screens. Plant chloro-

plasts are considered to be ancient cyanobacteria, acquired

through endosymbiosis. The bulk of the chloroplast genome

has found its way into the host cell’s nucleus, through hori-

zontal gene transfer facilitated by endosymbiosis (Martin

et al. 2002). It is thus conceivable that genes encoding flavo-

noids (or their ancestral forms) were transferred to the host

plant genome following endosymbiosis and retained even

after oxygen build-up in the atmosphere made their UVC

filtering no longer vital. They remain important for plants,

where they have acquired new functions, e.g. mediating

plant–microorganism interactions (Firmin et al. 1986),

and they continue to screen against UVA and UVB. Over

time, these genes could have been lost in modern, free-living

cyanobacteria.

A third explanation is that the ancestral vehicle that

may have brought life to Earth was something like a plant

seed, carrying multiple life forms, which started the three

domains of life. In this scenario, the ability to make UV

screens, such as flavonoids, would have been advantageous

before life’s arrival on Earth and during the build-up of an

oxygen atmosphere. The accumulation of UV screens, such as

flavonoids, might be an essential characteristic of DNA-

based life. We discuss this reversal of the usual scenario for

the origin of life in more detail elsewhere (Tepfer & Leach

2006), and restrict ourselves here to the transfer of life

through space.
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The transfer of life through space

Introspermia, the introduction of life onto Earth, is an at-

tractive way to account for the origin of the life forms we

know, but it is difficult to prove after the fact. In contrast,

exospermia, the exportation of life from Earth, is proven by

Man’s recent space explorations. Exospermia is reminiscent

of the ‘directed panspermia’, proposed by Orgel and Crick as

a refinement of the panspermia hypothesis. They proposed

that ‘ … organisms were deliberately transmitted to the Earth

by intelligent beings on another planet’ (Crick & Orgel 1973;

Crick 1981). According to their theory, life has had time to

originate, to evolve, to be dispersed in a primitive state and to

evolve again to its present forms. Unfortunately, directed

panspermia, like all theories concerning the origin of life, is

hard to test. (Intelligent beings have not been found else-

where, and science has not spontaneously generated life.)

Thus, to bring things down to Earth, we can consider Man

as the ‘ intelligent being’ envisioned in directed panspermia

and that Man’s explorations of the Solar System constitute

directed exospermia.

Our proposal evades the issue of the origin of life, and

implies that, instead of worrying about where we came from,

we should think about where we are going. This could involve

the preparation of life for deliberate dispersal through space.

In the context of the present work, UV resistance might be

improved by engineering the hyperaccumulation of one or

more UV screens in a spore or in a seed that is already

adapted to survive harsh conditions. An ideal UV screen

would protect DNA and other targets, and it could also

scavenge free radicals. Flavonoids, such as quercitrin, appear

to be ideal UV screens throughout the UV spectrum. In ad-

dition, catechin mimics protein absorption at 280 nm.

Flavonoids are also antioxidants and chelators. The genes

and enzymes responsible for flavonoid biosynthesis are well

characterized in Arabidopsis, so they are available for im-

proving flavonoid accumulation in plants and other organ-

isms using metabolic engineering.

Metabolic engineering is not the only way to accumulate

UV screens. Organisms rely on diet as a source of bioactive

molecules. For example, carotenoids and flavonoids are ac-

quired in humans through ingestion. An organism could thus

be preloaded with UV protecting substances prior to space

travel. In the case of a dormant spore or seed, the loaded

molecules could remain protective indefinitely, until germi-

nation.

For agricultural use, seeds are routinely coated with sub-

stances that protect them against pathogens and provide nu-

trients to germinating seedlings (Taylor & Harman 1990).

Thus, through coating, seeds could not only benefit from

improvement in their intrinsic resistance to space conditions,

but beneficial substances, such as UV screens, could be added

to their exterior. Plant cells carry endosymbionts, and seeds

can include both obligate and free-living microorganisms. It

should be possible to load seeds with free-living bacteria

such as Deinococcus radiodurans, which can survive radiation

and desiccation by rebuilding its genome from fragments.

Beneficial organisms, e.g. the obligate mycorrhizal fungi,

which are necessary for plant growth on Earth, might be in-

corporated inside plant seeds. These are just two examples of

the endoorganisms that could be loaded into plant seeds to

increase the chances of survival of a life form in an exoen-

vironment.

The most ‘ intelligent’ Crick and Orgel exospermia exper-

iment would consist of creating a life form from scratch, de-

signed to resist space travel and colonize the universe. The

technology for synthesizing long DNA sequences is improv-

ing and, with increased knowledge of genomes on Earth, it

should be possible to synthesize an artificial organism starting

with the DNA sequence. Base pair preferences could be

adjusted to produce an optimal DNA absorption spectrum

(see the accompanying paper), and UV screens could be made

to accumulate (e.g., the flavonoids), which would protect

DNA and detoxify free radicals. This artificial life form could

be included within an existing one, e.g. a plant seed, as an

endoorganism.

Life’s place in the Universe is a fundamental question in

human culture. Is life on Earth a unique or a trivial compo-

nent of the Universe? Panspermia suggests that life is not

unique to Earth, but rather that life is universal. Scientific

discussion of these questions is impeded by a lack of infor-

mation. (Life is difficult to define, and its origin can only be

imagined.) Nevertheless, some things are fairly sure. All life

on Earth probably came from the same source, since life is

based on DNA and uses the same genetic code. While spon-

taneous generation, the alternative to panspermia, has not

been shown, we know that humans are sending life into space.

Thus, self-dispersal, which is an essential attribute of life, it is

not limited to our biosphere. Directed exospermia is a logical

step for Man to take, but sending humans great distances in

space is not feasible. Instead, we propose to send plant seeds

(and associated endoorganisms) or biological entities based

on enhanced versions of their relevant properties.
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ABSTRACT 

Early life on Earth had to cope with harsh conditions, including full spectrum solar UV. Since DNA absorbs in the highly 
energetic UV-C and VUV, solar irradiation was likely an obstacle to the expansion of life on Earth, until biological 
mechanisms evolved to cope with UV liability (including the biosynthesis of UV screens) and ozone (derived from 
oxygen produced by photosynthesis) accumulated in the stratosphere. In an effort to better understand the UV liability of 
DNA, we used synchrotron light to measure VUV-UV absorption spectra (125-340 nm) for DNA and its components 
(oligonucleotides and mononucleotides). We also measured VUV-UV absorption spectra for potential and known UV 
screens, including amino acids, proteins, amines (including polyamines), scytonemin, mycosporine-like amino acids, β-
carotene, melanin and flavonoids. Among these, flavonoids seem remarkably suited to protecting DNA in the VUV-UV. 
Flavonoids accumulate in seed coats, where they confer resistance to monochromatic UV (254 nm) and polychromatic 
UV (200-400 nm). We discuss these findings in relation to the origin and evolution of life and its potential dispersal 
through space. 

Keywords: VUV-UV absorption spectroscopy, UV screens, UV resistance, plant seeds, flavonoids, space travel, origin 
of life, panspermia 
 

1. INTRODUCTION 
1.1 Emerging life and solar UV light 

Since ancient times people have tried to answer fundamental questions about life: “What is it?” How did it appear?” Is it 
universal? Defining universal life is complicated by the fact that we are only familiar with life on Earth. Nevertheless, a 
few of attributes of the life we know are clear: 1. Life is cellular. 2. Life self-replicates. 3. Life varies in different replica. 
4. Life evolves. Determining the origin of life is even more difficult than defining it. The numerous theories proposed to 
explain the appearance of life on Earth generally invoke either spontaneous generation from prebiotic matter or 
panspermia via importation from elsewhere in the Universe. These theories are difficult to evaluate, but it is certain that 
life has successfully evolved and expanded on Earth for more than three billion years (Gyr), and it is reasonable to 
assume that all known life forms on Earth came from a single source, since the genetic code is similar in all known 
organisms.  

Much essential information is missing, however. Our solar system was formed 4.56 Gyr ago1, and there are suggestions 
that life was present on Earth as early as 3.8 Gyr ago2. The fossil record shows microbial life 3.43 Gyr ago3. Thus, life 
had roughly 1 Gyr to emerge and to evolve into complex cells, which seems short given the complexity of the job and 
the probability that conditions on early Earth were unfriendly to life. Although the environment and prebiotic chemistry 
on early Earth are not known with certitude4, emerging life probably had to cope with harsh conditions, including the full 
spectrum of solar UV. 

Solar UV emission is generally divided into four regions: the UV-A (315-400 nm), the UV-B (280-315 nm), the UV-C 
(200-280 nm) and the VUV (< 200 nm) (Fig 1a). The Solar UV that reaches the surface of present-day Earth is high in 
the UV-A, decreases sharply in the UV-B region, and it drops to nearly zero below 290 nm, thanks to absorption by 
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stratospheric ozone. Almost all of the oxygen in the atmosphere comes from photosynthesis. It is therefore generally 
accepted that the atmosphere of the prebiotic Earth was poor in oxygen, and it did not contain protective ozone. Thus, the 
surface of early Earth was likely exposed to highly energetic UV radiation. The evolution of oxygen-producing 
photosynthesis could have occurred as early as 3.5 Gyr ago5, 6, but the oxygen level in the atmosphere probably only 
started to rise 2.5-2.0 Gyr ago, resulting in the slow accumulation of an ozone layer and the attenuation of intensive 
VUV, UV-C and UV-B light on the Earth’s surface7. Until the formation of this ozone layer, photosynthetic organisms 
that used visible light in the 400-750 nm range also had to cope with short wavelength UV.  

1.2 DNA as a target for UV damage 

UV radiation is absorbed by and damages molecular targets as diverse as nucleic acids, proteins and lipids. Although 
unfiltered solar emission in the short wavelengths (VUV and the UV-C) is relatively weak (Fig 1a), this part of the 
spectrum is biologically damaging because of the high energies involved and because biological targets often absorb in 
these regions. For instance, nucleic acids (DNA and RNA) are prime targets for UV damage, due to their absorption in 
the UV-C and VUV (Fig. 1b). In microorganisms, the action spectrum for decline in viability follows the absorption 
spectrum profile of DNA7. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. (a) Solar UV emission spectrum. (b) UV absorption by DNA. (The absorption spectrum of DNA is adapted from reference8.) 
 
UV radiation induces a wide variety of DNA damage, including pyrimidine dimer formation, single strand breaks, 
double strand breaks and DNA-DNA and DNA-protein crosslinks. Damage products include cyclobutane pyrimidine 
dimers (CPD) and pyrimidine (6-4) pyrimidinone dimers (6-4 photoproducts) (75% and 25%, respectively).9, 10, 11 Both 
types of lesions distort the DNA double helix11. Structural changes to DNA interfere with DNA replication and RNA 
transcription, leading to mutation or cell death. The most common deleterious DNA photoproduct is the CPD-type dimer 
that forms between two adjacent thymine residues (TT dimer). Besides these direct effects, UV can interact with other 
cellular compounds, leading to free radical formation, causing indirect damage to DNA.  

1.3 UV screens 

Organisms evolved mechanisms for resisting UV radiation, including avoidance, protection (UV screens) and repair. UV 
screens provide a first line of defense against UV radiation. Protection is passive—UV light is absorbed, and its energy is 
dissipated away from sensitive cellular targets7. UV screens are physical or biological12. Physical substrates (such as 
water, rocks, sand particles, salt, iron compounds and sulfur), can absorb UV light. However, most physical screens also 
attenuate the visible part of spectrum and thus interfere with photosynthesis. Iron compounds (particularly Fe3+ ions) and 
elemental sulfur could provide some specific UV protection and still transmit visible light12. Given the limitations of 
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physical UV screens, organisms had to develop more efficient and specific ways of coping with UV. The synthesis of 
biological UV screens enabled the filtering of specific UV wavelengths, without attenuating photosynthetically active 
radiation. Four criteria have been proposed to define biological UV screens13: (i) a compound must absorb the 
biologically damaging radiation, (ii) screening activity must be demonstrated in vivo (iii), biosynthesis should be 
inducible by the relevant radiation and (iv) the pigment should biologically protect from the filtered radiation. We 
propose that some ubiquitous biological substances could also serve as constitutive UV screens, without meeting all of 
these criteria.  

