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Titre : Caractérisation des mécanismes d'acquisition et de stockage du fer chez les diatomées Phaeodactylum 

tricornutum 

Mots clés : diatomées, physiologie du fer, stockage du fer, absorption du fer, ferritine, ISIP 

Résumé : Les diatomées réussissent à survivre dans 

les océans contemporains où la teneur en fer est 

faible. Malgré leur taille cellulaire relativement 

grande, les diatomées tolèrent une carence en fer et 

sont généralement dominantes au cours des « bloom 

» de phytoplancton, stimulées par le fer de manière 

naturelles ou artificielles. Cependant, notre 

compréhension de la physiologie du fer chez les 

diatomées reste limitée et fait l'objet de recherches 

en cours. L'objectif du travail présenté est d'étudier le 

métabolisme du fer, en examinant en premier lieu les 

principales stratégies de son utilisation chez les 

diatomées. Cette partie s’appuie sur la littérature 

publiée et sur la complétion des données par une 

analyse de 82 transcriptomes. Par la suite, la 

génération des lignées fluorescentes transgéniques 

de la ferritine (FTN) et « Iron starvation induced 

protein 3 » (ISIP3), ont permis d’obtenir la localisation 

subcellulaire de ces protéines pour la première fois. Il   

a été montré que la protéine FTN se localise au 

niveau du chloroplaste, alors que la protéine ISIP3 se 

localise sous forme d’agrégats à proximité du  

chloroplaste. ISIP3 présente ainsi une localisation 

similaire avec la protéine ISIP1. En outre, les 

phénotypes des mutants de délétion de FTN et 

ISIP3 cultivés sous différentes conditions en fer ont 

été comparés. Les mutants FTN ont montré une 

croissance r é duite dans toutes les conditions, 

indiquant une fonction dans le stockage du fer. Les 

mutants ISIP3, quant à eux, ont montré une 

croissance réduite lorsque le fer est disponible, 

mais aucune différence lorsqu'ils sont cultivés dans 

un milieu sans fer, suggérant ainsi que ISIP3 est 

nécessaire dans l'acquisition du fer. Lorsque le 

cuivre a été retiré du milieu, ces phénotypes ont 

disparu, confirmant ainsi la dépendance au cuivre 

pour l'absorption du fer. La diminution de la 

croissance des mutants ISIP3 en présence de 

sidérophore (FOB) suggère que ISIP3 est 

également impliqué dans leur absorption. Dans 

l'ensemble, les résultats présentés dans cette thèse 

ajoutent de nouvelles perspectives dans l’étude du 

métabolisme du fer chez les diatomées.  
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Abstract: Diatoms succeed to survive the low iron 

conditions of the contemporary ocean. Despite their 

relatively large cell sizes, diatoms tolerate iron 

limitation and frequently dominate iron-stimulated 

phytoplankton blooms, both natural and artificial. 

However, our understanding of diatom iron 

physiology remains limited and is the subject of 

ongoing research. The objective of the present work 

was to investigate iron metabolism in diatoms, first, 

by reviewing the main iron use strategies of diatoms, 

relying on published literature and complementing 

published data with a search of 82 diatom 

transcriptomes. Then, through transgenic fluorescent 

lines, the subcellular localizations of ferritin (FTN) and 

iron starvation induced protein 3 (ISIP3) were 

Furthermore, phenotypes of FTN and ISIP3 

knockout (KO) mutants grown in different 

conditions of iron availability and intracellular iron 

status were compared. The FTN-KO mutants 

showed decreased growth in all conditions, 

indicating a potential function in iron storage. The 

ISIP3-KO mutants showed decreased growth when 

iron was available and no difference when grown in 

iron-free medium compared with control cells, 

suggesting that ISIP3 was required for iron 

acquisition. When copper was removed from the 

medium, these phenotypes disappeared, 

confirming the copper-dependency of iron uptake. 

Decreased growth of iron-repleted ISIP3-KO 

mutants supplied with siderophore (FOB) further 



 

 
 

visualized for the first time. It was found that FTN 

target to the chloroplast, whereas ISIP3 localizes to 

the vicinity of the chloroplast and aggregates close 

by exhibiting similar localization to the protein ISIP1. 

suggested an involvement in siderophore uptake. 

Overall, the results presented in this thesis have 

added novel insights to the study of iron 

metabolism in diatoms. 
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Chapter 1: Introduction 

1.1  Iron Bioavailability in the ocean 

1.1.1 Iron is an essential micronutrient for all forms of life  

Iron (Fe) is required by all organisms. In animals, iron-containing proteins are involved 

in electron transfer, and participate in transport, storage and use of oxygen. In plants, 

iron is a vital cofactor for a range of metabolic processes, like photosynthesis, 

respiration, TCA cycle. Several important steps in photosynthetic pigment metabolism 

and chloroplast ultrastructure are dependent on iron (Briat et al., 2007). The iron–sulfur 

clusters are also pervasive and particularly important in nitrogen metabolism. They are 

at the core of nitrogenase, the enzyme responsible for biological nitrogen fixation 

(Orme-Johnson, 1985).  

These requirements are a product of the evolution of early metabolisms on this planet. 

When unicellular life began to evolve more than 3 billion years ago the ocean in which 

the early species lived was devoid of molecular oxygen and rich in ferrous iron (soluble 

Fe2+). Iron is the fourth most abundant element on Earth (Clarke and Washington, 1924). 

The metabolic processes that became core to all cellular life relied on the abundance of 

this transition element and its ability to stably occupy multiple valence states, as 

cofactor to enzymes catalysing reactions involving the transfer of electrons. Most 

notably these include photosynthesis and respiration, but also the synthesis of essential 

organic molecules such as amino acids, lipids, deoxyribonucleotides and sterols. The 

minimum concentration of iron required by an individual cell to sustain its metabolic 

functions is referred to as its metabolic ‘iron quota’. Within cells, iron homeostasis is 

carefully controlled, since overabundance of Fe2+ can catalyse the formation of 

damaging reactive oxygen species (Briat et al., 2010).  

1.1.2 Iron bioavailability drastically decreased in the contemporary ocean  

While the preference of cells for reduced iron has remained unchanged, that is cells 

readily uptake ferrous iron (Fe2+) and carefully regulate its concentrations 

intracellularly, the abiotic environment of unicellular species living in today’s ocean is 
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vastly different. Tracing the history of early life on earth more than three billion years 

ago, bacteria in our planet’s young oceans began to produce oxygen through 

photosynthesis (Figure 1.1). This oxygen combined with dissolved iron in the sea to 

form insoluble iron oxide, which separated out of the water and sank to the seafloor, 

forming undissolved iron. It is The Great Oxygenation Event, a period that is usually 

characterised as a transition to the blooming of primitive life. However, with the 

increase in the amount of oxygen in the atmosphere, the iron availability decreased, 

which provided a new stress in the life of algae. The contemporary surface ocean is 

oxygenated and well mixed, with a mildly alkaline pH (global averages are around 8.2; 

Lauvset et al., 2015). This is an oxidizing environment that chemically shifts iron into 

its ferric state (Fe3+), so that the most abundant form of iron is as Fe3+ bound by organic 

material or colloid particles of oxyhydroxides (Gledhill and Buck, 2012). Organisms 

have therefore had to evolve a variety of molecular mechanisms to make such 

recalcitrant forms of iron bioavailable. Furthermore, iron availability today is predicted 

to change rapidly with ocean acidification and global warming. In general, iron 

bioavailability has drastically decreased in the contemporary ocean. Fe deficiency is 

likely to be driving the evolution of marine microbes.  

 

 

Figure 1.1 Iron availability decreased while oxygen increased in the atmosphere.  

Time is measured in billions of years ago (Ga); Percentage of O2 in the atmosphere (in 

green) and correlated iron availability (in orange) are estimated. Diatoms arose when 

iron availability was low. Modified from Lodeyro et al., (2012).  
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1.1.3 Oceanic iron biochemistry  

Analysing the chemical speciation of Fe in the contemporary ocean is complicated, and 

consensus for which iron forms are abundant locally remains elusive. However, to the 

best of our understanding, the vast majority of iron present in surface ocean seawater is 

complexed by organic ligands (Gledhill and Buck, 2012). More than 99.9% of dissolved 

iron is bound to organic ligands in open ocean surface waters (Bonnain et al., 2016; 

Hassler et al., 2017). The strongest chelates are siderophore molecules, which are 

exceedingly strong organic iron-binding ligands, have high affinity to ferric iron, 

comprises more than 99% of the organic iron pool (Bundy et al., 2018). They are 

produced by organisms, especially well-known by bacteria, although fungi, which are 

of lower abundance in the ocean, are also capable of the process (Renshaw et al., 2002).  

Siderophores can be roughly divided into three chemical classes depending on the 

functional group, hydroxamate, catecholate and carboxylate. Yet their relative 

contribution to the seawater iron pool is unknown. Hydroxamate siderophores, which 

have been detected both in coastal and open ocean waters (Velasquez et al., 2011) are 

hydrophilic and are released by synthesizing species into the water column. In these 

microorganisms, siderophores are recaptured via specific recognition machinery. It has 

been proposed that it is these molecules in particular that are available to non-producing 

species, such as diatoms (Hopkinson and Morel, 2009). FOB is a typical hydroxamate 

siderophore bound iron, and is widely used in studies. Other weaker iron-binding ligand, 

including humic substances, exopolymeric substances, transparent exopolymers, 

nanofibrils, and even the biotoxin domoic acid have been increasingly recognized as an 

important component of a weaker iron-binding ligand pool in the oceans, particularly 

in the deep sea and in coastal environments (Figure 1.2). Notably, many marine viruses 

are also capable of chelating iron on their tails and thus may represent a large sink of 

marine iron (Bonnain et al., 2016 and references therein). Yet determining the identity 

of these ligands in seawater remains a major challenge. Inorganic mineral iron is 

periodically available to surface communities, either through aeolian input that is 

arising from the action of wind, or via upwelling currents that bring re-mineralised iron 

from the deep ocean (Mahowald et al., 2009; Boyd and Ellwood, 2010). Of these 

sources, the dissolved uncomplexed inorganic iron is the form most readily taken up by 

organisms, but present at very low concentrations, is insufficient for microbial growth 
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(Liu and Millero, 2002; Lis et al., 2015).  

 

 

Figure 1.2 Summary of dissolved iron-binding ligands identified within seawater.  

Decreasing kinetic lability of Fe within the components is represented by deeper orange 

background shading. From left to right, iron binding ligands are arranged according to 

the physical size. Figure is modified from Bonnain et al., (2016).  

 

1.2  Diatoms are a major class of phytoplankton 

1.2.1 Introduction to diatoms 

Diatoms comprise one of the dominant, ubiquitous groups of photosynthetic producers 

in the contemporary ocean, estimated to account for 20% of total global primary 

production (~ 20 x 1015 g carbon fixed per year) (Field et al., 1998; Mann, 1999). 

Diatoms are unicellular stramenopiles (heterokont protists within the chromalveolates) 

and, in an evolutionary context, a relatively young form of life (Figure 1.3). Molecular 

phylogenies date the origin of diatoms towards the beginning of the Mesozoic Era (Sims 

et al., 2006) while current estimates of diatom species richness vary between 40,000-

200,000; counter-intuitively, the higher end is based on morphology-based estimates 

while the lower estimates are based on molecular markers (reviewed in (Benoiston et 

al., 2017)).  
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Figure 1.3 A consensus phylogeny of the major groups of eukaryotes.  

The tree is based on published molecular phylogenetic and ultrastructural data. Dotted 

lines indicate positions of major lineages of Stramenopiles known primarily from 

ciPCR (Massana et al., 2006). The two currently proposed positions for the eukaryote 

root are also indicated.  Figure is taken from Baldauf, (2008).  

 

The evolutionary history of diatoms is shaped by endosymbiotic events, of which there 

were at least two (Figure 1.4). The first occurred an estimated 1.5 billion years ago, 

when a eukaryotic heterotroph assimilated or was invaded by a cyanobacterium (Yoon 

et al., 2004). Some 500 million years later, a secondary endosymbiosis occurred in 

which a eukaryotic heterotroph captured or was invaded by a red alga, establishing the 

photosynthetic stramenopile lineage to which diatoms belong (Cavalier‐Smith, 1999). 

Recent evidence suggests that the chimeric nature of diatoms is even more complicated, 

as a range of nucleus encoded proteins are of green algal origin (Dorrell et al., 2017 

and references therein).  
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Diatoms are subclassified into ‘centric’ species, which include two sub-orders (radial 

and polar), and ‘pennate’ species, which are further divided into two sub-orders (Figure 

1.5). These groups are not monophyletic, as centric diatoms grade into araphid pennates, 

and araphid pennates grade the raphe-bearing pennate diatoms, which are a natural 

group (Alverson and Theriot, 2005).  
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Figure 1.4 Simplified scheme of the major events leading to the evolution of diatoms 

through primary and secondary endosymbiosis.  

The initial primary endosymbiosis occurred when a heterotrophic host engulfed a 

cyanobacterium (represented in blue). Over time, a large proportion of the 

cyanobacterial genome was transferred to the nucleus of the host, as indicated by the 

blue arrow. The endosymbiotic process generated the plastids of the Archaeplastida, a 

major group including Glaucophyta (pale blue), Rhodophyta (pink), and the 

Viridiplantae (the model green alga C. reinhardtii and plant Arabidopsis are shown). 

During secondary endosymbiosis, a different heterotrophic cell acquired a red alga and 

potentially also a green alga. The algal endosymbiont became the plastid (in brown) of 

the Stramenopila, a group including diatoms, but also other algae such as pelagophytes 

or the multicellular kelps. Algal nuclear genomes were transferred to the heterotrophic 

nucleus, as represented by green and red curved arrows, while the algal nucleus and 

mitochondria were lost. Other bacterial genes in the Stramenopila genome were derived 

by horizontal gene transfer events from bacterial donors (violet arrow). The figure also 

shows the approximate dates of diatom evolution and separation between centric and 

pennate diatoms based on Nakov et al., (2018). Some pennate species further 

diversified and acquired the capacity to move by secreting mucilage through a 

longitudinal slit in the cell wall called raphe, hence the division between raphid (motile) 

and araphid (nonmotile) pennate diatoms. Mya, million years ago. Figure is taken from 

Falciatore et al., (2020).  

 

Diatom cells have unique structure and features (Figure 1.5). Cell sizes are large 

compared to other oceanic unicellular eukaryotes and are generally upwards of 20 μm 

in diameter (with maximum cell sizes of 2 mm recorded). Some diatoms are known to 

form chains. Unlike other organisms, diatom cell membranes are silicified and referred 

to as frustules. Frustules are porous, with the size of nanopores ranging from 250–600 

nm; they are generally assumed not to interfere with diatom nutrient uptake (Bhatta et 

al., 2009). The majority of pennate diatoms contain one central vacuole while centric 

species can have many. Diatom plastids are surrounded by four membranes, a vestige 

of the endosymbiosis events that generated the organelle. As with vacuoles, the 

majority of pennate species have only one plastid, but this is variable in the centrics.   
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Figure 1.5 Light microscope images of representative species in raphid and araphid 

pennate, polar and radial centric diatom groups.  

Raphid pennate (on the left) and araphid pennate (upper left), polar centric (middle) 

and radial centric (right). Sizes are not to scale. Diatoms collected in Roscoff Marine 

Station (Roscoff, France). Photography and image processing by Noé Sardet, Parafilms, 

Montreal.  

 

The ecological success of diatoms is remarkable. They are present in all ocean 

provinces and are the most abundant photosynthetic producers in the Arctic and the 

Southern Ocean (Malviya et al., 2016). The global distribution of diatoms has been 

estimated through biogeochemical/ecosystem simulation (Figure 1.6). Importantly, 

they are ruthless competitors for iron, often dominating iron-stimulated blooms (Boyd 

et al., 2007). Blooms of diatoms stimulated by addition of iron filings to seawater have 

been detected using satellites in space (Figure 1.7). This indicates that diatoms are 

adapted to survive conditions of low iron and are equipped with the molecular 

machinery necessary to uptake and assimilate iron efficiently, without bringing damage 

to their cells through oxidative stress.  
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Figure 1.6 Global distribution of diatoms in the ocean. Water column inventory of 

diatom biomass (mmol C/m2) from a biogeochemical/ecosystem simulation. Figure is 

taken from Benoiston et al., (2017).  

 

          

Figure 1.7 Diatom bloom induced by iron addition. Mesoscale iron fertilization 

experiment often results in blooms dominated by diatoms. The red spot shows a diatom 

bloom in the Pacific Ocean just off the coastline of Washington State in the USA, 

induced by Fe addition after 19 days. Figure is taken from Boyd et al., (2007).  
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Iron starvation leads to down-regulation of nitrogen reducing enzymes such as Fe-

dependent nitrate and nitrite reductases, and the up-regulation of enzymes involved in 

nitrogen recycling in diatoms (Nunn et al., 2013). Rates of iron uptake and use are also 

linked to nitrogen assimilation and growth; on average diatoms with higher iron uptake 

increase their nitrate uptake and productivity, proportionately (Falkowski, 1997).  

Surprisingly, this is not reflected in their silica uptake, which remains constant under 

iron supplementation despite faster growth, leading to weakly silicified cells (Boyle, 

1998 and references therein). Diatom iron nutrition therefore impacts not only 

metabolism but also the resulting morphology and physical characteristics of diatom 

cells.  

 

1.2.2 ‘Omic resources available for the study of diatoms 

Genomes 

Within diatoms, nine species have published sequenced genomes: including four 

centric species, Thalassiosira pseudonana (Armbrust et al., 2004), Thalassiosira 

oceanica (Lommer et al., 2012), Cyclotella cryptica, Skeletonema costatum; and five 

pennate species, Phaeodactylum tricornutum (Bowler et al., 2008),  Fragilariopsis 

cylindrus (Mock et al., 2017), Pseudo-nitzschia multiseries CLN47 (JGI Project ID: 

16870), Pseudo-nitzschia multistriata strain B856 (NCBI assembly ASM90066040v1), 

and Fistulifera solaris (Tanaka et al., 2015). The genome properties are summarised in 

Table 1.1. Currently, there are another two species with published genomes: Synedra 

acus (Galachyants et al., 2015), and Plagiostriata sp. CCMP470 (Sato et al., 2020).  

Overall, the pennate diatom P. tricornutum and the centric diatom T. pseudonana are 

the most advanced laboratory model species for molecular studies, that can be readily 

cultured and transformed (Apt et al., 1996a; Zaslavskaia et al., 2000; Poulsen et al., 

2006; Hopes et al., 2016). Although neither is abundant in the environment, they often 

harbour genes that have been proposed to contribute to diatom success in the wild.   
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Table 1.1 Genomic features of established and emerging diatom model species.  

 

Other available genomes include Synedra acus and Plagiostriata sp. CCMP470. The 

table is taken from Falciatore et al., (2020).  

 

Transcriptomes and proteomes 

The availability of many transcriptomic and proteomic data sets has greatly facilitated 

genome annotation efforts and therefore gene discovery in model species. The Marine 

Microbial Eukaryote Transcriptome Sequencing Project (MMETSP), which brought 

together a global effort to sequence marine phytoplankton, includes 92 diatom species 

with available transcriptomes (Keeling et al., 2014). A further 7 transcriptomes have 

been generated by Genoscope and represent seven of the most globally abundant diatom 

genera, not covered by the MMETSP project (Dorrell et al., 2021). The seven genera 

were determined to be abundant by analysis of data collected through the Tara Oceans 

expedition. Tara Oceans is an international, multidisciplinary project to assess the 

complexity of ocean life across comprehensive taxonomic and spatial scales. During 

the effort, community composition, metagenomes and metatranscriptomes of aquatic 



 

17 
 

microorganisms were collected from 210 sampling stations at depths down to 1,000 m 

during a global circumnavigation (Sunagawa et al., 2020). These efforts illustrate how 

global-scale concepts and data can help to integrate biological complexity into models 

and serve as a baseline for assessing ecosystem changes. Furthermore, large amounts 

of metagenomics and metatranscriptomics data are now being generated from the 

sequencing of natural phytoplankton populations (Table 1.2), representing powerful 

resources for exploring the distribution of diatom genes and species in an environmental 

context. A planetary-scale understanding of the ocean ecosystem, particularly in light 

of climate change, is crucial. The Tara Oceans global circumnavigation effort can offer 

initial insight. However, a database centralizing all of these ‘omic resources is still 

lacking.  

Table 1.2 Large omics datasets for phytoplankton including diatoms.  

 

Taken from Falciatore et al., (2020).   

 

1.2.3 Photosynthesis in diatoms 

Photosystems in diatoms 

Diatoms usually dominate artificially stimulated algal blooms (Boyd et al., 2007) as 

well as many natural coastal seasonal blooms (Carstensen et al., 2015). Their 

photosynthesis is highly efficient under dynamic light regimes. For example, in a study 

that compared green alga Chlorella vulgaris with the diatom P. tricornutum under a 

fluctuating light regime, a much higher conversion efficiency of photosynthetic energy 

into biomass was observed in the diatom compared with the green alga. The differences 

between green algae and diatoms in the efficiency of biomass production per photon 

absorbed are understood to be caused by the different amount of alternative electron 
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cycling, which is defined as the difference between fluorescence- and oxygen-base 

electron flow (Wagner et al., 2006).  

Various studies have addressed the question of what makes diatom plastids special. 

Their evolutionary history may be implicated. Diatom plastids have an unusual 

architecture. They are enclosed by four membranes (Figure 1.8) due to their origins 

from secondary endosymbiosis (Cavalier-Smith, 2003), unlike plastids in the green 

lineage, which are surrounded by only two membranes. The outermost chloroplast 

membrane in diatoms is connected to the endoplasmic reticulum (ER). Diatom plastids 

contain stacks of three thylakoids that run through the entire organelle. The 

photosystems are segregated, with  photosystem I (PSI) found mostly within the 

peripheral membranes facing the stroma, and photosystem II (PSII) located within the 

core membranes at the junction between two thylakoid membranes (Pyszniak and 

Gibbs, 1992; Flori et al., 2017). This structural organization is in contrast to that found 

in plants, in which grana stacks interspaced by stroma lamellae. Therefore, the distance 

between the two photosystems is short, as they face each other in the two external 

thylakoids, and there are physical connections between thylakoids (Flori et al., 2017). 

