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Abstract XV

METABOLISM AND ROLES OF HYDROXYCINNB&MIC ACIDS IN CICHORIUM INTYBUS L.
stract

Industrial chicory, Cichorium intybus L. var. sativum, accumulates a wide array of
potent specialized metabolites. These metabolites exhibit very diverse structures, ac-
tivities and functions that are remarkable from a physiological standpoint, but also for
their applications such as in human and animal health, agronomy and other diverse
industries.

This work focused on two specialized metabolites of C. intybus: an unusual pheno-
lamide tetracoumaroyl-spermine (TetraSpm) and 3,5-isochlorogenic acid (diCQA). This
research contributes to the biochemical and physiological characterization as well as
the investigation of the evolutive history of the enzymes involved in the biosynthesis
of these two hydroxycinnamic acid conjugates. We used computational analysis and
molecular engineering approaches.

We demonstrated the sequential action of the two CiSHTs (Spermine Hydroxycin-

namoyl Transferases) in vivo in the biosynthetic pathway of TetraSpm. We investigated
the influence of free polyamine availability and structural features on the catalytic activ-
ities of SHT proteins. Furthermore, we engineered a chimeric protein able to catalyze
the production of TetraSpm in a single step.
The study of diCQA metabolism in C. intybus involved the identification and preliminary
characterization of target genes belonging to the GDSL-lipase like enzymatic family.
Moreover, it emphasized the diversity of plant acyltransferases involved in specialized
metabolism.

The physiological roles and functions of TetraSpm and diCQA are still to be deter-
mined. However, the conservation of TetraSpm among the Asteraceae family suggests
that it plays a significant role in their evolution, and the therapeutic properties of diCQA
are of great interest in human health. Thus, deciphering these biosynthetic pathways is
crucial for their reconstitution in more efficient systems via molecular engineering and
consequently the valorization of these compounds.

Keywords: cichorium intybus 1., specialized metabolism, molecular engineering, acyl-
transferases, hydroxycinnamic acids, heterologous expression

UMRt 1158 BioEcoAgro
Université de Lille, Sciences technologiques — Batiment SN2 — Avenue Paul
Langevin — 59655 Villeneuve d’Ascq — France
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METABOLISME ET ROLES D’ACIDES HYDRO)I({Y,CINNAMIQUES cHEZ CICHORIUM INTYBUS L.
ésume

La chicorée industrielle, Cichorium intybus L. var. sativum, accumule une grande
diversité de métabolites spécialisés. Ces métabolites montrent une grande variété de
structures, activités et fonctions qui sont considérables d’un point de vue physiologique,
mais aussi pour des applications humaines telle qu’en santé humaine et animale, en
agronomie et autres diverses industries.

Ce travail se concentre sur deux métabolites spécialisés de C. intybus : une phénola-
mide inhabituelle, la tétracoumaroyl-spermine (TetraSpm), et ’acide isochlorogénique
(3,5-diCQA). Il constitue une contribution aux caractérisations biochimique, physiolo-
gique ainsi qu’a I’étude de I'histoire évolutive d’enzymes impliquées dans la biosynthese
de deux acides hydroxycinnamiques conjugués. Nous avons utilisé a ces fins des ap-
proches bioinformatiques et d’ingénierie moléculaires.

Concernant la TetraSpm, nous avons démontré I’action successive des deux CiSHTs

(Spermine Hydroxycinnamoyl Transférases) in vivo dans sa voie de biosynthese. Nous
avons exploré I'influence du ratio de polyamines libres disponibles et des caractéristiques
structurelles des protéines SHT sur leurs activités catalytiques. En outre, nous avons
produit une protéine chimérique capable de catalyser la production de TetraSpm en une
seule étape.
L’étude du métabolisme du diCQA chez C. intybus a impliqué 1‘identification et la
caractérisation préliminaire de genes cibles appartenant a la famille enzymatique des
GDSL-lipases like. De plus, cela a mis en évidence la diversité des acyltranférases
impliquées dans le métabolisme spécialisé des plantes.

Les roles physiologiques et fonctions de la TetraSpm et du diCQA restent a déterminer.
Cependant, la conservation de la TetraSpm au sein de la famille des Astéracées suggere
son importance dans leur histoire évolutive, et les propriétés thérapeutiques du diCQA
sont d’un grand intérét en santé humaine. Ainsi, la compréhension de leurs voies de
production permettra de leurs reconstitutions dans des systémes hétérologues plus
efficaces grace a l'ingénierie moléculaire et par conséquent a la valorisation de ces
Ccomposés.

Mots clés : cichorium intybus 1., métabolisme spécialisé, ingénierie moléculaire, acyl-
transférases, acides hydroxycinnamiques, expression hétérologue
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Chapter

Literature Review

Plants have demonstrated great adaptability throughout their evolution. This
is largely due to their sessile lifestyle, as they do not have the option of fleeing
when faced with adversity. The changing climate is having and will continue
to have numerous deleterious effects on them, affecting greatly their fitness
and consequently human survival in mid- to long-term. Plant scientists play
a critical role in answering arduous questions such as how plants acclimate to
their environment and whether they will be able to overcome the challenges
that climate change will bring them in the near future. To provide decision
makers with the most accurate data on the situation, these answers will necessi-
tate interdisciplinary collaboration (modeling, statistics, climate science, plant

biology).

Climate change and its effects have been studied for decades: global tem-
perature rising, more frequent and intense extreme weather events, habitat
destruction, species extinction, social and geographical injustice are some of its
current and future effects. Heat waves will be extremely difficult to deal with for

societies, but some will suffer more than others due to their heightened vulner-

3
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ability. Vulnerability was defined during the fourth IPCC ! as the ability and
susceptibility of a system to cope with unfavorable climate change impacts and
it is usually divided into three components: exposure, sensitivity and adaptive
capacity (Parry 2007; Preston et al. 2008).

At a global level, it is acknowledged that the regions that have contributed the
least to greenhouse gases and human activities which have exacerbated climate
change will be the ones to bear the brunt of its consequences because of their
tropical climates: Amazonia, Southern Africa, Sahel, India, and Southeast Asia
(Bathiany et al. 2018). At the european level, injustice for freshwater access will
be observed in the face of increasing climate variability, but this varies depend-
ing on the different proposed scenarios. Nevertheless, all scenarios converge to
similar conclusions regarding the impacts Northern and Southern Europe will
experience: Northern countries will be less vulnerable due to higher precipi-
tation and better socioeconomic resources, whereas Mediterranean countries
will be impacted to a greater extent. The situation in Central Europe is less
predictable and depends on the scenarios (Koutroulis et al. 2018). This is why
experts in the field recommend using unified RCP 2/SSP ® frameworks to obtain
more consistent predictions on the impact of climate change on various factors

such as freshwater vulnerability.

In a thesis on Plant Biology, talking about a country’s freshwater vulnerability
may seem out of place. However, the Food-Water-Energy Nexus (FWE Nexus
nexus) concept binds these two research fields together (Byers et al. 2018 ).
There are intrinsic links between these three natural resources (food, water and
energy) which can be quantitative (direct and material link) and qualitative
(indirect links through resources management and local legislation about their
usage). The FWE nexus is well considered on an academic research level but
much less among policymakers (Ghodsvali et al. 2019). The United Nations’
latest report considers the FWE nexus in the establishment of the SDG30 >

! IPCC: Intergovernmental Panel on Climate Change 2 RCP: Representative Concentra-
tion Pathways (Temperature change; Precipitation change; Sea ice extent) ® SSP: Shared
Socio-economic Pathway (Population; Urbanization; Rates of technological change Income; Hu-
man Development Index; Income distribution) 4 Video abstract can be found at this link:
https://iopscience.iop.org/article/10.1088/1748-9326/aabf45/meta > Sustainable Develop-
ment Goals for 2030
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(Figure 1.1; Nations 2019).
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Figure 1.1 — Sustainable Development Goals for 2030 established by the United Nations
in their 2019 report. (https://sdgs.un.org consulted on December 24 2021)

In the United Nations SDG, goals 2 (zero hunger), 3 (good health and well-
being), 12 (responsible consumption and production), 13 (climate action) and
15 (life on land) concern Plant Biologists. The FAO ¢ emphasizes the impor-
tance of sustainable agriculture from an ecological as well as a socioeconomic
standpoint in helping to adapt to and mitigate the effects of climate change, in
addition to ensuring food security for all. Adaptation measures aim to reduce
the vulnerability of human and natural systems to climate change, by altering
exposure, lowering sensitivity, and increasing societal adaptability. Mitigation
measures include reducing greenhouse gases concentrations in the atmosphere
by reducing, avoiding and/or removing greenhouse gases emissions. FAO offers
resources for agricultural actors, scientists, and policymakers to stay informed

about climate-smart agriculture principles and the need for tailor - made solu-

® FAO: Food and Agriculture Organization of the United Nations
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tions based on environmental and societal conditions. Their objectives are to
increase agricultural productivity and incomes in a sustainable manner, to adapt
and build resilience to climate change, and reduce and/or eliminate greenhouse

gases emissions where possible .

CLIMATE CHANGE

DIRECT EFFECTS

% Morphological

changes
Physiological changes

INDIRECT EFFECTS

Soil fertility
Irrigation availability
Rise in sea level

SOCIO-ECONOMIC

Food demand
Farmer’s response
Costs

Phenotypic changes

i % Pests
Plant productivity

Heat/Flood/Drought

¢ Un-equal distribution

» Human interventions
» Adaptation strategies
» Mitigation strategies

Agricultural production
and vulnerability

Figure 1.2 — Direct, indirect and socio-economic effects of climate change on agricul-
tural production. Figure from Raza et al. 2019.
Climage Change leads to these direct, indirect on socio-economic effects. Those different factors

impact on agricultural production.

Plant scientists have a significant role to play in all of these areas. It is
critical to investigate the effects of combined constraints on crop models in order
to predict the most appropriate and long-term solutions (Figure 1.2) (Buges
et al. 2018; Raza et al. 2019; Zandalinas et al. 2021). At the molecular and
physiological levels, combined stresses and environmental cues can result in
neutrality, additivity, synergy, antagonism, idiosyncrasy, or dominance of the

effects of one of the applied constraints (Buges et al. 2018).

As a result, tailored studies for each crop in their cultivation area must be es-

7 https://www.fao.org/climate-smart-agriculture/en/ consulted on 19 November 2021
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tablished. Understanding molecular response pathways is a major focus of this
research area (Figure 1.2) (Raza et al. 2019; Zandalinas et al. 2021). This also
applies to specialized metabolites that modulate plant responses to their envi-
ronment, as well as biotic and abiotic constraints. Previously regarded as waste
products of primary metabolism (Hartmann 2007), their importance in plant de-
fense and acclimation is now recognized. Their functions and roles in responses

of plants to combined constraints are critical in the current circumstances.

The presented work contributes to this global effort to improve our under-
standing of plant molecular pathways involved in the production of desirable
natural products.
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1.1 Characteristics of specialized metabolism

1.1.1 Evolutionary mechanisms leading to the emergence of

specialized metabolites

1.1.1.a Emergence of enzymes of the specialized metabolism

Specialized metabolites are not ubiquitous as primary or central metabolites.
Their name reflects their specialized role in environmental molecular acclimation
as well as their limited presence to specific lineage or even species. The enzymes
involved in their synthesis derive from primary metabolism enzymes. Plants
have a higher rate of WGD 8 and polyploidization. These events are also more
recent than in other kingdoms (for instance the last genome duplication event
occurred approximately 450 MYA ? in the lineage leading to humans whereas
it occurred 200 MYA in the angiosperms lineage) (Panchy et al. 2016). There
are other mechanisms that lead to gene duplication as presented in Figure
1.3. They are classified as subgenomic duplication events: tandem duplication,
segmental duplication, transposon-mediated duplication and retroduplication.
Tandem duplication leads to clusters of genes, very common among specialized
metabolism genes. The other three mechanisms are associated with TE 0. All
these mechanisms only explain 70 % of the observed duplications in plant
genomes, the mechanisms for the last 30 % remain unclear. Two main fates can

fall upon a duplicated gene: being lost or being retained.