Due to its absorption spectrum and biological importance, DNA is a particularly sensitive target. Its protection by UV 
screens can be achieved at several levels, depending on the structural and chemical complexity of the cell (Fig. 2). In the 
simplest case, DNA is concentrated in the interior, as far as possible from the incident light, and it is surrounded by UV-
absorbing molecules that are ubiquitous in all cells, such as proteins (histones in eukaryotes and histone-like proteins in 
bacteria) and polyamines (and their conjugates), which can stabilize DNA, forming compact structures that are less 
susceptible to damage. These ubiquitous putative screens do not meet all of the conditions proposed13, but they have 
absorption properties that indicate a potential for some constitutive protection. Another level of protection, which does 
meet the proposed criteria13, is achieved by the induced accumulation of specialized UV screens that are efficient and 
specific UV absorbers. Many organic compounds incorporate a π-electron system (e.g. in the conjugated bonds of 
aromatic and cyclic structures), and thus provide efficient screening of UV at some of the wavelengths absorbed by DNA 
(see below). Some of these can accumulate to high concentrations in response to UV. The protection of the cell or tissue 
can be further achieved by peripheral structures, such as cell walls and capsules, in which specialized UV screens 
accumulate. Physical distance between the shield and the target is advantageous, because it reduces the risk that energy 
absorbed by the screen is transferred to the target DNA. UV can trigger the production of specialized screens, such as 
scytonemin and flavonoids (see below), which accumulate in peripheral structures and tissues, e.g. extracellular coats 
and sheaths in microorganisms and seed coats in plant seeds.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. UV protection in a hypothetical cell. Ubiquitous molecules with multiple functions, e.g. proteins and polyamines, provide 
constitutive protection. Another level of protection is induced by exposure to UV light, and consists of the accumulation of 
specialized UV screens, small molecules that are efficient UV absorbers. The cell is further protected by peripheral structures, e.g. 
capsules or cell walls, where these specialized UV screens can accumulate, distancing the screen from the target. 

The screening effect should be maximal at the wavelengths of maximal absorption and negligible where the compound 
does not significantly absorb14. The search for UV screens is complicated by the propensity of evolution for finding 
multiple uses for a given substance. For instance, a UV screen can also protect against free radicals or have functions 
unrelated to stress. In order to simplify and enlarge the search for UV screens, we have worked with the hypothesis that 
absorbance by the screen should match absorbance of the target. This approximate approach to identifying UV screens 
brings diverse molecules into consideration, but provides only a preliminary identification of compounds that might be 
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used to protect life from UV. Nevertheless, it enlarges the search to include substances that might have been important 
on early Earth or in the Universe, where the atmospheric protection that life currently enjoys on Earth is lacking. 

2. METHODOLOGY 
 
The VUV-UV absorption spectroscopy measurements were carried out at the ultraviolet beamline (UV1) of the ASTRID 
(electron) storage ring facility (Fig. 3.), at the Institute for Storage Ring Facilities (ISA), University of Aarhus, Denmark. 
Technical details about UV1 setup are given elsewhere15. Synchrotron radiation was the light source for measuring 
absorption spectra (125-340 nm) in thin films, dried onto MgF2 discs, held in a sample holder (Fig. 4b) that was placed 
vertically in the vacuum chamber of the UV1 absorption spectroscopy installation (Fig. 4a). In each experiment, one 
MgF2 window was kept blank and used as a reference, while three MgF2 windows carried dried samples. The position of 
the sample holder was adjusted so that only one sample at a time was placed perpendicularly into the beam. 
Monochromatized light from the beamline passed thought a LiF window into the vacuum chamber containing the 
samples. Transmitted light exited the sample chamber through a MgF2 window and it was detected by VUV-UV 
sensitive photomultiplier tube (PMT). For wavelength scans below 200 nm, helium was flushed through the small gap 
between the photomultiplier tube and the exit window, to prevent any absorption by air from contributing to the 
spectrum. The resulting spectra were based on transmission measurements. Absorption was calculated as A=log (Io/It), 
where Io represents the intensity of the light transmitted through the reference (blank window) and It is the intensity of 
the light transmitted through the sample. Although recorded spectra were the result of absorption and scattering, for the 
sake of simplicity and because of the small contribution of scattering16, all spectra are called absorption spectra. 

 

Fig. 3. Schematic representation of the ASTRID ring storage facility at the ISA, University of Aarhus. (Layout of ASTRID taken from 
http://www.isa.au.dk/facilities/astrid/astrid.html). 

Samples were prepared for spectroscopy as thin, dry films in order to avoid background absorption from solvents, 
because most of the solvents used absorb strongly below 200 nm. Since all spectroscopic measurements were performed 
in a high vacuum, all samples (including DNA) were in a dehydrated state. Films were prepared by drying substances 
onto MgF2 windows. Films of salmon sperm DNA, synthesized oligonucleotides and mononucleotides (including ATP) 
were prepared as described elsewhere8. The samples of complementary 20-mer homonucleotides (oligoA20 +oligoT20 and 
oligoG20 +oligoC20) were obtained by mixing (1:1) equimolar volumes of oligoA20 with oligoT20 and oligoG20 with 
oligoC20. All homonucleotides (Genosys-Sigma, France) were prepared as 100 µM solutions in water (pH 7.5). Synthetic 
60-mer oligonucleotides (Fig. 5) with different G+C content (30%, 50% and 63%), purchased from Genosys-Sigma, 
France, were designed to encode the same protein, including one of each of the 20 amino acids. In order to mimic the 
contribution of both DNA strands, we prepared equimolar (25 µM) mixtures of sense + antisense strands. Samples of 
potential and ubiquitous UV screens included proteins (histones from calf thymus and bovine serum albumin), amino 
acids (L-arginine, L-valine, L-aspartic acid and L-tryptophan), polyamines (putrescine, spermine, spermidine) and the 
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aromatic amine, tyramine. (Details of the preparation of these samples are given elsewhere8). Dry films of the following 
known UV screens were prepared: scytonemin, mycosporine-like amino acids (MAAs), β-carotene, synthetic melanin 
(made by oxidation of tyrosine with hydrogen peroxide) and flavonoids (quercitrin isoquercitrin, robinin and catechin)16. 
Scytonemin was extracted from UV-A induced cells of the cyanobacterium, Chroococcidiopsis (provided by R. 
Castenholz), purified by HPLC and analyzed by LC-MS16. The two MAA samples (a gift from D.-P. Häder) were 
isolated from the marine red alga, Corallina officinalis, and shown by us, using LC-MS, to contain porphyra-334 and 
palythine16. Chlorophylls a and b from spinach (Fluka, France) were prepared as described elsewhere16. 

 

 

  
 
Fig. 4. a) VUV-UV absorption spectroscopy installation at the UV1. (1) shows the sample holder, containing samples placed vertically 

into the vacuum chamber. The UV beam passes horizontally through the sample, and transmitted light is detected by a VUV-UV 
sensitive photomultiplier tube (2). b) Detail of the sample holder, which carries four samples dried onto MgF2 discs. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Synthetic 60-mer oligonucleotides with different G+C content (30%, 50% and 63%), represented by coding sense (+) strand 
and the complementary antisense (-) strand. These oligonucleotides have different nucleotide composition and sequence, but 
encoding the same peptide, which contain one of each of 20 amino acids (amino acid sequence is presented under each 
oligonucleotide pair). 

5’ ATGTTTTGGCAAAGAGCTAATGATGTATGTAAACATGGTATATTACCAACTTATGAATCT 3’
3’ TACAAAACCGTTTCTCGATTACTACATACATTTGTACCATATAATGGTTGAATACTTAGA 5’

30% G+C

Sense (+)
Antisense (-)

Peptide H2N-Met-Phe-Trp-Gln-Arg-Ala-Asn-Asp-Val-Cys-Lys-His-Gly-Ile-Leu-Pro-Thr-Tyr-Glu-Ser-COOH

5’ ATGTTCTGGCAGCGAGCTAATGACGTATGTAAGCATGGAATCCTCCCTACCTACGAGTCG 3’
3’ TACAAGACCGTCGCTCGATTACTGCATACATTCGTACCTTAGGAGGGATGGATGCTCAGC 5’

50% G+C

Sense (+)
Antisense (-)

Peptide H2N-Met-Phe-Trp-Gln-Arg-Ala-Asn-Asp-Val-Cys-Lys-His-Gly-Ile-Leu-Pro-Thr-Tyr-Glu-Ser-COOH

5’ ATGTTCTGGCAGCGGGCGAACGACGTCTGCAAGCACGGGATCCTGCCGACCTACGAGTCC 3’
3’ TACAAGACCGTCGCCCGCTTGCTGCAGACGTTCGTGCCCTAGGACGGCTGGATGCTCAGG 5’

63% G+C

Sense (+)
Antisense (-)

Peptide H2N-Met-Phe-Trp-Gln-Arg-Ala-Asn-Asp-Val-Cys-Lys-His-Gly-Ile-Leu-Pro-Thr-Tyr-Glu-Ser-COOH

5’ ATGTTTTGGCAAAGAGCTAATGATGTATGTAAACATGGTATATTACCAACTTATGAATCT 3’
3’ TACAAAACCGTTTCTCGATTACTACATACATTTGTACCATATAATGGTTGAATACTTAGA 5’

30% G+C

Sense (+)
Antisense (-)

Peptide H2N-Met-Phe-Trp-Gln-Arg-Ala-Asn-Asp-Val-Cys-Lys-His-Gly-Ile-Leu-Pro-Thr-Tyr-Glu-Ser-COOH

5’ ATGTTCTGGCAGCGAGCTAATGACGTATGTAAGCATGGAATCCTCCCTACCTACGAGTCG 3’
3’ TACAAGACCGTCGCTCGATTACTGCATACATTCGTACCTTAGGAGGGATGGATGCTCAGC 5’

50% G+C

Sense (+)
Antisense (-)

Peptide H2N-Met-Phe-Trp-Gln-Arg-Ala-Asn-Asp-Val-Cys-Lys-His-Gly-Ile-Leu-Pro-Thr-Tyr-Glu-Ser-COOH

5’ ATGTTCTGGCAGCGGGCGAACGACGTCTGCAAGCACGGGATCCTGCCGACCTACGAGTCC 3’
3’ TACAAGACCGTCGCCCGCTTGCTGCAGACGTTCGTGCCCTAGGACGGCTGGATGCTCAGG 5’

63% G+C

Sense (+)
Antisense (-)

Peptide H2N-Met-Phe-Trp-Gln-Arg-Ala-Asn-Asp-Val-Cys-Lys-His-Gly-Ile-Leu-Pro-Thr-Tyr-Glu-Ser-COOH
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3. RESULTS AND DISCUSSION 
3.1 The VUV-UV absorption properties of DNA (influence of nucleotide content and sequence) 

The DNA polymer is composed of monomer units (mononucleotides), which differ in their nucleobases: adenine (A), 
guanine (G), thymine (T) and cytosine (C). The absorption spectrum of DNA correlates with the action spectra for DNA 
damage and photoproduct formation17. Absorption by DNA (and thus susceptibility to UV) could depend on overall base 
composition and nucleotide sequence. Using synchrotron light, absorption can be measured from 125 to 340 nm, 
including the VUV-UV part of spectrum encountered in space. Dry salmon sperm DNA (genomic DNA) showed 
absorption maxima at 264 nm (region I), at 192 nm (region II) and continuously increasing absorption toward 125 nm 
(region III)8 . 

Polymerized homonucleotides (short tracts of single-stranded DNA), containing 20 identical nucleotides (oligoA20, 
oligoT20, oligoC20 and oligoG20) showed differences in their absorption spectra, but absorption peaks could be grouped 
into three regions, corresponding to the absorption peaks observed in the genomic DNA: 286-255 nm (region I), 220-159 
nm (region II) and below 159 nm (region III). In all four oligonucleotides, region III exhibited continuously increasing 
absorbance toward the low wavelength end of the spectrum, but these oligonucleotides differ in characteristics in regions 
I and II. The oligoA spectrum included a prominent peak at 257 nm in region I, while region II consisted of a shoulder at 
208 nm, a peak at 188 nm and a small peak at 159 nm. With oligoG, a broad peak was observed, a shoulder at 286 nm 
and a maximum at 255 nm (region I), while region II consisted of a dominant peak at 186 nm. The oligoT spectrum 
included three well-resolved peaks: one at 268 nm (region I) and two peaks at 208 and 175 nm (region II). With oligoC, 
a peak at 278 nm (region I) was recorded, while region II consisted of a small peak at 220 nm, an inflection at 200 nm 
and a peak at 182 nm (spectra are presented elsewhere8). Purine base oligonucleotides (oligoA and oligoG) had greater 
peak intervals between region I and region II, compared to pyrimidine base oligonucleotides (oligoT and oligoC). The 
homonucleotides showed more spectral features (peaks and shoulders) than the genomic DNA, including differences in 
the number and positions of the absorption peaks. A particularly interesting difference was a bathochromic shift in region 
I for oligoC (a peak at 278 nm) and for oligoG (a broad peak with a strong shoulder at 286 nm), compared to genomic 
DNA. These observations suggested that DNA sequences rich in G+C nucleotides, might have the absorption maximum 
in region I shifted toward 280 nm8. 

