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General introduction

With a production of 75.5 billion euros, France was the leading agricultural producer in
the European Union in 2020 according to the statistical analysis of INSEE (National Institute
of Statistics and Economic Studies). Agricultural activities produce not only an important
source of food for humans but also feed for livestock and provide raw materials for many
industrial sectors (biofuels, bioplastics, biomaterials, cosmetics, health, etc.). The major
challenge for agriculture today and in the future is to improve the yield of plant productions and
maintain the quality of the harvested products while being more environmentally friendly. To
develop sustainable agriculture, French government projects such as “Ecophyto 11+ aim to
reduce the use of crop protection chemicals by 50% by 2025. Elimination of glyphosate was
planned by the end of 2020 for its main uses and by 2022 for all kinds of uses

(https://agriculture.gouv.fr/ecophyto). In addition, the cooperation of the French Institute
INRAE and its German counterpart enabled the development of the “European Green Deal”
project in 2020. One of the pillars of this project is the “2030 Biodiversity Strategy”, one of the
main  challenges is to build agriculture free of chemical pesticides

(https://ec.europa.eu/environment/strategy/biodiversity-strateqy-2030_en). In an agricultural

region like Normandy where agriculture and agri-food industry are sectors with great potential,
the demand for natural crop protection products is increasing day by day. In the context of
reducing the use and risk of chemical pesticides, the characterization of the mechanisms
involved in the natural defense systems of plants is necessary for the development of sustainable
alternatives to the use of synthetic products in  agricultural  areas

(https://world.businessfrance.fr/nordic/2020/06/09/the-future-of-agriculture-is-organic-and-in-

normandyy/).

While the defense mechanisms against pathogens have been well studied, this question
has been largely investigated regarding the aerial parts of the plants, knowledge regarding the
root system is still scarce (Chuberre et al., 2018). Differences were reported between immune
responses in leaves and roots which makes it difficult to extrapolate data from the aerial part to
the below-ground system. It is thus necessary to get a better understanding of the root system
defense (Millet et al., 2010; Mauch-Mani et al., 2017).

The rhizosphere is a privileged area of interactions between microbial flora and roots.
More especially atypical living cells called “Root Border Cells” or root “associated, cap-derived
cells (AC-DCs) embedded in their surrounding mucilage play a key role in root-soil borne

microorganisms (Driouich et al., 2019). Root border cells are specialized in the production of
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anti-microbial molecules including proteins and secondary metabolites. Interestingly, the
mucilage released from the root cap of many plant species has been shown to act in conjunction
with AC-DCs to form a structure defined as Root Extracellular Trap (RET) by analogy with the
Neutrophil Extracellular Trap (NET) involved in mammalian immunity (Driouich et al., 2013).
The RET has been shown to play a key role in root-microbe interactions (Hawes et al., 2000;
Cannesan et al., 2012; Driouich et al., 2013; Hawes et al., 2016; Tran et al., 2016). Molecular
characterization of the RET showed that polysaccharides such as pectins, mannans,
glycoproteins (extensins), and proteoglycans (arabinogalactan proteins) are major components
(Willats et al., 2001 ; Knee et al., 2001; Cannesan et al., 2012; Driouich et al., 2013; Plancot et
al. 2013 ; Castilleux et al. 2018).

The number of border cells produced and the composition of the mucilage were shown
to be impacted in response to elicitors (flagellin 22, chitosan, peptidoglycan...) suggesting that
a modulation of the RET is probably part of root immunity (Chuberre et al., 2018; Driouich et
al., 2019).

The evaluation of the role of plant- or microbial-derived carbohydrates in plant
immunity has recently led to the concept of "Sweet-Immunity” (Bolouri Moghaddam and Van
den Ende, 2013; Trouvelot et al., 2014; Tarkowski et al., 2019; Svara et al., 2020). Among
carbohydrates capable of eliciting a defense response, fructans, which are water-soluble
polymers of fructosyl residues linked by B-(2,1) and/or B-(2,6) linkages with one external or
internal glucosyl residue, are considered as multi-functional molecules involved in the tolerance
and resistance of plants against abiotic and biotic stresses (Vijn and Smeekens 1999; Ritsema
and Smeekens 2003). Indeed, fructans, either of plant or microbial (\Versluys et al. 2017) origin
were shown to activate plant immune responses. In plants, the synthesis of fructans is carried
out from sucrose thanks to different fructosyltransferases (FTs) and their degradation by fructan
exohydrolases (FEHs). Due to the phylogenetic proximity between FEHs and Cell Wall
Invertase (CW-INV) which both belong to the glycoside hydrolase 32 (GH32) family,
functional characterization of purified proteins shown that some of these genes initially
identified as encoding CW-INVs actually encode proteins with FEH activity. Interestingly,
some studies shown the presence of genes encoding enzymes with FEH activity in the genome
of several non-fructan plants such as Beta vulgaris (Van den Ende et al. 2003b), Arabidopsis
thaliana (At6& 1 FEH and At6-FEH; De Coninck et al. 2005), and Zea mays (Zhao et al. 2019).
The role of these FEHs is unclear and one hypothesis is that these FEHs are defense-related