A lost duplicated gene can either be deleted completely from the genome or
become a pseudogene, meaning it lost its function through mutations and later
on will be physically lost from the genome through negative selective pressure.
Usually, duplicates obtained via TE-associated mechanisms are more likely to be
lost. TE-mechanisms are highly error inducing in the gene sequence or in parts
regulating its expression, and can lead to non-functional duplicated genes but
also insertion in an essential gene and thus non-survival of the individual. After

WGD, the genetic content can be reduced and a whole set of duplicates lost (this

8 WGD: Whole Genome Duplication ° MYA: million yearsago !° TE: Transposable Elements
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A  Whole genome duplication

Homologous chromosomes Homeologous
chromosomes

B Tandem duplication
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AIIeIes E— —>
- I ' i —
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Figure 1.3 — Plant genome duplication mechanisms. Figure and legend from Panchy
et al. 2016.

A. WGD, or duplication of genes via an increase in ploidy. B. Tandem duplication, or duplication of a gene via unequal
crossing over between similar alleles. C. Transposon-mediated duplication, or duplication of a gene associated with a
TE via replicative transposition. D. Segmental duplication, or duplication of genes via replicative transposition of LINE
elements in the human genome. The extent and causative elements of segmental duplication are ill defined in plants.
E. Retroduplication, or duplication of a gene via reverse transcription of processed mRNA.
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phenomenon is called fractionation).

Mechanisms leading to retention of a gene duplicate are numerous and not
mutually exclusive (Figure 1.4). In the case of pseudogenes (nonfunctional
retained gene) occurrence in plant genomes when they should be lost, a potential
explanation is that they have not yet been negatively selected by evolution. As

mentioned, the duplication events they arise from are too recent.

For functional genes, different mechanisms may be at hand. Genetic drift can
be a dominant factor for allele retention of mutations which accumulate truly
randomly, without selection pressure. However, there is a selection for genetic
redundancy, for instance as a fail-safe in the case of the production of an essential
metabolite. If duplicates do not acquire new functions, their retention may be
due to one (or more) of four phenomena: gene dosage increase, subfunctionaliza-
tion, gene balance or paralog interference. Gene dosage increase can also serve
as a fail-safe for a crucial function in the plant. Subfunctionalization results
in divided functions of the ancestral genes that are implemented unequally in
both duplicates and must thus be retained in order to maintain the ancestral
function. Gene balance can occur after WGD to keep molecular interactions
(DNA-protein or protein-protein) balanced: if duplicates were lost, a decrease
in one of the interactors would lead to an imbalance. Paralog interference is
similar to gene balance in one aspect: keeping the interactions between proteins
balanced. However, it is only relevant in the case of homomultimerization, such
as in the case of transcription factors, where the loss of the degenerate copy

would result in an imbalance.

Concerning duplicates retained thanks to a gain of function, two mechanisms
exist: neofunctionalization or EAC !! (Figure 1.4). In the neofunctionalization
model, one duplicate retains the ancestral function while the other gains a new
function after mutation. To establish that a neofunctionalization of a paralog
occurred, function of the ancestral gene needs to be assessed first. EAC involves

two of the precedent mechanisms. The first mechanism is subfunctionalization

' Escape from Adaptative Conflict
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Figure 1.4 — Fates of duplicated genes. Figure and legend from Panchy et al. 2016.
Duplicate genes can be pseudogenized/lost (A), retained by selection on existing functions (B-E), or retained by selec-
tion on novel functions (F and G). Models of selection on existing function include the following: gene dosage, or reten-
tion of both duplicates because of a beneficial increase in expression (B); duplication-degeneration-complementation
(DDC)/subfunctionalization, or retention of both duplicates to preserve the full complement of ancestral functions (C);
dosage balance, or retention of both duplicates to maintain the stoichiometric balance (D); and paralog interference,
or retention of both duplicates to prevent interference between the products of each paralog (E). Models of selection
on novel functions include the following: neofunctionalization, or retention of both duplicates because of a gain of
function post duplication (F); and escape from adaptive conflict (EAC), or retention of both duplicates that allows for
the independent optimization of conflicting ancestral functions (G).
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that occurs before the duplication of the gene. After the duplication, the second

mechanism is the neofunctionalization of both duplicates in order to keep

balance in the molecular system (Figure 1.4).
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1.1.1.b Features of the genes and enzymes of the specialized metabolism

Enzymes of the specialized metabolism are known to often be more promiscu-
ous than their primary metabolism counterparts (Figure 1.5). Some can either
perform reactions on a wider array of substrates, produce different products
from the same set of substrates or even catalyze different reactions when placed
in a different environment or when fed with a different substrate (Bar-Even
etal. 2011; Kruse et al. 2020; Moglia, Lanteri, et al. 2014). These advantages in
chemodiversity are undermined by a lower catalytic efficiency (around 30 fold)
than central metabolism enzymes (Figure 1.5 B.). It has been suggested that
these slower kinetic parameters were due to their more recent emergence under
more specific and less stringent selection pressure. Another hypothesis is that
this would prevent substrate availability competition with primary metabolism

pathways (Jing-Ke Weng, Lynch, et al. 2021).

(Higher substrate promiscuity and lower catalytic efficiency)

o
0,
HO OH o @(‘L OH o
HO OH OH OH Eﬁ)Lou
N

Duplication

A\ 4

Neo-functionalisation
or Sub-functionalisation

Q [¢] 9
-0-=0 .
o 0~ o | o 0’
HO- OH OH
HO OH

Primary metabolism Specialized metabolism

enzymes enzymes

Evolutionary conserved Lineage specific
pathways pathways
Chemical

landscape

Efficiency

Figure 1.5 — Comparison between the characteristics of primary and specialized
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Specialized metabolism genes are sometimes organized in clusters, due to the
duplication events they emerge from (Jing-Ke Weng, Lynch, et al. 2021). This
participates in the co-regulation of the genes implicated in the same pathway
when they form a physical cluster in the genome (Figure 1.6 A.). A recent
study highlights that gene clusters can share a chromatin signature which could
facilitate co-regulation of genes even if physically far apart on the chromosome
(Nutzmann, Doerr, et al. 2020). Moreover, this system would allow for easier
modulations of specialized genes expression regulation of specific pathways

when unneeded or potentially nefarious for the plant.

On a protein level, enzymes involved in the same biosynthetic pathway can
also be organized in a structural and functional complex called metabolon
(Figure 1.6 B.). This structural organization allows for higher efficiency and yield
of the biosynthetic pathway. However, the techniques for correctly identifying
the partners of a metabolon are costly, can result in false positives, and their
interpretations must be cross-checked with those obtained by other methods for

greater accuracy (Bassard and Halkier 2018).
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successive modifications of the precursor to produce the final product. Figure adapted from
Niitzmann and Osbourn 2014

B. Metabolons identified in phenylpropanoid pathways. Figure from Jorgensen et al. 2005
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1.1.2 Main classes of specialized metabolites and their biosyn-

thetic pathways

Specialized metabolites (formerly named secondary metabolites) are divided
into three main classes according to their chemical structures: nitrogen-containing
metabolites, terpenoids (or isoprenoids) and phenolics. Despite their diversity
in structure and function, their biosynthetic pathways are intertwined as they

all take their roots in primary metabolism (Figure 1.7).

Numerous biosynthetic steps leading to specialized metabolites occur in dif-
ferent location, spatially separating intermediates to prevent disastrous effects
for the producing plant. The infamous glucosinolates are great example of this
in Brassicaceae (Schenck et al. 2020) This is also seen for other more classical
pathways like the phenylpropanoid pathways of which the steps are divided in
three different subcellular compartments: plastids, cytosol and vacuole. Some
species have even evolved the ability to produce specific organelles through the
dedifferentiation of chloroplasts cells. For instance the phenyloplasts particular
plastids accumulate a major phenol 2 in the vanilla fruit (Brillouet, Verdeil,
et al. 2014). A less specific phenomenon is the presence of tannosomes (modified
thylakoids) in some vascular plants, in which tannin polymerization, trafficking

and storage occur (Brillouet, Romieu, et al. 2013).

12 4-0-(3-methoxybenzaldehyde) f-d-glucoside



1.1. Characteristics of specialized metabolism 17

02

[y

Photosynthesis m
CO2

E4P G3P
PEP PYR
 Krebs AcetylCoA
cycle
' Shikimate | Malonyl CoA  Mevalonate DOX5P
IPP
TERPENES
Alkaloids DMAPP
Phenyl| i Indol .
e P glucosinolates  Alkaloids | M
Phe(n&)!f;a)cnds /Vo(/c Aromatic Aliphatic
Cc,/%° ‘glucosinolates  glucosinolates GPP~— Monoterpenes (C1o)
Hydrolyzable OU/VOS N-CONTAINING IPP 5
(t(a:nrzi:n)s SECONDARY METABOLITES PP< Sesquiterpenes (Cis)
6-U1)n
- Flavonoids
Stilb
ekl (Cé_é’_‘g; (sl PP PP Triterpenes (Cao)
(Ce-Ca)2 ~
Lignin Condensed PP Diterpenes (Czo)
(Eeh) tannins
" Cutin, suberin (Ce-Ca-Co)n GGPP.
(Cé-Cs)n Tetraterpenes (Cao)

Polyterpenes (Cso-130)

Figure 1.7 — Schematic representation of the biosynthetic pathways of the three classes
of specialized metabolites. Figure from Borrelli et al. 2016.

E4P: erythrose 4-phosphate; G3P: glyceraldehyde 3-phosphate; PEP: phosphoenolpyruvate;
PYR: pyruvate; DOX5P: deoxyxylulose 5-phosphate; IPP: isopentenyl pyrophosphate; DMAPP:
dimethylallyl pyrophosphate; GPP: geranyl pyrophosphate; FPP: farnesylpyrophosphate; GGPP:
geranylgeranyl pyrophosphate.



18 CHAPTER 1. Literature Review

1.1.2.a Nitrogen-containing metabolites

Specialized metabolites containing nitrogen are comprised of alkaloids, glu-
cosinolates, non-proteinogenic amino acids, betalains and cyanogenic glycosides.
Alkaloids encompasses molecules containing a nitrogen atom but no sulfur atom.
Alkaloids have several subclasses. «True» alkaloids contain their nitrogen atom
inside their heterocyclic ring. This nitrogen atom originates from amino acids
such as tyrosine, tryptophan, lysine, or arginine. «Pseudo» alkaloids have their
nitrogen atom that is outside of the heterocyclic ring. «Proto» alkaloids possess a
nitrogen-containing heterocycle but the atom does not come from an amino acid
(steroid-like, terpene-like, purine-like alkaloids) (Ahmed et al. 2017). Sulfur
and nitrogen containing metabolites encompass GSL '3, GSH !* and thionines
(Pagare et al. 2015). They are some of the most represented molecules of this

class.