In order to examine the influence of G+C content on overall UV absorption by DNA, we measured the absorption of 
equimolar mixtures of two complementary homonucleotides (oligoA20 + oligoT20 and oligoG20 + oligoC20) (Fig. 6). 
These single-stranded DNA samples consisted of two complementary strands of homopolymeric DNA (dA:dT or 
dG:dC), representing the two extreme G+C contents (100 and 0%, respectively). Differences between oligoA+T and 
oligoG+C spectra were observed, and both spectra differed from that of genomic DNA (salmon sperm DNA, which 
belongs to the A+T rich class, having a G+C content of 41.2 %)18. Like genomic DNA, oligoG+C absorbed in regions I, 
II and III. In region I, oligoG+C showed complex absorbance between 240 and 315 nm, as a broad peak, which 
represents at least two fused absorption peaks. In contrast, oligoG+C absorbed as a single peak (185 nm) in region II. 
The pattern of oligoA+T absorbance was reversed, with a single peak at 263 nm in region I and complexity in region II, 
which was spread out between 155-208 nm, with three peaks (155, 177 and 208 nm). The oligoA+T absorption 
maximum (263 nm) in region I coincided with peak I in salmon sperm DNA (264 nm), reflecting the A+T rich 
composition of this genomic DNA, however the two samples differed in region II, probably due to the influence of the G 
and C bases, present in the genomic DNA. This conjecture is consistent with the occurrence of a single peak for 
oligoG+C in region II. However, this peak showed a hypsochromic shift of about 7 nm, compared to the peak of 
genomic DNA. 

The genetic code uses all four nucleotides to encode the 20 amino acids. However, extreme nucleotide contents, known 
as homopolymeric DNA tracts, do occur locally in noncoding regions of the genomes of both eukaryotic and prokaryotic 
organisms. Moreover, long poly(dA:dT) tracts, reaching a size well above 25 base pairs, appear at high frequencies in 
some eukaryotes, enriching genomes for A and T nucleotides19. Other eucaryotic genomes are enriched in dG:dC tracts, 
while others are depleted in these tracts19. In prokaryotes, homopolymeric tracts occur, but less frequently19. The 
formation of the different UV photoproducts in free DNA depends on wavelength and DNA sequence20. For instance, 
sequences rich in adjacent thymines are prone to the formation of thymine dimers (TT), the most frequent type of UV 
damage. Other pyrimidine dimers (CT, TC and CC) could be also formed, although at lower frequencies. Adjacent GC 
bases favor the formation of the 6-4 photoproduct, which is produced 10 times less often than the pyrimidine dimers.  
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In region I, the oligoG+C homopolymer absorbance (Fig. 6) between 240 and 315 nm suggests that DNA containing 
poly(G:C) tracts might be damaged by a wider range of UV wavelengths than DNA containing A:T tracts, where 
absorbance stops at 300 nm. The major photoproduct would be the CC type of pyrimidine dimer. This is in agreement 
with a previous study20, where an increase in the formation of CC dimers, relative to TT dimers, was demonstrated in 
DNA after irradiation with UV-B light. It was further observed that the frequency of TT dimers, relative to the other 
dimers that contain cytosine (CT, TC and CC), was greater after exposure to UV-C20. In addition, the induction of 
specific photoproducts is influenced by the DNA sequence around potential sites of UV induced lesions20. It would thus 
seem likely that DNA sequences would evolve as a function of environmental UV and the available UV screens. 
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Fig. 6. VUV-UV absorption spectra of equimolar mixtures of complementary homonucleotides, each containing 20 identical 

nucleotides, oligoA20 + oligoT20 (oligoA+T) and oligoG20 +oligoC20 (oligoG+C) with salmon sperm DNA as a reference. (The 
absorption spectrum of dry DNA is taken from reference8.) 
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Fig. 7. VUV-UV absorption spectra of equimolar mixtures of single stranded (sense + antisense strand), synthetic oligonucleotides 

with 30%, 50%, 63% G+C content. The oligonucleotides are made of 60 nucleotides, having different nucleotide compositions 
and sequences, while encoding the same polypeptide, containing one of each of 20 amino acids.  
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In an attempt to further understand the relationship between base pair frequencies and absorption, we measured 
absorption in equimolar mixtures of single stranded (sense and antisense strands), synthetic oligonucleotides having 
30%, 50% or 63% G+C content. The degeneracy of the genetic code enabled us to design 60-mer oligonucleotides with 
different nucleotide compositions and sequences, while encoding the same polypeptide, containing one of each of the 20 
amino acids. In nature, the G+C content varies from approximately 25% to 75%21. Although no major differences in the 
absorption spectra of the different oligonucleotides were observed (Fig. 7), in region I a bathochromic shift was 
correlated with increasing G+C content. Thus, peak I absorption maxima increased in wavelength according to G+C 
content (262 nm at 30%, 264 at 50% and 268 nm at 63%). At 63% G+C, peak I was also broader. For all three 
oligonucleotides, region II was composed of a dominant peak at 168 nm and a shoulder at 208 nm, which was stronger 
with 30% G+C, weak with 50% G+C and still weaker with 63% G+C content. In the genomic DNA (salmon sperm 
DNA), the shoulder in region II was absent, and we observed a single, broad peak at 192 nm, probably due to extensive 
polymer length and nucleotide diversity. These changes correlated with G+C content might be too small to affect 
susceptibility to VUV-UV. Nevertheless, local sequence and G+C content, e.g. in noncoding, homopolymeric tracts, 
could influence the wavelength-dependant response to UV radiation. Overall (genomic) G+C content might have less 
effect. 

 
3.2 The VUV-UV absorption properties of putative and known UV screening compounds 

3.2.1. Ubiquitous, putative UV screens 

Nucleotides, the monomer units of nucleic acids (DNA and RNA), play important roles in energy metabolism and cell 
signaling processes, in addition to their use in information storage and retrieval. Free mononucleotides are therefore 
abundant in cells. Adenosine 5’-triphosphate (ATP), which is necessary for intracellular energy transfer (the energy 
“currency” in all known living organisms), accumulates to millimolar concentrations. It is produced during 
photosynthesis, glycolysis and cellular respiration, and the energy stored in ATP is subsequently used in metabolic 
reactions. Absorption spectroscopy of mononucleotides (monophosphates and triphosphates)8 revealed peaks in region I 
(135 – 232 nm) and in region II (253 – 290 nm). Among the four nucleotides, ATP had the absorption curve that best 
matched absorption by salmon sperm DNA, showing a peak at 261 nm (region I) and poorly resolved peaks at 159, 192 
and 210 nm (region II). We therefore suggested that primitive cells might have used ATP as a UV screen, before or at the 
same time it was used in intracellular energy transfer8. 

Proteins are macromolecules, composed of amino acid monomers. They have catalytic, structural, mechanical and 
regulatory functions. Although proteins are themselves a target for UV, some proteins might directly protect DNA by 
altering DNA tertiary structure or by absorbing UV light. For example, histones are small, positively charged DNA-
binding proteins, abundant in all eukaryotic cells. Assembled into nucleosomes, they serve in the packing of large 
eukaryotic genomes into compact structures that fit into nuclei. Compact DNA structures are less exposed to damaging 
agents. In bacteria, a DNA-packing function is attributed to proteins, termed histone-like proteins22.  

We used VUV-UV spectroscopy to examine the possibility that proteins could serve as UV screens. VUV-UV 
absorption spectra of histones showed the characteristic protein peak at 280 nm, but this peak was seen only in highly 
concentrated samples, and it was weak compared to the peaks at 192 and 170 nm (spectra presented in reference8). 
Below 150 nm, a steep increase in absorption was observed. A similar absorption curve was recorded for BSA (bovine 
serum protein), which is a small, neutral protein that is not known to bind DNA. We concluded that although proteins 
could provide UV screening protection to DNA in the VUV part of spectrum (DNA peak II), they would provide poor 
protection for DNA peak I (264 nm).  

Nevertheless, proteins with their characteristic peak at 280 nm, might protect DNA peak I, if the DNA is rich in G+C, 
which can shift peak I toward higher wavelengths (see above). We therefore examinated the influence of selected amino 
acids on UV absorption of proteins by measuring the VUV-UV absorption spectra of selected amino acids. Valine 
(neutral and hydrophobic), arginine (basic) and aspartic acid (acidic) had absorption maxima in the VUV, with little 
absorbance above 210 nm. In contrast, tryptophan (neutral, hydrophobic and representative of the aromatic amino acids) 
showed a broad and complex peak at 287 nm, with a shoulder at 272 nm. At lower wavelengths, tryptophan absorbed as 
one broad peak, composed of fused peaks with local maxima at 214 and 200 nm, plus one well-resolved peak at 160 nm 
(detailed spectra are published elsewhere8). Aromatic amino acids (tryptophan, phenylalanine and tyrosine) would thus 
increase absorption in the region close to 280 nm. Therefore, proteins rich in aromatic acids could provide UV protection 
for DNA, particularly in DNA segments with high G+C content. 
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Polyamines are small organic molecules, containing two or more primary amino groups. They are ubiquitous in all 
prokaryotic and eukaryotic cells, and they play important roles in the regulation of cell growth and differentiation. The 
major cellular polyamines are putrescine, spermidine and spermine23, 24, 25. At physiological pH, polyamines are cationic 
molecules that interact with negatively charged nucleic acids, proteins and phospholipids25. They bind DNA in vitro, 
neutralizing negative charges on the phosphate groups. Polyamines thus enable folding of DNA, and they stabilize 
condensed DNA23, 26. Polyamines accumulate in cells as a result of abiotic and biotic stresses24, 25. In plants, their 
synthesis is induced by UV-B27 and UV-C radiation25. Like histones, polyamines could protect DNA by stabilizing and 
compacting it. We therefore examined the UV screening potential of polyamines. 

Putrescine, spermidine and spermine absorbed only in the VUV, with a steep increase in absorption at 200 nm and 
continuously high absorption through the VUV8. Thus, polyamines could act as UV screens only in the VUV part of the 
spectrum, protecting DNA in regions II and III. However, in addition to these aliphatic amines, we measured the 
absorption of tyramine, an aromatic amine that occurs in prokaryotic and eukaryotic organisms. Beside strong absorption 
in the VUV, with peaks at 170 nm and 198 nm and a shoulder at 221, tyramine absorbed strongly at 282 nm, with a 
shoulder at 267 nm (see published spectra8). We concluded that tyramine could serve as a UV screen, protecting DNA in 
all three regions. Beside their free forms, tyramine and polyamines occur in plants as conjugates with hydroxycinnamic 
acid and its derivatives25, 28. These organic acids carry an aromatic ring, which is an efficient absorber in the VUV and 
UV-C regions8, thus improving the potential UV screening capacities of the conjugated forms of polyamines, particularly 
in region I. 

 
 
3.2.2. Specialized UV screens 

Scytonemin is a yellow-brown, lipid-soluble, extracellular pigment, found in cyanobacterial sheaths12, 29, 30. 
Cyanobacteria belong to an ancient phylogenic group of phototrophic organisms. Their microfossils date as far back as, 
at least, 2.5 Gyr ago. They are the only known phototrophic prokaryotes capable of carrying out plant-like 
photosynthesis31. Since cyanobacteria require visible light as a source of energy, we can assume that their ancestors had 
to cope with UV radiation on primitive Earth. UV screening compounds, such as scytonemin, help present day 
cyanobacteria to deal with the current UV environment. Synthesis of scytonemin is induced by UV-A, and scytonemin 
accumulates at concentrations up to 5% of the cellular dry weight29. Scytonemin is dimeric, made up of indolic and 
phenolic subunits. The reported absorption spectrum of scytonemin in solution shows strong absorption in the UV-A, 
with a maximum at 386 nm. However, significant absorbance was observed in the UV-B (peak at 300 nm) and in the 
UV-C (peaks at 278 and 252 nm30). Our absorption study16 of scytonemin in thin films extended these spectra into the 
VUV-UV, showing a relatively small peak at 253 nm and a well-resolved peak at 195 nm. Comparing this to the DNA 
spectrum, we concluded that scytonemin would provide efficient protection to the DNA in regions III and region II (peak 
at 192 nm), but the DNA peak at 264 nm (region I) would remain unprotected, unless it were shifted to longer 
wavelengths.  

Photosynthesis is also sensitive to UV. Photosynthetic pigments, including chlorophyll a and b, are bleached by UV 
light31. Therefore, we compared VUV-UV absorption by scytonemin and chlorophylls a and b (Fig. 8). Chlorophyll a 
had peaks at 295 and 193 nm, with an inflection at 250 nm, while chlorophyll b showed peaks at 308 and 258 nm, with 
an inflection at 228 nm and a peak at 195 nm. Both chlorophylls showed increased absorption toward the upper (340 nm) 
end of the spectrum and a steep increase in absorption toward the lower end (125 nm). The scytonemin UV absorption 
curve matched both the chlorophyll a and b curves, indicating that scytonemin would provide efficient UV protection 
(Fig. 8). Absorption spectra (measured in ethanol) in the visible region showed peaks at 410 and 660 nm for chlorophyll 
a and 450 and 655 nm for chlorophyll b (data not shown). Scytonemin, with its broad peak at 386 nm, would partially 
mask the chlorophyll peak at 410 nm, but harvesting of some solar energy should still be possible. This overlap could 
reduce the effectiveness of scytonemin. 
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Fig. 8. VUV-UV absorption spectra for chlorophyll a and chlorophyll b, compared to the absorption spectrum for scytonemin. (The 
absorption spectrum of scytonemin is taken from reference 16.) 
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Fig. 9. VUV-UV spectra for chlorophyll a and chlorophyll b, compared to the absorption spectra of two mycosporine-like amino acid 
extracts: MAA-6 (containing palythine) and MAA-9 (essentially containing porphyra-334). (The absorption spectra of MAA-6 
and MAA-9 are taken from reference16.) 