This unusual segregation of the two photosystems prevents the loss of efficiency of the 

photosystems via possible spill over of excitons from PSII to PSI, as found in 

cyanobacteria and red algae (Biggins and Bruce, 1989). Further, state transitions 

observed in the green lineage when light harvesting complexes move from PSII to PSI 

is absent in diatoms. In P. tricornutum, the adjustments of the distribution of excitation 

energy between photosystems are made at the level of excitation energy transfer to the 

PSII reaction centre, which prevents prolonged loss of photosynthetic capacity. These 

differences in light-harvesting function are probably a response to the aquatic light field 

and may account for the success of diatoms in low and variable light environments 

(Owens, 1986).  

In terms of pigments, diatoms use chlorophyll (Chl) a and Chl c, and the main 

carotenoids are b-carotene, fucoxanthin (Fx), and diadinoxanthin/diatoxanthin. The 

fucoxanthin Chl a/c binding protein (FCP), which belongs to the family of the Light 

Harvesting Complex (LHC) proteins, binds seven Chl a, two Chl c, seven Fx, and likely 

one diadinoxanthin within the protein scaffold (Wang et al., 2019). 
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Figure 1.8 Chimeric organization of the secondary plastid in diatoms.  

The schematic shows a fusiform cell of P. tricornutum. The plastid is surrounded by 4 

membranes. This is in contrast with algae belonging to the green lineage, where 

chloroplasts only have two membranes (see Figure 1.4). The chloroplast endoplasmic 

reticulum membrane (cERM), shown in blue, is continuous with the outer nuclear 

envelope membrane. The periplastidial membrane (PPM) is shown red. The outer and 

inner envelope membrane (oEM and iEM), shown in light green, are tightly apposed. 

The presence of a specific periplastidial compartment (PPC) is based on the detection 

of blob-like structures observed by confocal microscopy. cERM and PPM, absent in 

green lineage, are thought to be vestiges of two events, primary and secondary 

endosymbiosis. C, chloroplast; N, nucleus; M, mitochondrion. Figure is taken from 

Flori et al., (2016).  

 

Remote sensing of diatom blooms in the ocean 

All phytoplankton contain the photosynthetic pigment chlorophyll-a (Chl), which is 

often used as a proxy for estimating phytoplankton biomass. The concentration of Chl 

can be measured in a variety of ways, both in situ and remotely. In situ collection and 

filtering of water samples to measure Chl concentrations are often costly and limited 
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geographically to regions frequented by research cruises or established monitoring 

programs. In contrast, Chl fluorometers are relatively easy to obtain and deploy on a 

variety of in situ platforms, such as gliders, profiling floats, and semi-autonomous 

surface vehicles (Haëntjens et al., 2017; Gentemann et al., 2020). Chlorophyll 

fluorometers provide the largest in situ global data set for estimating phytoplankton 

biomass because of their ease of use, size, power consumption, and relatively low price 

(Roesler et al., 2017). In vivo chlorophyll fluorescence can serve as a reasonable 

estimator of in situ phytoplankton biomass with the benefits of efficiently and 

affordably extending the global chlorophyll data set in time and space to remote oceanic 

regions where routine sampling by other vessels is uncommon.  

Comparison of satellite information about cyanobacteria and diatom distributions 

clearly matches the concentrations based on high pressure liquid chromatography 

(HPLC) pigment analysis of water samples and concentrations collected from a global 

model analysis with the NASA Ocean Biogeochemical Model (Gregg et al., 2003; 

Gregg and Casey 2007). Further, new approaches to discriminate dinoflagellate from 

diatom blooms from space and to correcting data source for known biases have been 

developed (Shang et al., 2014; Scott et al., 2020). Spatial distributions of Chl a 

fluorescence and Chl a concentration from HPLC pigment analyses (Taylor et al., 2012) 

were found to be very similar across the frontal zone in the California Current 

ecosystem. This diatom dominated sampling area, Chl a fluorescence per unit Chl a 

was 50% brighter than for other samples from the euphotic layer across the frontal zone 

(Chekalyuk et al., 2012). The quantitative assessment of the distribution of key 

phytoplankton groups from space (Figure 1.9) enables various biogeochemical regions 

to be distinguished and will be of great importance for the global modelling of marine 

ecosystems and biogeochemical cycles which enables the impact of climate change in 

the oceanic biosphere to be estimated (Bracher et al., 2009).  
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Figure 1.9 Monthly average of global distribution of diatoms Obtained as “Strength of 

Absorption” (=Fit-Factor) by using PhytoDOAS with SCIAMACHY (from 15 October 

to 14 November 2005). Figure is taken from Bracher et al., (2009). 
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1.3  Iron metabolism strategies in diatoms  

Overview 

Diatoms are successful survivors and strong competitors under low iron concentrations 

in the ocean and are assumed to rely on multiple iron metabolism strategies for this. 

The strategies which are under investigation include the ability for high affinity iron 

uptake, high-capacity iron storage and efficient iron usage (Figure 1.10).  

Iron-regulated genes in P. tricornutum were first identified through a combination of 

nontargeted transcriptomic and metabolomic approaches (Allen et al., 2008). 

Physiological functions of these genes were studies in recent years. It has been shown 

that diatoms respond to available iron spontaneously, exhibit high affinity to a range of 

iron resources, and internalize dissolved iron and complexed iron by endocytosis 

without pre-processing, reduction (Kazamia et al., 2018; Morrissey et al., 2015).  

Diatoms have been shown to be able to store iron exceeding their requirement many 

times and thus survive long-term iron deficiency (Sunda and Huntsman, 1995). FTNs 

are found in all domains of life, including animals, plants, and microorganisms, and are 

designed to accommodate large amounts of iron (Theil, 1987). Structurally, FTNs are 

large protein cages formed by arrays of self-assembling helices with nanocavities (5–8 

nm) that catalytically couple iron and oxygen at protein sites for precursors of the cavity 

mineral. The mineral core of a single protein can store up to 4500 iron atoms (Liu and 

Theil, 2005). Iron is reversibly released from the core by reduction. However, whether 

ferritin functions universally as an iron storage protein is not confirmed.  

In diatoms, FTN has been shown experimentally to function as an iron storage protein 

in the bloom-forming diatom species Pseudo-nitzschia (Marchetti et al., 2009). When 

iron becomes limited, diatoms with FTN have been shown to carry out more cell 

divisions than non-FTN-containing species  (Marchetti et al., 2009), and FTN has been 

found to be critical for cells to load and unload iron efficiently (Botebol et al., 2015).  

Photosynthesis relies heavily on iron. While PSII requires 2 iron cofactors per unit, PSI 

requires 12 (Raven et al., 1999; Strzepek et al., 2012). In iron-limiting conditions, 

almost all diatoms decrease their photosynthetic activity. However, diatoms are able to 

https://docs.google.com/document/d/1foOaZVkrdsztLhLRHgtazNGSm-OhPXc_/edit#heading=h.i17xr6
https://docs.google.com/document/d/1foOaZVkrdsztLhLRHgtazNGSm-OhPXc_/edit#heading=h.i17xr6
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replace iron-containing proteins with iron-free equivalents to lower iron requirements. 

Additionally, some species are able to change photosynthesis architecture, the ratio 

between PSI and PSII, to maintain their photosynthetic activity (Strzepek and Harrison, 

2004).  

 

Figure 1.10 Summary of Iron Metabolism Strategies in Diatoms. 

In the following sections I review these strategies in detail.    

 

1.3.1 Iron acquisition in diatoms  

A portfolio of iron uptake mechanisms shows diatoms are adapted to acquire iron from 

a variety of sources 

Diatoms have a diverse portfolio of iron uptake mechanisms adapted to the sources of 

iron available in seawater (summarised in Figure 1.11). Through a combination of 

nontargeted transcriptomic and metabolomic approaches, biochemical strategies 

preferred by P. tricornutum at growth-limiting levels of dissolved Fe have been 

explored. Iron-regulated genes in P. tricornutum were first identified, including genes 
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encoding the iron starvation induced proteins (ISIPs), ferric reductase (FRE2), 

ferrichrome-binding protein (FBP1)(Allen et al., 2008). A mechanism whose function 

has been experimentally verified in the model pennate diatom P. tricornutum is the 

assimilation of uncomplexed iron bound by a transferrin-like protein. The iron 

starvation induced protein 2A (ISIP2A) first identified in P. tricornutum (Allen et al., 

2008) was shown to function as a ‘phytotransferrin’, a protein directed to the cell 

membrane of cells with carboxylate iron binding domains, whose iron chelating 

properties were pH sensitive (Morrissey et al., 2015; McQuaid et al., 2018). P. 

tricornutum cells deficient in ISIP2A showed reduced Fe′ uptake capabilities, 

suggesting that this was the primary but not only mechanism of Fe′ uptake in this 

species (Kazamia et al., 2018). ISIP2A contains the functional domain PF07692, which 

was first characterized in the Fe-assimilation proteins FEA1 and FEA2 of the green 

alga Chlamydomonas reinhardtii (Allen et al., 2007), and additionally was functionally 

described in Dunaliella salina (Paz et al., 2007). In C. reinhardtii FEA1 and FEA2 

were highly expressed under low iron conditions and facilitated high-affinity iron 

uptake (Allen et al., 2007), likely in its ferrous form (Narayanan et al., 2011). By 

contrast, in diatoms, the iron binding domains of ISIP2A coordinate ferric iron 

(McQuaid et al., 2018).  

Experimental evidence suggests that colloidal iron, as particulate Fe2+, is bioavailable 

to P. tricornutum (Shoenfelt et al., 2017). While aeolian inputs of iron are known to 

stimulate algal growth, and diatoms in particular, both in short-term ecological 

experiments (De Baar et al., 2005) and over geological timeframes (Hain et al., 2014; 

Martínez-García et al., 2014), it has been a longstanding assumption that the iron 

stimulation is through the increase in Fe′ (Rich and Morel, 1990). Shoenfelt and 

colleagues challenged this assumption by demonstrating that growth rates of P. 

tricornutum cultures improved by glacial dust stimulation beyond what is expected by 

the increase in Fe′ alone (the assimilation rates did not match Monod dynamics, and a 

fit to Michaelis-Menten kinetics resulted in unrealistic half-saturation concentrations). 

In the same experiments glaciogenic sediments were more bioavailable to P. 

tricornutum than non-glaciogenic sediments rich in iron, provided cells were in 

physical contact with the abiotic material. Together the results implicate an evolved 

molecular mechanism for the “mining” of mineral iron by some diatoms, which remains 

to be uncovered. A similar property was observed in the filamentous Trichodesmium 
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cyanobacteria, although there too the molecular underpinnings are currently unresolved 

(Rubin et al., 2011).   

There is significant evidence to show that diatoms are able to access the organic pool 

of ligand-bound iron. Pioneering work by Soria-Dengg and Horstmann (1995) showed 

that P. tricornutum cells were able to access iron from the tri-hydroxamate siderophores 

ferrioxamine E (FOE) and ferrioxamine B (FOB), albeit with different kinetics. 

Working on the same model species Kazamia et al. (2018) demonstrated that this 

uptake involved endocytosis of the siderophore complex into the cell, with a reduction 

step to disassociate the bound iron in the vicinity of the chloroplast. Through reverse 

genetics, the iron starvation induced protein 1 (ISIP1) was identified as being necessary 

for the endocytosis and siderophore assimilation process. Intriguingly, ISIP1 was 

shown to be largely a diatom-specific protein, implying an evolutionary innovation in 

this group (Kazamia et al., 2018).  

Additionally, Coale et al. (2019) verified that a previously identified putative 

siderophore binding protein, FBP1, which in bacteria binds the hydroxamate 

siderophore ferrichrome, was indeed required for siderophore assimilation. In 

physiological experiments on three diatom species reported in Kazamia et al. (2018), it 

was shown that siderophore recognition varied: P. tricornutum was unable to use the 

catecholate siderophore enterobactin as a source of iron, whereas T. oceanica 

assimilated this molecule, but did not respond to ferrioxamine supplementation despite 

having copies of FBP1, FRE2 and ISIP1 in its genome. T. pseudonana, which lacks 

FBP1 and ISIP1 genes, was unable to use either siderophore source of iron. This 

suggests that while the presence of FBP1 could be a marker for siderophore uptake in 

diatoms, further experiments are required to understand what determines substrate 

specificity in these species.  

Laboratory studies on model diatom species, including P. tricornutum and T. oceanica 

report that diatom cells exhibit ferric reductase activity (Maldonado and Price, 2001; 

Kazamia et al., 2018; Coale et al., 2019). Six genes in P. tricornutum have been 

putatively annotated as ferric reductases, but only two (FRE1 and FRE2) encode two 

domains indicative of ferric reductase function: the ferric reductase transmembrane 

component PF01794 and the NAD-binding domain PF08030 (Zhang et al., 2013). The 

in silico prediction for FRE2 is that it is targeted to the chloroplast, albeit with low 
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confidence, whereas the localisation of FRE1 is unassigned (Rastogi et al., 2018).  

The question arises whether these ferric reductases act on the surface of diatom cells, 

thus enabling the dissociation of iron from its seawater chelates prior to assimilation, 

or act intracellularly. On the one hand, extracellular reduction is unlikely in the highly 

oxidizing and diffusing environment of seawater. On the other, if it were to be coupled 

to efficient (that is rapid and proximal) iron uptake systems, it could allow cells to 

dispense with the need for discriminating between iron sources (Shaked et al., 2005). 

The latter is a system well described in fungi, where ferric iron is displaced from weak 

ferric ligands by a ferrireductase, then re-oxidized by a multicopper oxidase and finally 

channelled across the plasma membrane through a Fe3+ permease (reviewed by Philpott, 

2006). Transcriptional upregulation of a ferrireductase and two iron permeases was 

recorded under limiting iron conditions in T. pseudonana cells (Kustka et al., 2007). 

However, the question of whether this reductive system acts in consort on the cell 

surfaces of diatom cells requires experimental verification.  

 

 

Figure 1.11 Schematic diagram of iron metabolism in diatoms.  

A summary schematic of the genes discussed in this section as well as their cellular 
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location. In the chloroplast, I review the replacement of ferredoxin with its iron free 

equivalent, flavodoxin and the substitution of cytochrome c6 with plastocyanin. 

Reductive and non-reductive iron uptake mechanisms were considered, the latter 

employing the cell’s vesicular network to direct iron to the plastid.  Two alternative 

iron storage mechanisms are reviewed: the accumulation of Fe in the mineral core of 

ferritin, and vacuolar storage. For the storage proteins, the cellular localization of the 

putative proteins has not been confirmed through microscopy analyses, indicated with 

dashed lines. FTN localisation has been explored in this thesis (see Chapter 3). 

 

1.3.2 Iron homeostasis in diatoms  

Low iron quota diatoms regulate the amount of Fe required for photosynthesis   

The metabolic iron requirements of diatom cells differ from species to species. This is 

measured as Fe:C ratios (μmol Fe mol C-1) and is estimated from co-measurements of 

iron‐limited growth rates and cellular iron content (Sunda and Huntsman, 1995). For 

example, in Pseudo-nitzschia diatoms grown under low iron conditions, the Fe:C 

ranged from 2.8 to 3.7 μmol Fe mol C-1 (Marchetti et al., 2006). Similar metabolic iron 

quotas were estimated for T. oceanica (at ~2 μmol Fe mol C-1), whereas other members 

of the Thalsasiosira genus, such as T. pseudonana and T. weissflogii had tenfold higher 

requirements (Cohen et al., 2018b). In the same study, the metabolic Fe:C ratio for 

Corethron hystrix was estimated at ~40 μmol Fe mol C-1 (Cohen et al., 2018b). Diatoms 

with low metabolic iron quotas are remarkable for their ability to maintain 

uncompromised photosynthetic function and this is attributed to two main adaptations: 

preferred use or complete replacement of iron containing proteins with equivalents that 

are not dependent on iron, and re-arrangements to photosynthetic architecture.  

 

Iron-free functional equivalents 

Diatoms replace iron requiring proteins with iron-free functional equivalents  

Quantitatively, iron is the most important trace metal in the photosynthetic apparatus 

since it is involved in PSII (which requires 2 iron atoms per subunit), the cytochrome 
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b6f complex (5 iron atoms per monomer), cytochrome c6 (1 iron atom per monomer), 

PSI (12 iron atoms) and ferredoxin (2 iron atoms) (Raven et al., 1999; Strzepek et al., 

2012). Ferredoxin (PETF), is an iron-sulfur protein that is a key component of the 

chloroplast electron transport chain. Replacement of ferredoxin by its iso-functional 

carrier, the flavin-containing flavodoxin (FLDA), allows flavin rather than iron to be 

used for electron transport. The two proteins appear to have similar electrostatic 

potential profiles, although flavodoxin undergoes two successive single electron 

reductions, with only the second step matching ferredoxin potential (Sétif, 2001).  

For species whose genomes encode both FLDA and PETF, the ratio of PETF:FLDA in 

the cell is controlled by the availability or scarcity of iron. For example, cultures of F. 

cylindrus grown at high iron concentrations produced predominantly ferredoxin, with 

a small amount of flavodoxin. Ferredoxin was sequentially replaced by flavodoxin in 

cultures grown with less iron (Pankowski and McMinn, 2009). Similarly, in P. 

tricornutum, T. oceanica and Pseudo-nitzschia granii, expression of the FLDA gene 

and FLDA protein abundance was much higher under iron limitation (La Roche et al., 

1995; Allen et al., 2008; Lommer et al., 2012; Cohen et al., 2018a; Zhao et al., 2018). 

Under iron replete conditions, PETF completely replaces FLDA, as observed in natural 

diatom communities (La Roche et al., 1995; Erdner and Anderson, 1999; McKay et al., 

1999; Allen et al., 2008). However, some diatoms contain multiple copies of flavodoxin, 

and only certain isoforms are differentially expressed in relation to iron status. Both F. 

cylindrus and T. oceanica have two isoforms of FLDA, but transcription of only one 

isoform is regulated by iron levels (Pankowski and McMinn, 2009; Whitney et al., 

2011). Whether encoding a number of flavodoxin isoforms confers an ecological 

advantage in environments chronically deprived of iron is an interesting question for 

further investigation. 

The strategy of differential transcription of selected genes does not appear to be used 

by all diatoms. Individual diatom species may be permanently adapted to specific iron 

regimes in the ocean rather than maintaining transcriptional flexibility. This was 

supported by analysis of the Tara Oceans global dataset for transcriptional regulation 

of ferredoxin and flavodoxin across a range of algal groups. The dataset combined 

comprehensive bio-oceanographic genomic and transcriptomic data with iron 

distributions derived from two global-scale biogeochemical models (Bork et al., 2015; 



 

29 
 

Carradec et al., 2018). Unlike chlorophytes, haptophytes and pelagophytes, diatoms 

showed constitutively higher expression of flavodoxin genes than ferredoxin genes, 

although there was more heterogeneity in expression between species than across these 

four major groups (Carradec et al., 2018). In P. granii PETF transcript abundance was 

appreciably lower than FLDA regardless of iron status (Cohen et al., 2018a). The 

diatom Fragilariopsis curta appears to have lost PETF entirely, and transcription of the 

remaining FLDA gene is not sensitive to iron concentrations (Pankowski and McMinn, 

2009). Interestingly, PETF is localized in the chloroplast genome in T. pseudonana and 

other diatoms but has been transferred to the nuclear genome in T. oceanica. Compared 

to its coastal relative T. pseudonana, the oceanic diatom T. oceanica is highly tolerant 

to iron limitation. It has been proposed that the transfer of PETF from the chloroplast 

to the nuclear genome might have contributed to the ecological success of T. oceanica 

(Lommer et al., 2010). Whether or not the gene transfer described for T. oceanica 

confers a competitive advantage still needs to be assessed through experimental 

approaches.  

Cytochrome c6 acts as an electron carrier between the cytochrome b6f complex and PSI. 

Cytochrome c6 (encoded by PETJ) may be replaced with the copper-coordinating 

plastocyanin (encoded by PETE). The replacement of cytochrome c6 with plastocyanin 

is rarer than the replacement of ferredoxin by flavodoxin and is presumed to have 

occurred via horizontal gene transfer (Strzepek and Harrison, 2004; Peers and Price, 

2006). For species that encode both PETE and PETJ, differences in regulation have 

been noted. P. tricornutum and F. cylindrus were found to induce plastocyanin under 

iron limitation, to temporarily replace cytochrome c6, and highly express the 

cytochrome c6 gene under iron-replete conditions (La Roche et al., 1996; Cohen et al., 

2018a). In a recent study Moreno et al. (2020) investigated the response of three 

isoforms of PETE to iron in this species and found that only two were significantly 

overrepresented under low Fe conditions. In T. oceanica, which encodes PETE together 

with two functional copies of PETJ, relative expression of plastocyanin was sensitive 

to iron status, while two cytochrome c6 genes were weakly but constitutively expressed 

(Lommer et al., 2012). Similarly, in P. granii transcripts for PETJ were weakly 

abundant regardless of iron status while PETE was highly abundant under iron-replete 

conditions (Cohen et al., 2018a).   
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Only a few studies have addressed the question of what the consequences of using 

plastocyanin are to the copper requirements of cells. For example, the green alga C. 

reinhardtii only switches to using cytochrome c6 instead of plastocyanin under copper 

limiting conditions (Merchant et al., 1991). In T. oceanica copper deficiency inhibited 

electron transport regardless of iron status, implying plastocyanin expression was not 

controlled by iron concentrations (Peers and Price, 2006).   

 

Photosynthesis architecture  

Low iron quota diatoms lower the ratio of photosystem I to photosystem II without 

compromising photosynthetic output 

The PSI complex has the highest iron demand of the light-dependent reactions of 

photosynthesis. The optimised ratio of PSI: PSII in land plants is approximately 1:1. 

Comparing the coastal diatom T. weissflogii to the open ocean T. oceanica, Strzepek 

and Harrison (2004) found that this ratio was significantly lower in the latter. This led 

to the hypothesis that diatoms, and in particular those adapted to chronically iron-

starved conditions, have streamlined their photosynthetic architecture, minimizing the 

iron quota necessary for growth. T. weissflogii cells contained twice as much PSII 

compared with PSI, and T. oceanica had reduced PSI demands even further, with 

fivefold lower PSI, that is a ratio of 1:10 of PSI : PSII (Strzepek and Harrison, 2004). 