GSLs are the most diverse and are composed of a glucoside moiety (- D-
thioglucoside), a (Z)-N-hydroxyminosulfate moiety and a lateral chain (R-amino
acids with R being of various nature) (M. D. Mikkelsen et al. 2004 ; Miekus
et al. 2020). They are particularly found in Brassicaceae. Non-proteinogenic
amino acids such as canavanine, azetidine-2-carboxylic acid or mimosine do
not compose peptides, but are structural homologs of proteinogenic amino
acids. Their are found mostly in Fabaceae seeds (Jan et al. 2021). Betalains
originate from tyrosine present in the Caryophyllales order where they replace
anthocyanins as pigments in the tissues of the plant (Brockington et al. 2015).
Cyanogenic glycosides also derive from amino acids and are involved in their
hydrolyse releasing compounds with a nitrile group, including cyanide (Jan et al.
2021).

Famous metabolites of this class include nicotine, morphine, vinblastine,
betacyanin, linamarin, caffeine, papaverine, sinigrin, most of great importance

for health applications.

13 GSL: glucosinolates '* GSH: glutathione derivatives
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1.1.2.b Terpenoids

Terpenoids are the largest and the most diverse class of specialized metabolites
with 40 000 identified molecules (Tholl 2015). They are produced in the aerial
and flower tissues but can also be found in some species roots. Their other
name, isoprenoids, originates from their common precursor IPP !°. Their basic
structure is the 5 carbon molecule, isoprene. IPP arises from two pathways: the
melanovate pathway localized the cytosol and the MEP/DOXP !¢ pathway (or
MEP pathway), a plastidic pathway (Lichtenthaler et al. 2006). IPP is isomerized
into DMAPP 7 and the two C5 molecules are conjugated to form terpenes of

different carbon chain length.

GPP 18 (C10) , FPP !? (C15) , GGPP ?° (C20), squalene (C30) and phytoene
(C40) are the 5 original building blocks for the synthesis of linear and cyclic
terpenes. According to the number of carbons, terpenoids are termed hemiter-
penes (C5), monoterpenes (C10) sesquiterpenes (C15), diterpenes (C20), triter-
penes (C30), tetraterpenes (C40) and polyterpenes (C50-C130) (Gershenzon
et al. 2007). IPP and some terpenoids are involved in the synthesis of essential
primary metabolites such as chlorophyll and phytohormones (gibberellins and
cytokinins), demonstrating that the frontiers between specialized and primary

metabolisms are weak (Vranova et al. 2013).

Famous metabolites in this class include artemisinin (anti-malarial), taxol
(anticancer), various VOCs (used in fragrances or essential oils), and linalol

(used in cosmetics).

1.1.2.c Phenolics

Phenolics are ubiquitous in the plant kingdom. They are characterized by the
presence of a hydroxylated benzene ring or phenol moiety and can go from a
simple six-carbon aromatic ring with one or more hydroxyl groups attached to

complex polymeric molecules (Vogt 2010; Pagare et al. 2015). There are different

15 IPP: Isopentenyl PyroPhosphate !¢ MEP/DOXP: 2-C-methylerythritol-4-phosphate /
1-desoxy-D-xylulose-5-phosphate  !7 DMAPP: dimethylallyl pyrophosphate '8 GPP: geranyl
pyrophosphate ' FPP: farnesyl pyrophosphate 2° GGPP: geranylgeranyl pyrophosphate
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types of phenolics: flavonoids, lignans and hydroxycinnamic acids... Flavonoids
are a major class of phenolics and around 9 000 molecules have been identified
so far (Yechun Wang et al. 2011). They are composed of two aromatic rings
and are best known for their pigmentation and protective properties (B. Singh
et al. 2017) Monolignols (coumarylic alcohol, coniferylic alcohol and sinapylic
alcohol) after polymerization compose lignin in a species-dependent manner.
Lignin is the second most abundant biopolymer on Earth after cellulose (Q. Liu
et al. 2018). Hydroxycinnamic acids are most often found in a conjugated form,
through esterification to sugars or acids (glycosides) or amidation to polyamines
(phenolamides). Phenolamides (or phenylamides) are discussed in details in

section 1.3.1.

Phenolics are mostly synthesized from the shikimate pathway since their
amino acid precursors are either tyrosine or phenylalanine. Some derive directly
from shikimate such as non hydrolyzable tanins. Most of them originate from
phenylalanine after its oxidative deamination by PAL 2! to form trans-cinnamic
acid. PAL is the first step of the phenylpropanoids (or polyketides) pathway.
It is at the origin of the emergence of phenolic compounds in plants and has
evolved from HAL 22, a primary metabolism enzyme found in eukaryotes as well
as prokaryotes (Emiliani et al. 2009). The phenylpropanoid pathway is exclusive
to the plant kingdom. It produces C6-C3 backbone phenylpropanoid molecules
and most essentially coumaroyl-CoA. Coumaroyl-CoA is a crucial metabolite
in specialized metabolism and is a precursor for most phenolic compounds.
Phenolics are involved in physiological processes such as pollination and against

biotic and abiotic constraints (Cheynier et al. 2013).

Famous metabolites of this class include lignin, suberin, anthocyanins, tannins

or salicylic acid (precursor of acetylsalicylic acid commonly known as aspirin).

Specialized metabolites have a wide range of activities and properties that
are crucial to decipher in two aspects. They offer tremendous potential for

valorization in human applications ranging from agronomic improvement to

21 PAL: Phenylalanine Ammonia Lyase 22 HAL: Histidine Ammonia Lyase
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industrial uses, as well as medicinal and cosmetic industries. Nevertheless, their
physiological roles must not be overlooked. Furthermore, a better understanding
of the functions in planta in molecular responses to their environment, defense,
growth, development, reproduction and communication is a powerful tool for

future crop improvement.
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1.1.3 Roles of specialized metabolites in plants

Land plants have evolved for over 470 million years, and metabolic diversity
has been essential for colonizing new environments alongside the development
of adapted phenotypes. During terrestrialization and colonization, there was
an increase in selection pressure for potent molecules involved in plant defense.
The emergence of specialized metabolites is thus thought to be an adaptive
strategy of land plants to increase their fitness in new environmental conditions
(Bateman et al. 1998). Indeed, they were involved in multiple stages of the
evolution of land plants. For instance, phenylpropanoids would have promoted
UV protection; lignins confer mechanical strength to plant cell walls and thus
promoted upright stand of vascular plants and are involved in resistance to
mechanical and herbivore damages; ... (Figure 1.8) (Lowry et al. 1980; Bateman
et al. 1998; Jing-Ke Weng 2014).

There are many environmental constraints that plants must cope with due
to their sessile lifestyle, and specialized metabolites play many roles in the
interaction of the plant with its environment (Figure 1.9). The different functions
and specificities of specialized metabolism management in land plants will be

discussed in this section.

Acclimation to their environment and molecular stress responses

Molecular cues and responses are critical for a the ability of plants to thrive,
or even just survive. Contrary to adaptation traits, acclimation refers to non-
heritable metabolic or phenotypic changes. Because acclimation and stress
responses use the same molecular signaling pathways, the concentrations of
produced specialized metabolites in response to these cues must be finely tuned

to provide an adequate response.

High or low temperatures, UV exposition, water availability or excess and salt
excess are the main abiotic constraints land plants may encounter. All these
constraints, as well as biotic ones, usually also lead to oxidative stress as an

indirect effect. Specialized metabolites take part in the molecular responses
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Figure 1.8 — Involvement of specialized metabolites during land plants evolution.
Figure from Jing-Ke Weng 2014.

induced by these environmental cues (Figure 1.9). Phenolics are well known
radical scavengers and antioxidants. They participate in the regulation of ROS
23 accumulation (Aboul-Enein et al. 2007). Flavonols are majorly involved in
UV-defense, in protection of reproductive tissues and hence fertility, in pollen
tube germination and in the protection of the genetic material of plants (Yuting
Liu et al. 2021). Phenylacylated-flavonols, kaempferol, and quercetin are known

to be implicated in UV tolerance (Hofmann 2000; Tohge et al. 2016).

23 Reactive Oxygen Species
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Figure 1.9 — Roles of specialized metabolites in plants.

Terpenes have been proved to be involved in temperature change tolerance, es-
pecially when combined to herbivory attacks. For instance sesquiterpene lactone
taraxinic acid p-D glucopyranosyl ester protects the roots of Taraxacum officinale
when temperatures fluctuate underground and the plant has already received
molecular cues indicating a potential attack by one of its common herbivores is
incoming (Melolontha melolontha) (W. Huang et al. 2020). Terpenoids contents
are also increased in dwarf birch (Betula nana), native of the Arctic tundra, in
response to the increase in temperature due to climate change and herbivory
attacks (T. Li et al. 2019). This is an example of a synergic response to combined
constraints that provokes a specialized metabolism response.

Major activities exhibited by specialized metabolites and their breakdown
products are anti-microbial and anti-oxidant. As a result, they are investigated in

the context of biotic stresses. When plants are subjected to such constraints, their
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contents increase. Furthermore, they meet the requirement for a specific molec-
ular response to the wide range of putative pathogens, insects, and herbivores
that a plant may encounter in its environment (Figure 1.9). Plant defenses are ac-
tivated through phytohormones, but the dichotomy with specialized metabolism
is not as strong as previously perceived: they are now also recognized as regu-
lators in plant defense molecular responses. For instance, many VOCs activate
jasmonic acid signaling and so plant defenses. Glucosinolates are catabolized
into benzoxazinoids that is a positive regulator of callose accumulation (Erb et al.
2019). More specifically, isoflavonoides, terpenes, alcaloides and polyphenols are
elicited during pathogen attacks and some members of these classes possess anti-
microbial activities (Sharma et al. 2017 ; Y. Chen et al. 2018 ; Garcia-Calderon
et al. 2020). Moreover, specialized metabolites can be involved in the HR 24
of plants that prevents further propagation of pathogens around the infected
tissues (Heath 2000; Edreva et al. 2008).

Some specialized metabolites are well known as insecticides, herbicides or for
other repulsive properties such as nicotine, benzoxazinoids or glucosinolates
(Erb et al. 2019). They can also have more indirect effects against biotic at-
tacks such as reducing the plant digestibility for the insect, attracting predators
through the emission of VOCs (a natural mechanism of insect regulation reval-

orized in organic agriculture for biological control; Roumani 2021).

Communication and attraction

Plants must communicate with the living organisms around them, whether
they are other plants (current or future), symbiotic organisms, pollinators, etc
(Figure 1.9). They do it to either inform their partners (plants, herbivore preda-
tors, microorganisms) about their current status or to repel pathogens and
herbivores, as discussed above using two ways: above and below ground com-

munication (D. Kessler et al. 2015).

Plants commonly use VOCs to prime other plants in order to overcome both

abiotic and biotic constraints (Figure 1.10). Stress priming is the process of

24 HR: hypersensitive response
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A. pathogen attack; B. insect attack; C. mechanical damage; D. touch stress; E. temperature
stress; E. air pollutants; G. drought stress; H. salt stress or J. soil microorganisms.

inducing moderate stress or eliciting the production of defense molecules in an
individual so that they can defend themselves more effectively when faced with
a more severe constraint (biotic or abiotic). This can have an effect on nearby
plants by causing them to flower earlier in order to increase their chances of
survival. VOCs composition differs according to the type of stress the emitting
plant underwent: nerolidol, other volatile compounds such as geraniol, linalool
and methyl salicylate in the case of cold stress; monoterpenes and isoprene in
the case of oxidative and thermal stress; increase in hydrophilic compounds and
decreased in of 2-decanone and a-ionone and other VOCs in the case of salt in
Solanum lycopersicum; different groups of VOCs are involved in the response to
herbivory, pathogen attack, mechanical damages (Ninkovic et al. 2021).