Mycosporine-like amino acids (MAAs) are a group of intracellular, water-soluble, colorless compounds, which are found 
in taxonomically diverse organisms, such as cyanobacteria, marine heterotrophic bacteria, eukaryotic algae, fungi, 
marine invertebrates, fish and other marine organisms12, 29, 32. MAAs consist of either a cyclohexenone or a 
cyclohexenimine ring, conjugated to the nitrogen of an amino acid or its imino alcohol. They are reported to have single 
absorption maxima in the range of 310-360 nm29, 32. The synthesis of MAAs is induced by UV-B, while visible light and 
UV-A have no significant impact on accumulation33. The MAAs occur at up to 1% of the dry weight29. The VUV-UV 
absorption spectra for two MAAs, porphyra-334 and palythine (which were isolated from the marine red alga, Corallina 
officinalis), showed qualitative similarity16. Porhyra-334 had a peak at 335-340 nm region, a weak peak at 192 nm and a 
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well-resolved peak at 164 nm, while palythine had a weak peak at 330 nm and peaks at 195 and 164 nm (spectra 
published elsewhere16). The MAAs should thus protect DNA from damage in VUV, preventing absorptions by DNA in 
region II and III, but the DNA peak at 264 nm (region I) would be unprotected, since MAAs showed minimal absorption 
between 230 and 300 nm. Therefore, MAAs would not provide sufficient protection against the full spectrum of solar 
UV, unless they were complemented by other UV screens, such as scytonemin. MAAs would protect chlorophylls a and 
b from VUV radiation, but not from UV-C (Fig. 9). Since MAAs do not absorb in the visible part of the solar spectrum, 
they would not interfere with photosynthesis. 
 

Carotenoids are lipid-soluble pigments, synthesized by plants, algae and some bacteria12. They are terpenoids, made up 
of a polyene chain, terminated by rings. They are frequently associated with cellular membranes, such as chloroplast 
thylakoids. Their absorption maxima occur mainly in the visible part of the spectrum, with an extension into the UV-A30. 
It appears that they play an indirect role in UV protection, acting as anti-oxidants and scavengers of reactive oxygen 
species and other free radicals12, 29. A VUV-UV absorption spectrum for β-carotene showed a minor peak at 277 nm and 
a well-resolved peak at 195 nm, with steeply increasing absorption toward the lower wavelengths16. Compared to the 
absorption curve of DNA, that of β-carotene suggests protection of DNA only in the VUV, while the DNA peak at 264 
nm would remain unprotected. Similarly, β-carotene would protect chlorophylls a and b only in the VUV region. 
Measurements of absorption in the visible part of the spectrum showed a complex, broad peak between 430 and 480 nm 
for β-carotene in ethyl acetate, which could partially mask the chlorophyll a peak at 410 nm and entirely mask the 
chlorophyll b peak at 450 nm (Fig. 10). Carotenoids can transfer light energy to the chlorophylls, contributing to 
photosynthesis as accessory pigments34. 
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Fig. 10. VUV-UV spectra of chlorophyll a and chlorophyll b, compared to the absorption spectrum of β-carotene. (The absorption 
spectrum of β-carotene is adapted from reference16.) 

Melanins are found in animals, fungi, higher plants and in some bacteria31. There are two classes of melanins: eumelanin 
(brown-black) and pheomelanin (yellow-reddish)35. They are produced by the enzymatic oxidation of tyrosine, and they 
are highly irregular polymeric compounds, containing indolic subunits, known in eumelanin as 5,6-dihydroxyindole 
(DHI) and 5,6-dihydroxyindole-2-carboxylic acid (DHICA)35, 36. Melanins occur in large aggregates, frequently 
associated with proteins and lipids12, 36, 37. Although they are constitutive pigments, their synthesis and accumulation is 
induced in response to UV radiation. Eumelanins have strong broad band absorption in the UV and visible regions. They 
are efficient anti-oxidants and free radical scavengers37. Our VUV-UV spectra of dry films of synthetic melanin showed 
continuous absorption with small, unresolved peaks at 161 and 186 nm and an exponential increase of absorption at 
wavelengths below 145 nm16. High complexity in their structure could explain the lack of spectral features37. We can 
conclude that melanins could provide efficient, but not specific, protection to DNA throughout the UV and particularly 
VUV regions. 
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Flavonoids represent a large group of plant polyphenolic substances that are derived from phenylalanine and synthesized 
through the phenylpropanoid metabolic pathway38, 39. Flavonoids are characterized by a three-ring structure, the flavan 
ring, which contains two aromatic rings linked through a heterocyclic pyrone ring. Various types of flavonoids are 
created by substitutions to the flavone ring, including hydroxyl groups, methyl groups, oxygen and sugars. Their 
synthesis is induced by UV-A and UV-B radiation12, 38. Flavonoids accumulate in cell vacuoles and walls12, 39. They are 
involved in a wide range of biological functions, including signaling between plants and soil bacteria, and they play 
important roles in mechanisms of resistance to biotic and abiotic stress38. Flavonoids occur in relatively high 
concentrations in seeds, where they accumulate in seed coats. Quercitrin (quercetin-3-O-rhamnoside), the dominant 
flavonoid in Arabidopsis seeds, reaches a concentration of 3.6 mg g-1 of seeds40. 

Flavonoids are efficient UV screens in the UV-A and UV-B12, 38, 39; they also have protective functions as antioxidants 
and free radical scavengers12, 39. VUV-UV spectra of glycosilated flavonoids (quercetrin, isoquercitrin and robinin) show 
remarkable similarity to DNA spectra16. Quercitrin and isoquercitrin showed prominent and broad peaks with a 
maximum at 204 nm, while robinin had a maximum at 199 nm. They would thus protect DNA peak II. In addition, all 
three glycosilated flavonoids would efficiently protect DNA peak I, since quercitrin and isoquercitrin showed broad 
peaks at 258 nm and a shoulder at 270 nm, while robinin had a broad peak at 269 nm. We observed that absorption by all 
three flavonoids increased toward the high wavelength end of the spectrum (340 nm), and a peak at 355 nm was 
confirmed by conventional solution spectroscopy (unpublished data). We concluded that glycosilated flavonoids would 
act as ideal UV screens, providing protection throughout the VUV-UV. 

We also measured the absorption of catechin, which is the aglycone monomer of the condensed tannins. The VUV-UV 
absorption spectrum16 showed a strong, broad peak at 204 nm and a shoulder at 230 nm, indicating that catechin would 
screen UV in region II. Since we observed a minimum of absorption at 256 nm and a peak at 280 nm, we concluded that 
catechin would not be an efficient UV screen for DNA, but it could provide UV protection to proteins. In addition, 
conventional solution spectroscopy and spectroscopy of dry films revealed that catechin does not absorb wavelengths 
above 300 nm (unpublished results). Catechin and tannins (polymers of catechin), known to be antioxidants and free 
radical scavengers, could play important roles in coping with UV, because they are generally found in combination with 
other flavonoids.  

Flavonoids could protect chlorophyll pigments against UV damage. Comparing VUV-UV spectra for flavonoids and 
those for chlorophylls a and b (Fig. 11), it would seem that glycosilated flavonoids would protect both chlorophylls a and 
b in the VUV and UV-C, but they would provide weaker protection in UV-B. Catechin would be less suited to protect 
chlorophylls a and b, except in the region close to the VUV. Since the flavonoids we studied do not absorb visible light, 
they should not interfere with photosynthesis. 

0

0.5

1

1.5

2

2.5

3

100 120 140 160 180 200 220 240 260 280 300 320 340
Wavelength (nm)

A
bs

or
ba

nc
e 

lo
g(

I o/
I t)

0

0.5

1

Chlorophyll b
Chlorophyll a

Catechin

Quercitrin

193

193
228 258

308250

295

204

230

280

163

172
258

270

O

O
O

OH

OH

OH
OH

O

OH

OH

OH

CH3

Quercitrin

O

OH

OH

OH

OH
OH(+)-Catechin

 
 

Fig. 11. VUV-UV absorption spectra for chlorophyll a and chlorophyll b, compared to the absorption spectra of two flavonoids, 
quercitrin (glycosilated flavonoid) and catechin (aglycone flavonoid), both found in seeds. (The absorption spectra of quercitrin 
and catechin are adapted from reference17.) 
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4. CONCLUSION AND PERSPECTIVES 
The surface of early Earth was likely exposed to a high flux of short wavelength solar UV until photosynthesis produced 
enough oxygen for a significant ozone layer to form. Organisms evolved various mechanisms to resist UV, including the 
synthesis of screens that absorb incident UV light and dissipate it away from potential cellular targets, such as DNA. We 
used synchrotron radiation to determine the UV absorption spectra of DNAs with different G+C contents, and we 
measured the absorption spectra of putative and known UV-screens, isolated from phylogenetically distinct groups of 
organisms. These spectra, which included the VUV, the UV-C, the UV-B and part of the UV-A, allowed us to compare 
the potential of these natural substances to protect DNA.  

Since most solvents absorb UV light below 200 nm, absorption spectra were determined under vacuum, and the samples 
were prepared as thin dry films. Synchrotron light allowed us to extend spectra down to 125 nm in the VUV region. 
(Absorption had generally not been studied below 200 nm.) These VUV-UV absorption spectra revealed that differences 
in total G+C content in synthetic, protein encoding DNA had small effects on the absorption spectra, while the extreme 
G+C content of synthetic homopolymeric DNA tracts, known to occur in genomic DNA, had more of an influence. Thus 
we propose that local nucleotide sequence and G+C content might alter UV absorption in noncoding regions of genomic 
DNA, where sequences are often repeated. Adaptation of DNA sequences to particular UV environments and UV 
screens could be a function of this noncoding "junk" DNA in higher organisms (which represents 80-90% of the human 
genome). Genomes could thus be designed with altered UV absorbing characteristics due to the inclusion of repeated 
sequences. This hypothesis can be tested using synthetic DNA fragments. 

Comparing the VUV-UV spectra of DNA and the spectra of substances that we considered putative UV screens, we 
found that DNA would be best protected by free nucleotides, particularly by adenosine 5’-triphosphate (ATP), present in 
high concentrations in cells. Thus, in primitive cells, beside its role in energy transfer and its role as a precursor in the 
synthesis of nucleic acids, ATP might have functioned as a UV screen. Among previously defined, specialized UV 
screens, we single out flavonoids, because their VUV-UV absorption spectra closely resemble that of DNA. Flavonoids 
could be ideal UV screens for DNA, but this attribute is no longer required on Earth, thanks to the ozone layer. 
Flavonoids might represent a relic from early evolution, prior to the full oxygenesis of the atmosphere. If this is true, 
how did they get into higher plants? We suggest that they came from the endosymbiotic organisms that were the 
precursors to current chloroplasts16. Whatever the origin of the flavonoids, perturbation of the ozone layer, e.g. as a result 
of Man's activities, would require reinforcement of UV protection, particularly for plants, which provide biological 
energy through photosynthesis. Flavonoid accumulation could be engineered into a variety of organisms to make them 
more resistant to short wavelength UV and dispersal through space. 

In addition to their spectroscopic properties, the UV protective role of flavonoids was demonstrated in experiments in 
vivo, using Arabidopsis thaliana seeds (manuscript in preparation) 41. In plant seeds, flavonoids accumulate in the seed 
coat, protecting the embryo and its genomic DNA from damaging UV radiation. Germination of wild type Arabidopsis 
seeds was not reduced after exposure to the monochromatic UV-C light (254 nm) at doses up to 2.28 x 105 kJ/m2. In 
contrast, germination of a mutant that is deficient in flavonoids was inhibited by UV (254 nm), at the doses 100 times 
lower than those applied to wild type seeds. Similarly, experiments where Arabidopsis seeds were exposed to 
polychromatic UV (200-400 nm) at total doses up to 3 x 103 kJ/m2, showed that mutant seeds were particularly sensitive, 
compared to wild type seeds. Removal of the seed coat from both mutant and wild type embryos increased their 
sensitivity to UV (254 nm). Exposure of mutant seeds to UV (254 nm), filtered through dry layers of different 
flavonoids, showed that flavonoids can improve the resistance of mutant seeds to UV (manuscript in preparation)41.  