In iron-replete media, the two diatoms grew at comparable rates. However, T. oceanica 

maintained high growth rates (about 80% of that in iron-replete conditions) in low-iron 

media that restricted the growth of T. weissflogii, to about 20% of iron-replete growth 

rates. Two studies confirmed similar streamlining in F. kerguelensis and P. granii, polar 

diatoms that are abundant in the Southern Ocean and Arctic Ocean, respectively (Cohen 

et al., 2018a; Moreno et al., 2020).  In P. granii the gene encoding PSI subunit IV 

(PSAE) was almost four times more highly expressed under iron-replete conditions, and 

protein levels were more abundant by 35-fold compared to conditions of iron limitation 

(Cohen et al., 2018a).  

Low iron quota diatoms such as T. oceanica and P. granii are not unique among algae 

and cyanobacteria to undergo substitutions and rearrangements in their photosynthetic 

architecture in order to conserve iron. These traits and plasticity in iron use are 
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widespread (Blaby-Haas and Merchant, 2013; Raven, 2013; Scheiber et al., 2019). 

However, in an experimental comparison of 29 species of eukaryotic algae and 

cyanobacteria, Quigg and colleagues demonstrated that algae that contain plastids of a 

secondary endosymbiotic origin, the “red plastid” lineage, which includes the 

dinoflagellates, haptophytes and chrysophytes as well as diatoms, had lower 

stoichiometric quantities of iron per cell, compared with the green lineage of algae and 

cyanobacteria (Quigg et al., 2003; Quigg et al., 2011). The results from these analyses 

are difficult to square with measurements of metabolic iron quotas, since the former are 

carried out under replete Fe conditions. Nevertheless, they suggest that members of the 

red plastid lineage are capitalising on more than rearrangements to their photosynthetic 

architecture for efficient iron use. Studies that look into the adaptations of cell structure, 

such as the metabolic coupling of plastids and mitochondria (e.g., see some pioneering 

work by Bailleul et al., 2015) may shed further light on this question.      

 

1.3.3 Iron storage in diatoms  

Diatoms are able to store iron and regulate intracellular concentrations efficiently 

It has been observed that in situ iron fertilisation, whether artificial or natural, results 

in blooms dominated by large diatoms, which are often rare in the standing microalgal 

community (De Baar et al., 2005). These include the chain-forming members of the 

genera Fragilariopsis, Pseudo-nitzschia and Chaetoceros, in particular.  

It is likely that species that respond to iron stimulation by forming blooms are not only 

efficient at iron uptake, but also in iron homeostasis and long-term storage. One way to 

assess the capacity for long-term iron storage is to measure the number of divisions that 

a cell is capable of when ambient iron concentrations drop back to growth-limiting 

conditions. This can be distinguished from short-term iron homeostasis, which is 

associated with mechanisms that act on a diurnal scale, where the requirement for iron 

depends on photosynthetic activity. An alternative is to measure the cell’s metabolic 

iron quota and subtract this from total cellular iron carried by a cell under iron replete 

conditions. This has been termed “luxury iron” quota (Sunda and Huntsman, 1997; 

Marchetti et al., 2009). For example, within the centric Thalassiosira genus, cellular 

Fe:C of coastal species reached values that were 20-30 times higher than those needed 
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for maximum growth; by contrast, “plateau” iron concentrations in oceanic species 

were only two to three times higher than maximum needed amounts (Sunda and 

Huntsman, 1995), indicating that coastal variants had higher capacity to accumulate 

iron when iron replete.  

 

Towards a functional characterization of diatom ferritin  

There are two mechanisms that have been proposed for storage of iron inside diatom 

cells, sequestration into the mineral core of ferritin proteins and/or vacuolar storage. 

Ferritins (FTN) are found in all domains of life including animals, plants and 

microorganisms (Figure 1.12), and are designed to accommodate large amounts of iron 

(Theil, 1987). Structurally, ferritins are large protein cages formed by arrays of self-

assembling helices with nanocavities (5-8 nm), that catalytically couple iron and 

oxygen at protein sites for precursors of the cavity mineral. The mineral core of a single 

protein can store up to 4,500 iron atoms (Liu and Theil, 2005). Iron is reversibly 

released from the core by reduction.  

In laboratory studies, it was shown that P. granii, which encodes FTN, was able to 

undergo several more cell divisions in the absence of iron than the comparably sized, 

oceanic centric diatom T. oceanica, which lacks the FTN gene, supporting the 

hypothesis that FTN functions in the long-term storage of iron (Marchetti et al., 2009). 

A corollary of the hypothesis is that FTN transcript abundance should increase with 

iron concentrations. However, this has not been universally upheld in laboratory studies. 

While P. granii and Thalassiosira sp. strain NH16 have been observed to increase 

ferritin gene expression under high iron concentrations, Amphora coffeaeformis 

exhibited minimal iron storage capacities, and contained two distinct ferritin genes, one 

of which increased in expression under iron limitation and the second showed no 

variation with cellular iron status (Cohen et al., 2018b). Furthermore, a recent study 

investigated the community-level response of open ocean plankton ecosystems to iron 

availability and found that, with the exception of Pseudo-nitzschia species, no clear 

pattern in ferritin gene abundance or expression and estimated iron levels could be 

observed, suggesting that iron storage may not be the main function of ferritin in most 

eukaryotic marine phytoplankton (Caputi et al., 2019). Together these results suggest 
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that ferritin in diatoms may have evolved to serve multiple functional roles.  

A proposed alternative role for ferritin in diatoms is as an iron oxidation enzyme rather 

than as a long-term iron storage protein. Working with P. multiseries, Pfaffen and 

colleagues showed that FTN oxidizes Fe2+ at its ferroxidase centres rapidly but forms 

iron mineral only slowly (Pfaffen et al., 2013). In a later study functional mutagenesis 

experiments were performed showing that the protein is biochemically optimized for 

initial Fe2+ oxidation but not for mineralization. The authors argued that its primary 

function therefore could not be in long term iron storage, but rather in iron homeostasis 

(Pfaffen et al., 2015). This is the situation in higher plants, where experiments on 

Arabidopsis thaliana demonstrated that FTN is regulated by the circadian clock cycle 

(Duc et al., 2009) and functions to buffer the iron released by degradation from PSI, a 

protective role in response to photo-oxidative stress (Rossel et al., 2002; Murgia et al., 

2007). Similarly, in C. reinhardtii FTN was shown to be required during high ambient 

iron availability or cellular degradation of iron-containing proteins and protein 

complexes such as ferredoxin during cellular acclimation to low iron conditions, 

indicative of function in iron homeostasis (La Fontaine et al., 2002; Busch et al., 2008; 

Long and Merchant, 2008). Finally, in the green picoalga Ostreococcus tauri mutants 

lacking FTN were less tolerant of low iron conditions that induced higher recycling of 

iron within the cell than wild-type, further underscoring the importance of this protein 

in homeostasis. In the same work the authors proposed that nitrate reductase functioned 

as an iron storage protein in this picoalga (Botebol et al., 2015).  



 

34 
 

 

Figure 1.12 Ferritin phylogenetic tree. Bootstrap consensus tree (100 replicates) 

showing the evolutionary relatedness of maxi-ferritins from 26 taxa inferred using a 

protein distance model. Bootstrap values greater than 50 are indicated at the branch 

points. Diatoms are in bold. Figure is taken from Marchetti et al., (2009).  

 

Vacuolar iron storage 

An alternative mechanism for long term iron storage that has been proposed is vacuolar. 

First identified in yeast, iron loading into and release out of the vacuole was shown to 

be mediated by natural resistance associated macrophage proteins (NRAMPs) in A. 

thaliana (Curie et al., 2000; Lanquar et al., 2005). Furthermore, some NRAMP proteins 

were shown to be functional equivalents of yeast FET proteins, and enabled transport 

of iron into the cell (Curie et al., 2000). In T. pseudonana a vacuolar storage mechanism 

was proposed, when it was observed that NRAMP was dramatically regulated by 
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intracellular iron concentrations (Kustka et al., 2007). However, it is important to note 

that vacuolar localisation of NRAMP was proposed but not experimentally validated. 

In experiments using synchrotron X‐ray fluorescence element mapping, intracellular 

pockets of iron, indicative of storage features, were identified in both T. pseudonana 

and T. weissflogii (Nuester et al., 2012). 

A recent study investigated the responses of natural communities sampled across a 

gradient of iron concentrations to on-deck iron stimulation. Metatranscriptome data 

from incubations was used to assign relative expression of FTN and NRAMP genes onto 

three main diatom genera, Chaetoceros, Pseudo-nitzschia and Thalassiosira (Lampe et 

al., 2018). The study found that Pseudo-nitzschia diatoms were unique utilizers of FTN 

(upregulating its expression when iron was supplied), whereas the response from 

Thalassiosira species suggested vacuolar storage. Transcripts for neither FTN nor 

NRAMP were abundant in Chaetoceros although iron quotas in Chaetoceros were often 

similar to those in Pseudo-nitzschia (Lampe et al., 2018). The authors proposed that 

Chaetoceros may have an alternative divalent metal transporter that takes on the 

function of vacuolar iron transport in these species, a protein belonging to the ZIP 

family (Allen et al., 2008). ZIP proteins have been shown to facilitate passive metal 

transport, including that of ferrous iron, in a range of species (Eide, 2005).  
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1.4 Outline of the thesis 

Considering all phytoplankton as a group, iron bioavailability has dramatically 

decreased in the contemporary ocean from previous maxima. Yet diatoms arose as a 

young evolutionary offshoot when iron was already deficient in the vast ocean. They 

successfully survived low iron and outcompeted other species when iron became 

available, which was confirmed by the mesoscale iron fertilization experiments. In this 

dissertation the question posed is, what are the strategies of diatoms for obtaining iron 

and using it efficiently inside the cell? To answer this question, first I reviewed the 

studies on iron metabolism in diatoms, combining different bioinformatic analyses. 

Next, I conducted comparative physiological experiments on knockout strains.  

In chapter 2, I present the results of a review which was published in the Journal of 

Experimental Botany (Gao et al., 2021), where together with colleagues I summarized 

the iron metabolism strategies in diatoms relying on the transcriptional and 

physiological evidence from the literature.  

In this chapter I further searched for iron-related genes through bioinformatic analyses 

and summarized it into a heatmap showing the distribution of genes in different species. 

The sequences of FTN of P. tricornutum and other diatom species were compared by 

alignment and phylogenetic tree. Overall, this chapter provides novel insights into the 

topic of iron metabolism in diatoms. 

In chapter 3, aiming to investigate the localization of ISIPs and FTN, I tagged FTN to 

fluorescent proteins (FP) and visualized transgenic diatom cells by confocal 

microscopy. Both ISIP3 and FTN localized to the vicinity of the chloroplast but with 

different patterns.  

In chapter 4, I further investigate the function of ISIP3 and FTN in P. tricornutum. I 

generated knockout (KO) mutants and compared their growth curves under different 

growth conditions. Absence of the gene had an effect on the growth of cells under 

different conditions, indicating involvement in specific aspects of iron physiology. 

In chapter 5, conclusions and perspectives were synthesized.    
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Chapter 2: Bioinformatics analysis of key components of iron 

metabolism across the diatoms 

 

Abstract  

The key components of iron metabolism strategies summarized in chapter 1 are here 

analysed bioinformatically for 82 diatom species. Taking advantage of the availability 

of genomic and transcriptomic data sets, I investigated the distribution of 14 iron related 

genes across these 82 diatom species, representatives of 49 diatom genera. Based on 

the retrieved homologs, the proportion of pennate and centric diatoms encoding PETF 

vs PETJ, FLDA vs PETE were compared. The ability to synthesise flavodoxin is 

widespread amongst diatoms. The replacement of cytochrome c6 with plastocyanin is 

rarer than the replacement of ferredoxin by flavodoxin and is presumed to have 

occurred via horizontal gene transfer. Furthermore, a phylogenetic tree of FTN in 

diatoms was built and updated what was previously reported in the literature. 

Intriguingly, the FTN of P. tricornutum was found to fall within a new clade disparate 

from what has previously been described. Sequence features of P. tricornutum ferritin 

were compared with the proteins in Pseudo-nitzschia and Thalassiosira.  

 

2.1 Introduction  

Bioinformatics is an interdisciplinary field that combines biology, information 

engineering, computer science, mathematics and statistics. The availability of genomic, 

transcriptomic and proteomic data sets has greatly facilitated genome annotation efforts 

and therefore gene discovery in diatoms (see section 1.2.2).  

The application of bioinformatics analysis has been widely used in all aspects of 

biology, on various research scales, including to understand oceanic community 

structure, species diversity, genetic interspecies heritability and variation, and 

functional gene screening. For example, diatom DNA metabarcoding applied to large 

scale monitoring networks for ecological assessment has become a hot topic in recent 
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years (Bailet et al., 2020; Rivera et al., 2020; Kang et al., 2021). Additionally, 

bioinformatic inspections, led by pioneering studies on the evolutionary history of 

diatoms (Cavalier-Smith, 2003; Strzepek and Harrison, 2004), have revealed more and 

more evidence on the endosymbiotic events and horizontal gene transfer (HGT) events 

in diatoms, identifying the  gene involved in these processes (Brembu et al., 2014; 

Vancaester et al., 2020; Dorrell et al., 2021). Diatoms have recruited an enormous 

number of genes by horizontal gene transfer from prokaryotes, and many are likely to 

provide novel possibilities for metabolite management and for the perception of 

environmental signals (Bowler et al., 2008; Dorrell et al., 2021).  

The Basic Local Alignment Search Tool (BLAST) is widely employed 

(http://www.ncbi.nlm.nih.gov/blast). The programme finds regions of local similarity 

between sequences, compares nucleotide or protein sequences to sequence databases 

and calculates the statistical significance of matches. BLAST can be used to infer 

functional and evolutionary relationships between sequences as well as help identify 

members of gene families (Johnson et al., 2008; Madden, 2013).  

Hidden Markov Model (HMM) is a powerful statistical tool for modelling, known for 

their wide range of applications to physics, chemistry, economics, signal processing, 

information theory, pattern recognition - such as speech, handwriting, gesture 

recognition and bioinformatics (Eddy, 1998; Liu and Cheng, 2003; Mamon and Elliott, 

2007). HMMER is a developed tool using profile HMMs for searching sequence 

databases for sequence homologs, and for making sequence alignments. HMMER can 

work with query sequences, just like BLAST, to detect remote homologs as sensitively 

as possible. HMMER is more often used together with a profile database, such as Pfam.  

To screen the distribution of iron metabolism related genes in diatom genomes and 

transcriptomes, a composite database combining MMETSP and Genoscope sequences 

were assembled and rigorously decontaminated (see further details in the Methods 

section 2.4).  

Objectives of bioinformatic analysis of diatom genomes and transcriptomes  

In this chapter I focus on the iron metabolism strategies of diatoms summarized in 

section 1.3, and the schematic diagram of iron-related genes in diatoms shown in Figure 

1.11. I present the results that took advantage of the capabilities of bioinformatic 

http://www.ncbi.nlm.nih.gov/blast
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analyses. The objective was to investigate the distribution of iron-related genes in 

diatoms by retrieving homologs of genes and transcripts from available transcriptome 

and genome datasets. Additionally, I present an in-depth comparison of ferritin across 

the diatom phylogenetic tree. These analyses go beyond previously published studies 

by incorporating larger datasets. I identify a third clade of diatom ferritins that was not 

previously subclassified. The ferritin analysis stretches beyond bioinformatics, as in-

depth discussion of putative functional domains and residues of the FTN gene is 

presented. The data presented in this chapter underwent peer review and is published 

in the Journal of Experimental Botany (Gao et al., 2021).   

 

2.2 Results  

Available diatom genomes and transcriptomes for iron-related genes were searched 

with a profile that matched a constructed Hidden Markov Model (HMM). Results are 

presented as a heatmap in Figure 2.1 where the detection of homologs of iron-related 

genes in 82 diatom species are shown.  

2.2.1 Distribution of iron acquisition related genes in diatoms 

Two main strategies of iron acquisition are known in unicellular eukaryotes. One is 

reductive uptake, in which ferric iron is displaced from its ligand by a ferrireductase 

(FRE) and then re-oxidised by the multicopper oxidase (FET) and channelled through 

the ferric iron permease (FTR). The reductive uptake is well characterized. However, 

the second strategy, nonreductive uptake, including two uptake pathways, are identified 

in recent years. ISIP2a binds ferric iron directly on the cell surface and internalizes by 

endocytosis. ISIP1 and FBP1 are involved in endocytosis-mediated uptake of 

siderophore (Kazamia et al., 2018; Coale et al., 2019). Searching through the available 

genomes and transcriptomes, genes related to reductive uptake, in general, are more 

ubiquitous than genes involved in nonreductive uptake in diatoms. 65%, 71% and 99% 

species encode FET, FTR and FRE gene respectively, in parallel, only 21%, 41% and 

91% species encode FBP1, ISIP1 and ISIP2a gene (Figure 2.1).  

Diatom cells have been reported to exhibit ferric reductase activity (Maldonado and 
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Price, 2001; Kazamia et al., 2018; Coale et al., 2019). Six genes in P. tricornutum have 

been putatively annotated as ferric reductases, but only two (FRE1 and FRE2) encode 

two domains indicative of ferric reductase function. I built an HMM for putative diatom 

ferric reductases, FRE, based on reference genes from P. tricornutum, and searched the 

available diatom genomes and transcriptomes. The results show that all species appear 

to encode ferric reductases, around 2 per species on average (Figure 2.1). Fragilariopsis 

kerguelensis and F. cylindrus abundant diatoms in the Southern Ocean, stand out for 

encoding 8 and 4 distinct peptides annotated as ferric reductases, respectively. The 

coastal species Ditylum brightwellii encodes 8 FRE genes. Furthermore, bioinformatic 

analysis of transcriptome datasets confirm functional analogues of the yeast-like iron 

acquisition machinery (‘ferrireductase (FRE), multicopper oxidase (FET), iron 

permease (FTR)’ system) in the model green alga Chlamydomonas reinhardtii and 

across a range of diatom species, including all members of the Pseudo-nitzschia and 

Fragilariopsis genera (Figure 2.1 and also reviewed in Groussman et al., 2015).  

However, the question of whether this reductive system acts in consort on the cell 

surfaces of diatom cells requires experimental verification. Therefore, in Figure 2.1 I 

have indicated the FRE genes as acting both in ‘reductive’ and ‘non-reductive’ uptake 

systems.  

As to the non-reductive uptake pathway, FBP1 was verified previously as putative 

siderophore binding protein, which in bacteria binds the hydroxamate siderophore 

ferrichrome, was indeed required for siderophore assimilation (Coale et al., 2019). 

ISIP1 was identified as being necessary for the endocytosis and siderophore 

assimilation process (Kazamia et al., 2018). Diatoms exhibit species-specific 

recognition of different siderophores. ISIP2a was able to bind ferrous iron directly on 

the cell surface and was internalized by endocytosis. In our in silico searches, 21% of 

diatom genomes and transcriptomes displayed evidence of a FBP1 gene, and 41% 

diatoms for ISIP1 (Figure 2.1). Although it is important to note that since ISIP1 is 

highly sensitive to iron status in the cell, it may have been missed from transcriptomes 

collected from diatoms grown in replete iron. Hits for ISIP2A-like genes were retrieved 

in most diatoms, with only 8.5% absence in 82 species, and some notable exceptions in 

some species of Chaetoceros.  Further experiments are required to understand what 

determines substrate specificity in these species.  
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Figure 2.1 Iron-related genes in diatom transcriptomes.  

The diatom species with available genomes are indicated in bold, with transcriptomes 

are indicated by asterisks. Where no hits were detected, the grid is blank, whereas the 
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shade of the colour and the number within indicates the number of distinct transcripts 

encoding each gene (but not the expression levels). Ferritin sequences predicted to 

target to the chloroplast are presented in red.  

Abbreviations: ferroxidase, FET; iron (III) permease, FTR; ferric reductase, FRE; 

ferrichrome-binding protein, FBP; Iron-starvation induced protein, ISIP; ferritin, FTN; 

natural resistance-associated macrophage protein, NRAMP; Zinc transporter, ZIP; 

ferredoxin, PETF; flavodoxin, FLDA; cytochrome c6, PETJ; plastocyanin, PETE.  

 

2.2.2 Distribution of iron homeostasis related genes in diatoms 

Diatoms with low metabolic iron quotas are remarkable for their ability to maintain 

uncompromised photosynthetic function and this is attributed to adaptation of preferred 

use or complete replacement of iron containing proteins with equivalents that are not 

dependent on iron. PETF is an iron-sulfur protein, a key component in chloroplast 

electron transport chain, and can be replaced by its iso-functional carrier, flavin-

containing FLDA. For species that encode both FLDA and PETF, the ratio of 

PETF:FLDA in the cell is controlled by the availability or scarcity of iron (La Roche et 

al., 1995; Allen et al., 2008; Lommer et al., 2012; Cohen et al., 2018a; Zhao et al., 

2018). Under iron replete conditions, PETF completely replaces FLDA, as observed in 

natural diatom communities (La Roche et al., 1995; Erdner and Anderson, 1999; 

McKay et al., 1999; Allen et al., 2008). Within the diatoms with sequence information, 

20 out of 82 species encode both PETF and FLDA (Figure 2.1). There appears to be no 

phylogenetic relationship between species that encode PETF, implying that it was 

present in the diatom ancestor and that its absence from some species is likely due to 

gene loss (Figures. 2.1, 2.2A). The ability to synthesise flavodoxin is widespread 

amongst diatoms; I found FLDA in 70 out of 82 species (Figure 2.1). Since no 

photosynthetic species are known to survive without either PETF or FLDA, in 

transcriptomes where neither transcript was detected, such as in Pseudo-nitzschia 

pungens, I assume that this was either due to incomplete sequencing, or due to the 

stringency of cut-off parameters chosen for detection in our analysis. That PETF is 

often chloroplast-encoded suggests that analyses of transcriptomes such as the one 

presented in Figure 2.1 may be methodologically biased towards a lack of detection, as 
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RNA harvesting and processing select for nuclear encoded transcripts.  