One of VOCs primary function is to chemically attract mutualists (beneficial
microbes, seed dispersers) and pollinators to the plant (Figure 1.10). They
can be used in a competition context with neighboring plants to increase their
individual reproductive success (Ninkovic et al. 2021). Another important
parameter in pollinator attraction, particularly for self incompatible species, is
the attractiveness of the reproductive organs to pollinators in terms of floral
structure and size, scent, pigmentation patterns and nectar. Hydroxycinnamates,

phenolamides, and flavonoids all have roles in these aspects (Yuting Liu et al.
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2021). Flavonoids are renowned pigments of petals in angiosperms (notably
anthocyanins) that will attract pollinators to the reproductive organs. VOCs
(often terpenoids) are important for nectar quality and scent, that both attract
pollinators. The antioxidant and antimicrobial properties of phenolics help
maintain, in combination with other classes of specialized metabolites, levels
of toxicity and bitterness in nectars suitable for both pollinator attraction and

repulsion of undesirable microbes (Schmitt et al. 2021).

Plants also emit molecules in the rhizosphere that can serve different purposes
(Figure 1.10). Flavonoids are involved in most of the following processes, but are
not the only molecules involved. In general, specialized metabolites contribute
to allopathic interactions, meaning they can influence developmental steps in
other individuals like growth or seed germination in a positive or a negative
way. Root exudates can influence the microbiome composition by attracting
mutualists such as symbiotic mycorrhizal fungi or beneficial microbes while
repelling phytopathogens and parasitic nematodes (Jing-Ke Weng, Lynch, et al.
2021). Natural product emissions in the ground can benefit future plants by
priming them to specific constraints or by establishing a beneficial microbiome
composition in the ground for the next generation (L. Hu et al. 2018). Priming
through root exudates of neighboring plants has also been observed in the
case of drought stress or under short day conditions to accelerate the flowering
process (Figure 1.10; Falik et al. 2014). Nonetheless, root exudates are not always
beneficial and can also inhibit growth to avoid competition. Flavonoids are
involved in those allelopathic interferences, yet the mechanisms and the exact
nature of the molecules involved in these communications are still not well
understood (Jing-Ke Weng, Lynch, et al. 2021).

Plants benefit greatly from these above- and below-ground communications
in terms of individual and communal survival and overall fitness. Nonetheless,
these metabolic pathways can also be exploited by insects, phytopathogens and
phytoparasites bringing nuance and balance into the whole biome (Jing-Ke Weng,
Lynch, et al. 2021; Ninkovic et al. 2021).
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A. The stalked glandular trichome is a highly adaptive tissue in C. sativa L. that biosynthesizes
cannabinoids and other terpenes and stores them in the secretory cavities in the head region.
THC, tetrahydrocannabinol. B. Laticifers, specialized secretory cells in the vascular tissues
of many plants, including Ficus amplissima, accumulate latex and ooze it upon injury. Latex
contains polyisoprene units and other lineage-specific defense compounds. C. An example
of interconnection of metabolic and signaling networks, where the indole glucosinolate and
phenylpropanoid pathways are linked to production of auxin, regulating plant growth according
to the metabolic status of these pathways. Trp-AT, tryptophan aminotransferase. D. Certain
glucosinolates produced in response to insect herbivory in Brassicales can regulate plant growth
through the TOR signaling pathway. 30HP GSL, 3-hydroxyl-propyl glucosinolate; TORC, target
of rapamycin complex.

The roles of all the classes of specialized metabolites in plant reproduction for
attraction, structure and phenotypes of the reproductive organs of Angiosperms
particularly was already mentioned (Yuting Liu et al. 2021). The interconnection
of specialized metabolites and phytohormones through their precursors can
influence the plant molecular responses when their contents are increased while
undergoing stresses (Jing-Ke Weng, Lynch, et al. 2021). Moreover, specialized
metabolites or their breakdown products can have direct effects on hub regula-
tors like TOR 2° or on phytohormones like phasic acid on ABA 2%, modulating
seed germination and responses to long-term drought (Figure 1.11; Malinovsky
et al. 2017; Jing-Ke Weng, Ye, et al. 2016). Their roles in signaling cascades

should thus not be overlooked.

Moreover, the accumulation of specialized metabolites demonstrate other clear

influences on the development of plants. The most visible are the dedicated

25 TOR: target of rapamycin 26 ABA: abscisic acid
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organs some species possess to store those potent molecules such as glandular
trichomes, latex-producing laticifers, pigment-accumulating petal epidermal
cells and root tubers (Figure 1.11). Another level of organization around special-
ized metabolites is subcellular compartmentalization in either already existing
structures and different cell types or in dedicated organelles to avoid unwanted
interaction and auto-toxic effects (Erb et al. 2019; Ninkovic et al. 2021). The
sequestration of specialized metabolites in the vacuole is a strategy widely used
across land plants (Shitan et al. 2020).

Those strategies of regulation, be it compartmentalization, dedicated organs,
breakdown of biosynthesis steps in different compartments or cell types and
transports are essential. As demonstrated above, specialized metabolites are
very potent molecules and plants need to protect themselves from the negative
side effects of hyperaccumulating such compounds in their tissues. Nevertheless,
it is because of their high potential as active compounds and their great diversity
in structure, activities, functions that they are of such interest in human applica-
tions. Their valorization can be rendered in human health through therapeutic
or agronomic applications, in cosmetics as well as other industries. The quest
for these natural products across the world is not a new phenomenon. However,
the focus of plant biology on model plants, as well as the time required to de-
velop efficient tools for studying specialized metabolite pathways, slowed their
deciphering.
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1.1.4 Valorization of specialized metabolites in human activi-

ties

Ethnobotanical studies know a renewed interest because we are now under-
standing the importance of studying non-model species in order to discover
new potent natural products and potential remedies (Figure 1.12). Traditional
medicine from all over the world is leading the quest for species of interest
and the active molecules that confer them their therapeutic properties (Figure
1.13). For instance, malaria cases were reduced by 40 % in the African continent
thanks to the exploitation of artemisinin, isolated from the Artemisia annua L
(Asteraceae). because its anti-inflammatory properties were reviewed in chinese
studies (Tu 2011). Many Asteraceae members are known for their use in tradi-
tional medicine, such as Arnica montana, Sylibium marianum, Calandula arvensis
and Aster tataricus L. (Panero et al. 2016; H. Singh et al. 2014; Bessada et al. 2015;
Rho et al. 2020). It is one of the most represented families in ethnobotanical and

pharmaceutical studies.

The health benefits of specialized metabolites are numerous (Figure 1.13). In
the terpenoids class, we find artemisinin already mentioned above. In alkaloids,
we find the analgesics morphine and codeine. They have a huge human and
economic importance in that field (De Luca et al. 2012), but their properties are
used in other domains as well. Phenolics are especially studied in the cosmetic
industry for their antioxidant activities. Latex is of great use in several industries.
Taxol, currently used in chemotherapies, is classified as an alkaloid, a terpene

and a phenol all at once.

One could not forget the most obvious fields in which specialized metabolites
are very profitable: agronomy and horticulture. The selection of varieties with
higher amounts of these compounds is of interest to improve the tolerance
of plants against a variety of constraints hence improving yields, but also to

enhance their aesthetic and organoleptic qualities (Verpoorte et al. 2000).
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Figure 1.12 — Main steps in Phytochemistry history. Figure from Jing-Ke Weng, Lynch,
etal. 2021.

Despite their numerous potential usages, a lot of challenges are being met to
develop production of those natural products at an industrial level. The first
is their low concentrations in plant tissues, which hampers their extraction at
sufficient levels to test their activities and do not allow the use of plants as a pri-
mary source of the metabolites. Moreover, as mentioned in the precedent section,
specialized metabolites are finely regulated in plants spatially and temporally.
Finding the optimal culture conditions to maximize yield is a difficult task. An-
other challenge is their complex structures that make them difficult or sometimes
impossible to synthesize in vitro (Feher et al. 2003). The most cost-effective and
feasible option for their production is in vivo thanks to biotechnologies. Models
such as prokaryotes (E. coli), or eukaryotes (yeasts, hairy roots, cals, plant cells)
when metabolically engineered with a whole reconstructed biosynthetic pathway
of the molecule of interest can be used in bioreactors and yield high contents

of the metabolite of interest, the last challenge being their proper extraction.
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Figure 1.13 — Examples of medicinal plants accumulating specialized metabolites of
interest. Figure from Garnatje et al. 2017.



1.1. Characteristics of specialized metabolism 33

To alleviate some of these challenges, elucidating the biosynthetic pathways of
these molecules of interest in accumulating non-model species is crucial. This is
nowadays facilitated by the emergence of -omics methods and of more efficient
sequencing methods. Those data will enable plant scientists to unravel biosyn-
thetic pathways of specialized metabolites and recreate them in more suitable

heterologous systems via metabolic engineering.
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Figure 1.14 — Repartition of sub-families of Asteraceae across the world. Figure adapted
from Barreda et al. 2015 and Delporte 2017.
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1.2 Cichorium intybus and its benefits

Chicory has a long history of use in various human civilizations. Its wild
relatives can be found throughout Western Europe, North America, parts of
South America, the Middle East, and Asia (Figure 1.14). In ancient Egypt (1600
BC) it was consumed before the main meal for its already known digestive
properties (Short et al. 2015). These properties are now attributed to inulin
(Pouille et al. 2020). The majority of healing properties of chicory are attributed

to its root.

A great number of chicory legends, on the other hand, mention its pale blue
flowers, used in ophthalmic treatments. The faithfulness of young women with
beautiful blue eyes to their departed fiancés is a common denominator of these
folklore, which can be found in Italy, Germany, and Jerusalem. Ovide tells the
story in Metamorphoseon libri of Clytie, who is seduced by the Sun (Apollo or
Helios for the Greeks) but is then abandoned by him (Ovide 2017; translation
from latin to french of Ovide’s work). She transformed into a heliotropic plant
so she could keep looking at her lost love during the day. Inspired by Ovide
work’s, other legends gave chicory the surname of Sun’s Fiancée. Indeed, chicory
flowers open in the morning with dark blue petals that lighten throughout the
day before closing at sunset. In these legends, the young women standing in the
same spot for so long, awaiting the return of their fiancés, saw their feet and
legs transformed into roots, and their watery blue eyes into chicory’s flowers
(de Gubernatis 2004).

All this folklore linking chicory flowers to the blue eyes of young women
might take its roots in the ophthalmic healing properties of the decoction of its
blue flowers, probably due to the presence of vitamin E, as in carrots, a remedy
that was used during Middle Ages (de Gubernatis 2004). C. intybus was used
in many traditional remedies against various diseases and symptoms across the
world (Table 1.1), showcasing its natural accumulation of potent molecules with

therapeutic properties.
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Table 1.1 — Traditional medicinal uses of Cichorium intybus.

Table from Street et al.