The remarkable resistance of plant seeds to stress, including high doses of UV, makes them valuable terrestrial models 
for studying the possibility of transfer of life through space42. In order to further evaluate the resistance of seeds to the 
full spectrum of solar light, we are currently preparing long exposure experiments in space. Seeds and dry layers of 
purified UV screens will be exposed to the space environment for 18 months. These experiments are part of the EXPOSE 
photobiology/exobiology research project, supported by the European Space Agency (ESA), and they will take place on 
the exterior of the International Space Station (ISS), beginning in late 2007. Better knowledge of how terrestrial life 
deals with UV will hopefully contribute to identifying protective agents that can be manipulated through genetic 
engineering to better protect organisms from solar UV, both on Earth and in space. The ability of dormant forms of life 
to  withstand UV light and other conditions in space supports the concept of panspermia, which requires that life be 
dispersed through space. 
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Abstract Plant secondary metabolites, including

pharmaceuticals, flavorings and aromas, are often

produced in response to stress. We used chemical

inducers of the pathogen defense response (jasmonic

acid, salicylate, killed fungi, oligosaccharides and the

fungal elicitor protein, cryptogein) to increase metab-

olite and biomass production in transformed root

cultures of the medicinal plant, Withania somnifera,

and the weed, Convolvulus sepium. In an effort to

genetically mimic the observed effects of cryptogein,

we employed Agrobacterium rhizogenes to insert a

synthetic gene encoding cryptogein into the roots of

C. sepium, W. somnifera and Tylophora tanakae. This

genetic transformation was associated with stimulation

in both secondary metabolite production and growth in

the first two species, and in growth in the third. In whole

plants of Convolvulus arvensis and Arabidopsis thali-

ana, transformation with the cryptogein gene led,

respectively, to increases in the calystegines and

certain flavonoids. A similar transgenic mimicry of

pathogen attack was previously employed to stimulate

resistance to the pathogen and abiotic stress. In the

present study of biochemical phenotype, we show that

transgenic mimicry is correlated with increased sec-

ondary metabolite production in transformed root

cultures and whole plants. We propose that natural

transformation with genes encoding the production of

microbial elicitors could influence interactions

between plants and other organisms.

Keywords Cryptogein � Flavonoids � Withania �
Tylophora � Convolvulus � Calystegia

Introduction

Plant secondary metabolites are the origin of many, if

not most, of our pharmaceuticals, flavorings and

aromas. Plants have a privilaged access to energy

through photosynthesis; they can thus afford to

synthesize a wide spectrum of exotic chemicals to

aid their survival. Plant secondary metabolites are

essential to functions ranging from allelopathy to

resistance to UV light and biological aggression.

Given the opportunistic nature of evolution, it is not
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surprising that a single substance serves in several

functions. For instance, the calystegines are nutri-

tional mediators of plant/bacteria interactions (Tepfer

et al. 1988), and they are potent glycosidase inhib-

itors (Molyneux et al. 1993), implicated in

allelopathy directed at other plants and probably at

animals, as well. Flavonoids are antioxidants, phyto-

alexins and UV protectors (Li et al. 1993; Harborne

and Williams 2000; Pietta 2000). Thanks to the

chemical and functional diversity of plant secondary

metabolites, a given medicinal plant can be used for

treating a variety of animal ailments, and plants form

the basis of our pharmacopia.

Many medicinal plants are poorly adapted to mass

cultivation, and the active ingredients they produce

are too complex to synthesize in large quantities.

Therefore, natural populations are under pressure

from human harvesting (Shinwari and Gilani 2003;

Olsen 2005). Genetic methods can be applied to

increase the production of a given metabolite or a

group of related compounds, e.g. via traditional

breeding and screening (Buter et al. 1998; Long

et al. 2006), through the expression of genes encod-

ing key enzymes (Holmberg 1997; Dueckershoff

et al. 2005; Tian and Dixon 2006; Inui et al. 2007;

Liu et al. 2007) or through functional genomics

(Goossens et al. 2003), but despite these successes,

metabolic engineering of the relevant biosynthetic

pathways is often hampered by a lack of knowledge

of the enzymes and genes involved. Indirect

approaches to improving metabolite production have

thus been explored, including treating whole plants

and in vitro cultures of organs or cells with inducers

of plant defense responses, since the reaction to both

biotic and abiotic stress can include increased accu-

mulation of secondary metabolites (Lin and Wu

2002; Ye et al. 2004; Matthews et al. 2005; Wolucka

et al. 2005; Zhao et al. 2005; Zobayed et al. 2005;

Shi et al. 2007; Zhang and Fevereiro 2007).

Another indirect genetic approach has yielded

increases in secondary metabolite production in a

variety of species. Genetic transformation by the Ri

TL-DNA of Agrobacterium rhizogenes produces

roots that can be cultured in vitro (Tepfer and Tempé

1981; Tepfer 1984), which often show high accumu-

lation of secondary metabolites (Flores et al. 1987;

Jung and Tepfer 1987; Guillon et al. 2006). Further-

more, plants regenerated from transformed roots have

profuse root systems, and they are easy to root by

cutting (Tepfer 1983a, b, 1984). They could be used

to improve secondary metabolite (or protein) pro-

duction via plants grown in hydroponics or

aeroponics. The morphological and physiological

changes caused by the Ri T-DNA are similar in

many dicot species (Tepfer 1984, 1989); thus, Ri

T-DNA might be used to improve secondary metab-

olite production in multiple species, without

knowledge of the underlying enzymology and genet-

ics. In the following paper, we employ this

transformation by A. rhizogenes in combination with

another indirect genetic approach, which relies on

transformation by a gene encoding a fungal elicitor.

b-cryptogein (Crypt) is a sterol scavenging protein

secreted by the oomycite, Phytophthora cryptogea

(Ricci et al. 1989; Boissy et al. 1996; Mikes et al.

1997). It elicits a defense response in tobacco through

interaction with a receptor, followed by signal

transduction, which leads to the expression of a

transcription factor (Lecourieux et al. 2002; Guo

et al. 2004; Kasparovsky et al. 2004; Lochman et al.

2005; Ren et al. 2006), which in turn is thought to be

responsible for a generalized stress response. Know-

ledge of the amino acid sequence of the Crypt protein

(Ricci et al. 1989) allowed the synthesis of a crypt

gene, whose expression in Escherichia coli led to the

production of Crypt protein that induced (in tobacco)

the necrosis associated with the defense response

(O’Donohue et al. 1995). Genetic transformation of

tobacco with this synthetic gene, under the control of

the 35S CaMV promoter, rendered two independent

lines of tobacco plants resistant to P. parasitica var.

nicotianae (Tepfer et al. 1998). Resistance was

transmitted to progeny via meiosis, and it was higher

in hemizygotes than in homozygotes. A lysine to

valine mutation (K13V) at amino acid position 13

was also associated with resistance in hemizygotes in

two lines. Presence of the Crypt protein was shown

by immunoblot.

A similar transformation of tobacco was made

using a natural crypt gene cloned from Phytophthora

cryptogea, controlled by the promoter from the plant

gene hsr203J, which is induced by pathogen attack

(Keller et al. 1999). A resistance response was

reported, although in a single transformed line, and

transmission of the transformed phenotype through

meiosis was not shown. However, resistance was

detected against three other fungal pathogens. In a

third rendition of this experiment (Jiang et al. 2002,
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2004), a mutated crypt gene (K13V) was controlled

by a rice phenylalanine ammonia-lyase promoter.

Resistance was reported in transgenic tobacco to

Phytophthora parasitica, Alternaria alternata and

Pseudomonas syringae. In addition, transgenic plants

were tolerant to salt.

In all, three different promoters were used, and the

coding sequence was introduced in synthetic, natural

and mutated forms. Resistance was observed in

tobacco, using five pathogens and one abiotic stress.

Thus, the principle of transgenetic mimicry of

pathogen attack, leading to a generalized stress

response, is established for the crypt gene in tobacco;

however, the biological basis for the resistance is not

known. Physiological correlates have been examined,

including production of reactive oxygen species and

the role of nitric oxide (Foissner et al. 2000; Lamotte

et al. 2004; Planchet et al. 2006; Ashtamker et al.

2007). Crypt (as well as other elicitors) induced a

transcription factor (OPBP1), probably responsible

for the activation of multiple genes involved in stress

responses, including genes involved in resistance to

fungal pathogens (Guo et al. 2004). There was thus

ample reason to expect the expression of crypt to lead

to increased accumulation of some secondary

metabolites.

In an effort to predict the effects of the crypt gene,

before using it in transformation, we treated trans-

formed root cultures (carrying just Ri T-DNA) with

the cryptogein protein (Crypt), as well as with known

chemical elicitors and a killed strain of P. parasitica

var. nicotianae, which makes no known protein

elicitor for tobacco. Effects on root growth and

accumulation of withanoferin A in W. somnifera and

calystegines in C. sepium were recorded. Withaferin

A is steroidal lactone that resembles the ginsenosides

in structure and medicinal use. Calystegines are

potent glucosidase inhibitors and nutritional media-

tors in plant-bacteria interactions (Tepfer et al.

1988a; Goldmann et al. 1993; Molyneux et al. 1993).

In a test of the hypothesis that the gene encoding

cryptogein (crypt) could also increase metabolite

production via production of the Crypt protein in

planta, the synthetic gene was introduced into the

roots of W. somnifera, C. sepium and Tylophora

tanakae, also transformed by A. rhizogenes. The

roots in these experiments were transformed by

A. rhizogenes to facilitate growth in vitro and to

measure possible gain in metabolite production from

elicitation by genetic mimicry in combination with

transformation by Ri T-DNA.

The crypt gene was also transformed into whole

plants. Morning glory (Convolvulus arvensis), was

co-transformed with crpt and Ri T-DNA, and

A. thaliana was transformed by crypt without Ri

T-DNA. Calystegins were measured in C. arvensis,

and A. thaliana served as a model for the production

of flavonoids. In all cases, increases in growth and

secondary metabolite accumulation were associated

with the presence of the crypt gene.

Materials and methods

Plant materials

C. sepium and C. arvensis and were collected near

the INRA, Versailles, campus. W. somnifera was

from the tissue culture collection at the University of

Calcutta, India. Seeds of T. tanakae were obtained

from F. Abe.

Tissue culture and transformation

Methods for obtaining and culturing transformed

roots are described elsewhere (Tepfer 1984; Chau-

dhuri et al. 2005; Bandyopadhyay et al. 2007).

Briefly, surface-sterilized shoots (internodes and

petioles) and leaves were infected with A. rhizogenes

strains LBA9402 or A4, with or without the synthetic

crypt gene (O’Donohue et al. 1995), under the

control of the CaMV promoter (Tepfer et al. 1998).

Roots induced at the site of inoculation were

decontaminated by growth through Murashige and

Skoog medium (Murashige and Skoog 1962) with 3%

(w/v) sucrose (Sigma, USA) and one-fifth of the

standard N-salts, solidified with 0.8% (w/v) agar

(Sigma, USA). Transformed root cultures were

subcultured every 4 weeks. For growth and meta-

bolite extraction and analysis (see below), about 0.2 g

fresh weight (FW) roots were grown in 100 ml liquid

medium in 250 ml culture flasks on a rotary shaker at

100 rpm in the dark. Roots were cultured up to

13 days (W. somnifera and C. sepium) or 21 days

(T. tanakae). Each root line was cultured in triplicate

and the experiments were repeated at least once. The

transgenic plants that spontaneously regenerated from

transformed C. arvensis roots were cultured on agar
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medium in culture tubes for 4–7 days, in a growth

chamber (20�C, 16-h photoperiod, TFL 110 fluores-

cent Philips tubes, 65 lmol m-2 s-1). Arabidopsis

plants were transformed by the floral dip method

(Desfeux et al. 2000) with A. tumefaciens strains

carrying only the nptII gene (nptII control) or with

both the nptII and crypt genes. One set of plants was

not inoculated to serve as a negative (wild type)

control. Plants were transferred to the greenhouse for

seed production (see below). Seeds were collected,

sterilized and germinated in vitro (Desfeux et al.

2000) on Arabidopsis-agar medium (Bechtold et al.

1993) in the presence of 50 mg l-1 kanamycin

(Sigma, USA); kanamycin-resistant plants were

transferred to the greenhouse.

Plant cultivation

Plants were grown in the greenhouse in the spring and

summer in a mixture of peat, sand and vermiculite

and watered three times per week with a nutrient

solution (Coı̈c and Lesaint 1973). When necessary,

day length was extended to 16 h using artificial light.

Transgenic lines of C. arvensis were grown from

stem cuttings of primary regenerants for 3 months

before metabolite extraction and analysis (see below).

Kanamycin-resistant Arabidopsis plants were

checked for the presence of transgenes (see below),

and their seeds were collected for flavonoid analysis.

DNA isolation and PCR analysis

Total DNA was extracted from transformed roots and

transgenic plants (leaf tissue) according published

methods (Dellaporta et al. 1983). The different

transformed genotypes were verified by polymerase

chain reaction (PCR) analysis for rolC (for the TL-

DNA), nptII and crypt. Plasmid DNA from appro-

priate Agrobacterium strains (see above) was used as

a positive control, and DNA isolated from the leaves

of wild-type plants served as a negative control.

Oligonucleotide primers for the rolC gene were 50-
TAACATGGCTGAAGACGACC and 50-AAACTTG

CACTCGCCATGCC (Slightom et al. 1986). The

amplified product had the expected size of 534 bp.

Samples were denatured at 95�C for 5 min, followed

by 30 amplification cycles of 1 min at 94�C (dena-

turization), 1 min at 53�C (annealing) and 1.5 min at

72�C (extension), with a final extension step at 72�C

for 5 min. The primers for nptII were 50-GAACAA

GATGGATTGCACGC and 50-GAAGGCGATAGA

AGGCGATGC (de Vries and Wackernagel 1998).