Cytochrome c6 (encoded by PETJ) acts as an electron carrier, and may be replaced with 

the copper-coordinating plastocyanin (encoded by PETE). The replacement of 

cytochrome c6 with plastocyanin is rarer than the replacement of ferredoxin by 

flavodoxin and is presumed to have occurred via horizontal gene transfer (Strzepek and 

Harrison, 2004; Peers and Price, 2006). Only 18% of centric and 9% of pennate species 

show evidence for the presence of a PETE gene (Figures. 2.1, 2.2B). For species that 

encode both PETE and PETJ, differences in regulation have been noted. P. tricornutum 

and F. cylindrus were found to induce plastocyanin under iron limitation, to temporarily 

replace cytochrome c6, and highly express the cytochrome c6 gene under iron-replete 

conditions (La Roche et al., 1996; Cohen et al., 2018a). F. kerguelensis is an interesting 

candidate for investigation since it contains multiple isoforms of plastocyanin (5 genes 

detected using our methods, Figure 2.1).  

 

 

Figure 2.2 Genes encoding iron switching proteins in diatom transcriptomes.  

Both ferredoxin (PETF) and cytochrome c6 (PETJ) are iron-containing enzymes. As 

some diatoms are capable of replacing them with iron-free equivalents, flavodoxin 

(FLDA) and plastocyanin (PETE), respectively, the relative proportions of transcripts 

encoding these proteins may indicate the dependence of diatoms on these proteins. The 

pie charts indicate presence and absence of PETF versus FLDA, and PETJ versus PETE 

in pennate and centric diatoms in our database of 82 species. Here I show the numbers 

of distinct genes detected, and not transcript abundance. It is important to note that the 

presence/absence of genes in a transcriptome may not be a true reflection of copy 

numbers in genomes either because it was generated from iron replete cultures or was 

not sequenced to sufficient depth. 
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2.2.3 Distribution of iron storage related genes in diatoms 

It has been observed that in situ iron stimulation, whether artificial or natural, results in 

blooms dominated by large diatoms, which are often rare in the standing microalgal 

community (De Baar et al., 2005). These include the chain-forming members of the 

genera Fragilariopsis, Pseudo-nitzschia and Chaetoceros, in particular. Comparing 

their transcriptomes for the analysed genes (Figure 2.1), there is no pattern that 

distinguishes them readily from other diatoms, as traits appear species-specific. 

However, it is important to note that these transcriptomes capture the behaviour of 

species under laboratory conditions and may not be indicative of their behaviour during 

a diatom bloom in the wild. The F. kerguelensis transcriptome and F. cylindrus genome 

encode a more comprehensive portfolio of iron sensitive genes, with multiple isoforms 

of each gene compared with other species. This is intriguing since as model polar 

species Fragilariopsis representatives are considered to be particularly adapted to 

fluctuating environmental conditions and life in sea ice, which is not “iron-limited” 

(Mock et al., 2017). The data suggest that Fragilariopsis species are interesting 

candidates for iron adaptation studies as well.  

There are two mechanisms that have been proposed for storage of iron inside diatom 

cells, sequestration into the mineral core of ferritin proteins and/or vacuolar storage. 

FTN are found in all domains of life and identified as iron storage protein in bloom-

forming diatoms species (Marchetti et al., 2009). I retrieved putative transcripts for 

FTN in diatom transcriptomes and genomes by conducting a HMMER search using 

methods described in section 2.4. I found that around 74% of pennate diatoms contain 

at least one FTN homolog compared to 41% of centric diatoms. Within the centric 

diatoms the trend skewed towards the polar centrics, of which 51% miss the annotation 

(Figure 2.3). The apparent loss of FTN in the polar centrics is intriguing and requires 

further investigation. Looking at the transcriptomes of the three genera of frequently 

blooming diatoms, Fragilariopsis and Pseudo-nitzchia species appear to be rich in 

putative FTN genes (Figure 2.1). In contrast, our search for FTN retrieved hits for only 

a quarter of the sampled Chaetoceros strains (2 out of 8). There were notable absences 

amongst Thalassiosira species (5 species out of 9 do not encode it), including T. 

oceanica and T. pseudonana.  Furthermore, three distinct FTN transcripts were detected 
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in Amphora coffeaeformis (Figure 2.1).   

Another notable candidate involved in iron storage is ISIP3, the most abundant iron 

starvation induced protein, typified by the presence of a ferritin-like domain. Using our 

methods, I found transcripts for ISIP3 across most diatoms, with some notable absences 

in the coastal Skeletonema and Chaetocerus genera and an overabundance of putative 

hits in Fragilariopsis (Figure 2.1). 

The alternative mechanism for long term iron storage that has been proposed is vacuolar. 

First, NRAMPs was shown to mediate iron loading into and release out of the vacuole 

in yeast (Curie et al., 2000; Lanquar et al., 2005). Additionally, ZIP proteins have been 

shown to facilitate passive metal transport, including ferrous iron (Eide, 2005). I 

compared the portfolios and ZIP, NRAMP and FTN genes across diatoms using all 

published diatom transcriptomes and genomes, by constructing Hidden Markov Models 

for representative genes and scanning the dataset using HMMER, summarised in Figure 

2.1. This is an amalgamated view, since I did not refine our search for subclasses of 

NRAMP or ZIP proteins (e.g., the specificity of these genes for iron transport is not 

confirmed). I found that all diatoms have genes belonging to the ZIP family, and that 

the majority also encode NRAMP (modelled on F. cylindrus NRAMP protein). Notable 

exceptions are most members of the Chaetoceros genus, which miss NRAMP 

annotation. NRAMP genes appear to be less abundant amongst centric species than 

pennates, but no robust phylogenetic relationship was observed.  

 

Figure 2.3 Genes encoding ferritins in diatom transcriptomes.  

Homologs of FTN were retrieved using HMMER search within available diatom 

genomes and transcriptomes (see caption to Figure 2.1 for details). Pie charts 
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summarise the presence and absence of FTN in polar versus radial centrics, and raphid 

versus araphid pennate diatoms. It is important to note that the presence/absence of 

genes in a transcriptome may not be a true reflection of copy numbers in genomes either 

because it was generated from iron replete cultures or was not sequenced to sufficient 

depth. 

 

2.2.4 FTN phylogenetic tree 

A closer look at diatom FTN phylogeny, which I updated using available diatom 

transcriptomes (Figure 2.4), reveals that the ferritins within the diatoms resolve into 

several clades. The phylogeny matches that previously reported by others (e.g., 

Marchetti et al., 2009; Groussman et al., 2015), but adds more species to the tree.  

There are two main FTN clades, one which contains most members of the Thalassiosira, 

Pseudo-nitzschia and Fragilariopsis genera, although phylogenetic relationships are 

not robustly upheld. The second clade contains members of fourteen genera, including 

Cylindrotheca and Leptocylindrus. The species Heliotheca tamensis CCMP826, 

Amphiprora paludosa CCMP125, Thalassionema fraundfeldii CCMP1798, Staurosira 

complex sp. CCMP2646 and Pleurosigma sp. RCC3090 have annotated ferritins 

belonging to both clades. To my knowledge, there are no described functional 

differences between ferritins that belong to the two main groups. Additionally, I found 

a third group of putative ferritins (which I annotate as FTN clade III in Figure 2.4) with 

weaker bootstrap support that includes genes from P. tricornutum, Staurosira complex 

sp., Guinardia deliculata, Chaetoceros neogracile and F. kerguelensis.  
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Figure 2.4 Phylogenetic tree of ferritins in diatoms.  Numbers beside branches indicate 

RaxML bootstrap coefficients. 

 

FTN sequence alignment 

I compared the protein sequence of representative FTN from the three groups by 

alignment (Figure 2.5). Iron binding sites in FTN of P. multiseries, including several 
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glutamic acid residues (E15, E47/48, E94), one glutamine residue (Q127) and the 

histidine residue (H51) that were identified by Pfaffen et al. (2013), are conserved 

across the three different groups. However, the glutamic acid residue E44 conserved in 

FTNI/II is replaced with histidine in FTN III. These residues are involved in iron 

binding (Figure 2.5 red arrows). 

Studies on the function and structure of ferritin from the frog Rana catesbeiana have 

identified conserved residue pairs essential for iron release (Jin et al., 2001). These are 

indicated by blue arrows in Figure 2.5 and represent two amino acid pairs that are 

adjacent in 3D space (R62/D113 and L101/L125). R62/D113 is conserved in both FTN 

I and FTN III but not FTN II (which shows significant variation in these positions). 

Leucine is conserved in position 101 in FTN I and FTN II but not FTN III, while 

Leucine at position 125 is not conserved in any diatoms apart from two Pseudo-

nitzschia species and Synedra sp. RCC2510. The most common replacement for leucine 

in this position is to a methionine, as observed in F. cylindrus and Thalassiosira sp. 

strain NH16.   

It is possible that these modifications provide a first glimpse into functional differences 

in FTN between these species, however this requires experimental verification. There 

is evidence from on-board experiments to suggest that Pseudo-nitzschia ferritins serve 

a long-term storage role in cells, which is not the case in Thalassiosira and Corethron, 

where a homeostasis role is preferred as an explanation (Lampe et al., 2018). One 

structural change that may explain this, is the presence of glutamic acid at position 130 

in P. multiseries ferritin, conserved in FTN III clades, is absent from other FTN I and 

II species (Figure 2.5 red arrows).  
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Figure 2.5 Protein sequence alignment of representative diatom ferritins.  

The glutamic acid residues (E15, E47/48, E94), one glutamine residue (Q127) and the 

histidine residue H51 are conserved across the three different groups (red arrows). The 

amino acid pairs R62/D113 and L101/L125 are adjacent in 3D space (blue arrows). 

Black arrows indicate breaks in the sequence.  

 

2.2.5 FTN localization prediction 

The function of FTN protein in diatoms is quite controversial. It was proposed that iron 

storage may not be the main function of ferritin in most eukaryotic marine 

phytoplankton. With localization of in vivo FTN protein unknown in diatom cells, based 

on signal peptide and target peptide, localization prediction was employed. In Figure 

2.1, ferritin sequences predicted to target to chloroplast are presented in red. Within the 

55% species that encode a FTN gene, in 32 out of 45 species, FTN is predicted to be 

targeted to the chloroplast. This may suggest that ferritin in diatoms may have a 

different subcellular localization and evolved to serve multiple functional roles.  

 

2.3 Discussion  

The molecular mechanisms that have been investigated in diatoms for either iron uptake, 

its homeostasis or storage are summarized in Figure 1.11. Significant research attention 
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has focused on iron uptake in particular and it is clear that diatoms use a portfolio of 

strategies to access various forms of iron in the ocean. Remarkably, they adapt what 

appear to be ancestrally bacterial uptake proteins to eukaryotic mechanisms. The genes 

FBP1 and ISIP2A have bacterial origins yet rely on endocytosis to function. Diatom-

specific genes have also been observed (e.g., ISIP1), implying further innovation in this 

group to facilitate access to iron. Investigations into iron storage mechanisms have 

sparked academic debate into the role of ferritin in diatoms. This led to the discovery 

of species-specific differences in FTN utilization, and a phylogenetic characterisation 

of the FTN gene, highlighting the need for nuanced laboratory-based studies. The in 

silico prediction that FTN is targeted to the chloroplast in diatoms, where iron demands 

are highest, remains to be tested experimentally (see Chapter 3). Furthermore, it is clear 

that a range of molecular mechanisms require investigation – such as the functional role 

of ZIP and NRAMP proteins (specified by dashed lines in Figure 1.11), as well as ISIP3, 

to name a few.  

There is evidence that the replacement of ferredoxin with flavodoxin in the 

photosynthetic machinery of diatom cells is one of the more important adaptations. A 

recent global survey of gene expression in marine phytoplankton showed that oceanic 

members of the diatom lineage strongly express flavodoxin over ferredoxin, while 

certain coastal diatoms, likely adapted to environments experiencing more frequent and 

larger fluctuations in iron supply, more highly expressed ferredoxin under iron-replete 

conditions (Caputi et al., 2019). Of the seven most abundant genera in the ocean 

(indicated by an asterisk in Figure 2.1), four encode flavodoxin.  

Similarly, the expression of ISIPs showed the highest correlation in communities, 

which were sampled from the lowest iron environments (Caputi et al., 2019). ISIP1 is 

notable for being the most sensitive to a low iron status, and likely represents a diatom-

specific innovation, although its function requires further elucidation. Its role in 

mediating siderophore uptake is intriguing, because it suggests a community link 

between diatoms and siderophore producers. FBP1 is the only siderophore binding 

protein that has been described to date, and its distribution appears to correlate with 

ISIP1 in diatom transcriptomes (Figure 2.1), since most species that encode FBP1 also 

encode ISIP1 (15 species), with the exception of Thalassiosira gravida and 

Chaetoceros curvisetus. However, many more species encode ISIP1 than FBP1, so it is 

possible that ISIP1 has an additional role in cell iron homeostasis, or that there are 



 

51 
 

multiple siderophore binding proteins interacting with ISIP1.  

An important avenue of future research is to shed a refining light on diatom niches, as 

the majority of studies focus either on individual model species or attempt to draw 

distinction between ‘pennates’ and ‘centrics’, ‘open ocean’ and ‘coastal’ diatoms while 

comparing only few representatives. For the iron uptake, homeostasis or storage 

mechanisms that I investigated here do not appear to be any remarkable patterns that 

distinguish pennates from centrics. To meaningfully compare open ocean and coastal 

diatoms, more information on the distribution of individual species in the global ocean 

are required. The Tara Oceans global circumnavigation effort that catalogued the 

community composition, metagenomes and metatranscriptomes of aquatic 

microorganisms can offer initial insight. For example, T. oceanica, the species most 

often referred to in the literature as an open ocean species in fact has a ubiquitous 

distribution and is frequently found in coastal areas (based on 18S data from Tara 

Oceans gene catalogue, data not shown). Of the 82 species reviewed here, only 

Helicotheca tamesis was not detected within 250 kilometers from the coast during Tara 

Oceans sampling (Juan Pierella Karlusich, Institut de Biologie de l’Ecole normale 

supérieure, personal communication), and may therefore be considered a true open 

ocean representative. By contrast, there is a considerable number of coastal species 

represented in the MMETSP sequence set. The species that were not detected further 

offshore than 250 km are Proboscia inermis (found exclusively in coastal zones at high 

latitudes), Ditylum brightwellii, Skeletonema marinoi, Ticeratium dubium, Odontella 

aurita, Navicula sp., P. tricornutum, A. coffeaeformis and Cylindrotheca closterium.  

Using Tara Oceans data, Caputi et al. (2019) found that diatom species thrived across 

a gradient of total Fe concentrations and showed remarkable plasticity in their responses 

to Fe availability. The authors concluded that it was not possible to correlate species 

assemblages to iron levels or transcriptional responses in iron uptake systems. I believe 

that further progress will be made when in situ studies of species-specific diatom gene 

expression and analysis of community structure will be coupled to careful 

characterisation of iron sources available in seawater, since it is possible that it is the 

chemical nature of iron sources that complicates diatom niche separation.   
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2.4 Material and methods  

The diatom sequence library consists of: the  most recent annotation versions of all 

published diatom genomes (Armbrust et al., 2004; Lommer et al., 2012; Galachyants 

et al., 2015; Mock et al., 2017; Rastogi et al., 2018); decontaminated versions of further 

transcriptomes from  MMETSP (Keeling et al., 2014; Dorrell et al., 2017); and seven 

additional diatom transcriptomes synthesised in-lab, corresponding to the seven most 

abundant previously cultured taxa identified in Tara Oceans libraries (Malviya et al., 

2016). The searchable database that was used for the analyses presented comprised 82 

species, which met decontamination standards described in (Johnson et al., 2019).  The 

seven species sequenced by Genoscope are among the ten most abundant diatom genera 

in the Tara Oceans dataset.  

To investigate the evolutionary distribution of iron-related genes, first, representative 

protein sequences that are well annotated were downloaded from online databases 

(GenBank, Uniprot and Ensembl). Further sequences were retrieved from NCBI by 

BLASTp with a threshold E value of 1×10-5 for each gene of interest. Together these 

comprised the reference dataset and were aligned by MUSCLE and transformed into a 

Hidden Markov Model using HMMER 3.0. The profiles were used for HMMER search 

against the diatom transcriptomes from MMETSP alongside seven transcriptomes 

generated by Genoscope and diatom genomes.  

It is important to note that this dataset likely misses genes that are under strong 

transcriptional control, which was not met by the culturing conditions during RNA 

harvesting (e.g., low Fe induced genes in diatom cultures grown under replete Fe), as 

well as chloroplast encoded genes. The sequencing depth between the transcriptomes, 

and between genomes varied, and this may have influenced our results. The results 

presented here may be compared to similar published reviews, notably by Blaby-Haas 

and Merchant (2013); Groussman et al. (2015); Behnke and LaRoche (2020). 

Differences in numbers of hits retrieved are likely due to differences in chosen 

methodologies. Homologs of FTN were retrieved using HMMER search within 

available diatom genomes and transcriptomes. It is important to note that the 

presence/absence of genes in a transcriptome may not be a true reflection of copy 

numbers in genomes either because it was generated from iron replete cultures or was 
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not sequenced to sufficient depth.  

The phylogenetic tree was constructed to clarify the evolutionary distance of FTN 

between species. 244 Sequences were first retrieved by HMMER search using the 

ferritin PFAM domain PF00210 as a query in the available 82 diatom 

transcriptomes/genomes with an E-value cut-off of 1 × 10-10. Retrieved sequences were 

analysed using the CD-HIT web server and sequences that met a similarity threshold 

higher than 0.9 were eliminated (presumed to be duplicates). I generated an HMM for 

FTN using P. tricornutum and closely aligned sequences retrieved by BLASTp, and 

this was used as the basis for a second HMMER search of the remaining sequences, 

with an E-value cut-off of 1 × 10-10, to further cut off the redundancy. This left a total 

of 64 representative sequences, which captured the diversity of ferritins within the 

diatoms. Conserved sequences were aligned using the alignment builder in Geneious 

v.10.2 under default criteria. The tree was drawn with ITOL (https://itol.embl.de/). 

Numbers beside branches indicate RaxML bootstrap coefficients. Ferritin protein 

sequence alignment (one-letter code) was carried out using MUSCLE in Geneious.  

The subcellular localization prediction uses a combination of SignalP, ASAFind, 

HECTAR, MitoFates, TargetP and WolfPSort. SignalP 3.0 server predicts the presence 

and location of signal peptide cleavage sites in amino acid sequences from different 

organisms: Gram-positive prokaryotes, Gram-negative prokaryotes, and eukaryotes 

(Bendtsen et al., 2004). ASAFind identifies nuclear-encoded plastid proteins in algae 

with secondary plastids of the red lineage based on the output of SignalP and the 

identification of conserved “ASAFAP”-motifs and transit peptides (Gruber et al., 2015). 

HECTAR v1.3 Predict subcellular targeting for heterokont proteins (Gschloessl et al., 

2008). MitoFates is a prediction tool for identifying putative mitochondrial 

presequences and cleavage sites (Fukasawa et al., 2015). TargetP-2.0 server predicts 

the presence of N-terminal presequences: signal peptide (SP), mitochondrial transit 

peptide (mTP), chloroplast transit peptide (cTP) or thylakoid luminal transit peptide 

(luTP).  (Emanuelsson et al., 2007). WoLF PSORT predicts the subcellular localization 

sites of proteins based on their amino acid sequences, based on both known sorting 

signal motifs and some correlative sequence features such as amino acid content 

(Horton et al., 2007). I use these tools in combination with different databases in order 

to explore different life groups and specific subcellular predictions. 
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Figure 2.6 Summary of the bioinformatics workflow. First, a protein sequence was 

downloaded from the website and used as query in BLAST search. Second, HMMER 

and BLASTp were employed to search the profiled representative sequences or best hit 

through diatom datasets for homologs. Third, heatmaps and phylogenetic trees were 

built based on these homologs. In the end, subcellular localization prediction was 

carried out through a combination of several powerful tools.  
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Chapter 3: Localization of ISIP3 and FTN in the model 

diatom P. tricornutum 

 

Abstract  

FTN in most diatoms, including in P. tricornutum, is predicted to be targeted to the 

chloroplast, based on the sequence information encoded by its signal peptide. The 

function and localization of ISIP3 was unknown. In this chapter, in vivo observations 

of the localization of FTN and ISIP3 were performed for the first time. FTN was found 

to localize to the diatom chloroplast. ISIP3, which contains a ferritin like domain, 

localized into a bright spot located adjacent to the centre of the chloroplast. It is not 

clear whether this localization is to the periplastidial space, or the chloroplast interior. 

ISIP3 was also shown to co-localize with ISIP1, an unexpected result that suggests 

possible interaction between these two proteins.  The results presented here provide 

valuable comparisons between ISIP3 and FTN localization and pave the way for further 

studies in the field of diatom iron metabolism. Further investigation on the accurate 

localization and mechanism in iron transport and storage are required.  

 

3.1 Introduction 

Iron stress in diatoms has been studied on a genetic level using the model pennate 

diatom, P. tricornutum, which has a sequenced genome and can be easily transformed 

(Apt et al., 1996b; Bowler et al., 2008). There are a multitude of studies which look at 

the effect of iron on P. tricornutum. In a seminal work, through a combined 

transcriptome and metabolome analysis it was shown that iron deprivation leads to the 

significant up-regulation of a group of diatom-specific genes encoding proteins 

designated as “iron starvation–induced proteins” (ISIPs) (Allen et al., 2008). ISIP2a 

was shown to be a functional equivalent to phytotransferrin protein, binding dissolved 

ferric iron directly on the cell surface (McQuaid et al., 2018, as reviewed in section 

1.3.1). ISIP1 was shown to be involved in the endocytosis-mediated uptake of 

siderophore-bound iron (Kazamia et al., 2018). The function of ISIP3 has not been 
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investigated physiologically, although bioinformatic annotations predict ferritin like 

functional domains (DUF305, PF03713) within conserved sequences. Therefore, a 

reasonable hypothesis is that ISIP3 may function as an iron storage protein alongside 

FTN in P. tricornutum. However, the role of FTN protein in Fe storage in P. 

tricornutum remains to be confirmed. Its function is the subject of experiments 

presented in this chapter.  Here, I compare FTN and ISIP3 patterns of localization, 

which may shed light on the convergent functions of the two proteins.  