2013.
Country Traditional use(s) Plant part(s) Preparation(s)
Afghanistan ~ Malaria Root Aqueous extract
Diarrhea, strengthening the prostate and
Bosnia and other reproductive organs, pulr.nonary Aerial part, flowers, roots Not stated
. cancer, hangover, and purification of
Herzegovina 1
biliary tract
Liver dlsordersi spas.molytlc, Aerial Decoction
cholesterol, antiseptic
Cholagogue stimulant
Bulgaria for gastric secretion, Roots, aerial parts Decoction
hypoglycemic
Liver disorders Seeds
India Dlabe'tes . Whole plant Not stated
]aundlce., liver enlargement, gout, and Root Decoction
rheumatism
Cough relief Not stated
Eupeptic, stomachic, depurative,
Iran choleretic, laxative, hypotension, tonic, Whole plant Not stated
and antipyretic
Blood cleansing Leaves Not stated
Ttaly High blood pressure Leaves Decoction
Blood purification,
art§r1oscler0§15, antiarthritis, Leaves/roots Decoction
antispasmodic,
digestive
Depurative Whorls Decoction
Choleretic, hepatoprotective
against jaundice, mild Leaves Decoction, squashed fresh leaves
laxative, hypoglycemic
Jordan Internal hemorrhage, sedative in typhoid Whole plant Cooking
Renal disease Aerial/roots Not stated
Morocco
Kidney disorders, diabetes Whole plant Decoction
Pakistan Diabetes Roots Decoction
Poland Digestive complaints and lack of appetite Roots Tea
Diarrhea Flower Infusion
Serbia Diuretic, digestive, laxative,
anti-inflammatory, liver complaints, Roots Decoction/tea
reducing blood sugar
Cholagogue, digestive, hypoglycemic Aerial part/root Not stated
South Africa  Jaundice, tonic Leaves, stems, roots
Cancer, kidney stones Roots Decoction
Turkey Wound healing Leaf Ointment
Hemorrhoids, urinary disorders Aerial Tea




1.2. Cichorium intybus and its benefits 37

Centuries later, we reach the pinnacle of chicory popularity in Europe, particu-
larly in the north of France. In 1806, Napoleon the First imposed the Continental
Blockade, which prohibited all commercial exchanges with the Great Britain,
depriving France (among other countries) of imports of sugar, cotton, and, most
pertinently here, coffee, from the colonies. Chicory is an endemic plant of north-
ern France, and its culture grew large enough to be used as a coffee substitute
(Kandeler et al. 2009). The beverage made from its torrefied roots grew in popu-
larity over time and France is still the largest European producer of Cichorium

intybus L. var. sativum and var foliosum (Figure 1.15).

e
© Cidoriem Intibur L erz.

Figure 1.15 — Botanical representation of Cichorium intybus (left) and publicity for
coffee substitute from torrefied chicory roots after the World Wars (right).

Right : “Chicorée la Renommeée des Flandres” (une jeune femme ravitaille un soldat francais et
un soldat belge avec de la chicorée) from Jean-Pierre Verney.

The species of the genus Cichorium belong to the Asteraceae family (Figure
1.16), of which evolutive advantages allowed them to conquer the terrestrial
world and represent 10 % of the identified Angiosperms species. They emerge
in South America 70 MYA and colonized the rest of the globe. The three major
subfamilies of Asteraceae are Cichorioideae (with Cichorium and Lactuca genra),
Carduoideae (with Cynara genra) and Asteroideae (with Helianthus genra) (Barreda
et al. 2015).
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Figure 1.16 — Phylogenetic tree of cultivated Cichorium species.

The Cichorium genus encompasses six species: C. intybus L., C. endivia L.,
pumilum Jacq., C. calvum Sch. Bip. ex Asch., C. spinosum L., C. bottae Deflers,
found principally in Europe and Asia. C. intybus, C. spinosum, and C. bottae are

perennial species in the wild whereas the others are annual.

Wild Cichorium intybus L., as all Asteraceae, is characterized by having a
capitulum as an inflorescence (also known as umbel). The height of the floral
stem can reach 1 meter above ground. Its root can measure 20 cm in length
and 3 cm in diameter. Its leaves range from 10 to 30 cm in length, are stalked,
lanceolate and unlobed. Wild chicory grows on the roadsides and in the margins
of fields and flowers from july until october. Their flowers are sporophytic self-
incompatible and are pollinated by insects. The fruits are akenes (L. Gonthier,
Blassiau, et al. 2013). Chicory varieties have been selected over the years to
produce longer and larger roots enriched in inulin. Inulin content can reach 20
% in the fresh root and up to 90 % of the dry weight. It is a polymer of fructose
that as many usages, such as sugar substitute (H. P. . Bais et al. 2001) (Figure
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1.17).
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Figure 1.17 — Molecules of interest accumulating in Cichorium intybus var. sativum.

Numerous natural products have been identified in chicory, mostly in its root.
Sesquiterpene lactones are abundant, notably lactucine, 8-deoxylactucine and
lactucopicrine, and data suggest they are responsible for chicory bitterness so
of great interest in agronomical studies (Rees et al. 1985; Willeman et al. 2014;
Van Beek et al. 1990; de Kraker et al. 1998). Chicory also accumulates phenolic
compounds such as cichoriine or flavonoides like derivatives of quercetine,
kampferol and epigenine (Carazzone et al. 2013). However, the major phenolic
compounds are HCA 27 derivatives such as quinic acid esters: chlorogenic
(caffeoylquinic acid or CQA) and isochlorogenic acids (dicaffeoylquinic acid or
diCQA); or tartaric acid esters: caftaric acid (caffeoyltartric acid or CTA) and
chicoric acid (dicaffeoyltartric acid or diCTA) (Legrand et al. 2016; Street et al.
2013) (Figure 1.17). CQAs are reviewed in length in section 1.4.1. In the aerial

27 HCA: Hydroxycinnamic Acid
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parts of chicory, more specifically the flowers, phenolic compounds of interest
also accumulate. Unusual phenolamides have been identified and characterized
(Figure 1.17). These natural products of interest are also reviewed in length in

section 1.3.1.

Chicory is an ideal species for the study of these specialized metabolism. It is
an unsusual non-model plant of agronomical interest with available genomic
data (Dauchot et al. 2009; Ghedina et al. 2015; Cadalen et al. 2010; L. Gonthier,
Bellec, et al. 2010), facilitating the identification of target genes by sequence
homology. Moreover, it can easily be transformed and cultivated through the
production of protoplasts or of hairy roots from which mutant plant lines can be
regenerated (C. Rambaud et al. 1992). Recently, the CRISPR-Cas9 technology was
optimized in this species, giving us even more tools to elucidate the biosynthetic
pathways of all the mentioned natural products of interest chicory accumulates
(Bernard, Gagneul, et al. 2019).

During my thesis, I worked on the deciphering of the biosynthetic pathways
of two molecules of interest in C. intybus. Both are derivatives of HCA and
are synthesized through acylation reactions. The first compound is a unusual
conjugate of HCA with an amine, tetracoumaroyl-spermine or TetraSpm. This
phenolamide or HCAA 2® accumulates in the pollen coat of chicory. The second
molecule of interest in this work is diCQA. The biosynthetic pathway of this
root-accumulated compound was previously investigated in chicory but unsuc-
cessfully. Known functions and roles of phenolamides and CQAs are presented

in the following sections.

28 hydroxycinnamic acid amide
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1.3 Roles and functions of phenolamides

1.3.1 Definition of phenolamides and their characteristics

Phenolamides, also known as phenylamides or hydroxycinnamic acid amides
are conjugates of hydroxycinnamic acid derivatives with aromatic or aliphatic

amines.

s | oeme | pame | Prercianices

CaTHTStTHT,NITHT10 YL L .
Serotonine/Tyramine /30,NtTHT4/11 Hydroxycinnamoyl tyramine NN ¥ valine
Derivates SITHT1-3,5THT7-1 | Solanaceae o _ _
SITHT7-8.CaSHT . Hydroxycinnamyl octopamine  * oo
T !
Hydroxycinnamoyl do;am-ne Hydroxycinnamoyl Serotonine
AtACT1 Brassicaceae w X
Agmatine/Tryptamine HVACT,0sAHT1 i " X j\;«~,_, R
¢ IPutresZi‘:\e OsPHT3,0sPHT Hydroxycinnamoyl agmatine " | M Hydroxycinnamoyl tryptamine
Derivates NaAT1,HVTHT2 Gramineae/ T « Hydroxycinnamoyl putrescine w
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NaCv86,NaDH29 Sol i {
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Figure 1.18 — Classification of phenolamides according to their origin. Figure adapted
from Roumani, Besseau, et al. 2021.
R1 =H or OH; R2 and R3 = H, OH or OMe

The phenolic moiety of the hydroxycinnamic acid derivatives is covalently
linked through amide bonds to an aromatic monoamine or to an aliphatic amine.
Five classes of phenolamides can be considered according to the type of amine

constituting their backbone: derivatives of tyramine and serotonine, derivatives
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of agmatine, derivatives of tryptamine and putrescine, derivatives of spermi-
dine, derivatives of spermine and derivatives of anthranilate. These classes are
represented in Figure 1.18 (Roumani, Besseau, et al. 2021). In this work, we are
more interested in the derivatives of two polyamines: spermine and spermidine.
While spermidine is considered to be a contributor to primary metabolism for
plant growth and longevity (Eisenberg et al. 2009; Nambeesan et al. 2010), in-
creases in spermine contents activate plants defense genes against abiotic and
biotic constraints (Hasan et al. 2021; Sreenivasulu et al. 2000; Roychoudhury
etal. 2011; Zrig et al. 2011; Radhakrishnan et al. 2013; Duan et al. 2008; Mitsuya
et al. 2009; Gonzalez et al. 2011). These phenomena demonstrate the crucial
importance of polyamine homeostasis in plants fitness and defense (Tiburcio
et al. 2014).

A theoretical number of over 5 000 phenolamides compounds is predicted
across the plant kingdom. However they roles and biosynthesic pathways are
not entirely understood (Roumani, Besseau, et al. 2021). The last step of their
synthesis is catalyzed by very diverse N-hydroxycinnamoyltransferases which
explains the variety of phenolamide structures. If their functions in plants are
still unknown, their structure and their tissue distribution are well documented
and are discussed in section 1.5 in relation to our metabolite of interest. (Martin
Tanguy et al. 1978; Luo, Fuell, et al. 2009 ;Kaur et al. 2010; Xuekui Dong et al.
2015; Elejalde-Palmett et al. 2015).
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1.3.2 Physiological roles of phenolamides

Typically, conjugated molecules are thought to be the end of a storage pathway,
and this was the main hypothesis for a long time when it came to phenolamides.
Some can be stored as hexose conjugates and remobilized on demand after the
phenolic rings have been hydroxylated and methylated, for example. The in-
tracellular accumulation of hydroxycinnamoyl-spermidines was also associated
with their glycosylation (Bassard, Ullmann, et al. 2010). However, several studies
illustrate that they can act also as metabolite intermediates, especially because
they are at the crossroad of the phenylpropanoid and polyamines pathways
(Bassard, Ullmann, et al. 2010).

1.3.2.a Plant defense against biotic and abiotic constraints

Defense against abiotic constraints

The studies that link specialized metabolites to plant defenses against abiotic
constraints are scarce and show more indirect correlations than those that link
specialized metabolites to defense against biotic constraints. Polyamines, the
building blocks of phenolamides, have been shown to have indirect antioxidant,
protective, and stabilizing properties in plant cells (Bassard, Ullmann, et al.
2010). The free polyamines of interest of this work, spermine and spermidine
were shown to prevent leakage of electrolytes or amino acids for instance (Chat-
topadhayay et al. 2002). Conversely, the correlation of free polyamines contents
with plant defense against abiotic stress has mentioned above, but not for their

conjugated form as phenolamides.