The conditions were: 1 cycle at 94�C for 5 min; 40

cycles at 94�C for 1 min, 54�C for 2 min and 72�C

for 4 min; 1 cycle of 72�C 12 min. Amplification

resulted in a 412 bp amplified product. The primers

for crypt were 50-CCATGTCGACCTACAAGGAA-

GAGCACTTGT and 50-TCCGGTCGACATGGCT

TGCACTGCTAC (O’Donohue et al. 1995). An ini-

tial 1 min step at 95�C was followed by 35 cycles

(1 min at 95�C, 1 min at 55�C, and 1 min at 72�C)

and a final 5 min step at 72�C. The amplified product

had the expected size of 329 bp. In each case, the

PCR mixture consisted of 200 ng DNA, 12.5 pmol of

each primer, 200 mM of dNTPs, 1.5 U Taq poly-

merase (Invitrogen, USA) and buffer supplied by the

manufacturer in a total volume of 25 ll. The PCR

products were analyzed by electrophoresis on a 2%

(w/v) agarose gel with a 1 kbp DNA ladder

(Promega, USA).

Elicitor treatment

Purified b-cryptogein protein, a gift from M. O’Don-

ohue and J.-C. Pernollet, was produced using Pichia

pastoris (O’Donohue et al. 1996). Jasmonic acid

(Sigma, USA) and salicylic acid (Sigma, USA) were

dissolved in ethanol as filter-sterilized, 0.1 M stock

solutions. a-1,4-oligogalacturonides from partial

digestion of polygalacturonic acid with endopolyga-

lacturonase from Aspergillus niger (Spiro et al. 1993)

were provided by A. Aziz. They were dissolved in

liquid medium to a concentration of 0.5 mg ml-1 and

filtered-sterilized. P. parasitica var. nicotianae

(strain INRA A183) was cultured on malt-agar

medium. Agar plugs were cut out after 5–7 days

and dissolved in liquid medium. The fungus was

heat-killed by autoclaving, and the medium, with the

cell-debris, was filter sterilized. Cryptogein protein

(O’Donohue et al. 1996) was dissolved in water

(0.1 mg ml-1) and filter sterilized. Elicitors were

added to 6-day-old (log phase) liquid cultures of

W. somnifera and C. sepium, transformed with

A. rhizogenes LBA9402. Jasmonate, salicylate and

oligogalacturonides were added to the culture med-

ium at a final concentration of 0.3 mM. One volume

of fungal extract and 0.05 volumes of cryptogein

protein stock were added to culture medium. When
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necessary, controls received ethanol. Roots were

harvested for growth studies and metabolite extrac-

tion and analysis (see below) after 48 h (5 days), 96 h

(10 days) and 168 h (13 days) of elicitor treatment.

Samples were in triplicates, and each experiment was

repeated at least once.

Study of root growth

The initial FW was recorded at inoculation time, and

roots were harvested over time. They were removed

from the medium, washed with deionised water,

blotted dry and weighed to determine the final FW.

Growth was calculated as (Final FW - Initial FW)/

Initial FW. Growth was also measured on a dry

weight basis (DW), after desiccation for 16 h at 55�C.

Metabolite extraction and analysis

For the analysis of tylophorine and withanolides,

roots were oven-dried at 55�C, powdered and

extracted for HPLC as described previously

(Chaudhuri et al. 2005; Bandyopadhyay et al.

2007). Calystegines in roots and root-regenerated

shoots were extracted from 100 mg (FW) with

0.02 N HCl. The extracted samples were subjected

to high voltage paper electrophoresis at 2,500 V for

20 min on 3 M chromatography paper (Whatman,

USA) and visualized with silver staining (Tepfer

et al. 1988a). Spots were analyzed by a Fluorchem

8000 Imaging system (Alpha Innotech Corporation,

USA), coupled with a Multimage Light Cabinet II

with automatic enhancer and detector. Calystegines

were quantified using a standard curve, based on pure

calystegine B2, which was linear between 1 and

10 lg. Flavonoids were extracted from 100 mg (FW)

T1-seeds of Arabidopsis with 75% (v/v) methanol (in

water), defattened with cyclohexane, eluted with

methanol through a C-18 cartridge, dried under a

stream of liquid nitrogen and redissolved in 15%

(v/v) acetonitrile (in water). HPLC was performed on

a Waters 990 system (Milford, USA), equipped with

a Waters photodiode array detector and a Waters 600

multisolvent delivery system. Separation was with a

Varian C-18 90A (reverse phase) column

(150 9 4.6 mm, 5 lm particle size), and gradient

elution was in 10–100% acetonitrile over 20 min at a

flow rate of 1.0 ml min-1. Quercitrine was detected

at a retention time of 19.4 min, determined by

spiking with a standard compound (Sigma, USA).

Comparisons were made on the basis of peak areas at

230 nm absorption. The flavonoid content of the

HPLC peaks was determined by mass spectroscopy

(Routaboul et al. 2006).

Statistical analysis

Experiments were set up in a randomized design;

sampling was in triplicate. Data were subjected to

analysis of variance (ANOVA).

Results

Chemical elicitation in transformed roots

Transformed roots were induced on sterilized leaves

of W. somnifera and on stem segments of C. sepium,

using the LBA9402 strain of A. rhizogenes (pRi

1855), carrying only Ri T-DNA. Sterile root lines

(representing independent transformation events)

were derived and used to test the effects of known

chemical inducers (including the cryptogein protein)

on growth and secondary metabolite accumulation.

In C. sepium roots, all elicitors stimulated growth,

except the killed Phytophtora cells (Fig. 1a). In

Withania roots, both the killed Phytophthora cells

and salcylate had no effect on growth (Fig. 1b).

Among the elicitors tested in both species, the Crypt

protein was the most growth stimulating, particularly

in Withania, where it was associated with a 211%

increase in growth.

The Crypt protein also stimulated calystegine

content in C. sepium (336%), but it did not increase

withanolide content in W. somnifera (Fig. 1c, d).

Nevertheless, oligogalacturonides and jasmonate did

stimulate withanolide accumulation. Despite the

limited effects of the Crypt protein on secondary

metabolite production, the promotion of growth in the

two species and calystegine content in C. sepium

were sufficiently encouraging to warrant transforma-

tion with the crypt gene, since the stimulation of

biomass accumulation in vitro can, by itself, increase

overall metabolite production.

In order to test the effects of the gene (crypt) that

encodes the Crypt protein, we made use of the

synthetic crypt gene in the pBin19 transformation

vector (Bevan 1984), under the control of the 35S
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CaMV promoter, which was previously shown to be

associated with resistance to Phytophthora in tobacco

(Tepfer et al. 1998). Transformed root lines were

produced from single roots on different explants to

insure that each line represented a distinct transfor-

mation event. The accumulation of secondary

metabolites was measured in each root line over

time. Controls consisted of root lines transformed by

wild type A. rhizogenes. Transformation by crypt was

demonstrated by PCR. In W. somnifera, three lines

did not contain crypt, although they were produced

using A. rhizogenes carrying the crypt construct.

These lines, in which the binary vector T-DNA was

not transferred, served as supplementary controls,

since they carried only the Ri T-DNA.

Genetic elicitation using transformed roots

The presence of the crypt gene in transformed root

lines was associated with a stimulation of root growth

and secondary metabolite accumulation in both

C. sepium and W. somnifera (Fig. 2). After 13 days
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Fig. 1 Effects of chemical elicitors on transformed root

growth and secondary metabolite production. Transformed

root cultures, carrying just Ri T-DNA of C. sepium (a, c) and

W. somnifera (b, d) were treated with known elicitors of

defense responses: purified b-cryptogein protein (cry), jasmon-

ic acid (jas), salicylic acid (sal) and a-1,4-oligogalacturonides

(oli). An autoclaved and filtered culture of P. parasitica var.

nicotianae (phy) was also tested, as well as no treatment (con).

The effects were measured on growth (a, b) and secondary

metabolite production (c, d). Calystegines were assayed in

C. sepium and withaferin A was quantified in W. somnifera.

Determinations were in triplicate; error bars represent standard

deviations
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of culture, root growth increased by at least 50% and

secondary metabolite production by as much as

8-fold in exceptional root clones (Fig. 2d). These

results were taken as support for the hypothesis that

genetic (endogenous) expression of the Cry protein

can mimic the effects of exogenous treatment on

growth and secondary metabolite accumulation. In

order to validate and extend this finding, we

introduced the crypt gene into three other species:

C. arvensis (a morning glory that regenerates from

roots), Tylophora (an Indian medicinal plant) and

Arabidopsis (a model for flavonoid production).

Tylophora root clones were established in liquid

culture, as for other species. Their growth was studied

by incubating 200 mg of roots (in triplicates) in

100 ml N/5 liquid medium in 250 ml flasks, for
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Fig. 2 Effects of genetic transformation with the crypt gene

on growth and secondary metabolite production. The crypt
gene was introduced into C. sepium (a, c) and W. somnifera
(b, d) using A. rhizogenes. Growth (a, b) and secondary

metabolite accumulation (c, d) were recorded over time. Bars

represent individual root clones from independent

transformation events: dark hatching, roots containing crypt
and Ri T-DNA; medium density hatching, roots containing just

Ri T-DNA produced by wild type A. rhizogenes; light

hatching, roots produced by A. rhizogenes carrying the crypt
gene construct, but which did not receive the crypt gene from

the pBin19 binary vector
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21 days in the dark at 100 rpm. Root lines were

analyzed after 3 months in culture. One-way

ANOVA analysis showed a significantly (P B 0.05)

greater growth and biomass productivity in root

clones carrying crypt, compared to control clones

(Fig. 3). These crypt clones grew and accumulated

biomass (FW and DW) about 1.5-fold faster than the

corresponding control clones. The difference in

growth was evident in both DW and FW measure-

ments. Thus, the stimulation of growth observed in

Withania and Calystegia was repeated in Tylophora.

Tylophorine content in root lines carrying crypt

was not significantly increased, compared to the

controls. Thus, tylophorine production (a function of

growth and metabolite content) in liquid culture by

these crypt clones would be significantly improved.

After 6 months in liquid culture, the differences in

growth between the controls and the lines containing

crypt were no longer detected (results not shown.)

We conclude that the crypt gene has the potential to

stimulate tylophorine production, but to a lesser

extent than the other metabolites studied in other

species, and that this stimulation is unstable.

Genetic elicitation using transformed plants

The effects of the crypt gene in whole plants was first

studied in Convolvulus arvensis, a close relative of

C. sepium, which regenerates directly from its roots.

When the crypt gene was present in C. arvensis

plants, calystegine content in the roots of C. arvensis

plants carrying the crypt gene increased by 35%

(P B 0.05) (Fig. 4). In the shoots, mean calystegine

content increased by 42% (P B 0.05). Thus the

stimulation in calystegine content, previously

observed for root cultures of C. sepium, was repeated

in whole transgenic plants of C. arvensis. (Changes

in growth and development were not observed). We

concluded that the initial metabolite accumulation

results from Withania and C. sepium were validated

in whole plants of C. arvensis.

The above experiments relied on A. rhizogenes for

transformation, because we were interested in mea-

suring a possible gain in secondary metabolites, due

to co-transformation by Ri T-DNA plus the crypt

gene, particularly in transformed root cultures. In

Arabidopsis, we transformed without Ri T-DNA,

using Agrobacterium tumefaciens and a standard

floral dip transformation method, because transfor-

mation with the genetic marker alone (nptII) in

Arabidopsis generates considerable genetic and phe-

notypic variability (Fig. 5), and we did not want to

combine this with the previously described variation

associated with Ri T-DNA (Tepfer 1984).

Since flavonoids accumulate in seeds and (partic-

ularly) in seed coats, whole seed flavonoids from

controls and transformants were extracted and sepa-

rated by HPLC, and the two major flavonoid peaks

were examined by mass spectrometry to identify their

components (Table 1). Peak I contained quercitrin

almost exclusively, while peak II contained three

flavonoid derivatives (Table 1) and traces of two
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others (not shown). HPLC was then routinely used to

measure possible effects of the crypt construct on

these seed flavonoids.

Flavonoids varied among individual transformants

in both the controls, carrying nptII, and in plants

carrying the crypt gene. Similar variability was not

seen in the wild type control. Thus, transformation

alone with the nptII gene altered the content of seed

flavonoids in individual transformants, and it com-

plicated detection of differences due to crypt.

Flavonoid peak I, composed of quercitrin (quer-

cetin-3-O-rhamnoside) did not statistically increase in

the lines transformed by the crypt gene, but the

chances of finding high-producing lines in this

population were increased (see Discussion).
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Flavonoid peak II, containing three flavonoid deriv-

atives, increased by about 40% (P = 0.005), relative

to the nptII transformants, which were not signifi-

cantly different (P = 0.59) from the wild type

control. (Changes in growth and development were

not observed). We conclude that transformation with

the cryptogein gene can stimulate the accumulation

of certain (but not all) flavonoids in Arabidopsis

seeds.