Objectives and overview of the work presented  

The goal of the analyses presented in this chapter of the dissertation was to clarify the 

localization of ISIP proteins and FTN in vivo in P. tricornutum. I constructed 

fluorescent lines of P. tricornutum by genetically engineering a fluorescent protein (FP) 

tag to the two genes of interest. The lines were observed using the capabilities of 

confocal microscopy. Specifically, I addressed the question of whether FTN localizes 

to the chloroplast. This was predicted bioinformatically (see section 1.3.3) but has never 

been confirmed in vivo using transformants. I generated a genetically modified P. 

tricornutum cell line, FTN tagged to GFP.  

Additionally, I aimed to compare the localization of ISIP3 with ISIP1 and ISIP2a within 

the same transgenic line. The localization of ISIP1 and ISP2a have both been previously 

reported in (Morrissey et al., 2015; Kazamia et al., 2018; McQuaid et al., 2018). 

Localization of ISIP3, the least studied of the ISIPs, is unknown. Understanding ISIP3 

localization will provide basic clues, which can allow further study of physiological 

function of ISIP3 in P. tricornutum. A previously generated trichromatic line, P611, 

with ISIP1 tagged to yellow fluorescent protein (YFP), ISIP2a tagged to red fluorescent 

protein (RFP), and ISIP3 to blue fluorescent protein (CFP) was available in the 

laboratory for analysis. (The strain was a kind gift from the Allen Lab at the J. Craig 

Venter institute, La Jolla, USA). In this trichromatic line, each ISIP protein was tagged 

with a FP. The FP tag was C-terminal to the full protein sequence and the construct was 

driven by the native promoters of each gene.  

A major strength of the study presented below is that it showcases advances in genetic 

engineering and fluorescence microscopy in diatoms, which are not routine to the field. 

Specifically, imaging of a transgenic line, which contains three proteins tagged to 
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different FPs in a highly auto-fluorescent cell has never been done before. The 

transgenic line FTN-GFP is also ground breaking in a different way – it was constructed 

using Universal Loop Assembly (uLoop) technology, a developed loop assembly based 

on a recursive approach to DNA fabrication. This is discussed in more detail in the 

Methods section 3.3.  

The results of experiments using the trichromatic line are currently under review as part 

of a research paper submitted to the Journal of Experimental Botany (Kazamia et al., 

2021, in review). I am a contributing author to the work.  

 

3.2 Results 

3.2.1 Localization of three ISIPs in a single trichromatic line 

With each ISIP gene driven by its native promoter and coupled to a distinct FP, I was 

able to first check the response of these proteins to iron deprivation. The trichromatic 

line P611 was first cultivated in an iron-containing medium. Microscopic analysis 

showed that ISIP1-YFP and ISIP3-CFP were not visible and ISIP2a-RFP showed only 

very weak fluorescence (Figure 3.2A). This matches what is expected based on our 

understanding of the transcriptional response of ISIP genes to iron (Smith et al., 2016). 

While ISIP2a is constitutively expressed, ISIP1 and ISIP3 are strongly regulated by 

iron availability. When iron is not available, the genes are expressed. Transcriptomic 

regulation of the 3 ISIPs is shown in Figure 3.1.  
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Figure 3.1 Transcriptional control of ISIPs based on results reported in Smith et al., 

2016. Transcript abundance of ISIPs was followed every 4 hours over a period of 48 

hours for P. tricornutum cultures that were either iron starved (red line) or replete in 

iron (black line). Measurements were taken at 10 am, 2pm, 6pm, 10pm, 2 am and 6 am 

under a 12-hour light (white background), 12-hour darkness (grey background) regime, 

with lights on at 9 am and 25 lights off at 9 pm. For iron-starved cells the points 

represent biological duplicates and for iron-replete cells an average of 3 biological 

replicates were taken. Transcription abundance is measured as Reads Per Kilobase of 

transcript, per Million mapped reads (RPKM). Figure is shared by Kazamia et al., (2021, 

in review).  

 

In order to induce fluorescence, I transferred the P611 cell line into iron-free medium 

and incubated it for two weeks. Following this treatment, ISIP1-YFP, ISIP2a-RFP and 

ISIP3-CFP in P611 cells all showed bright fluorescence (Figure 3.2B), indicating that 

ISIPs were sensitively induced by iron starvation, consistent with expectations.   

A typical localisation pattern for ISIPs in iron-starved P611 cells is shown in Figure 

3.2B. Here I show representative images from more than 7 biological replicates, which 

all showed similar localization patterns.  ISIP2a was ubiquitously widespread on the 

cell surface, with a bright spot localized to the centre of the chloroplast. ISIP1-YFP 

showed bright fluorescence in the vicinity of the chloroplast and very weak 

fluorescence on the cell surface. Interestingly, ISIP3-CFP showed similar localization 

with ISIP1-CFP but with much weaker fluorescence, and had a bright central spot very 

similar to ISIP2a. The localization of ISIP1 in P611 cells is consistent with a previous 

study  (Kazamia et al., 2018), which reported results from a ISIP1-YFP line (e.g., 

transformed with a single protein). My imaging analyses also corroborate findings 

presented in a paper submitted to the Journal of Experimental Botany, by Kazamia et 

al., (2021), a publication to which I am a contributing author. In the study, currently 

under review, it was found that for the P611 line, all three ISIPs localised to the vicinity 

of the chloroplast midpoint, in a globular region, although ISIP2A-RFP showed tighter 

aggregation, at the centre of the chloroplast groove. ISIP1-YFP and ISIP3-CFP co-localised. 

The diameter size of the bright focal point of ISIP2A-RFP was approximately 1.12 μm 

(SD=0.2,379 n=100), and for ISIP1/ISIP3 it was 3.06 μm (SD=0.3, n=100) (Kazamia et al., 

2021, in review). The average plastid diameter 
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size was 6.21 μm (SD=0.5, n=100) measured from differential interference contrast (DIC) 

images rather than autofluorescence, which is variable throughout the day and does not 

include the chloroplast membranes (Kazamia et al., 2021, in review). My findings (a 

representative image of which is shown in Figure 3.2), working independently on the P611 

line corroborate these results. The localization and pattern of fluorescence are in agreement 

with the reported data.  

Diatoms contain a secondary plastid that derives from a red algal symbiont, that is 

enveloped by four membranes (Flori et al., 2016). In the experiment using the P611 

line, I was unable to further resolve the localization of the ‘globular region,’ to which 

all three ISIPs localised, to distinguish whether the accumulation was in the 

periplastidal compartment (PPC) or inside the chloroplast. Further experiments with 

higher resolution, like correlative light-electron microscopy (CLEM), are planned to 

investigate the precise localization. Particular emphasis will be placed on identifying 

the 4 chloroplast membranes, and determining how many of these the ISIP-FPs had 

crossed.  
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Figure 3.2 Representative images of P. tricornutum P611 trichromatic cell.   

Images from left to right, in turns were ISIP1-YFP, ISIP2a-RFP, ISIP3-CFP, 

chloroplast autofluorescence and cell image under bright light. A. cells cultivated in 

iron-containing medium; B. cells starved for two weeks in iron-free medium. 

Microscopic images were recorded as described in 3.4.3 Methods. Scale bars are 

indicated.  

 

3.2.2 FTN is targeted to the chloroplast 

The fluorescent FTN-GFP cell lines were constructed by universal loop assembly 

(uLoop) and conjugation. At the beginning, dozens of colonies were harvested. Then, 

four cell lines were selected for further experiments relying on their performance 

observed under confocal microscope (as described in section 3.4).  

With the FTN protein operating under an ammonium sensitive cassette of promoter and 

terminator (Pnr ⁄ Tnr), the fluorescence of FTN-GFP is expected to be ‘off’ when cells 

are grown in medium with ammonium as the N resource and be switched ‘on’ when 

nitrate was available, in which the expression of FTN-GFP is induced. The Pnr ⁄ Tnr 

cassette enables inducible gene expression and control of both the level and timing of 

mRNA and protein expression in transgenic diatoms (Poulsen and Kröger, 2005). 

The generated FTN-GFP line behaved as predicted; cells showed weak FTN-GFP 

fluorescence when grown in ammonium-containing medium (Figure 3.3A) and bright 

fluorescence when transferred and grown in nitrate-containing medium (Figure 3.3B). 

The FTN-GFP exhibited consistent localization, in each case localizing to the 

chloroplast in four independent transformed cell lines when nitrate was available in the 

medium. This result was consistent in all biological replicates, of which there were at 

least 3 for each cell line. FTN-GFP aggregated as a bright spot, of differing size. The 

chloroplast localization is consistent with the in silico localization prediction of FTN. 

This is the first time that localization of FTN has been confirmed in vivo in P. 

tricornutum.  

 



 

61 
 

The distribution of FTN-GFP within the chloroplast is not even. The pattern appears 

speckled, with granules of different sizes. Further investigations by microscopy with 

higher resolution are planned to investigate the precise distribution and structure.  

 

 

Figure 3.3 Representative images from P. tricornutum P611 trichromatic cells 

expressing FTN-GFP.   

Images from left to right, in turns were FTN-GFP, chloroplast autofluorescence, cell 

image under bright light and overlapped image. A. cells cultivated in ammonium 

containing medium; B. cells grow in medium with nitrate as N resource.  
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3.3 Discussion 

The functional role of FTN in diatoms is disputed. In laboratory studies, it was shown 

that P. granii, a chain forming diatom whose genome encodes FTN (Figure 2.4), was 

able to undergo several more cell divisions in the absence of iron than the comparably 

sized, oceanic centric diatom T. oceanica, which lacks the FTN gene, supporting the 

hypothesis that FTN functions in the long-term storage of iron (Marchetti et al., 2009). 

However, others have argued that FTN functions instead as an iron oxidation enzyme, 

in iron buffering, and iron homeostasis (Murgia et al., 2007; Duc et al., 2009; Pfaffen 

et al., 2013). Additionally, the function of ISIP3 is completely unknown, but annotation 

of ferritin-like domains suggests a possible overlap in function with FTN.   

In this chapter, by the advantage of the available trichromatic line P611 and the FTN-

GFP line that I generated, it was possible to compare the localization of ISIP3 and FTN 

in vivo in the model diatom species, P. tricornutum, for the first time.  

FTN was shown to function in long-term iron storage in P. granii (Marchetti et al., 

2009). The subcellular localization of FTN in P. tricornutum was predicted to be 

chloroplastic in silico (see section 2.2.2). The observations of the FTN-GFP line 

presented here show that FTN is indeed localized to the P. tricornutum chloroplast, as 

predicted bioinformatically. In the chloroplast, iron is of highest requirement, as iron 

ions function in the transfer of electrons. The results are consistent with the 

phylogenetic relationship between FTN clades, in which PtFTN is a variant of the more 

typical PmFTN, and forms a distinct clade. It provides the basic evidence for our 

hypothesis that FTN functions as an iron storage protein in P. tricornutum. Further work 

with Pseudo-nitzschia ferritins will be of great interest. Namely, it will be interesting 

to see whether P. granii ferritin also localizes to the chloroplast in a similar pattern 

established here for P. tricornutum. Unfortunately, this diatom has not yet been 

genetically transformed. 

ISIP1 was shown to be involved in endocytosis-mediated siderophore uptake, localized 

to cell surface and chloroplast membrane in P. tricornutum (Kazamia et al., 2018). 

ISIP2a was shown to bind ferrous iron on the cell surface, internalized by endocytosis 

and localized to cell surface and intracellular vesicles (Morrissey et al., 2015; McQuaid 

et al., 2018). The results were basically consistent with previous studies, with small 
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differences in the localisation pattern of ISIP2a-RFP with respect to previous results, 

which aggregated as a bright distinct spot close to the chloroplast. ISIP3, the iron-

starvation induced protein whose function is completely unknown, despite it being the 

most abundant of the three ISIPs in global datasets, encodes a conserved domain 

belonging to the ferritin superfamily (Behnke and LaRoche, 2020). Therefore, we 

hypothesize that ISIP3 may be involved in iron storage. Unexpectedly, ISIP3 turned 

out to localize in the vicinity of the chloroplast and to aggregate as a bright central spot 

in the chloroplast. Rather than showing similarity with FTN localization, it showed near 

identical localization with ISIP1. While the hypothesis that ISIP3 may function in iron 

storage remains to be fully tested, the findings provide an interesting possibility – that 

ISIP3 may play a role in iron metabolism through direct interaction with ISIP1 and 

ISIP2a. This is a valuable avenue for future investigation.  

The confocal microscopy experiments presented here are not able to identify 

intracellular membrane structures. The results presented here are not conclusive of 

function, which naturally requires further physiological investigation. The localization 

analysis can significantly benefit from comparisons at higher resolution. Experiments 

employing advanced microscopy techniques with higher resolution, which could 

identify the ultrastructure of the cell interior are enormously beneficial. A technique 

that can provide further insight is correlative light-electron microscopy (CLEM), which 

combines the capabilities of two typically separate microscopy platforms: light (or 

fluorescent) microscopy and electron microscopy, affording the dual advantages of 

ultrafast fluorescent imaging with the high-resolution of electron microscopy. Further 

experiments performed in various growth conditions with different iron 

bioavailabilities are being planned in collaboration with Yannick Schwab at the 

European Molecular Biology Laboratory (EMBL).  

One further avenue for future work is to compare localization profiles of ISIPs and FTN 

in P. tricornutum cells exposed to different iron conditions, and over longer time 

periods. All the experiments presented here were surveying cells that were harvested at 

mid-exponential growth phase. The localization of these proteins throughout a culture’s 

growth – at the beginning and in stationary phase - are also of interest. In order to parse 

the relationship between ISIP3 and FTN it is interesting to compare the localization 

profiles under supplementation of a various range of iron sources, including 
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siderophores, as well as in response to short-term Fe2+ spikes.  

For further investigation into the function and mechanism of ISIPs and FTN in P. 

tricornutum, protein-protein interaction analysis combining biochemical and 

immunological characterization is also required. It is important to reproduce 

localization patterns with the native proteins in wild type cells, using antibodies, 

immunofluorescence and immunogold labelling. Antibody-based techniques are 

important because they will permit the study of the native protein, deemed essential to 

unequivocally define subcellular protein localisation. 

Diatom plastids are of high complexity, surrounded by four membranes (Cavalier-

Smith, 1999). As most proteins localizing to the different plastid compartments are 

nuclear-encoded, they have to be imported across several membranes via sophisticated 

translocon systems (Bolte et al., 2009). In recent years, important subunits of these 

translocators have been identified and used to clarify the exact location of proteins 

(Gould et al., 2015; Lau et al., 2016; Chen, 2019). To test protein–protein interactions, 

the split GFP assay, or bimolecular fluorescence complementation (BiFC) assay are 

often applied, which allows detection of protein–protein interactions in vivo as the two 

GFP fragments can only re-assemble if they are in close proximity to each other 

(Kerppola, 2006) and not if they are located in the same compartment only without 

being fused to interacting proteins (Hempel et al., 2009).  

Another promising method of exploring the protein-protein interactions (or protein-

DNA interactions) in situ is yeast two hybrid (Y2H) assay. It tests physical interactions 

(such as binding) between two proteins or a single protein and a DNA molecule, 

respectively. The premise behind the test is the activation of downstream reporter 

gene(s) by the binding of a transcription factor onto an upstream activating sequence 

(Caufield et al., 2012). Furthermore, heterologous expression of ISIP3 and FTN in yeast 

strain can tell if these proteins bind iron. While techniques such as Y2H could be 

valuable, they may however be challenging because the ISIP proteins are likely to be 

membrane localized. 
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3.4 Material and methods 

To generate the FTN-GFP line, the FTN gene was first tagged to fluorescent protein 

GFP (mNeonGreen) and then cloned into the plasmid with fragment PtCv2 through the 

universal loop assembly technique (Pollak et al., 2019). PtCv2 included many well-

defined cassettes, the antibiotic resistance cassettes for E. coli selection, a diatom 

cassette for diatom selection on phleomycin, and an origin of transfer enabling 

conjugative transfer of episomes from bacteria into diatoms (Diner et al., 2016). Then 

the plasmid was transferred to P. tricornutum by conjugation and cell lines were 

cultivated in enrichment solution with artificial water (ESAW), selected by phleomycin 

and observed by confocal microscopy.  

3.4.1 Universal loop assembly 

Universal loop assembly is a developed Loop assembly based on a recursive approach 

to DNA fabrication. The system makes use of two Type IIS restriction endonucleases 

and corresponding vector sets for efficient and parallel assembly of large DNA circuits. 

Standardized level 0 (L0) parts can be assembled into circuits containing 1, 4, 16 or 

more genes by looping between the two vector sets. The vectors also contain modular 

sites for hybrid assembly using sequence overlap methods. It provides a simple 

generalized solution for DNA construction with standardized parts (Pollak et al., 2019). 

The procedures for constructing the FTN-GFP plasmid are shown in Figure 3.4.  

 

Figure 3.4 Procedures for construction of FTN-GFP plasmid in uLoop. 

First, the FTN gene was cloned from a cDNA library using Phusion high fidelity 
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polymerase (New England Biolabs) and then constructed with the C and D overhangs 

on the 5’ and 3’ termini, respectively. Then, the L0 level units, promoter pNR, gene 

with CD overhangs, FP (GFP, mNeonGreen), terminator tNR and L1 level receiver 

were assembled into one plasmid L1-2_pNR_FTN_GFP_tNR. Last, the L1 level units, 

L1-1_PtCv2, L1-2_pNR_FTN_GFP_tNR, L1-3_spacer, L1-4_spacer and L2 level 

receiver were assembled into L2_FTN-GFP, which are ready for conjugation.  

Design of Oligonucleotides for CD overhangs  

The primers for constructing genes with CD overhangs consisted of UNS fragment, 

BsaI site and overlap sequence. The nucleotides were as below.  

UNS1-full Fw: catta ctcgc atcca ttctc aggct gtctc gtctc gtctc (40 bp) 

          UNS1_half_20 bp       BsaI_site     overhang 18 bp_sequence                              

C.Fw aggct gtctc gtctc gtctc aGGTCTCa AATG NNNNNNNNNNNNNNNNNN  

UNSX-full Rv: ggtgg aaggg ctcgg agttg tggta atcta tgtat cctgg (40 bp) 

          UNSX_half_20 bp      BsaI_site    overhang 18 bp_sequence+-start/stop                              

D.Rv tggta atcta tgtat cctgg tGGTCTCt ACCTGA NNNNNNNNNNNNNNNN  

Since the C and D overhangs include the start codon ATG and stop codon TGA, 

respectively. The start and stop codons of the gene of interest were removed.  

Loop assembly  

The Type IIS assembly protocol used in Loop assembly was adapted from Pollak et al., 

(2019). Changes were performed to enable simpler calculation of required 

concentrations, and streamlining of the reaction set-up by the use of master mixes and 

pre-diluted plasmids at working concentrations. Plasmids in Loop assembly were 

diluted according to their lengths. For ‘donor’ plasmids, the target concentration was 

length/100, for a ‘receiver’ plasmid length/200. This resulted in a 15 fmol/mL 

concentration for donor parts and 7.5 fmol/mL for the receiver plasmid. Then, 1 mL of 

each part was mixed resulting in a final volume of 5 mL. Assembly of L0 parts into a 

L1 construct might require aliquoting to 5 mL by adding water or by removing a volume 
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of the mixed DNA due to the variable number of parts that can be composed. Then, 5 

mL of 2X reaction master mix (2X LBL for odd level assemblies "e.g., L0 to L1", and 

2X LSL for even level assemblies) were mixed with the DNA at room temperature and 

cycled between 37℃ and 16℃ in a thermocycler.  

LBL mix: 2X Master Mix (BsaI) per reaction:  

- 3 μL of HPLC grade H2O 

- 1 μL of 10x T4 DNA ligase buffer (NEB) 

- 0.5 μL of purified BSA 1 mg/mL 

- 0.25 μL of T4 DNA Ligase at 400 U/mL (NEB)  

- 0.25 μL of BsaI at 10 U/mL (NEB). 

LSL mix: 2X Master Mix (SapI) per reaction:  

- 3.5 μL of HPLC grade H2O 

- 0.5 μL of 10x T4 DNA ligase buffer (NEB) 

- 0.5 μL of CutSmart buffer 10X (NEB) 

- 0.25 μL of T4 DNA Ligase at 400 U/mL (NEB) 

- 0.25 μL of SapI at 10 U/mL (NEB) 

PCR cycling parameter:  

- Step 1: 3 minutes at 37℃ 

- Step 2: 4 minutes at 16℃ 

Repeat step 1 and 2 for 25 cycles 

- Step 3: 5 minutes at 50℃ 

- Step 4: 10 minutes at 80℃ 

3.4.2 Conjugation 

The resulting episome was introduced to P. tricornutum using the conjugative plasmid 

pTA-MOB, as described in Diner et al., (2016). Positive transformants were selected 

on zeocin antibiotic plates (100 μg/ml). The selected cell lines were grown in liquid 

cultures using ESAW medium supplemented with zeocin (100 μg/ml) during 

microscopy experiments.  

3.4.3 Confocal microscopy  

Images were acquired using a confocal imaging microscope, an inverted Leica SP8 

(Leica Microsystems, Germany) equipped with 63x/1.2 W objectives (HCLP APOC52), 

a pulsed white light Acousto-Optical Beam Splitter (AOBS) laser and internal hybrid 

single-photon counting detectors, HyD SMD 1-4. Notch filters were used for each laser, 

the speed of acquisition was 200 frames per second, with optimised pixel range set to 

3608x3608, 8-line accumulations and pixel development time of 100ns per frame. 
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Scanning was sequential between frames.  

To observe the trichromatic line, an optimised three-step fluorescence image 

acquisition process was employed: 

 Sequence 1: cells were excited by 20 μW of 470 nm wavelength and fluorescence was 

detected in the window 475-509 nm gated at 1.2 ns. This sequence allowed the 

measurement of CFP. 

Sequence 2: cells were excited by a laser pulse at 20 μW of 514 nm light, with 

fluorescence detected in the 519-572 nm range. This sequence measured fluorescence 

of YFP. 

Sequence 3: cells were excited at 590 nm (20 μW) with fluorescence detected at 595-

660 nm as well as at 689-730 nm, the latter using a photomultiplier tube (PMT) detector. 

The shorter wavelengths detected are indicative of RFP fluorescence, and the PMT 

detector measured chlorophyll autofluorescence. The signal between RFP and 

autofluorescence was separated by applying different time gates (0.9-1.7 ns for RFP 

and 3.6-12.5 ns for autofluorescence). The time gates were established through 

fluorescence lifetime imaging analysis (Figure 3.5). Chlorophyll autofluorescence was 

successfully ‘gated-out’ from interfering with FP emission measurements and did not 

interfere with FP detection during experimental procedures. Therefore, chlorophyll 

autofluorescence did not interfere with FP detection during experimental procedures. 