Their role in plant defense is still hypothetical, but this hypothesis is worth
considering based on their scavenging, antioxidant, or putative UV-B protective
properties (Langebartels et al. 1991; A. Edreva et al. 1998; Choi et al. 2007;
Georgiev et al. 2012; Abe et al. 2017). Such properties are of particular inter-
est, particularly in light of climate change and the increasing frequency and

intensity of abiotic and biotic constraints. Furthermore, several studies show
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that certain abiotic constraints have an effect on phenolamide content. Fol-
lowing the application of the constraints listed in this section, the content of
phenolamides can thus be increased. Mineral deficiencies, high ozone levels,
drought, UV-B exposure, and even heat have all been shown to increase the con-
tent of putrescine and spermidine derivatives in wheat and tobacco (Klapheck
1983; Aglika Edreva et al. 1995; A. Edreva et al. 1998; Konigshofer et al. 2002;
Demkura et al. 2010). Mechanical injuries increase the contents of derivatives of
tyramine, octopamine and putrescine in Solanaceae, more specifically Solanum
lycopersicum and Solanum tuberosum (Jonathan Negrel, Pollet, et al. 1996; Pearce
et al. 1998; Matsuda et al. 2005). In a study on long-term impacts of a combina-
tion of abiotic constraints linked to climate change, hence heat, elevation of CO,
and O3 concentrations, phenolamides were specifically elicited (B. Mikkelsen
et al. 2015). However, phenolamides can also be downregulated by salt stress or
nitrogen deficiency (Shevyakova et al. 2006 ; Larbat et al. 2014). This downregu-
lation is correlated to the accumulation of phenolic compounds, precursors of
phenolamides, in nitrogen-deficient tissues, which could be due to a decrease
in free polyamine contents or a downregulation of the N-hydroxycinnamoyl-
transferase involved in conjugates formation. (Larbat et al. 2014 ; Royer et al.
2016).

Defense against biotic constraints

Similarly to studies on the relationship between phenolamides and responses
to abiotic constraints, the role of phenolamides in responses to biotic constraints
has yet to be fully elucidated. Numerous studies show that they accumulate
after a pathogen attack or herbivory wounds. Again, their presumed activities in

these situations would be related to their scavenging abilities (Figure 1.19).

Except for fully substituted spermidine or spermine, which are only found in
the pollen coat, discussed in more length in section 2.1.1 (Elejalde-Palmett et al.
2015; Delporte 2017), all types of phenolamides can be associated with pathogen

defense. It has been demonstrated that the accumulation of phenolamides is
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Figure 1.19 — Phenolamide accumulation under biotic constraints. Figure and Legend
from Roumani, Besseau, et al. 2021.

The orange box represents the mechanisms described in response to pathogen infection and
the green box those in response to herbivory. Transcription factors are in bold and phytohor-
mones in blue. In the case of pathogen infection, phenolamide accumulation relies on ethylene
(ET) and jasmonic acid (JA) signaling pathways. ET activates different transcription factors
(ERF and NAC) and ends by activating MYB factors that induce the expression of genes of
the phenylpropanoid pathway, together with acyltransferases. In Arabidopsis, JA activates the
AtORAS59 factor, which leads immediately to overexpression of the AtACT enzyme. Finally, a
third pathway implies the activation of WRKY transcription factors through the MAPK pathway.
In the case of herbivory, the JA signaling pathway is mainly activated. Once JA is accumulated,
Coronatine Intensitivel (COI1) degrades the Jasmonate Zim-Domain (JAZ) proteins and releases
transcription factors belonging to the bHLH family MYC. The release of MYC2 activates the
MYB transcription factor. Herbivory also induces the accumulation of other phytohormones
and SmRNA, which can modulate the JA-dependent response and/or contribute to a systemic
accumulation of phenolamides. The mechanisms for such aspects of the regulation are still
unclear. Solid lines represent a direct relationship between these elements, whereas dotted lines
represent relationships between elements with probable intermediates.

PAL, phenylalanine ammonia lyase; 4CL, 4-coumarate:CoA ligase; C4H, cinnamate-4-
hydroxylase; CP, caffeoylputrescine; CoP, p-coumaroylputrescine; FP, feruloylputrescine;
MCS, monocaffeoylspermidine; DCS, dicaffeoylspermidine; CoT, p-coumaroyltyramine; FT,
feruloyltyramine; CoN, p-coumaroylnoradrenaline; CoOc, p-coumaroyloctopamine; CoD, p-
coumaroyldopamine; FD, feruloyldopamine; IAA, indole acetic acid; CK, cytokinin; SA, salicylic
acid.
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related to increased plant defense through studies of KO mutant lines of genes
encoding for enzymes involved in phenolamide production pathways or through
external application of phenolamides (Roumani 2021). Their protective role
was explained by two courses of action. The first is a direct antibacterial or
antifungal activity demonstrated in in vitro assays (Newman et al. 2001; Mo-
rimoto et al. 2018; von Ropenack et al. 1998; Zacarés et al. 2007; Stoessl et al.
1970; Ube et al. 2017; Muroi et al. 2009; Morimoto et al. 2018). The second
effect of phenolamides accumulation is a reinforcement a plant cells secondary
wall during pathogen infection by suberization, notably by tyramine, agmatine,
anthramide, putrescine and tryptamine derivatives (Roumani 2021). By incor-
porating polymerized phenolamides, the cell wall becomes less digestible by
pathogens hydrolytic enzymes thus protecting the plant from a fungi infection
and proliferation (King et al. 2005). The roles of phenolamides against her-
bivory (mainly by insects) was studied particularly in Solanaceae and Poaceae
species. Most of the accumulated phenolamides are derivatives of putrescine,
spermidine and sometimes tyramine (Roumani, Besseau, et al. 2021). In Nico-
tiana attenuata, the presence of caffeoylputrescine and of dicaffeoylspermidine
was demonstrated to be detrimental to Manduca sexta larvae (Kaur et al. 2010).
Caffeoylputrecine is also an inhibitor of the oviposition of Liriomyza trifolii in
Capsicum annuum (Solanaceae) (Tebayashi et al. 2007). This activity isn’t ubiq-
uitous across all studied species. A study from Onkokesung and colleagues
(2012) suggests that higher protection can be obtained when a wide array of
phenolamides is accumulated.

1.3.2.b Phenolamides putative roles in reproduction

The high accumulation of derivatives of putrescine, spermidine and spermine
in the pollen grain is at the origin of the hypothesis that those metabolites might
play a role in floral initiation and reproduction. Indeed, they have a putative link
with development and growth regulation, cell proliferation, cell differentiation,
embryogenesis, organogenesis and cal formation (Martin Tanguy 1997; A. M.
Edreva et al. 2007; Bassard, Ullmann, et al. 2010; Guo et al. 2003). Another

proposed role for phenolamides in some species is that they serve as polyamine
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and hydroxycinnamoyl storage in pollen grains, which can be remobilized at
specific metabolic points such as germination (Figure 1.20) (Bassard, Ullmann, et
al. 2010). A recent study in Glycine max (Fabaceae) shows that phenolamides act
as ROS scavenger during floral development to avoid pollen abortion (Ding et al.
2019). The roles of phenolamides during floral initiation has been established
in several families (Asteraceae, Araceae, Brassicaceae, Solanaceae). Phenolamides
accumulate in the leaves of apical meristems and in the apex just before floral
initiation, and are absent afterwards. Mutants not accumulating phenolamides
were unable to bloom (Bassard, Ullmann, et al. 2010). However, they are not
always essential for fertility (Cabanne et al. 1981; Martin Tanguy 1985; Martin
Tanguy 1997).

The pollen grain wall is constituted of several layers: intine, exine which can
be subdivided into nexing and sexine, and finally the pollen coat (or tryphine,
not always present) (Figure 1.20). Intine is a pecto-cellulosic layer and is the
most intern layer. Its constituents are synthesized by the microspores. Exine
and its two sublayers form the gaps and apertures that confer their specific
characteristics to each species pollen grain. The pollen coat is present in most
Angiosperms with zoophile pollination (J. Jiang et al. 2013; H. Ma 2005) and is
constituted of long chains lipids, glycoproteins and oleosines as well as sterol
esters. Sterol esters would stabilize the semi-rigid structure of the pollen coat

more efficiently (Rejon et al. 2016).

The pollen coat has roles in pollen/stigmate recognition or rejection in cases
of auto-incompatility, but also in pollination via the mechanistic of adhesion to
the pollinators as well as in the protection of the genetic material against abiotic
and biotic constraints (Pacini et al. 2005; H. Lin et al. 2013; Murphy 2006).

The constituents of the exine and pollen coat layers are synthesized in the
tapetum (Shi et al. 2015). The tapetum is one of the four layers of the anthers
wall. Tapetum cells are nutritive cells in the anthers that possess two specific
organelles: elaioplasts and tapetosomes. These organelles have not been fully

characterized to this day, biochemically or in terms of function but it is supposed
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Figure 1.20 — Involvement of polyamines in pollen development. Figure and legend
from Aloisi et al. 2016.

PA (polyamine) biosynthetic and oxidative metabolisms occur from the early stage of pollen
formation inside the anthers (A), when both microspores and the tapetal cell layer of the anther
contribute to microspore cell wall architecture (B). Pollen accumulates high levels of free PAs
and HCAAs, mainly localized in the cell wall. PA catabolism by PAO and DAO modulates the
rigidity of the cell wall (C). Once dehydrated, pollen grains are released and PAs contribute to
maintain pollen viability (D). During germination on a stigma (E), PAs promote the translation
of transcripts and they are also released in the extracellular space, together with TGase (F).
During pollen tube growth in a compatible style, PAs take part in the cytoskeleton organization,
in cell wall deposition and remodeling by the PME enzyme as well as in the regulation of ion
transport through the plasma membrane. PAs also exert an inhibitory effect on RNase enzymes
(G).
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they are involved in the biosynthesis of sporopollenine, a hydrophobic molecule
that coats the outer layer of the pollen grains, and of which the precursors
constitute the exine layer (S. S. Kim et al. 2013). This transport of specialized
metabolites from their production tissue to the tissue in which they play their
role is quite common and involves excretion, secretion as well as storage structure
but is not well understood. (Jing-Ke Weng, Lynch, et al. 2021). The transport
(active or passive) of sporopollenin or other specialized metabolites in the pollen

grain has not yet been elucidated.
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Figure 1.21 - Identification of phenolamides present in chicory floral buds. Figure and
legend adpated from Delporte 2017.

Stacked HPLC chromatograms of methanolic extract obtained from different parts of floral buds
and of methanol pollen wash.

In this work, I focused on specific polyamine derivatives, fully substituted
spermine derivatives found in C. intybus pollen exine (Delporte 2017). The
particularity of fully substituted spermidine and spermine is that they are
found only in the pollen coat. In C. intybus it was demonstrated that the fully
substituted spermine accumulation was precisely localized in the pollen grain
(Figure 1.21). This seems common to only Asteraceae members, in which the

fully substituted tetrahydroxycinnamoyl-spermine is the major phenolamide
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accumulated (Delporte, Bernard, et al. 2018). While trihydroxycinnamoyl-
spermidine is considered a marker of Eudicotyledons pollen exine (Figure 1.22
A.; Elejalde-Palmett et al. 2015), TetraSpm has already been detected in flower
or pollen extracts of other Asteraceae species such as Matricaria chamomilla,
Coreopsis tinctoria and C. intybus (A. Yamamoto et al. 2002; S.-C. Lam et al. 2016;
Bozicevic et al. 2017; Delporte, Bernard, et al. 2018). It is however absent in
families close to Asteraceae (Calyceraceae, Stylidiaceae and Argophylliceae) or any

other plant families (Delporte, Bernard, et al. 2018; Figure 1.22 B.).

This unusual pollen HCAA is the first molecule of interest of this work. The
second molecule of interest is found in the root of C. intybus and is a HCA conju-
gate of a different nature. Instead of a polyamine, the HCA is the substituent of
quinic acid here. The following section reviews the biosynthetic pathway of such
compounds known as caffeoylquinic acids. The current knowlegde available
concerning the biosynthetic pathways of the specific molecules of interest of this
work, TetraSpm and diCQA, is reviewed in the introductions of Chapters 2 and

4 respectively.
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1.4 Roles and functions of caffeoylquinic acids

Isochlorogenic acid, or dicaffeoylquinic acid, is a well studied potent special-
ized metabolite. Its chemical and physical characteristics make it a valuable
plant natural product and highly beneficial to human health. Its role in plants
however is not as well investigated. The presented work contributes to the

characterization of its production in C. intybus.