Discussion

These findings validate the hypothesis that transge-

netic mimicry of fungal attack can lead to increased

secondary metabolite production. To better focus on

testing transgenetic elicitation in multiple species, we

limited the analysis to phenotypic changes, deferring

verification of underlying biochemical and genetic

changes to future studies. We assumed that, as for

other elicitors (Zhao et al. 2005), the synthesis of the

Crypt protein in plant tissues initiates a signal

transduction cascade that results in the induction of

one or more transcription factors, responsible for a

generalized defense response. Inducible expression

and secretion of crypt could be used to verify this

assumption. The CaMV promoter used here is

considered to be constitutive, but no signal peptide

was attached to the crypt coding sequence, and we

have no information about the fate of the Crypt

protein after synthesis, although the protein encoded

by this construct was detected in transgenic tobacco

plants (Tepfer et al. 1998). Cryptogein has sterol

scavenging activates, and it could be toxic for the

plant cell. Thus, high-producing transformants were

likely counterselected after transformation. How the

protein, produced on the inside of the cell, can act

with the receptor, presumed to be on the outside, is

not known, although leakage, e.g. through cell injury,

was proposed (Tepfer et al. 1998). Despite these

uncertainties, the phenomen of secondary metabolite

and root growth stimulation seems clear, and it is

reproducible, albeit to varying degrees, in different

plant species producing different secondary

metabolites.

In all species examined, root transformation by the

crypt gene was correlated with increased biomass

accumulation in vitro. FW and DW accumulations

were similar (Fig. 3, other data not shown), thus

increases in biomass were not due to increases in

water content. Since metabolite production is a

function of concentration and biomass accumulation,

the effect of crypt on growth could significantly

contribute to the production of metabolites in trans-

formed root cultures, even if increases in metabolite

content are modest. Other chemical inducers of plant

defenses also stimulated root growth; thus, increased

root growth might be a generalized reaction to stress.

It is logical that pathogen attack leading to necrosis in

one part of a root system would be compensated by

increased growth in other parts of the root system—

i.e. that a general defense response would stimulate

the growth of the surviving root system.

Increases in metabolite content in transformed root

cultures were recorded in all but one (Tylophora) of

the five species tested. For a given species, levels of

stimulation varied among clones, but results were

reproducible within a given clone, indicating that the

chemical measurements were accurate. Clonal vari-

ation was expected, due to diverse factors, including

insertion site and transgene copy number. Clonal

variation did not prevent finding that the root lines

containing crypt contained statistically more second-

ary metabolites than the controls. Variation can, in

itself, contribute to obtaining high-producing clones.

The lack of a stable increase in Tylophora could be

due to the high stimulation of tylophorines in roots

transformed by the Ri T-DNA alone (Chaudhuri et al.

Table 1 Flavonoid content of HPLC peaks

Flavonoid peak

(HPLC)

Common

name

Chemical

abbreviation

Chemical name Molecular

weight

Retention

time

Peak I quercitrin RhaQ Quercetin-3-O-rhamnoside 448 19.4

Peak II Glu-RhaI Isorhamnetin-hexoside-rhamnoside 624 15.6

Rha-RhaQ Quercetin-di-rhamnoside 594 15.3

Glu-RhaK Kaempferol-3-O-glucoside-7-O-

rhanoside

594 15.2
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2005). We presume that maximum metabolite accu-

mulation is limited by carbon availability and

toxicity.

Statistically significant stimulation of calystegine

production was observed in C. arvensis leaves and

roots (increases of 30% and 40%, respectively).

Calystegins are allelopathic glycosidase inhibitors

that likely poison the plants that produce them,

probably limiting the amount that these plants can

produce. They are tropane derivatives (Goldmann

et al. 1990) that served here as a convenient model to

determine whether an exotic tropane alkaloid path-

way can be stimulated by transformation with the

crypt gene. In nature, their allopathic properties are

likely used in defense against microbial pathogens

and in competition among plant species (Goldmann

et al. 1996). They also serve as nutritional mediators

in interactions with Rhizobium meliloti (Sinorhizo-

bium meliloti) Tepfer et al. (1988a, b). Changes in

calystegine production might thus alter rhizosphere

population dynamics.

A. rhizogenes was used for transformation (except

in Arabidopsis); thus, Ri T-DNA was co-introduced

with the crypt gene. The phenotypic expression of the

Ri T-DNA was optimized by screening for rapid root

growth in vitro. In contrast to the other species,

Arabidopsis was transformed by A. tumefaciens.

Transformation of Arabidopsis with Ri T-DNA plus

crypt (via floral dip using A. rhizogenes) might

further improve flavonoid production. It would be

appropriate to test the effects of crypt on other

substances known to accumulate in response to

pathogen attack in Arabidopsis, including polyamines

and other polyphenols, such as camalexin (Glawisch-

nig 2007).

In the case of quercitrin (peak I), the population of

clones transformed by crypt was not significantly

different from the controls transformed by nptII.

Nevertheless, transformation by crypt increased the

chances of obtaining high-producing lines. If a 50%

increase in quercitrin content is used to define a high-

producing line, than the population of crypt lines

included five out of eight (63%) high producers,

whereas the population transformed by nptII alone

included two out of nine (22%) high producers. The

highest producing line transformed by crypt showed a

stimulation of 111%, and the highest producing line

transformed by nptII alone showed a stimulation of

57%. Thus, even in the absence of a statistically

significant difference between the two populations,

the chances of obtaining high quercitrin production

were increased when the crypt gene was present.

Flavonoid peak II contained three flavonoid deriv-

atives. The lines containing crypt showed a

statistically significant, 39% stimulation in peak II,

compared to the control lines carrying just nptII,

which was not statistically different from the wild

type controls. The best producing line contained 85%

more flavonoids than the control. The ranking of the

lines was the same for both peaks I and II. Increases

in flavonoids were not observed for a third flavonoid

peak (not shown). The effects of crypt on flavonoid

accumulation in Arabidopsis seeds would seem to be

limited to certain substances, possibly due to a

redistribution of carbon in the phenylpropanoid

pathway.

The metabolites stimulated by crypt represent a

variety of natural products, produced by widely

different species, perhaps reflecting the wide host

specificity of Phytophthora species (Erwin and

Ribeiro 1966). The metabolites included diverse

structures: calystegines A and B (tropane deriva-

tives), withaferin A (a steroidal lactone), and a group

of flavonol glycosides. Although tylopohorine B (a

phenanthroindolizidine alkaloid) was not increased,

the ability of the crypt gene to stimulate the

accumulation of substances of varying chemical

nature suggests that the production of certain medi-

cines, aromas and colours might be improved without

understanding the underlying biochemistry and

genetics. The increases recorded here varied from a

few tens of a percent to several fold, but even small,

significant increases suggest that improvement might

be possible by using, for instance, inducible and

tissue-specific promoters. A general method for

improving the production of key metabolites could

have economic applications in the pharmaceutical

and food industries and at the same time provide a

scientific tool for studying the biology and function of

secondary metabolites.

We previously showed in tobacco that the crypt

construct conferred resistance to Phytophthora, and

we suggested that natural genetic transformation by a

gene such as crypt could play a role in evolution

(Tepfer et al. 1998). Here, we extend the analysis of

the phenotypic changes associated with crypt to

secondary metabolites and to five new species.

Secondary metabolites serve multiple functions,
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ranging from attractants to allelopathic poisons.

Changes in chemical phenotype could therefore have

wide-ranging effects on fitness. A. rhizogenes is

capable of inducing transformed roots in a variety

of plant species, and in many of these species, shoots

regenerate spontaneously from roots, propagating the

transformed genotype and phenotype through meiosis

(Tepfer 1983a, b, 1984; Tepfer et al. 1989). In nature,

enhanced secondary metabolite production could be

acquired via genetic transformation with an A. rhizog-

enes, carrying a T-DNA encoding a defense response

eliciter. Artificial transformation by the crypt gene

thus illustrates how natural transfer to plants of a

single gene from the soil metagenome could have

important repercussions in relationships between

plants and other organisms.
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ANNEX A: 

History of the major space experiments testing responses of  

organisms to parameters of space environment 
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Table A-1. Some of the major space experiments performed to test the survivability of different terrestrial model 
organisms in harsh space environment. 
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Table A-1. Some of the major space experiments performed to test the survivability of different terrestrial model 
organisms in harsh space environment (continued from previous page). 

 
 



 

 



 

 

 

ANNEX B: 

Technical drawings of sample facilities from  

EXPOSE-E and EXPOSE-R space projects 
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Fig. B-1. Technical drawing of EXPOSE-E/ SEEDS sample carriers (Credit HTS AG., Wallisellen, CH).
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Fig. B-2. Technical drawing of EXPOSE-E tray 3 with integrated R3D instrument, SEEDS and PROCESS 
sample carriers (Credit HTS AG., Wallisellen, CH). 
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Fig. B-3. Technical drawing of EXPOSE-E facility with integrated three trays carrying different sample carriers 
(Credit HTS AG., Wallisellen, CH). 
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Fig. B-4. Technical drawing of ORGANIC/ SEEDS carrier for EXPOSE-R mission (Credit HTS AG., 
Wallisellen, CH). 
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Resistance of Arabidopsis seeds to  

other parameters of the space environment 
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In addition to full spectrum UV radiation, other physical parameters, such as ultra high 

vacuum, microgravity, temperature extremes and ionizing radiation, may influence the survival 

of organisms in the environment of space. Because of the large amount of the results obtained in 

the EXPOSE pre-flight simulation experiments, other space parameters, besides UV radiation 

and high vacuum that were investigated in details and discussed here above, were not in the 

focus of the present work. However, the effects of some of these simulated space parameters on 

Arabidopsis seeds were examined in our recent studies and the results will be presented in our 

forthcoming publications. Our unpublished results are summarized here below.  

 

Microgravity 

 

Low gravitational force (10-6g) is experienced in the interplanetary space. At low Earth 

orbit (LEO) altitudes (between 200 and 600 km above the surface of the Earth), where 

gravitational field is about 90% of the strength at the Earth’s surface, the microgravity ranges 

from 10-3 to 10-6g (Horneck et al., 2000; Nicholson et al., 2000). The ISS is orbiting in LEO, 

approximately 400 km above the Earth’s surface. Several space experiments studied the effects 

of microgravity on the seed storage, the germination, as well as the plant growth and 

development (reviewed in Halstead and Dutcher, 1987; Musgrave, 2002). Most of these studies 

confirmed that the microgravity does not affect the germination performed during the space 

flight, but the effects on plant growth are less clear (Halstead and Dutcher, 1987). However, Link 

et al. (2003) succeeded to grow Arabidopsis thaliana plants from seed-to-seed inside the ISS. 

They reported that Arabidopsis seeds successfully germinated and the plants grew and developed 

well, completing their full life cycle in microgravity environment. According to Vaulina et al. 

(1984) and Anikeeva et al. (1983), the microgravity does not have any significant effect on the 

plant seeds after relatively short-duration space flight. Therefore we reasoned that the 

microgravity is of no major concern for our SEEDS experiments at the ISS, and in our work we 

did not seek to further examine the effects of this space parameter.  

 

Temperature extremes 

 

In the interplanetary space, the extremely low temperatures of 4 K (-269°C) may be 

experienced (Horneck et al., 2000). However, in the Earth orbit, the values are higher, since the 

temperature of a body in space depends on its position with respect to the Sun, its surface, mass, 

size, albedo etc. Nevertheless, due to periodical shading from the Sun, the Earth orbiting object 
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can be exposed to both extremely high and extremely low temperatures (Nicholson et al., 2000). 

The ISS orbits the Earth within period of 90 min, being exposed to the Sun for about 60 min and 

shaded by the Earth for about 30 min. The extreme temperatures may be expected at the level of 

the ISS, ranging from -120°C to +120°C (Baglioni et al., 2007). However, during the EXPOSE-

EuTEF mission at the ISS, less extreme temperatures are measured, ranging from about -15°C to 

about +60°C (Rabbow, 2009). 

 

In general, the plant seeds withstand the low temperatures, even at sub-zero level. 

Desiccated seeds may be successfully stored for extended periods when frozen at -20°C 

(Doijode, 2001). Sometimes, the cryogenic conditions at -196°C (77 K) are used for ultra long-

term storage of seeds, enabling successful germplasm preservation (Benson, 2004). Our 

preliminary results showed that almost all Arabidopsis seeds, both flavonoid-containing (Ws-2) 

and flavonoid-deficient (tt4-8) seeds, as well as tobacco seeds survived the treatment at 

extremely low temperature (about -196°C) during more than 3 months storage in liquid nitrogen, 

without addition of any cryoprotector. The germination capacity (Gmax%) in all treated samples 

was about 100%, although seeds germinated slightly slower than the control samples (our 

unpublished data).  