Expected emission and excitation spectra of the FPs is shown in Figure 3.6. The 

fluorescence acquisition was done in this order, so that the dimmest fluorophore, CFP, 

would be detected first, followed by YFP and then the brightest, RFP. Desiccation and 

bleaching from prolonged laser exposure occurred after approximately 10 minutes of 

continuous exposure, such as during a z-stack collection. Images interpreted in this 

manuscript are from alive cells only. No FP-associated fluorescence was detected in 

wildtype cells under these parameters.  

To observe the FTN-GFP line, Cells were excited by 20 μW of 470 nm wavelength and 

fluorescence of CFP was detected in the window 475-509 nm gated at 1.2 ns. Cells 

were excited at 590 nm (20 μW) with chlorophyll autofluorescence detected at 595-660 

nm (HyD SM4) as well as at 689-730 nm. The time gates were established through 
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fluorescence lifetime imaging analysis. No FP-associated fluorescence was detected in 

wildtype cells under these parameters.  

 

Figure 3.5 FLIM of P611 cells excited at 470 nm and a repetition frequency of 80 MHz. 

The left-hand panel shows the overall emission intensity (in total counts) of P611 cells 

over a period of 12 seconds. The righthand panels show images of the cells fluorescence 

within a defined time gate, either 0-12.83 seconds (total), or an early (0.9-1.73 ns) and 

late (3.44-12.83 ns) gate. The initial steep drop-off in intensity is largely attributed to 

chlorophyll autofluorescence, which decays significantly faster than the fluorescence 

associated with FPs. Figure is shared by Kazamia et al., (2021, in review).  

 

Figure 3.6 Emission and excitation spectra for the fluorescent proteins used in this 

study. These are the expected excitation and emission spectra of YFP, RFP and CFP. 

Figure is generated on FPbase (https://www.fpbase.org/).   

https://www.fpbase.org/
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Chapter 4: A functional investigation of ISIP3 and FTN in P. 

tricornutum using knockout mutants 

 

Abstract  

To explore further the role of ISIP3 and FTN in P. tricornutum, knockout mutants were 

generated by CRISPR-Cas9, selected and confirmed by genotyping and by protein 

detection through western blotting. The phenotypes of KO mutants and the control cell 

lines (wild type transformed with empty vector, MT) were compared. The absence of 

FTN reduced the growth of the cell cultures. The most obvious effect was observed 

when iron-deplete cells were grown in iron-free medium. This indicates that FTN is 

involved in iron storage and iron homeostasis. The absence of ISIP3 exhibited a 

completely different effect on the cells, with no phenotype observed in KO mutants 

when these were grown in iron-free medium, irrespective of the initial iron-replete or 

iron-deplete status of cells. Furthermore, there was a significant decrease in growth of 

KO mutants compared with MT cells when cultures were grown in iron-containing 

medium. The results suggest that ISIP3 is not involved in iron storage, but rather iron 

acquisition. The loss of phenotype of KO mutants grown in copper-free medium further 

supported the conclusion. Further experiments on unicellular iron quota and iron uptake 

rates are required.  

 

4.1 Introduction  

In the previous chapter, the localization of ISIP3 and FTN proteins were investigated 

for the first time. FTN was shown to localize to the chloroplast. Rather than showing 

similarity with FTN, ISIP3 showed a much more complex pattern, localizing in a bright 

central spot in the center of the chloroplast. This could either be the periplastidial space 

or the chloroplast interior. ISIP3 showed near identical localization with ISIP1. This 

indicates a likely different mode of action for ISIP3 compared with FTN. Instead, 

possible involvement of ISIP3 in iron acquisition and interaction with ISIP1 and ISIP2a 

is proposed. To further explore and compare the possible functions of FTN and ISIP3 
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in iron uptake and iron storage in P. tricornutum, in vivo physiological experiments are 

required.  

In the current chapter, further investigation into the role of ISIP3 and FTN in of iron 

metabolism have been performed. To investigate the function of ISIP3 and FTN in P. 

tricornutum, I first generated knockout (KO) mutants by CRISPR-Cas9 (see section 

4.4.2) and compared their phenotypes with control cell lines containing an empty vector 

(i.e., without inserted gene cassette), which henceforth I refer to as MT (empty vector 

control lines). These empty cassette lines are resistant to and were maintained by 

selection in zeocin, allowing for a fair comparison to the mutants. After I obtained the 

colonies, the mutants were genotyped by sequencing target genes. Protein presence or 

absence was verified through western-blotting. With the confirmed KO strains, I carried 

out growth curve experiments to compare the physiology of KO mutants with MT.  

 

4.1.1 The four physiological states of cells in relation to iron 

Since iron is the vital micronutrient being investigated, the experimental design I 

employed varied iron availability, through presence or absence of ferric iron in the 

medium ESAW (plus and minus ferric iron refer to ESAW+Fe, ESAW-Fe). As diatoms 

are known to store iron intracellularly, the second factor taken into account during 

comparisons was the intracellular iron status of cells. Growth curves were started either 

with iron-replete or iron-deplete cells. The latter had been iron-starved for two weeks 

prior to the start of experiments. In the following sections, iron-replete cells are referred 

to as ‘Cells+Fe’ and iron-deplete cells as ‘Cells-Fe’).  

Combining the two factors - different iron availability and intracellular iron status – 

gave a total of four experimental conditions, summarized in Figure 4.1, abbreviated as 

condition i (Cells+Fe, ESAW+Fe), condition ii (Cells+Fe, ESAW-Fe), condition iii 

(Cells-Fe, ESAW+Fe) and condition iv (Cells-Fe, ESAW-Fe).  
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Figure 4.1 Schematic of iron availability and intracellular iron status as a two-

dimensional setting.  

The green fusiform represents P. tricornutum cells. The orange dots represent the 

relative abundance of iron content, intracellularly and extracellularly. There were four 

growth conditions. Condition i. iron-replete cells grown in iron-containing medium 

(Cells+Fe, ESAW+Fe); Condition ii. iron-replete cells grown in iron-free medium 

(Cells+Fe, ESAW-Fe); Condition iii. iron-deplete cells grown in iron-containing 

medium (Cells-Fe, ESAW+Fe); Condition iv. iron-deplete cells grown in iron-

containing medium (Cells-Fe, ESAW-Fe).  

 

4.1.2 The role of copper in iron acquisition 

The reductive iron uptake pathway is well characterized in diatoms. It is composed of 

putative ferric iron reductases, multi–copper(Cu)-containing ferrous iron oxidases, and 

ferric iron permeases (Maldonado and Price, 2001; Shaked et al., 2005; Maldonado et 

al., 2006). In addition, oceanic diatoms may have additional copper requirements 

associated with the substitution of the iron-containing enzyme cytochrome c6 by 

copper-containing plastocyanin, as was shown in T. oceanica (Peers and Price, 2006). 

There is a hypothesis, therefore, that copper is required for efficient reductive iron 

uptake. While copper can be limiting to growth of diatoms on its own, its role in Fe 

uptake is expected to have a confounding effect on iron limitation. When the effect of 

Fe and Cu availability was tested on the physiology of a range of diatoms, both had a 

significant effect on the growth rates of both coastal and oceanic diatoms, however, the 
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interaction between Fe and Cu availability and growth rates was only observed for 

oceanic diatoms (Annett et al., 2008). Copper limitation was shown to be more severe 

in diatoms grown in low- than in high-Fe seawater. T. weissflogii and T. oceanica had 

lower Fe quotas and slower rates of Fe uptake when Cu was reduced in the medium. 

Brief exposure of Cu-limited cells to 10 nmol/L Cu increased the instantaneous Fe 

uptake rate by 1.5 times in T. oceanica (Peers et al., 2005). The ferrous iron oxidase 

activity was dependent on copper (Cu) availability and was diminished by exposure to 

a multi-Cu oxidase (MCO) inhibitor in T. oceanica. The rates of Fe uptake from FOB 

by Fe-limited T. oceanica were also dependent on Cu availability (Maldonado et al., 

2006).  

Further, it has been proposed that Fe-limited Pseudo-nitzschia spp. may produce the 

potent neurotoxin domoic acid (DA) to access Cu, needed at the core of a high-affinity 

Fe transport system (Lelong et al., 2013). Additionally, the crystal structure of CopM 

(a cyanobacterial metallochaperone) in apo and copper-bound forms were reported 

(Zhao et al., 2016), further implicating the element in Fe uptake. Strikingly, ISIP3 of P. 

tricornutum turned out to be the only gene retrieved by BLASTp search of CopM. ISIP3 

shows 37% sequence identity with CopM.  

Taking these observations together, I therefore hypothesized that Cu was required for 

Fe transport in P. tricornutum. I therefore tested the effect of Cu on the iron physiology 

of the mutants and MT cells by removing the micronutrient from the growth medium. 

Where this treatment was applied, cells were either exposed to iron or iron was 

eliminated from the medium (abbreviated as ESAW+Fe-Cu and ESAW-Fe-Cu).  

 

4.1.3 Investigating siderophores as organic iron source for Fe.   

An early study showed that P. tricornutum cells were able to access iron from the tri-

hydroxamate siderophores ferrioxamine E (FOE) and ferrioxamine B (FOB), albeit 

with different kinetics (Soria-Dengg and Horstmann, 1995). Experiments with FOB 

confirmed this recently, and ISIP1 was shown to be involved in endocytosis of the 

siderophore complex into the cell, with a reduction step to disassociate the bound iron 

in the vicinity of the chloroplast (Kazamia et al., 2018). Since ISIP3 showed a similar 

localization to ISIP1 (see section 3.2.1) in my microscopy work, an interesting 
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hypothesis is that ISIP3 is involved in siderophore uptake and/or interacts directly with 

ISIP1. Thus, in the experiments that follow I compared the growth of ISIP3-KO mutants 

and MT in medium that supplied the siderophores FOB and FOE as an iron source 

instead of ferric iron chelated with EDTA (abbreviation as ESAW+FOB, ESAW+FOE).  

For treatments where Fe-EDTA was the iron source, the concentrations of FeCl3 and 

Na2EDTA added to ESAW were 8.69×10-6 and 8.30 ×10-6 mol/L respectively. EDTA 

is a common synthetic chelator, in addition to ferric iron; it complexes other metal ions 

(manganese, iron, zinc, copper). In this scenario, only a fraction of the iron is available 

to diatoms as dissolved Fe’ – approximately 1/50th of the added FeCl3 (as described in 

Sunda et al., 2005). For treatments where siderophores were the source of iron, the 

concentration of FOB and FOE added were 2.64 ×10-8 and 1.15×10-7 mol/L, 

respectively. In the scenario where the siderophores were added, no freely dissolved Fe’ 

is available in solution, so if any iron is taken up, it is from the siderophores directly.  

Fe3+ + EDTA ⇋ FeEDTA                                         (1) 

 

4.1.4 Growth curve measurements 

To characterize the phenotypes of KO mutants, I recorded a range of parameters 

(summarised in Figure 4.2). First, I counted cell numbers every two days. Based on cell 

density I calculated the specific growth rate and doubling time when cultures were at 

the very beginning of exponential phase, and compared the cell numbers at the end of 

the experiments when cultures reached the stationary phase.  Further, I compared the 

average cell sizes at the end of growth curves, when cultures had reached stationary 

phase. As photosynthesis is vital for diatoms and its efficiency is directly linked to Fe 

availability, I measured the chlorophyll content and chlorophyll auto-fluorescence in 

the late exponential phase. For each strain, three cultures were set as biological 

replicates for the measurements. The values were represented as mean ± SD. The 

statistical significance was calculated, * indicated p-value < 0.05, ** refers to p-value 

< 0.001. The number of independently generated cell lines of MT, FTN-KO mutants, 

ISIP3-KO mutants were 2, 3 and 2, respectively. For each cell line, cultures were run 

in triplicate, e.g., with three biological replicates.  
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Figure 4.2 Physiological parameters to be recorded during growth curves.  

The monitored experimental data included first, biomass: cell density (cells/mL), 

specific growth rate (day-1) and doubling time (day); second, chlorophyll: chlorophyll 

content (pg/cell) and chlorophyll fluorescence; third, relative cell size.  

 

4.2  Results 

With combined molecular biology and cell physiology, I investigated the role of ISIP3 

and FTN in the model diatom species P. tricornutum. First, knockout mutants were 

generated by CRISPR-Cas9 and bombardment, selected and validated by genotyping 

and western-blot. Then growth curves of MT and KO-mutants were carried out to 

screen the phenotypes under different conditions, with different iron availability and 

initial intracellular iron status.  

4.2.1 Knockout mutants confirmed by genotyping and western-blot 

ISIP3-KO mutants 

To generate ISIP3-KO mutants by CRISPR-Cas9 techniques, five initial sites were 

designed to target to the first exon of gene ISIP3 in P. tricornutum (Figure 4.3, more 
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details see Methods 4.4). Among five targets, only isip3_35 worked. Two knockout 

mutants were selected and verified by genotyping and western-blot experiments. 

Mutant isip3_35.1 contained a deletion of one nucleotide whereas isip3_35.2 had a 

deletion of seven nucleotides. As expected, interruption of the ISIP3 gene resulted in 

the complete deletion of ISIP3 protein in both mutants (Figure 4.4). 

 

Figure 4.3 Genotypes of ISIP3-KO mutants, determined by sequencing.  

 

Figure 4.4 Deletion of ISIP3 protein in KO mutants confirmed by western blot.  

Above the figure are the names of cells. In each lane, the same amount of protein extract 

was loaded. On the left panel are protein samples extracted from cells growing in iron-

containing medium (green); on the right, under iron starvation (red). Protein extracted 

from wild type cells and two MT lines (Cas9.2 and Cas9.3) are used as positive control. 

ISIP3 and PsaC antibodies are used separately to detect the proteins. PsaC is a 

chloroplast protein that is ubiquitously expressed in diatoms and therefore broadly used 

as reference gene (Takahashi, 1991).  
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FTN-KO mutants 

The target site of CRISPR-Cas9 in FTN was localized to the second exon because the 

first exon was too short (Figure 4.5). Two targeting sites worked among three. More 

than eight cell lines were selected and verified as knockout mutants, but I chose the 

three most promising lines with clear mutations.  

To check the mutants at protein level, because a diatom or plant anti-Ferritin antibody 

was not available, a human Anti-Ferritin Heavy Chain antibody (ab89787) on ABCAM 

was tried. However, this antibody did not bind anything in my western blot experiments, 

not even in protein samples extracted from human cells (Hela, A549 and HEK_293 

Figure 4.6).  
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Figure 4.5 Genotypes of FTN-KO mutants, checked by sequencing.  

Genotypes correspond to 1 nucleotide insertion, 1 nucleotide deletion and 8 nucleotides 

deletion in mutation lines ferritin_70.2, ferritin 70.6 and ferritin 70.7 respectively. 

Therefore, in each cassette full length sequence of FTN in P. tricornutum is expected 

to be interrupted by the mutation.  

 

Figure 4.6 Western-blot result of FTN-KO mutants.  

In each lane, the same amount of protein samples is added. Protein extracted from 

human cells that are used as positive control, including cancer cell line Hela, lung cell 

A549 and kidney cell HEK_293. Protein samples extracted from the knockout mutants 

grown either with iron (black) or under iron starvation (red) are tested. Anti-Histone 

H4 antibody is used as reference gene.   

 

4.2.2 Phenotypes of ferritin knockout (FTN-KO) mutants 

In all growth conditions, regardless of iron availability and intracellular iron status, 

FTN-KO mutants showed lower final cell density compared with MT (wild type cell 

lines transformed with empty vector). This carrying capacity of the cultures of KO 

mutants was lower by 16.7%, 40.2%, 8.2% and 15.2% in condition i, ii, iii and iv, 

respectively, compared to MT (Figure 4.7A). The biggest difference was observed in 

condition ii (Cells+Fe ESAW-Fe), in which the final cell density of FTN-KO mutants 

was 1.6×106 ± 7.4×104 cells/mL, and was 40.2% lower than MT, 2.8×106 ± 4.3×104 

cells/mL (Figure 4.7Aii). In other words, the absence of FTN had an overall effect on 

growth regardless of iron availability and intracellular iron status. Furthermore, when 

iron was not available for iron-replete cells, the cell density of FTN-KO mutants was 

significantly reduced compared with the MT cultures.  
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The specific growth rate and doubling time were calculated from the cell density, from 

day 4 to day 6, when cells were at the early exponential phase. Both of them were 

consistently related to the final cell density measured during the growth curve. The most 

obvious difference between FTN-KO mutants and MT was observed in condition ii 

(Cells+Fe ESAW-Fe). The specific growth rates of MT and FTN-KO mutants were 

0.69 ± 0.02 and 0.45 ± 0.03 day-1, respectively, in condition ii, showing 34.8% decrease 

in FTN-KO mutants compared with MT (p<0.01, Figure 4.7Bii). The doubling time of 

MT and FTN-KO mutants were 1.02 ± 0.04 and 1.64 ± 0.10 day, respectively, in 

condition ii, the doubling time in FTN-KO mutants was 60.3% longer than MT (p<0.01, 

Figure 4.7Cii). In contrast, the difference was neg in conditions i and iv (Figure 4.7B i, 

iv and 10C i, iv). It meant that the absence of FTN affected the growth but didn’t affect 

the survival of cells, at least not in terms of cell division.  
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Figure 4.7 FTN-KO mutants versus MT cells grown in ESAW+Fe and ESAW-Fe.  

A. growth curve; B. specific growth rate; C. doubling time; D. relative cell size; E. a 

diagram showing my hypothesis with MT cells in grey and KO mutants in green; F. 

chlorophyll content; G. chlorophyll auto-fluorescence.   
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The biggest difference between FTN-KO mutants and MT in final cell density, specific 

growth rate and doubling time were recorded in condition ii (Cells+Fe ESAW-Fe). 

However, the difference in relative cell size was observed in condition iii (Cells-Fe, 

ESAW+Fe), the relative cell size of FTN-KO mutants was 22.8% smaller than MT 

(Figure 4.7Diii). Different parameters (cell density and cell size) showed remarkable 

differences between FTN-KO mutants and MT across all conditions, suggesting that 

the overall effect on the cell was multifaceted and extended beyond growth physiology, 

and also affected cell morphology.   

Iron is an essential component for the production of chlorophyll. In plants, iron 

deficiency often causes chlorosis, a condition in which leaves produce insufficient 

chlorophyll and turn yellow (Abadía et al., 2011). Therefore, I hypothesized that 

chlorophyll synthesis in the FTN-KO mutants might be affected and may be always 

lower than MT, especially if ferritin is used as an iron storage protein. Strikingly, the 

chlorophyll content of FTN-KO mutants was always higher than MT in all conditions. 

Chlorophyll content was greater in FTN KOs than MT by 67.4%, 37.9%, 17.8% and 

9.3% in condition i, ii, iii and iv, respectively, regardless of the iron availability and 

intracellular iron status (Figure 4.7F). In condition i (Cells+Fe, ESAW+Fe), the 

chlorophyll content of MT was 284.6 ± 43 pg/cell compared with 476.6 ± 54.0 pg/cell 

in FTN-KO mutants. In condition ii (Cells+Fe, ESAW-Fe), it was 298.3 ± 23 and 410.6 

± 103.7 pg/cell respectively in MT and FTN-KO mutants. The chlorophyll fluorescence 

of FTN-KO mutants was consistent with chlorophyll content. It was consistently and 

significantly higher in FTN than MT. It was greater by 28.4%, 12.0%, 32.9% and 6.6% 

in condition i, ii, iii and iv, respectively, in mutants compared with MT (Figure 4.7G). 

In condition i, the chlorophyll fluorescence of MT and FTN-KO mutants was 4747 ± 

451 and 6093 ± 402 arbitrary unit/cell, respectively. In condition iii (Cells-Fe, 

ESAW+Fe), it was 6604 ± 118 and 8779 ± 302 arbitrary unit/cell, respectively. 

Overall, both chlorophyll content and fluorescence were higher in FTN KO mutants 

than in MT. While this disagreed with my original hypothesis, a possible explanation 

is that mutant cells may be compensating for the mutation’s effect on growth by 

accumulating more chlorophyll. Intriguingly, the difference between FTN-KO mutants 

and MT in chlorophyll content was most remarkable when intracellular iron was replete, 

and in chlorophyll fluorescence when iron was available in the medium. Further 
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experiments are required to explain these phenotypes.  

In conclusion, the marked decrease of cell density in FTN-KO mutants when iron was 

not available for iron-replete cells provides initial evidence that FTN may function as 

an iron storage protein in P. tricornutum.  The effect of absence of FTN on diatom 

growth was observed regardless of iron status and availability, and the different effects 

of iron status and availability on chlorophyll might be the side-effect of interruption of 

iron storage (Figure 4.7E). The alternative hypothesis, that FTN is used in iron 

homeostasis, would suggest that a less consistent pattern would be observed, where 

availability of Fe would play a role in whether a decreased growth phenotype was 

observed, which was not the case in my experiments. Further experiments measuring 

iron cell quota directly in cells (both MT and KO) are needed to identify the role of 

FTN more precisely.  

 

4.2.3 Phenotypes of ISIP3-KO mutants  

ISIP3-KO mutants performed completely differently compared with FTN-KO mutants. 

FTN-KO lines showed significant decreases in growth compared with MT in condition 

iii, and slight decreases in the other three conditions, however, for ISIP3-KO mutants, 

I observed decreases in growth in conditions i and iii, but no difference in conditions ii 

and iv. The final cell density of MT and ISIP3-KO mutants in condition i (Cells+Fe, 

ESAW+Fe) were 8.4×106 ± 3.4×105 and 6.3×106 ± 4.5×104 cells/mL, respectively. KO 

mutants decrease 25.7% in cell density compared with MT (Figure 4.8Ai). In condition 

iii (Cells+Fe, ESAW-Fe), it was 8.3×106 ± 2.9×105 and 7.2×106 ± 3.0×104 cells/mL, 

respectively, decreased by 13.5% in KO mutants (Figure 4.8Aiii). In contrast, in 

conditions ii (Cells-Fe, ESAW+Fe) and iv (Cells-Fe, ESAW-Fe), there wer no obvious 

differences between MT and ISIP3-KO mutants.  