1.4.1 Definition of caffeoylquinic acids

Caffeoylquinic acids are composed of a quinic acid moiety and of caffeic acid
moieties. The four stereocenters of quinic acid (carbons 1, 3, 4, and 5) can be
substituted by caffeic acid (Figure 1.23). A total of 15 combinations is possible,
with four monoCQAs, six diCQAs, four triCQAs, and one tetraCQA. If we take a
closer look on the properties of each component of the CQA molecule, we can
gain insights as to their bioactivities. Indeed, quinic acid ((1S,3R,4S,5R)-1,3,4,5-
tetrahydroxycyclohexane-1-carboxylic acid) polar surface area is 118 A, whereas
caffeic acid ((2E)-3-(3,4-dihydroxyphenyl)prop-2-enoic acid) is 77,8 A making
quinic acid much more polar (Kim et al. 2021). Another critical characteristic
of caffeic acid is the presence of the five double bonds that enable it to stabilise
free radicals by resonance. A higher degree of esterification of quinic acid with a
caffeic acid moiety decreases the molecule’s polarity and solubility and increases
its lipophilicity. TetraCQA is in consequence a better scavenger of free radicals
than triCQA, diCQA or monoCQA in that order. CQAs bioactivity is potentially
influenced by their degree of esterification (Liang et al. 2019), making highly
substituted CQA more desirable in industry and medicine but also more prone

to alterations during extraction.

1.4.2 Identifying CQAs isomers and the difficulties that come
with it
The major problem when it comes to CQAs is correctly identifying and extract-

ing them. In the literature, there is a lot of misunderstanding over which CQA
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\
RO Y~ “OR;
OR,
Quinic acid Caffeic acid (CA)
(1S,3R,4S,5R)-1,3,4,5tetrahydroxycyclohexane
-1-carboxylic acid (E)-3-(3,4-dihydroxyphenyl)acrylic acid

Figure 1.23 — Quinic and caffeic acids. Figure from Alcazar Magana et al. 2021.

isomers are detected. This is the result of a buildup of diverse problematics. The
first one is the instability of CQAs. They are very prone to degradation, cis and
trans isomerisation and acyl migration due to their sensitivity to UVs, heat and
pH (Xue et al. 2016; Moglia, Lanteri, et al. 2014; Deshpande et al. 2014).

Xue at al. (2016) illustrated one of these features by exposing CQAs to light
during 7 days resulting in significant cis-trans isomerisation into what could
be assumed as more stable degradation products and isomers. Intramolecu-
lar acyl-migration can occur either in vivo (in the vacuole) as demonstrated
by Moglia et al. (2016) or in vitro in heated aqueous solution or with the in-
fluence of the pH (Xue et al. 2016; Deshpande et al. 2014). Another affect of
heat is transformation. When heated up, 5-CQA ((1R,3R,4S,5R)-3-(((E)-3-(3,4-
dihydroxyphenyl)acryloyl)oxy)-1,4,5-trihydroxycyclohexane-1-carboxylic acid)
can transform into a mix of 5-CQA, 3-CQA and 4-CQA as well as the hydrolysis
products quinic acid and caffeic acid (Dawidowicz et al. 2016). Extraction proto-
coles of CQAs must be designed and carried out with great vigilance in regards

of this physico-chemical features.
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Another considerable issue is the heterogeneous nomenclature used to name
mono-, di- and tri-CQAs stemming from the IUPAC 29 rules for denominat-
ing molecules. A great deal of confusion arose in the literature between CQA
isomers. Moreover, CQA isomers can have very similar physicochemical prop-
erties making them difficult to tell apart simply from bioactivity assays, espe-
cially in the absence of a commercial standard and given the previous points
raised. Alcazar Magana et al. (2021) give striking examples of the inadequacy
of the IUPAC rules for CQAs. The main IUPAC nomenclature regarding a
multi-substituted ring is to number in the direction that gives the lowest num-
bers for substituents. If we take the quinic acid molecule illustrated in Fig-
ure 1.23, this means that CQAs with substituents on positions 3 and 5 are
bounded to be confused for each other in the literature. They give the case
of 3-O-CQA & 5-O-CQA for which the IUPAC denominations are highly sim-
ilar since for both the substituent position is considered to be 3 according
to the lowest number rule. The only difference in the denomination is the
stereochemistry of position 1 (S or R): 3-O-CQA is denominated (1S,3R,4S,5R)-
1-(((E)-3-(3,4-dihydroxyphenyl)acryloyl)oxy)- 3,4,5-trihydroxycyclohexane-1-
carboxylic acid whereas 5-O-CQA is denominated (1R,3R,4S,5R)-3-(((E)-3-(3,4-
dihydroxyphenyl)acryloyl)oxy)-1,4,5-trihydroxycycl ohexane- 1-carboxylic acid.
A similar issue concerns 1,3- and 1,5-diCQA or 1,2,4-triCQA and 1,4,5-triCQA,
often mistaken for each other in the literature due to inconsistent naming. To
avoid further confusion and ambiguity, it is proposed to use the numbering
of the quinic acid moiety for consistent naming across literature, which is also
endorsed by the U.S. National Library of Medicine of the NIH 3° (Kim et al.
2021).

The physicochemical properties of CQAs have to be taken into account when
performing extraction of CQAs to prevent misidentification, alteration of the
bioactive agents of a medicinal plant, heterogeneous results between batches or

accessions of a same species.

29 TUPAC: International Union of Pure and Applied Chemistry 3% National Institutes of Health
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1.4.3 Health benefits of caffeoylquinic acids

The abundance of CQAs in medicinal plants indicates that they may have
health benefits for both animals and humans. Indeed, CQAs are highly valuable
in agronomic or pharmaceutical applications. Their antioxidant activity is the
most looked into, with treatment of Alzheimer or other inflammatory diseases
in mind. It also possesses anti fungal and antibacterial activities (Bernard, Alves
Dos Santos, et al. 2020). CQAs phenolic hydroxyl groups in a conjugated system
make them electron rich molecules. This provides them with good scavenging

properties and enables them to act as direct antioxidants.

Because of their antioxidant (Sroka et al. 2003; Bernard, Alves Dos Santos,
et al. 2020; Nzekoue et al. 2020; Trendafilova et al. 2020), antibacterial (Bernard,
Alves Dos Santos, et al. 2020; Hamed et al. 2020; Nzekoue et al. 2020), and
antiviral properties (Ospanov et al. 2020; J.-Y. Park et al. 2012; P. Smith et al.
2016), CQAs have the potential to provide a wide range of health advantages.
Beneficial effects in digestion (Gan et al. 2018), diabete-related symptoms (Imai
et al. 2020) or in cancer cells inhibition (Kurata et al. 2007; Puangpraphant et al.
2011; Lodise et al. 2019; Murad et al. 2015). The neuroprotective activity of
CQAs is being studied extensively due to the potential value of this research
for public health (Sasaki et al. 2019; Nzekoue et al. 2020; Metwally et al. 2020),
particularly in the case of Alzheimer disease (Nora E Gray et al. 2014; Anggreani
et al. 2017; Matthews et al. 2020).

CQAs can act on a hub pathway of oxidative stress regulation by targeting the
anti-inflammatory Keap1-Nerf2 pathway, conferring CQAs substantial interest
in their use against age-related diseases (Brandes et al. 2020; Liang et al. 2019).
Nerf2 is a hub regulator of cellular oxidative stress resistance and a common
therapeutic target. The oral consumption of CGA 3! in rats demonstrated a
positive impact on Nerf2 signaling inducing ARE 32 genes and thus the indi-
rect production of glutathione and other antioxidant molecules. CQAs and

particularly 1,5-diCQA and 3,5-diCQA, exhibit anti-inflammatory and great neu-

31 CGA: chlorogenic acid 32 ARE: Antioxidant Responsive Element
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roprotective effects in Alzheimer disease notably by inhibiting the cell death of
MCGS5 and SH-SY5Y neuroblastomata cells (cancer cells developing from nerve
cells) induced by pamyloids deposition and activation of the Nerf2 pathway and
of mitochondrial genes responsible for electron transport for example (Nora E.
Gray et al. 2015). Those neuroprotective effects of CQAs help reduce memory
and cognitive deficits in the rat populations studied. Other molecular regulatory
systems are influenced by CQA intake, such as Ca>* homeostasis participating
in the protection of neurons against glutarate exitotoxicity (Sunghwan Kim et al.
2012; Mikami et al. 2015).

CQAs antiviral effects are receiving renewed consideration in the current
climate. Among 2878 compounds tested for TbCetl inhibition (RNA triphos-
phatase essential to viral development), tetraCQA was identified as the most
potent inhibitor. 3,5-diCQA also exhibited this activity but in a lesser manner
by five-fold (P. Smith et al. 2016). Concerning the infamous SARS-Cov2 33 re-
sponsible for the ongoing COVID pandemic, it was demonstrated that catechols
groups in CQAs may inhibit the papain-like cysteine protease (PLP™) of the virus
by interacting with its thiol nucleophile (Ospanov et al. 2020;].-Y. Park et al.
2012).

Limitations of in vivo studies

The presented studies showcase in vitro and in vivo assays demonstrating the
effects of multi-substituted CQAs either in their untransformed form as pure
compounds or from intake of CQA rich foods. However, the bioavailability
and thus bioactivity of CQAs greatly depends on the processes of absorption,
distribution, metabolism and excretion (ADME). When orally supplemented
with CGA, caffeic acid or quinic acid, rats showed very low absorption of the
untransformed parent compound. Gonthier et al. (2003) found that CGA is
hydrolysed in the large intestine by esterases from the gut microbia into caffeic

acid and quinic acid that are then further metabolised into respectively m-

33 SARS-Cov2: severe acute respiratory syndrome coronavirus 2
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coumaric acid, derivatives of phenylpropionic, benzoic and in hippuric acids.
These metabolites represent 57,4 % (mol/mol) of the CGA intake. Such findings
raise the questions of the limitations in in vivo assays assessing multisubstituted
CQAs bioactivity and of the identity of the bioactive compounds responsible for
the beneficial effects seen in CQA supplemented dietary studies. Clifford and

colleagues (2020) discuss the limitations of such investigations.

This emphasizes the need of research into the bioactivity of CQA breakdown
products, without which we would be unable to fully comprehend the mecha-
nisms underlying the health advantages found after CQA consumption. Caffeic
acid as well as other degradation products of CQA have been shown to also
have neuroprotective, anti-inflammatory and antioxydant effects but further
characterization of these compounds bioactivities and bioavailability is needed,
taking the focus off of CQAs (Alcazar Magana et al. 2021).
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1.5 Central role of acyltransferases in specialized

metabolism

During my thesis, I focused on two metabolites of interest which are con-
jugates of hydroxycinnamic acids and polyamines or quinic acid respectively:
TetraSpm and diCQA. They are both produced by the acylation reaction, which

is widespread in the specialized metabolism of plants.