 

High temperatures, on the other hand, may cause more damaging effects, inducing severe 

cellular injuries and eventually the cell death due to protein denaturation and aggregation, 

increased fluidity of membrane lipids, loss of membrane integrity etc. Heat stress is also related 

to an increased accumulation of toxic compounds and reactive oxygen species (ROS) in plant 

cells (Wahid et al., 2007). Seeds of some plant species are well adapted to withstand extremely 

high temperatures e. g. seeds of Cistus and Halimium species, grown in habitats prone to fire, are 

not only resistant to temperatures up to 150°C, but the seed germination is fire-stimulated 

(Thanos and Georghiou, 1988; Herranz et al., 1999). Our experiments revealed the extreme 

resistance of Arabidopsis seeds to very high temperatures (unpublished data). Wild type Ws-2 

seeds survived dry-heating at 100°C, even after 6 hours of treatment, reaching 88% germination. 

Surprisingly, even at 120°C, the Ws-2 seeds survived 1-hour treatment, although reaching 

significantly lower Gmax% (28%). Interestingly, the flavonoid-lacking seeds appeared less 

resistant to high temperature than wild type seeds, since only 10% of the tt4-8 seeds survived 6-

hours treatment at 100°C (our unpublished data). This phenomenon might be related to the 

increased permeability of the seed coats in the tt4-8 seeds, which probably allows faster water 

loss, as well as faster overheating. On the other hand, this finding might provide an additional 

evidence of the role of flavonoids in the heat stress protection of plant seeds. Phenolic 
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compounds, including flavonoids, have been found to accumulate in the plant cells that were 

exposed to the heat stress (Wahid et al., 2007). Since the heat stress, in addition to tissue 

dehydration, induces the oxidative damage in exposed cells (Wahid et al., 2007), flavonoids 

might have an important protective role as efficient antioxidants and free radical scavengers.  

 

Therefore, from our preliminary results we concluded that plant seeds, similarly to Bacillus 

spores, are markedly resistant life forms that withstand both extremely low and extremely high 

temperatures. Although the effects of ultra low temperatures (< 10K) that might be experienced 

in interplanetary space has not yet been investigated on seed resistance, this parameter of space 

environment is likely not limiting factor for hypothetical journey through space. The average 

surface temperatures on the terrestrial planets of our solar system range from -33°C on Mars to 

+167°C on Mercury (with the exception of anomalously high temperature of -464°C on 

Venus)(Faure and Mensing, 2007a). Our results indicated that some plant seeds might survive 

the temperature regimes on the planetary bodies, such as Mars (average surface temperature 

from -140°C to +20°C). However, the combined effects of temperature extremes and other 

parameters of space environment should be also considered. Laboratory experiments showed that 

extremely low temperatures (< 80 K) decrease the damaging effects of UV radiation when these 

two parameters are applied in the combination (Weber and Greenberg, 1985; Dose et al., 1996). 

Besides, fluctuations between low and high temperature extremes might be also an important 

factor for the survival. Although measured temperature ranges during the EXPOSE-EuTEF and 

EXPOSE-R missions at the ISS are well within the limits for the survival of Arabidopsis and 

tobacco seeds, the results from these space experiments and accompanied ground-based 

simulation experiments will reveal whether the fluctuations in temperature during 90-min cycle 

affect the viability of plant seeds. In addition, these experiments will provide more information 

about possible combined effects of temperature extremes and other parameters of the space 

environment.  

 

Ionizing radiation 

 

The hazard of the exposure to high doses of ionizing radiation is one of the major concerns 

in the space environment. The ionizing radiation that is encountered in space has a 

heterogeneous nature, being composed of both the particulate components (e. g. accelerated 

protons, electrons, α-particles etc.) and the electromagnetic radiation (e. g. X- and γ-rays). 

Different ionizing components of such complex radiation field in our solar system are of galactic 

(GCR) and solar origin (SCR). Cosmic radiation is composed predominantly of protons (about 
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90%) and smaller amounts of α-particles. Although contributing only about 1% to cosmic 

radiation flux, heavier nuclei (Z>2), known as the HZE particles, have a strong deleterious effect 

on biological systems (Horneck, 1992; Reitz et al., 1995; Nelson, 2003; NRC`, 2008). In 

addition, all the objects in LEO, which is characteristic for the Space Shuttle or Space Station 

scenario, are exposed to increased radiation from particles (mostly protons) that are 

geomagnetically trapped in the Earth’s Van Allen radiation belts (Baumstark-Khan and Facius, 

2002; Baglioni et al., 2007). Therefore, the living systems in LEO environment are exposed to 

high doses of cosmic radiation, ranging from 400 - 10 000 Gy/year (for shielding of 0.15 g/cm2), 

while low doses of ≤ 0.1 Gy/year are estimated in the interplanetary space (Horneck et al., 2000; 

Baglioni et al., 2007).Besides particulate radiation, the highly energetic electromagnetic 

radiation, the X-rays (1-100 keV) and the γ-rays (>100 keV) contribute, although only to a 

smaller extent, to ionizing radiation fields in our solar system (Baumstark-Khan and Facius, 

2002). Due to such large variety of radiations in space, which act jointly and each might induce 

different mechanisms for damage and the repair, the effects of each component of space 

radiation field should be analysed separately as far as possible. 

 

The main biological effect of ionizing radiation is the generation of free radicals, notably 

the hydroxyl radical, which together with the direct effects of ionizing radiation, induce severe 

and hardly reparable damages to DNA, such as single- and double-strand DNA breaks (Obe et 

al., 1992; Britt, 1996; Baumstark-Khan and Facius, 2002). The ionizing radiation is lethal for 

humans at doses above 10 Gy, and doses as low as 0.2 Gy are related to higher incidence of 

some types of the cancer. Microorganisms are more resistant to ionizing radiation than 

mammalian cells, where X- and γ-rays and found to show similar inactivation levels in the 

vegetative bacterial cells, as well as the bacterial spores (De Lara et al., 2002). However, 

vegetative cells of bacteria are more sensitive to ionizing radiation, with the D10 (dose of 

ionizing radiation that reduces the survival to 10%) usually lower than 1 kGy, while bacterial 

spores, including Bacillus subtilis spores, exhibit high radiation resistance, with the D10 in the 

range 1-4 kGy (Monk et al., 1995; van Gerwen et al., 1999; De Lara et al., 2002; Ghosal et al., 

2005). The most radiation resistant bacterium known is Deinococcus radiodurans, since it was 

demonstrated that its vegetative cells resist extremely high doses, with the D10 values are usually 

in the range above 10 kGy (De Lara et al., 2002; Ghosal et al., 2005).  

 

Plant seeds were shown to be highly resistant to ionizing radiation. Kumagai et al. (2000) 

reported that more than 90% of Arabidopsis thaliana and Rhaphanus sativus seeds germinated 

after the exposure to γ-radiation or electron beam irradiation at doses up to 1 kGy, although high 
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doses of 10 kGy inhibited the germination.. Besides high resistance to ionizing electromagnetic 

radiation, plant seeds withstand the exposure to highly energetic particle irradiation, such as 

accelerated protons and heavy charged particles (HZE). The ground-based simulation 

experiments with Arabidopsis seeds that were exposed to accelerated heavy ions, with the 

particle fluence of 105 - 108 particles/cm2, revealed that the damaging effects of HZE irradiation 

depend on the atomic number (charge), particle fluence and energy carried by the particle 

(Koller-Lampert and Kranz, 1982; 1983; Bork et al., 1989). Depending on the kind and energy of 

the HZE particle, the range of particle fluence above 106 particles/cm2 is found to be critical for 

the survival of Arabidopsis seedlings developed from irradiated seeds (Koller-Lampert and 

Kranz, 1983).  

 

Several radiobiological experiments that have been performed directly in space studied the 

effects of cosmic ionizing radiation on dry Arabidopsis seeds during the short-term (IML-1, D2, 

SL-1, BION8, 9 and 10) and long-term space missions (ERA-1 and LDEF) (reviewed in 

Zimmermann et al., 1996 ). These experiments were performed in LEO, either inside or outside 

the spacecrafts at different altitudes (215-508 km) and inclinations (28.5-82.3°), where the seed 

samples received the doses ranging from 47 up to 1130 µGy/day. The post-flight experiments 

revealed that irradiated Arabidopsis seeds retained a high germination capacity and high level of 

plant survival (more than 70%) even after almost 6 months of exposure to ionizing radiation 

during LDEF mission (maximal absorbed dose 3.4 Gy, HZE fluence ~ 6.5 x 106 particles/cm2, 

LET > 10 keV/µm) (Zimmermann et al., 1996). Similarly, Anikeeva et al. (1990) reported a high 

level (about 90%) of germination capacity of seeds and survival rate of Arabidopsis thaliana and 

Crepis capillaris plants after the 13-day-exposure to the open space environment, including 

ionizing radiation at doses of 15-36 Gy. Nevertheless, increased level of mutability and higher 

frequencies of chromosome aberrations, as well as decreased plant fertility were observed in 

seeds exposed to ionizing radiation of space (Anikeeva et al., 1990; Kranz et al., 1990; 

Zimmermann et al., 1996) 

 

Despite the fact that the HZE particles are likely one of the most biologically effective 

species of ionizing space radiation due to the high penetration and their extremely dense pattern 

of energy deposition into the matter, and for the same reason they have been in the focus of 

many radiobiological studies, the HZE particles have very low contribution in the total flux of 

particulate radiation in space. Therefore, the hit by the HZE particle in space is likely a relatively 

rare event, especially for the biological objects of the small size. In contrast, much less attention 

has been paid to the biological effects of accelerate protons, which in spite of their low-LET 
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(linear energy transfer), represent a predominant component of ionizing radiation in space, 

particularly in LEO environment (more than 90%). Therefore, we reasoned that before exposing 

the seeds to space environment during EXPOSE missions, it would be necessary to investigate in 

details the effects of accelerated proton particles on Arabidopsis seeds using ground-based 

simulation facilities, a 5 MeV van de Graff accelerator at the University of Aarhus, Denmark 

(our unpublished data). Dry seeds were irradiated with 2 MeV proton beam with high fluences of 

protons ranging from 2.8 x 1010 up to 6 x 1014 particles/cm2. The stopping power (18.1 keV/µm) 

and theoretical range (76.92 µm) of 2 MeV protons in water medium was calculated using 

SRIM/ TRIM code (Ziegler et al., version SRIM-2008.04, htp://www.SRIM.com). For the 

estimated C25:H49:O24:N2 ratio and the average mass density of 1.1 g/cm3 for Arabidopsis seeds 

(Qin et al., 2007), we calculated that 2 MeV protons penetrate into the seeds at the range of 

71.50 µm. Since the dimension of Arabidopsis seeds is about 300-500 µm, and the seed coat 

thickness is about 20-µm, with single-cell layer of endosperm underneath (Debeaujon et al., 

2000; Al-Shehbaz and O'Kane, 2002; Qin et al., 2005; Qin et al., 2007), we estimated that 2 

MeV protons will be stopped within the seeds, deposing the energy into the embryo.  

 

Our preliminary results revealed high resistance of Arabidopsis seeds to proton radiation. 

The irradiated Arabidopsis wild-type seeds (Ws-2) retained high germination capacity (above 

90%) after the exposure to accelerated protons with the fluences as high as 9.3 x 1013 

particles/cm2. However, unexpected decrease of Gmax% (64%) occurred at intermediate fluence of 

1.3 x 1012 particles/cm2. Similar result was also obtained with flavonoid-lacking tt4-8 seeds. This 

unusual non-linear trend of the fluence-response curve, with intermediate peak at 1.3 x 1012 

particles/cm2 was also observed for the MGT parameter of germination dynamics. Similar 

phenomenon of so called “saddle shaped” fluence-response curve, with the maximal 

effectiveness at exactly the same intermediate fluence of proton particles, was also reported for 

imbibed and dry Arabidopsis Col-0 seeds that were irradiated with 1 MeV and 2.6 MeV, as well 

as for some other biological and macromolecular models (Qin et al., 2005; Qin et al., 2007). 

Although the mechanism is not clear, the non-linear behaviour of proton fluence-response curve 

is probably related to low-LET radiation, which might induce specific activation and 

deactivation of different repair systems that co-exist in the cells. Being exposed to increasing 

fluences of proton radiation, different targets might be specifically damaged and the protective 

systems might reach specific dose thresholds resulting in the repair mechanism switch. Similar 

concept was theoretically discussed by Scott (2005).  

 



Annexes ANNEX C C7 

 

At the high proton fluences of 1.0 x 1014 and 6.0 x 1014 particles/cm2, the germination 

capacity of Arabidopsis Ws-2 seeds seriously decreased at about 57% and 35%, respectively. At 

the same fluence range, flavonoid-lacking tt4-8 seeds appeared less resistant, exhibiting lower 

Gmax% values (our unpublished data). This might indicate that flavonoids are also the important 

protectors against ionizing radiation due to their known efficiency in scavenging of free radicals. 

Furthermore, our results revealed that irradiation of Arabidopsis seeds with 2 MeV proton beam 

affected subsequent development of seedlings and plants, where higher frequencies of aberrant 

seedling forms and lower percentages of fertile plants were observed.  
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