Consistently with carrying capacity differences, I observed that specific growth rate, 

doubling time and cell size showed the biggest difference between ISIP3-KO mutants 

and MT in condition i (Cells+Fe, ESAW+Fe). In this condition, the specific growth 

rates of MT and ISIP3-KO mutants were 0.77 ± 0.04 and 0.59 ± 0.04 day-1, respectively, 

decreased by 23.4% in KO mutants (Figure 4.8Bi) compared with MT. The doubling 

time of MT and ISIP3-KO mutants were 0.95 ± 0.04 and 1.26 ± 0.05 day, which was 
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32.6% longer in KO than MT (Figure 4.8Ci); the relative cell size of ISIP3-KO mutants 

was 20.7% smaller than MT (Figure 4.8Di).  
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Figure 4.8 ISIP3-KO mutants versus MT cells grown in ESAW+Fe and ESAW-Fe.  

A. growth curve; B. specific growth rate; C. doubling time; D. relative cell size; E. a 

diagram showing my hypothesis with MT cells in grey and KO mutants in green; F. 

chlorophyll content; G. chlorophyll auto-fluorescence.   

 

The chlorophyll content of ISIP3-KO mutants was higher than MT in conditions i and 

iii, increased by 97.7% and 34.6%, respectively. For conditions ii and iv, where Fe was 

not supplied into the cultures, the chlorophyll content was similar with MT, with 

variations smaller than 5.5%. The most remarkable differences were in condition i 

(Cells+Fe, ESAW+Fe), in which the chlorophyll contents were 436 ± 72 and 871 ± 118 

pg/cell in MT and KO mutants, respectively, increased by 222.6% (Figure 4.8Fi). This 

obvious phenotype in chlorophyll content was consistent with the growth curve 

observations, with significant decrease in KO mutants in condition i.  
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However, the chlorophyll content was higher in ISIP3-KO mutants than MT in 

conditions i and ii, being increased by 43.2% and 15.8%, respectively. For conditions 

iii and iv, it was similar between mutants and MT, with variation smaller than 4.4%. In 

condition i, the chlorophyll fluorescence of MT and ISIP3-KO mutants was 4995 ± 123 

and 5213 ± 205 arbitrary unit/cell, respectively, increased by 43.2% in KO mutants 

(Figure 4.8Gi).  

Overall, in all growth conditions, different parameters showed very similar   trends, 

with differences between MT and KO cell lines only in iron-replete media (EASW+Fe), 

and no differences between MT and KO lines in iron-free media (ESAW-Fe). In iron-

free media, iron was not available externally for cells to take up, so cells are only 

expected to be able to use stored intracellular iron. In the conditions when iron was 

unavailable, the growth of ISIP3-KO mutants was not affected by the absence of ISIP3, 

indicating that the iron storage capacities of ISIP3-KO mutants was not affected. 

Therefore, I conclude that ISIP3 is not involved in iron storage. Instead, the marked 

decrease of growth of ISIP3-KO mutants in iron-containing medium might indicate 

involvement of ISIP3 in ferric iron acquisition (Figure 4.8E).  

 

4.2.4 ISIP3-KO mutants grown in copper-free conditions 

In the previous section I investigated the phenotypes of ISIP3-KO mutants. ISIP3-KO 

mutants showed significant decrease of cell density compared with MT in conditions 

with iron-containing media (conditions i and iii). Compared with that, in this 

experiment, I removed copper from all the media, both iron-replete and iron-free. 

Strikingly, I observed only a slight decrease of growth in ISIP3-KO mutants compared 

with MT, decreased by 8.3% and 7.9%, respectively, in conditions i and iii (Figure 

4.9A). The specific growth rate and doubling times were consistent with growth curves, 

showing no obvious differences between MT and KO in conditions i and iii (variation 

< 5.4%, Figure 4.9 B and C). However, the relative cell size of ISIP3-KO mutants was 

13.1% smaller than MT in condition iii (917 ± 14 and 797 ±37, respectively).  
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Figure 4.9 ISIP3-KO mutants versus MT cells grown in Cu-free medium.  

A. growth curve; B. specific growth rate; C. doubling time; D. relative cell size; E. a 

diagram showing my hypothesis with MT cells in grey and KO mutants in green; F. 

chlorophyll content; G. chlorophyll auto-fluorescence.   

 

I detected increased chlorophyll content in all growth conditions. The chlorophyll 

content in ISIP3-KO mutants increased by 31.7%, 27.4%, 21.4% and 20.8% compared 

with MT, respectively, in conditions i, ii, iii and iv (Figure 4.9F). Surprisingly, the 

chlorophyll fluorescence didn’t show obvious differences in any conditions (variation 

< 4%, Figure 4.9G).  

Copper has been suggested to be required for high-affinity iron uptake in many centric 

oceanic diatom species (Peers et al., 2005; Annett et al., 2008; Lelong et al., 2013). In 
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section 3.2.2, I determined that ISIP3-KO mutants showed negligible growth 

differences compared with MT in conditions where iron was unavailable, and 

significant decreases in growth when iron was available. I therefore concluded that 

ISIP3 was not functional as an iron storage protein but might be involved in iron 

acquisition. In this experiment, the phenotypes of ISIP3-KO mutants previously 

detected by comparison with MT, disappeared when copper was removed from the 

medium, suggesting the phenotypes were copper-dependent. This confirmed the 

hypothesis concerning ISIP3’s involvement in iron acquisition in P. tricornutum. 

Further experiments on the effect of copper in P. tricornutum wild type strains is 

necessary to verify the correlation between copper and iron acquisition in P. 

tricornutum.  

 

4.2.5 Siderophore as an iron resource for ISIP3-KO mutants 

As ISIP1 was experimentally shown to be involved in endocytosis-mediated 

siderophore uptake (Kazamia et al., 2018), and ISIP3 showed co-localization with 

ISIP1, I further asked whether ISIP3 is required for siderophore uptake specifically (and 

not just in reductive Fe uptake). Aiming to clarify this, I substituted ferric iron with 

siderophore FOB and FOE as iron resources (see section 4.1). Referring to Figure 4.10E, 

the left-hand panels were conditions supplied with FOB-containing medium, and on the 

right FOE (condition i: Cells+Fe, ESAW+FOB; condition iii: Cells-Fe, ESAW+FOB; 

condition ii: Cells+Fe, ESAW+FOE; condition iv: Cells-Fe, ESAW+FOE).  

In section 4.2.2, ISIP3-KO mutants showed a decrease in growth compared with MT 

by 25.7% and 13.5%, respectively, with different intracellular iron status (condition i: 

Cells+Fe, ESAW+Fe; condition iii: Cells-Fe, ESAW+Fe). In this experiment, when 

FOB was supplied as iron source, the final cell density of ISIP3-KO mutants slightly 

decreased by 8.8% in condition i (Cells+Fe, ESAW+FOB) and significantly decreased 

by 20.8% compared with MT (1.9×106 ± 5.4×104 and 2.4×106 ± 1.3×105 cells/mL, 

respectively) in condition iii (Cells-Fe, ESAW-FOB). This is a significant change 

compared with phenotypes observed in section 4.2.2. However, when supplied with 

FOE, the final cell density of ISIP3-KO mutants decreased by 1.4%and 6.6%, 

respectively, in conditions ii and iv (Figure 4.10A).   
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Both specific growth rate and doubling time displayed huge differences between MT 

and ISIP3-KO mutants in condition iii. The specific growth rate of ISIP3-KO mutants 

was 0.48 ± 0.03 day-1, decreased by 35.2% compared with MT, which was 0.73 ± 0.01 

day-1 (Figure 4.10B). The doubling time of ISIP3-KO mutants and MT was 1.62 ± 0.08 

and 1.03 ±0.02 day, respectively, increased by 57.3% in KO mutants (Figure 4.10C). 

There was no obvious variation in relative cell size (<5% in all conditions, Figure 4.10D) 

at the end of the experiments in MT and KO cultures.   
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Figure 4.10 ISIP3-KO mutants versus MT cells grown in ESAW+ FOB and 

ESAW+FOE.  

A. growth curve; B. specific growth rate; C. doubling time; D. relative cell size; E. a 

diagram showing my hypothesis with MT cells in grey and KO mutants in green; F. 

chlorophyll content; G. chlorophyll auto-fluorescence.   

The chlorophyll content and fluorescence of ISIP3-KO mutants were higher than MT 

in all growth conditions when siderophore was supplied as the iron resource, with the 

most obvious increase in chlorophyll content (52.0%) in condition iii (Cells-Fe, ESAW-

FOB) and in fluorescence in conditions ii and iii (14.10% and 12.0%, respectively, 

Figure 4.10F and G).  

Since I detected a striking phenotype when siderophore was available for iron-deplete 

ISIP3-KO mutant cells, I therefore propose that ISIP3 is involved in siderophore uptake 

alongside ISIP1. Iron-replete cells mainly depended on intracellular iron for growth and 
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cell division, however for iron-deplete cells, the main resource of iron in experiments 

shown in Figure 4.10 was siderophore in the medium. By comparison, when ferric iron 

is provided as the iron source (Figure 4.8), the final cell density of MT reached to 

~8.0×106 cells/mL, and with siderophores, it was ~3.5×106 cells/mL. I therefore 

confirm that P. tricornutum is capable of utilizing siderophore-bound iron, and exhibits 

species-specific recognition of siderophores (Kazamia et al., 2018). The phenotypes of 

iron-replete ISIP3-KO mutants grown in medium with FOB but not in media with FOE 

indicate that P. tricornutum discriminates between these two siderophores. FOE is a 

circularised version of FOB. This adds a further nuance to our understanding of the 

involvement of siderophores in the bioavailable iron pool for diatoms.  

Further fundamental experiments comparing the differences in growth of P. 

tricornutum wild type strains growing in medium supplied with FOB and FOE are 

necessary to investigate the iron acquisition mechanism of different siderophore types.  

 

4.3  Discussion 

4.3.1 Heatmap overview of phenotypes 

For an easier and clearer overview of the phenotypes studied, I constructed a heatmap 

(Figure 4.11), in which only percentages of the increased or decreased growth of the 

KO mutants compared to the control, the MT, were recorded. Heatmaps have the 

advantage of quickly and easily identifying differences in large-scale data analysis from 

parallel experiments.  

The phenotypes of FTN-KO and ISIP3-KO mutants were significantly different. FTN-

KO mutants showed a significant decrease in growth in conditions compared to MT 

when iron was not available for iron-replete cells, and only a slight decrease in growth 

in all other conditions. However, for ISIP3-KO mutants, phenotypes appeared only 

when iron was available, for either iron-replete or iron-deplete cells. There was no 

discernible phenotype in the mutants compared to MT empty vector controls when iron 

was unavailable.  

Phenotypes in final cell density, specific growth rate and doubling time were based on 
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growth curves and were consistently correlated with each other. As to the relative cell 

size, chlorophyll content and fluorescence, in ISIP3-KO mutants, they were largely 

consistent with growth, however, in FTN-KO mutants, they were not predictable, with 

most significant decreases in cell density in condition ii (Cells+Fe, ESAW-Fe), whereas 

cell size and chlorophyll fluorescence differences were apparent in condition iii (Cells-

Fe, ESAW+Fe). Metabolisms are linked through complex intracellular pathways, 

therefore further investigations are required to map these coregulations between iron 

acquisition, iron storage and photo-physiology.  

 

 

Figure 4.11 Heatmap of iron-dependent phenotypes of FTN and ISIP3 KO mutants.  

The shade of colour and numbers within indicate the percentage of increase or decrease 

of each parameter in KO mutants comparing to MT. The first column on the left shows 

the phenotypes of FTN-KO mutants in four conditions (iron availability and 

intracellular iron status described in 2.1); then the second column, ISIP3-KO mutants; 

in the third column, the left grids (normal medium) was compared with the right grids 

(copper-free); in the last column, the left grids (ferric iron as iron resource) was 

compared with the right grids (siderophore FOB and FOE).  
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4.3.2 Conclusions and perspectives  

In conclusion, the work described in Chapter 4 of this dissertation provides insights into 

the study of function of FTN and ISIP3 in P. tricornutum. The absence of FTN has an 

overall dampening effect on the growth of the culture, with lower growth rates at mid-

exponential phase and lower overall carrying capacity reached in stationary phase. The 

most obvious effect was observed when iron deplete cells were grown in iron-free 

medium. It indicates that FTN is involved in iron storage. ISIP3 KO mutants showed a 

completely different effect, with no phenotype in KO mutants when grown in iron-free 

medium, no matter the initial iron-replete or iron-deplete starting conditions for the 

cells, and a significant decrease of growth observed for KO mutants grown in iron-

containing medium. This suggests that ISIP3 is not involved in iron storage, but more 

likely in iron acquisition. The loss of phenotype of KO mutants grown in copper-free 

medium further supported the conclusion.  

However, further experiments are required. For FTN-KO mutants, total cell iron quota 

will be strong evidence to confirm the function as iron storage protein. A further 

important experiment will be to complement FTN-KO mutants of P. tricornutum with 

FTN from Pseudo-nitzschia, in order to test whether PmFTN can fully replace PtFTN. 

FTN-KO mutants. For ISIP3-KO mutants, experiments on iron uptake rates using 

radiolabelled Fe, are a powerful tool for garnering evidence for the protein’s 

hypothesized involvement in iron acquisition. The determination of both cellular iron 

quota and cellular iron uptake rates requires a trace metal clean experimental 

environment, which is challenging and outside the scope of capabilities at IBENS.  

 

4.4  Materials and methods 

4.4.1 Diatom cultivation  

Diatom strain 

Experiments were carried out with strain Phaeodactylum tricornutum CCAP1055/1.  
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Culture conditions 

Cultivation of wild-type and mutants of P. tricornutum were performed under a 12-

hour light/12-hour dark cycle, with an average intensity of 100 μmol photons/m2/s 

during the light phase on incubator with 100 rpm shaking speed. Cultures were 

maintained at a temperature of 18°C at a volume of 10 mL in single use transparent 

plastic flasks.  

Culture medium 

The growth medium was enriched artificial seawater, ESAW (Falciatore et al., 2000). 

Its molecular composition is given in (Table 4.1).   

Table 4.1 Molecular composition of medium ESAW  

 

To prepare the medium, all reagents were handled only using plasticware in a trace 

metal clean environment to avoid iron contamination, because glass bottles can absorb 

heavy metals and medium can be contaminated by metal tools, like iron spatulas. Dense 

solutions were stored in Falcon tubes for 6 months maximum at room temperature 
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avoiding light, except the vitamins, which were stored at 4°C. I used filtration units 

(NalgeneTM Rapid-FlowTM Disponsible Sterile Filtration Units with PES Membrane) to 

sterilize the medium instead of autoclaving, since the autoclave process is also known 

to contaminate media solutions with iron.  

 

Figure 4.12 The procedures for preparing the medium  

Salts required for media preparation were measured out, brought into solution and kept 

in Falcon tubes. Concentrated solutions of microelements and trace elements were kept 

in Falcon tubes at room temperature in the dark. Fresh media was always mixed from 

the stocks and sterilized just before the experiments.  

DMSO cryopreservation  

Once the knockout mutants had been selected, cryopreserved stocks were made from 

cultures. These were important as back-ups in case of laboratory accidents (for example 

1L Plastic Bottle (add 900 mL H2O)

add

CaCl2 1.34

KCl 0.60 x 1 tube/L

Mg.Cl2·6H2O 9.59 powder

Na2SO4 3.55

NaCl 21.19

g

add

1:1000 Na.NO3 2.33 1 mL

1:1000 NaH2.PO4 0.15 1 mL x 9 tube

1:1000 Na2.SiO3·9H2O 2.49 1 mL 1 mL/L

1:1001 NaHCO3 8.70 1 mL

1:1000 Na2.EDTA 0.15 1 mL

1:1000 K.Br 4.32 1 mL

1:1000 Sr.Cl2 1.09 1 mL

1:1000 NaF 0.14 1 mL

1:1000 H3.B.O4 1.15 1 mL

1:1000 Trace Metal 1 mL 1:100 Mn.Cl2 2.70 500 μL x 7 tube

g 1:1000 Zn.Cl2 1.73 50 μL x uL/50mL

1:10000 Na2.MoO4 0.74 5 μL

add 1:1000 Co.Cl2 0.80 50 μL

1:1000 Fe.EDTA 8,7 uM 1 mL 1:10000 Ni.SO4 0.88 5 μL

1:1001 Vitamins 1 mL 1:100000 Na2.SeO3 0.87 0.5 μL

1:1000 Cu.SO4 0.49 50 μL

g

add H2O to 1L

filtrate by Sterile Disposable Filtration Units with PES Membrane

store in RT avoiding light
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bacterial contamination of cultures) and make it possible to recover cultures when 

phenotypes change after many generations of cultivation due to acclimation.  

First, 30% DMSO solution was made from 10 mL DMSO and 23.33 mL ESAW, mixed 

in 50 mL falcon tube. Fresh and healthy cultures in exponential phase for 

cryopreservation were pre-cultivated. Then 4 mL 30% DMSO solution and 6 mL 

healthy exponential cultures were mixed in 10 mL falcon tube and aliquoted to 1.8 mL 

cryotubes. So, the final concentration of DMSO was 12%. Following the standard slow 

cooling cryopreservation protocol, the cryotubes were first put in freezer 4℃ for 1 hour, 

then put in -20℃ for 1 hour and stored at -80℃. The last but optional step was to test 

the recoverability by recovering cells from these cryotubes.  

Culture maintenance and pre-cultivation 

All cell lines were maintained in medium ESAW supplemented with zeocin. Cultures 

were propagated continuously by refreshing the culture with a dilution of 1:100 every 

week. Contamination tests were carried out every three months. For the growth curve 

comparisons, cells were pre-cultivated with different treatments for two weeks before 

being used as original cells in growth curve experiments.  

Cells were washed with iron- and copper-free medium by centrifugation at 2500 rpm 

at 15°C for 6 min (which was much gentle for cells than 4000 rpm 10 min) for three 

times. For the last wash, one drop of 2 mol/L Na2EDTA was added to collect any free 

iron in solution. Subsequently, cells were counted using a Malassez counting chamber 

under the microscope. The original cell density of growth curve was 104 cells/mL.  

Contamination test and decontamination 

Maintaining good growth of algae cells is a prerequisite for any experiment. So, it is 

necessary and important to check the contamination regularly to make sure the cells are 

growing well. Both bacteria and the nuclei of diatom cells can be stained by DAPI. For 

contamination test, 3 μL cell culture was added to the slide with 1 μL 20 ug/mL DAPI, 

mixed and left for 10 min until cells were stained before being observed under a 

fluorescent microscope. The wavelength of excitation and emission were 360 nm and 

475 nm, respectively. Contaminated cultures were reselected by replating diluted 

cultures on plates with antibiotics.  
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4.4.2 Knockout mutants  

CRISPR-Cas9 is a powerful tool for genome manipulation and has been adapted for 

gene editing in marine algae (Nymark et al., 2016). Knockout mutants of ISIP3 and 

FTN were generated by CRISPR-Cas9 and bombardment techniques, verified by 

genotyping and western-blot.  

CRISPR-Cas9 

Coding sequences of genes were downloaded from the website Ensembl Protists 

(http://protists.ensembl.org/Phaeodactylum_tricornutum/Gene/Sequence). CRISPR-

Cas9 specific targets for guide RNA were designed on CRIPOR 

(http://crispor.tefor.net/crispor.py). Primer pairs were designed to replace the fragment 

of the target site within the pU6-sgRNA vector, consisting of target and overlapping 

sequences. The sequence of pU6-target-sgRNA was checked before bombardment.  

Bombardment  

A P. tricornutum cell culture (500 μL) adjusted to 1×108 cells/ml was plated on ½ 

ESAW agar plates and grown for 1 day. The pU6-target-sgRNA vector and pDEST-

hCAS9 vector were introduced to the cells by biolistic bombardment using the Biolistic 

Particle Delivery System (Bio-Rad, Hercules, CA, USA) as previously described 

(Falciatore et al., 1999). The cells were co-transfected with the Paf6/pPhat1 vector to 

enable selection of transformants on ½ ESAW agar plates containing 100 μg/ml zeocin. 

Tungsten M17 microcarriers (Bio-Rad) were coated with 2.5 μg of each vector 

following the manufacturer’s instructions (Bio-Rad). Cells were transferred to selection 

plates 1 day after bombardment. Resistant colonies appearing 3–4 weeks after 

bombardment were transferred to liquid ESAW containing 50μg/ml zeocin.  

Screening for gene targeted mutations  

For screening, zeocin resistant clones showing sequence "ambiguities" in the target 

region (based on sequencing of PCR products) were transferred to liquid cultures and 

spread on agar plates to obtain single colonies.  

Western blot  

The Anti-PtISIP3 antibody was a gift from Andrew E. Allen’s group (J. Craig Venter 

http://crispor.tefor.net/crispor.py
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Institute, Scripps Institution of Oceanography). The Anti-Ferritin Heavy Chain 

antibody (ab89787) was ordered from ABCAM. The positive control was a protein 

extract from human cells (Hela, A549 and HEK_293). Anti-Histone H4 antibody was 

used as reference.  

 

4.4.3 Flow cytometry 

The Flow Cytometer (FCM) that I used is The Partec CyFlow® Cube, which is fully 

equipped with operation CyView® software, and runs with an internal PC. Data 

acquisition, instrument control, and data analysis are controlled and performed by the 

software (Figure 4.13).  

Configuration 

Channels: FSC (front scatter) and SSC (side scatter) recorded as relative particle size 

were activated by 532 nm wavelength laser light and FL3 as green fluorescence by 488 

nm wavelength laser light.  

Plots: FL3-FSC dot plot is set to present the relative size (FSC) on a logarithmic scale 

in X and fluorescence on a linear scale in Y.  

Results: The particle numbers, the mean, CV and median of cell size and fluorescence 

of certain regions, and the volume that was tested are shown on the bottom-right.  

Regions: The dark blue circle up in FL3-FSC dot plot was set as the region of diatom 

cells, by which the fluorescence was separated from other particles in the medium.  