Acyltransferases are involved in the production of several metabolites accu-
mulated in chicory, particularly hydroxycinnamic acids such as CTA 34, diCTA
35, CQA 3% and diCQA 37 (Figure 1.17). The compounds synthesized by acyl-
tranfer on tartric acid, CTA and diCTA, have been characterized in vitro in other
accumulating species. CTA synthesis pathway was investigated in Equisetum
arvense (Equisetaceae) revealing that in vitro a CTT 38 was responsible for the
transfer of a caffeoyl-CoA on tartric acid and that diCTA was obtained through
the action a CCT 3Y acylating a second caffeoylCoA moiety on the CTA molecule
(H. Hohlfeld et al. 1995). In Arachis glabrata (Fabaceae), an HTT %° was proven
to have a similar biosynthetic mechanism concerning CTA production in vitro
(M. L. Sullivan 2014). More recently, another HTT was characterized in CTA pro-
duction in Echinacea purpurea (L.) Moench, as well as a HQT in CQA production
(Fu et al. 2021). HCT #! and HQT *2 have also been characterized to be involved
in the biosynthesis of CQA and diCQA as discussed in details in the introduction
of Chapter 4.

1.5.1 Definition of acyltransferases

Acylation is the transfer of an activated acyl group on an acceptor molecule.

It confers to molecules several properties such as solubility or stability which

3% CTA: caftaric acid 3> diCTA: chicoric acid 3® CQA or CGA: chlorogenic acid 37 diCQA:
dichlorogenic acid 3% CTT: hydroxycinnamoyl-CoA : meso-tartrate hydroxycinnamoyl
transferase 3 CCT: hydroxycinnamoyl-CoA : caffeoyl-meso-tartrate hydroxycinnamoyl
transferase 40 HTT: hydroxycinnamoyl-CoA : tartaric acid hydroxycinnamoyl transferase

41 HCT: hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyl transferase ~*?> HQT:
hydroxycinnamoyl-CoA quinate hydroxycinnamoyl transferase
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can enable them to achieve a storage compatible conformation, influence their
transport or activity (Gomez et al. 2009). This reaction can be performed by
several enzyme families in vascular plants, the main ones being SCPL #? and
BAHD ** (Figure 1.24). SCPL are acyltransferases that use glucose esters as acyl
donor to catalyze esterification or amidations (Milkowski et al. 2004). A newly
discovered SCPL enzyme, EpCAS, was characterized to use caftaric and s as
substrates to produce chicoric acid (Fu et al. 2021). The functions of SCPL are
thus broader than previously thought.
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Figure 1.24 — BAHD and SCPL: two superfamilies of acyltransferases and their catalytic
activities. Figure from Bonpart and colleagues (Bontpart et al. 2015).

BAHD use thiolesters of Coenzyme A as activated donors for similar reactions
(St-Pierre et al. 2000). BAHDs represent a huge specialized metabolism enzyme
family, behind cytochromes P450, glycosyltransferases and peroxidases (St-Pierre

et al. 2000). Their predicted number is between 50 and 120 copies in the

43 SCPL: Serine CarboxyPeptidase-Like ** named after the initials of the first characterized
enzymes of the family. BEAT: Benzyl alcohol O-acetyltransferase; AHCT: anthocyanin O-hydrox-
ycinnamoyltransferase; HCBT: N-hydroxycinnamoyl/benzoyltransferase; DAT: deacetylvindo-
line 4-O-acetyltransferase
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genomes of Arabidopsis thaliana (Brassicaceae), Medicago truncatula (Fabaceae),
Oriza sativa (Poaceae), Vitis vinifera (Vitaceae), Populus trichocarpa (Salicaceae),
Cynara cardunculus (Asteraceae) or Pyrus bretschneideri (Rosaceae) (D’Auria 2006 ;
X.-H. Yu et al. 2009 ; Tuominen et al. 2011; Moglia, Acquadro, et al. 2016 ; C. Ma

et al. 2017). This reflects the wide range of family in which they are encountered.

1.5.2 Features of BAHDs

From a genetic and biochemical perspective, a total of 75 BAHD genes have
been characterized. Crystallography and site directed mutagenesis of these genes

allowed to define common characteristics in this family.

These studies defined the characteristics of BAHD enzymes and provided
sufficient knowledge to identify some of them by homology in other species.
They possess two conserved motifs, HXXXD and DFGWG (Figure 1.25 A.). They
are soluble monomeric proteins with a molecular mass comprised between 45
and 55 kDa and have a globular three dimensional structure constituted of two
same size domains linked by a loop. The active site can be found in the space
between the two main domains. The active site contains the motif HXXXD,
conserved in all BAHDs (Figure 1.25 C.). The histidine residue of this motif has
part a strong catalytic role. It could allow the deprotonation of the heteroatom
of the acyl acceptor, hence enabling a nucleophile attack on the carbonyl of the
acyl donor involved in the thiolester link, the release of the CoA group and
the formation of the final conjugated metabolite (Figure 1.25 B.). The DFGWG
motif is found towards the C-terminal part of the protein and plays a more
structural role by stabilizing the three dimensional conformation of the protein.
Its conservation is not ubiquitous among all identified BAHD (D’Auria 2006).
BAHDs are involved in the synthesis of a wide array of specialized metabolites:
phenylpropanoids, amides, volatile esters, terpenoids, alkaloids, anthocyanins,
flavonoids, and acylsugars (D’Auria 2006; Tuominen et al. 2011). However
their high diversity in functions impairs our ability to use their sequences
to predict a BAHD enzyme function only by homology. This is due to their

rapid evolutive history, which has resulted in sequence divergence, substrate
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promiscuity, and functional divergence. Some BAHD who share only 40 to 50 %
of sequence identity can perform acylation on the same substrates (ASAT %3 in
Solanaceae all use sucrose/acylated sucrose as substrates, Moghe, Leong, et al.
2017) whereas a single amino acid change can affect the substrate preferences of
another BAHD (Coleus blumei HCT, Levsh et al. 2016). All these factors make

the characterization of BAHD enzymes challenging.
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Figure 1.25 — Characteristics of BAHD enzymes.

A. Schematic representation of a BAHD protein with the conserved motifs HXXXD and DFGWG
represented.

B. Simplified schematic of BAHDs acyl transfer activity, figure from (Haslam et al. 2017).

C. Structure of a BAHD characterized by crystallography, HCT of Caffea canephora (Lallemand
et al. 2012).

1.5.3 Phylogenetic analysis of BAHDs

D’Auria and colleagues (2006) realized phylogenetic analysis using 46 bio-
chemically and genetically characterized enzymes which highlighted the exis-

45 4.5 acylsugar acyltransferases
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tence of five clades among the BAHD superfamily. Each clade appears to have
distinct preferred substrates but these preferences are not always shared by all

members of the clade and can also be common to members of other clades.
Clade I members act mainly on flavonoids, particularly anthocyanins.

Clade Il encompasses principally CER2-like genes encoding which almost sys-
tematically lack the DFGWG motif, questioning the validity of these enzymes as
BAHDs.

Clade III demonstrates a diverse array of substrates. It is divided into two sub-
clades. Subclade IITa BAHDs act in the synthesis of alkaloids such as vindoline,
thebaine, cocaine. However other members can also catalyze the production
of VOCs or hydroxycinnamoyl-spermidine. More than half of putative BAHDs
identified in chicory belong to this clade (Delporte 2017). Subclade IIIb has only
one characterized member involved in the synthesis of coniferylacetate (Dexter
et al. 2007).

Clade IV was initially thought to be exclusive to monocotyledons with a member
acting on agmatine as an acyl acceptor (Tuominen et al. 2011) but this was later
contradicted by the identification of a clade member in N. attenuata (Solanaceae)
with putrescine as an acyl acceptor (Onkokesung et al. 2012). Some studies
classify it as adjacent to subclade Vb because of the similarities with the catalytic

activities of SHTs present in this subclade.

Clade V has very diverse substrates including terpenoids, quinic acid, polyamines
or alcohols with medium chain. The use of benzoyl-CoA as an acyl donor seems
specific to this clade while hydroxycinnamoyl-CoA have been described as acyl
acceptor in other clades. Subclade Va is composed of BAHDs catalyzing the
production of VOCs including benzoate esters. It also includes SCT ¢ and SDT
47 of Arabidopsis thaliana which are involved in the production of conjugates of
the free polyamine spermidine (Luo, Fuell, et al. 2009). Subclade Vb members
include SHTs as previously mentioned but also HCTs and HQTs. All members of
this subclade are acyltransferases acting on hydroxycinnamic acids with various

acyl acceptors. Acylation is performed on hydroxyl or amino groups.

46 SCT: spermidine dicoumaroyl transferase 4 SDT: spermidine disinapoyl transferase
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Figure 1.26 — Phylogenetic analysis of BAHD superfamily clades associated with
substrates promiscuity by Kruse and colleagues (2020).

Legend is adapted from the original paper.
The tree was rooted using the algal enzyme clade (Clade 0a). Maroon circles on branches refer to

clades with bootstrap values > 70. Clades were first defined based on deepest, high-confidence

monophyletic clades.
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The substrate promiscuity of BAHD complicates their characterization. In
vitro, they are more promiscuous towards different substrates than in planta,
where they are limited by the substrate availability. Heterologous expression
can then be misleading in their characterization, and such studies must be
considered these factors in mind (D’Auria 2006; Kruse et al. 2020).
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Figure 1.27 — Distribution of BAHD acyltransferases across plant species by Kruse and
colleagues (2020).

Legend is adapted from the original paper.

A. Likelihood of the number of BAHDs per 1000 genes in the genome of different phylogenetic
groups, as per the bound Brownian motion model.

B. Species tree of the analyzed species with sequenced genomes. One can note that the use of
amines as acyl acceptors is established early in the evolution history of BAHDs.

Recently, Kruse and colleagues performed an in-depth study on BAHD en-
zymes promiscuity characteristics and used this superfamily as a model for fast
evolving enzyme superfamily (Kruse et al. 2020). They redefined the clades
established by D’Auria and colleagues (2006): instead of five clades, they divided

the BAHDs into seven clades with clades I through IV remaining as previously
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defined. The members of clade V were redistributed into three new clades
(V to VII). Three subclades are particularly well conserved from angiosperms
to liverworts: subclades IVa, Va and VIIa. Subclade IVa contains polyamine
acyltransferases, subclade Va HCT/HQT enzymes and subclade VIIa alcohol
acyltransferases (Figure 1.26). These phylogenetic results combined with the
patterns in the enzymatic assays in substrates promiscuity they performed sug-
gest that acylating aliphatic and aromatic alcohol and amine clades are the most

ancestral and first to have been established in land plants (Figure 1.27).

1.5.4 Identified BAHDs in Chicory

The definition of conserved characteristics in BAHDs allowed for the identifi-
cation of 81 putative BAHDs in chicory, but none belonged to clade II (Figure
1.28; Delporte 2017). Seven of the putative BAHDs belong to the Vb subclade,
which encloses all of the BAHDs that catalyze the transfer of hydroxycinnamic
acid on various acceptors. From those genes of interest, five were characterized
by Guillaume Legrand (2016): 2 HCTs and 3 HQTs. The last two were annotated
as SHTs *® and named CiSHT1 and CiSHT2. Their characterization was initiated
by Marianne Delporte during her thesis (2017) and pursued during Guillaume
Bernard’ thesis (2018) as well as in the present work (Figure 1.28). However the
work of Kruse and colleagues questions the validity of this Vb subclade. It is
possible that this Subclade is actually be a combination of different clades some
of them enclosing the characterized HCTs and HQTs and an other containing the
SHTs.

48 SHT: Spermidine Hydroxycinnamoyl Transferase
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Figure 1.28 — Clade Vb of BAHD superfamily, figure from Delporte 2017.

1.5.5 BAHDs are not the only option

BAHDs are good targets when attempting to find a gene encoding an acyltrans-
ferase due to their widespread presence. Nevertheless, possible acyltransferases
present in other enzyme families should also be considered. Acylation was also
described in other enzymes like GDSL-lipase like (more specifically GEL