Script - Measure mode: Plates 40-100, autostart autosave 

Process: 2 uL/sec, 40 uL, Maximum Acquisition Speed 25,000 events/sec. Dilute the 

culture when the events exceed the maximum acquisition speed.  
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Figure 4.13 Flow Cytometer Configuration 

 

4.4.4 Chlorophyll content 

The chlorophyll a content was determined using the method described in (Xie et al., 

2014). Instead of using ethanol or methanol, DMSO was used to extract chlorophyll, 

which was toxic but of high efficiency. A cell pellet of 2 mL cell culture was collected 

by centrifuge. Chlorophyll was extracted by adding 1 mL DMSO to the cell pellet and 

incubating at 60 ℃ for 10 min. The dissolved chlorophyll in solution was centrifuged 

again and supernatant was ready for measurement. The absorptions at wavelengths 

(664nm, 750nm, 647nm, 630nm) were measured and the chlorophyll contents were 

calculated according to modified equation:  

    Chl a = 1.98 [11.85(OD664 - OD750) - 1.54(OD647 - OD750) - 0.08(OD630 - OD750)] 

 

4.4.5 Standard curves  

To test the reliability of the methods, diatom cultures were diluted into a gradient of 

concentration for flow cytometer and chlorophyll content measurements (Figure 4.14A). 
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Figure 4.14B shows the standard curve of the particle size, the relative cell size and 

fluorescence recorded by flow cytometer, from which I can see great dependence of 

cell counting to concentration, and the reading of cell size and fluorescence are very 

stable. Figure 4.15 shows the correspondence of chlorophyll content to cell 

concentration. Therefore, I was confident that the methods of flow cytometry and 

chlorophyll content are reliable for tracking the growth curve.  

 

Figure 4.14 Standard curves from low cytometry 

A. dilution of diatom cultures; B. standard curve of particle numbers; C. relative cell 

size values; D. fluorescence values.  
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Figure 4.15 Standard curve of chlorophyll content.  
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Chapter 5: Conclusion and perspectives  

5.1  Conclusions  

5.1.1 FTN functions in iron storage in P. tricornutum  

The bioinformatic analysis presented in Chapter 2 revealed that FTN of P. tricornutum 

fell into a third distinct clade in a FTN phylogenetic tree comprising all sequenced 

diatoms, whereas FTN from Pseudo-nitzschia and Thalassiosira species were mainly 

found in clades I and II. This distinction updates the existing consensus on FTN 

phylogeny in the diatoms, and begs the question whether all diatom ferritins share the 

same function. Are there functional differences between the FTNs belonging to 

different clades? 

In initial experiments I identified that the cell density of FTN-KO mutants decreased 

significantly when iron-replete cells were grown in iron-free medium. The effect of 

absence of FTN on diatom growth was observed regardless of iron status and 

availability, and on chlorophyll regarding different iron status and availability. It 

indicates that FTN may function as an iron storage protein in P. tricornutum, as in P. 

granii (Marchetti et al., 2009), and may be used in iron homeostasis, as observed in 

another diatom species, P. multiseries (Pfaffen et al., 2013; Pfaffen et al., 2015). These 

studies are not conclusive and further analysis into total cell iron quota are required. 

But KO mutants are a great resource for the community of diatom specialists and the 

findings here pave the way forward.     

Subcellular localization of most FTNs in diatoms was predicted by targeting software 

to be in the chloroplast. These analyses however have all been bioinformatic inferences 

and to the best of my knowledge, no physiological validation has been provided in any 

diatom. The generation of the FTN-GFP line allowed me to test this hypothesis directly. 

For the first time, I was able to confirm that FTN of P. tricornutum localized to the 

chloroplast, where iron is mainly required for photosynthesis. The pattern of 

localization is intriguing. The FTN looks to be aggregated in ‘granule’-like structures, 

and the ultrafine structure of these putative storage structures is highly interesting. The 

findings here provide insight into the function and localization of FTN in diatoms. 
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Further experiments with higher resolution, like correlative light-electron microscopy 

(CLEM), are planned to investigate the precise structure. 

The physiological growth curve experiments presented in chapter 4 compared the 

growth of MT and FTN-KO mutants in media either with iron or without iron. They 

shed light on the possible function of FTN inside the cell. There is a competing 

hypothesis for the role of FTN in diatoms. Some argue that FTN functions as a storage 

protein, like it does in humans and other animals, whereas others suggest it may have a 

role in iron homeostasis. The biggest difference is in the time period over which the 

protein is involved. For storage, the effect would be expected to be seen over a longer 

term, and presence of FTN could in theory allow diatoms to survive prolonged periods 

of iron scarcity. A homeostasis hypothesis however, suggests a continuous need for 

FTN use and function. In this case the role of FTN would be more directly linked to the 

short-term availability of iron to the cell, e.g., its immediate microenvironment. My 

observations of studying the physiological behaviour of FTN-KO mutants compared 

with MT strongly suggest that FTN is implicated in long-term iron storage, rather than 

short-term homeostasis.  The strongest growth impairment of mutants was observed in 

my experiments in the condition when iron was unavailable to already starved, iron-

depleted cells. In other words, when iron storage would be most important to cell 

physiology.  My results are preliminary evidence that FTN is functional as an iron 

storage protein.  

 

5.1.2 ISIP3 is required for iron acquisition in P. tricornutum  

Since ISIP3 contains a ferritin-like domain, it was a reasonable first assumption that 

this protein may also function as an iron storage protein. In chapter 3 I demonstrated 

experimentally that ISIP3 localizes to the centre of the chloroplast, but in a manner 

different to FTN. While FTN is found within the chloroplast in ‘granules’, ISIP3 

aggregates at the centre of the chloroplast, possibly in the periplastidial space. This is 

also the place where I detect both ISIP1 and ISIP2A (Figure 3.2, refer to section 3.2.1). 

ISIP3 has almost perfect co-localization with ISIP1. Furthermore, when comparing the 

phenotypes of ISIP3-KO mutants with FTN-KO mutants, it was obvious that the two 

proteins have vastly different functions in the cell. In Chapter 4 I presented data that 
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show the growth of ISIP3-KO mutants significantly decreased in iron-containing 

medium, especially in iron-replete cells. In contrast, I found no phenotypes when cells 

were cultivated in iron-free medium, regardless of the intracellular iron status of the 

cells. This was the condition where FTN-KO mutants were most sensitive, compared 

to MT.  

The conclusion therefore is that despite the presence of ferritin-like domains in ISIP3, 

there is little similarity in action between ISIP3 and the canonical ferritin protein in P. 

tricornutum. My results indicate that ISIP3 is not required for iron storage, but instead 

is likely to be involved in iron acquisition. The role of ISIP3 in iron acquisition is further 

supported by growth curve experiments in copper-free media. Copper is known to be 

required for iron acquisition, and in experiments using ISIP3 KO mutants, previously 

observed phenotypes in response to iron availability disappeared when copper was 

removed from the growth media.  This means that the iron sensitive phenotypes 

detected, were copper dependent, supporting the hypothesis that ISIP3 is involved in 

iron uptake. As further supporting evidence, there is intriguing protein alignment 

between ISIP3 and the copper-binding metallochaperone, CopM (section 4.1.2). 

Further analysis into iron uptake rates is required. But the findings provide the first 

evidence on the physiological role of ISIP3 in diatoms and pave the way forward.  

In experiments where the source of iron provided to diatoms was siderophore instead 

of dissolved ferric iron, the significant decrease in cell density of ISIP3-KO mutants 

compared with MT, was observed when siderophore was provided to iron-deplete cells. 

I think this was because cells tend to use intracellular iron when ferric iron was 

unavailable, so uptake of siderophore in ISIP3-KO mutants was affected as well. The 

localization of ISIP3, targeting to chloroplast and aggregating at the centre, further 

indicates that ISIP3 may be involved in endocytosis-mediated iron acquisition, like 

ISIP1 with which it perfectly co-localizes.  But these studies are not conclusive. Further 

visualization of these proteins by microscopy at higher resolution, and comparison of 

the localization profiles under supplementation of a various range of iron sources, 

including siderophore, as well as short-term Fe2+ spikes, are required.  
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Figure 5.1 Schematic diagram of ISIPs and FTN localisation in P. tricornutum, based 

on current data.  

 

5.1.3 Portfolios of iron proteins are not consistent with diatom phylogeny 

In addition to ISIP3 and FTN, I investigated 12 additional iron metabolism related genes 

across 87 diatom species through bioinformatic analysis on transcriptomes and 

genomes (presented in Chapter 2). I found that the replacement of cytochrome c6 with 

plastocyanin is rarer than the replacement of ferredoxin by flavodoxin, and the ability 

to synthesise flavodoxin is widespread amongst diatoms. However, there appears to be 

no phylogenetic relationship between species in encoding for these genes, suggesting a 

complex evolutionary history of gene gain and gene loss.  

In the literature as a whole, the majority of studies focus either on individual model 

species or attempt to draw distinction between ‘pennates’ and ‘centrics’, ‘open ocean’ 

and ‘coastal’ diatoms. For the iron uptake, homeostasis or storage mechanisms that I 

investigated, there appear to be no remarkable patterns that distinguish pennates from 

centrics. Additionally, there is no consistent pattern of phylogenetic relationships 

between diatom groups. This indicates that there is no “one rule fits all” scenario for 

diatom iron strategies, even at genus level. Species belonging to the same genus can 
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exhibit very different portfolios of iron proteins and iron strategies in the wild. For 

example, in the Thalassiosira genus, the ratio of PSI : PSII was found to be significantly 

lower in open ocean diatom species T. oceanica compared with the coastal diatom T. 

weissflogii. T. weissflogii cells contained twice as much PSII compared with PSI, and 

T. oceanica had reduced PSI demands even further, with fivefold lower PSI, that is a 

ratio of 1:10 of PSI : PSII (Strzepek and Harrison, 2004). A further example from the 

Pseudo-nitzschia genus, of which there were 6 representatives in our study is 

noteworthy (Figure 2.1). Half (3 species) encoded ISIP1 whereas 3 missed the 

annotation.  Species with widely different iron portfolios, within the same genus, might 

indicate the rapid evolution and diversification driven by geographic separation in the 

ocean. Rapid evolution is also likely especially in the context of iron metabolism, since 

adaptation to a fluctuating iron supply is considered to drive diatom success in the wild. 

To meaningfully compare open ocean and coastal diatoms, more information on the 

distribution of individual species in the global ocean is required. The Tara Oceans 

global circumnavigation effort that catalogued the community composition, 

metagenomes and metatranscriptomes of aquatic microorganisms can offer initial 

insight.  

 

5.2  Perspectives  

5.2.1 qPCR and RNAseq 

Molecular methods are being increasingly applied to detect, quantify and study gene 

function in diatoms. Among these methods, PCR-based techniques have been the 

subject of considerable focus. More particularly, quantitative PCR (qPCR) is 

considered as a method of choice for the detection and quantification of the expression 

level of specific genes. One of its major advantages is to be faster than other methods. 

It is also highly sensitive, specific and enables simultaneous detection of cells grown in 

different conditions.  

With the full suite of FTN-KO mutants, ISIP3-KO mutants and MT (transformed with 

empty vector) strains, it will be interesting to screen the regulation network of iron-

related genes in P. tricornutum. I have undertaken initial steps to compare the 
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expression level of some iron-related genes of the aforementioned strains using qPCR. 

The strains were grown in iron-containing and iron-free media (data not shown). Such 

work follows directly as a consequence of the experiments presented in this thesis. Once 

I have qPCR data the path forward is to consider RNAseq whole transcriptome 

experiments as an advanced holistic way to investigate and compare diatom iron 

metabolism between MT and mutant strains.  

 

5.2.2 CLEM for fluorescence visualization  

The visualization of fluorescent proteins in living cells is a powerful approach to study 

intracellular dynamics. A limitation of fluorescence imaging, however, is that it lacks 

fine structural information; a fluorescent spot could represent an entire organelle, an 

organellar subdomain or even aggregates of proteins or membranes. These limitations 

can be overcome by correlative light-electron microscopy (CLEM), which bridges the 

gap between live-cell imaging and electron microscopy (EM). Fluorescently-tagged 

proteins are first imaged by light microscopy and then visualized via EM.  

CLEM work using the fluorescent lines generated as part of my doctoral work is 

underway. Here, I am taking advantage of a collaboration with the European Molecular 

Biology Laboratory (EMBL), which I helped establish. The objective for CLEM is to 

monitor the kinetics and localization of FTN, ISIP1, ISIP2a and ISIP3 at nanometer 

resolution. For the ISIP proteins a question of particular interest is whether the 

consistent aggregation of these proteins to the vicinity of the chloroplast occurs in a 

dedicated organelle, the periplastidial space, or a vesicle. I plan to uncover a precise 

structure from electron microscopy with the localisation of the ISIP proteins, which will 

show whether the proteins are in a structure surrounded by membranes – either self 

confined, or associated with the chloroplast membranes? Using a complementary 

method, I plan to quantify the levels of iron within this microenvironment.  

Additionally, I am interested in revealing the structure of the ferritin globules/granules. 

In an ongoing effort I am attempting to resolve a technical issue, cell auto-fluorescence, 

which is currently too bright and interrupts the CLEM imaging process severely.  
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5.2.3 Iron uptake and iron quota   

The phenotypes of FTN and ISIP3 KO mutants are very intriguing and require further 

physiological experimental verification. The current assumption as a result of 

experiments presented in this dissertation is that FTN functions as an iron storage 

protein in P. tricornutum. Intracellular iron quota of cells growing in medium with 

available iron compared with MT will be the most direct and strong supporting evidence 

to this hypothesis. As to ISIP3, I assume it to be involved in iron acquisition. 

Comparison of iron uptake rate of cells of ISIP3-KO mutants and MT under different 

iron treatments combining isotope tracer technology can address this hypothesis 

directly. However, the determination of both cellular iron quota and cellular iron uptake 

rate provides a very strict demand for experimental environment, which are outside the 

scope of ENS capabilities. I plan to carry out these experiments through our 

collaboration with Dr. Robert Sutak at the Biotechnology and Biomedicine Center in 

Vestec (BIOCEV) institute of Charles University in Prague.  

 

5.2.4 Photosynthetic activity  

Photosynthesis is the fundamental mechanism for cell growth. Although the 

photosynthesis process is well understood in plants, the mechanisms evolved by 

phytoplankton to achieve extremely efficient photosynthesis are just starting to come 

to light.  

Diatoms with low metabolic iron quotas are remarkable for their ability to maintain 

uncompromised photosynthetic function and this is attributed to two main adaptations: 

preferred use or complete replacement of iron containing proteins with equivalents that 

are not dependent on iron (Pankowski and McMinn, 2009; La Roche et al., 1995; 

Erdner and Anderson, 1999; McKay et al., 1999; Allen et al., 2008), and re-

arrangements to photosynthetic architecture (Strzepek and Harrison, 2004). Diatoms 

additionally utilize a different strategy in the dissipation of excessively absorbed energy 

compared with green algae (Wagner et al., 2006). Thylakoid architecture might evolve 

independently in the land and the ocean. The photosynthetic complexes in typical 

diatoms are segregated in the loosely stacked thylakoid membranes. Separation of 

photosystems within subdomains minimizes their physical contacts, as required for 
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improved light utilization (Flori et al., 2017). It has been found that light-harvesting 

chlorophyll (LHC) proteins and the large and small subunits of ribulose bisphosphate 

carboxylase were not affected by Fe deficiency (Greene et al., 1991).  

Chlorophylls trap light energy that is used in photosynthesis. Chlorophyll fluorescence 

is light re-emitted by chlorophyll molecules during return from excited to non-excited 

states, used as an indicator of photosynthetic energy conversion. An intriguing finding 

of my work has been the detection of higher chlorophyll content in ISIP3-KO mutants. 

It is not clear how this increase in chlorophyll affects the output of the photosynthetic 

machinery overall in the cells. How the photosynthesis apparatus as a whole is impacted 

by the KO of ISIP3 is an interesting avenue for further research. With the availability 

of the mutants, I hope to collaborate with the Institut de biologie physico-chimique 

(IBPC) to continue this avenue of work. Photosynthetic activity (Fv/Fm and ETR), 

maximum fluorescence yield, PSI : PSII ratio, and Chl a : C ratio will be promising 

parameters to profile the photosynthesis architecture and photophysiological 

performance of mutants versus MT control cell lines.  

 

5.2.5 Concluding remarks 

About one-fifth of the photosynthesis on Earth is carried out by diatoms (Field et al., 

1998; Mann, 1999). Each year, diatom photosynthesis in the sea generates about as 

much organic carbon as all the terrestrial rainforests combined (Nelson, 1995). These 

photosynthetic workhorses are found in waters worldwide, survive extreme conditions 

(low light intensities, low temperature, high salinities and limited supply of nutrients, 

e.g., iron). In particular, diatoms are characterized by their ability to survive prolonged 

periods of iron scarcity (Sunda and Huntsman, 1995). Therefore, it is critical to 

understand the special machinery of how these essential organisms adapted to the 

exceedingly conditions. Furthermore, diatoms today generate most of the organic 

matter that serves as food for life in the sea. They greatly influence global climate, 

atmospheric carbon dioxide concentration and marine ecosystem function (Denman, 

2008). How diatoms will respond to the rapidly changing conditions in today’s oceans 

is critical for the health and the future of our environment. This thesis provides novel 

insight into the mechanisms underlying the iron acquisition and storage in diatoms.    
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Annex II: Metabolic Innovations Underpinning the Origin and 

Diversification of the Diatom Chloroplast  
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Annex III: In vivo localisation of Iron Starvation Induced Proteins under variable 

iron (in reveiw) 
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Synthèse en français 

Titre: Caractérisation des mécanismes d'acquisition et de stockage du fer chez les diatomées 

Phaeodactylum tricornutum 

Mots clés: diatomées, physiologie du fer, stockage du fer, absorption du fer, ferritine, ISIP 

Résumé: Les diatomées réussissent à survivre dans les océans contemporains où la teneur en fer est 

faible. Malgré leur taille cellulaire relativement grande, les diatomées tolèrent une carence en fer et 

sont généralement dominantes au cours des « bloom » de phytoplancton, stimulées par le fer de 

manière naturelles ou artificielles. Cependant, notre compréhension de la physiologie du fer chez les 

diatomées reste limitée et fait l'objet de recherches en cours. L'objectif du travail présenté est d'étudier 

le métabolisme du fer, en examinant en premier lieu les principales stratégies de son utilisation chez 

les diatomées. Cette partie s’appuie sur la littérature publiée et sur la complétion des données par une 

analyse de 82 transcriptomes. Par la suite, la génération des lignées fluorescentes transgéniques de la 

ferritine (FTN) et « Iron starvation induced protein 3 » (ISIP3), ont permis d’obtenir la localisation 

subcellulaire de ces protéines pour la première fois. Il   a été montré que la protéine FTN se localise 

au niveau du chloroplaste, alors que la protéine ISIP3 se localise sous forme d’agrégats à proximité 

du chloroplaste. ISIP3 présente ainsi une localisation similaire avec la protéine ISIP1. En outre, les 

phénotypes des mutants de délétion de FTN et ISIP3 cultivés sous différentes conditions en fer ont 

été comparés. Les mutants FTN ont montré une croissance réduite dans toutes les conditions, 

indiquant une fonction dans le stockage du fer. Les mutants ISIP3, quant à eux, ont montré une 

croissance réduite lorsque le fer est disponible, mais aucune différence lorsqu'ils sont cultivés dans 

un milieu sans fer, suggérant ainsi que ISIP3 est nécessaire dans l'acquisition du fer. Lorsque le cuivre 

a été retiré du milieu, ces phénotypes ont disparu, confirmant ainsi la dépendance au cuivre pour 

l'absorption du fer. La diminution de la croissance des mutants ISIP3 en présence de sidérophore 

(FOB) suggère que ISIP3 est également impliqué dans leur absorption. Dans l'ensemble, les résultats 

présentés dans cette thèse ajoutent de nouvelles perspectives dans l’étude du métabolisme du fer chez 

les diatomées.  

Aperçu de la Thèse  

Considérant tout le phytoplancton en tant que groupe, la biodisponibilité du fer a considérablement 

diminué dans l'océan contemporain par rapport aux maxima précédents. Pourtant, les diatomées sont 

apparues comme une jeune ramification évolutive lorsque le fer était déjà déficient dans le vaste 
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océan. Ils ont survécu avec succès à une faible teneur en fer et ont supplanté d'autres espèces lorsque 

le fer est devenu disponible, ce qui a été confirmé par les expériences de fertilisation en fer à 

mésoéchelle. Dans cette thèse, la question posée est : quelles sont les stratégies des diatomées pour 

obtenir le fer et l'utiliser efficacement à l'intérieur de la cellule ? Pour répondre à cette question, j'ai 

d'abord passé en revue les études sur le métabolisme du fer chez les diatomées, en combinant 

différentes analyses bioinformatiques. Ensuite, j'ai mené des expériences physiologiques 

comparatives sur des souches knock-out. 

Dans le chapitre 2, je présente les résultats d'une revue publiée dans le Journal of Experimental Botany 

(Gao et al., 2021), où, avec des collègues, j'ai résumé les stratégies du métabolisme du fer chez les 

diatomées en m'appuyant sur les preuves transcriptionnelles et physiologiques de la Littérature. 

Dans ce chapitre, j'ai recherché davantage les gènes liés au fer par le biais d'analyses bioinformatiques 

et je les ai résumés dans une carte thermique montrant la distribution des gènes dans différentes 

espèces. Les séquences de FTN de P. tricornutum et d'autres espèces de diatomées ont été comparées 

par alignement et arbre phylogénétique. Dans l'ensemble, ce chapitre fournit de nouvelles 

perspectives sur le sujet du métabolisme du fer chez les diatomées. 

Dans le chapitre 3, visant à étudier la localisation des ISIP et des FTN, j'ai marqué FTN sur des 

protéines fluorescentes (FP) et visualisé des cellules de diatomées transgéniques par microscopie 

confocale. ISIP3 et FTN localisés à proximité du chloroplaste mais avec des motifs différents. 

Dans le chapitre 4, j'étudie plus en détail la fonction d'ISIP3 et de FTN chez P. tricornutum. J'ai généré 

des mutants knock-out (KO) et comparé leurs courbes de croissance dans différentes conditions de 

croissance. L'absence du gène a eu un effet sur la croissance des cellules dans différentes conditions, 

indiquant une implication dans des aspects spécifiques de la physiologie du fer. 

Dans le chapitre 5, les conclusions et perspectives ont été synthétisées.  