proteins that play a role in plant-microorganism interactions by contributing to the production
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of the Pathogenesis/Microbial-associated molecular pattern (P/MAMPs) from extracellular
microorganism levans and/or by weakening the bacterial biofilm (Van den Ende et al., 2005).
This hypothesis was recently supported by the fact that the FEH identified in maize (Zm-6&1-
FEH1) is localized in the apoplast, which would allow a direct action on microbial extracellular
fructans (Zhao et al., 2019). It is also possible that following injury or pathogen attack causing
disruption of the plasma membrane and/or tonoplast, vacuolar FEHs are discharged into the
apoplast compartment. The FEHs thus present in the cell wall would be able to degrade the
microbial fructans, leading to (i) a modification of the properties of the biofilm which could
reduce virulence, and (i7) the release of fructose and fructooligosaccharides (FOSs) which could
play the role of P/MAMPs. These PPMAMPs would be recognized by Pattern Recognition
Receptors (PRR) thus triggering plant primary innate immunity (Pathogenesis Triggered
Immunity, PTI). As a result, signaling cascades involving salicylic acid (SA), jasmonic acid
(JA), and/or ethylene (ET) pathways would lead to the initiation of defense responses such as
the synthesis of compounds with antimicrobial activity (Thakur and Sohal 2013; Rejeb et al.,
2014).

In this context, one objective of my thesis work is to characterize the RET of perennial ryegrass
and to determine whether fructans are part of the RET of the fructan-producing plants. For this,
perennial ryegrass (Lolium perenne) was used as a fructan-producing plant model to
characterize the biochemical composition of the RET using cytochemical approaches. In order
to study the localization of fructans within the root system, it was first necessary to obtain
antibodies specifically dedicated to fructan epitopes. Indeed, only two studies have reported the
use of anti-fructan antibodies to localize fructans in plant tissues (Rober et al., 1996; Pilon-
Smits et al., 1996). In these two cases, antibodies were used for the immunolocalization of
levans produced in transgenic potatoes through the expression of a bacterial levansucrase gene.
Pilon-Smits et al. (1996) used mAbs produced in mouse (2-1-3mAb; Hall et al., 1990) while in
the case of Rober et al. (1996), the provenance of the anti-levan antibody was not given. In both
cases, the cellular localization of the fructans was investigated via immunofluorescence and
shown the presence of fructans in the intercellular space instead of the expected vacuolar
localization. To our knowledge, apart from these two studies which focused on transgenic plant
producing fructans, the immunolocalization of fructans has not been reported, either in
transgenic or in native fructan plant species. Moreover, no anti-fructan antibodies are currently

available. Due to the absence of commercially available anti-fructan antibodies, we initiated
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collaboration with the company BIOTEM to generate and characterize two new monoclonal

antibodies (mAbs) directed against fructan epitopes.

The specificities of these were analysed by dot blot on a wide range of oligo- and

polysaccharides at the different steps of production.

Besides, to clarify the roles of FEHs in non-fructan producing plants, we tested the
hypothesis according to which FEHs are defense-related proteins whose synthesis is induced
during the immune response in two non-fructan species, rapeseed (Brassica napus) and
Arabidopsis thaliana. To do this, defense responses were stimulated by treatments of the roots
with phytohormones or their precursors, namely SA, methyl jasmonate (MeJA), and the
precursor of ethylene, the 1-aminocyclopropane-1-carboxylate (ACC) and gene expression of
FEHs was measured. In addition, to assess the roles of plant FEHs and bacterial fructans
(levans) in plant-microorganism interactions, we performed preliminary experiments with
knock-out mutants of 4. thaliana lacking FEH genes inoculated with two strains of the non-
pathogen root-colonizing bacterium Pseudomonas brassicacearum (strains with or without the

levansucrase gene encoding the enzyme synthesizing levans).

The experimentations were financially supported by Normandy County council and the
European Union (in the framework of the ERDF-ESF operational program 2014-2020) through
three regional research projects (EPURE, Enhancing Plant nutRition and Health, 2017-2019;
NPT, Normandy Plant Tech, 2018-2021; and BEER, Bactéries, Exsudats Et Rhizodépdts, 2019-
2022). These projects were elaborated in collaboration by the three academic partners of the
Normand federative research structure “NORVEGE” (SFR Normandie Végétal FED 4277FD)
which are University of Caen Normandy (UMR INRAE 950 EVA), University of Rouen
Normandy (UPRES-EA4358 Glyco-MEV and EA4312 LMSM) and UniLaSalle Polytechnic
Institute (UP2018.C101 AGHYLE). These projects aim to improve crop production in terms of
yield and quality through sustainable agroecological solutions that would eliminate (or at least
limit) chemical inputs in agricultural practices. More precisely, these projects aim to contribute
to a better knowledge of the mechanisms involved in plant nutrition and in root defense. The
studies are carried out at different scales (whole plant, cell and molecular levels) and focus on
plants of regional interest (notably rapeseed, pea, potato, and ryegrass) and a model plant

(Arabidopsis thaliana).

As a contribution to these research objectives, my thesis focused on three plants,

rapeseed (Brassica napus), perennial ryegrass (Lolium perenne), and Arabidopsis thaliana. The
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experimental work was carried out in two laboratories, one at the University of Caen Normandy
(UMR INRAE 950 EVA “Ecophysiologie Végétale, Agronomie et nutrition N.C.S”) and one at
the University of Rouen Normandy (UPRES-EA 4358 Glyco-MEV “Glycobiology and Plant
Extracellular Matrix”) on the basis of the expertise of each research team. During the two first
years of my thesis, my research was done at the University of Caen Normandy in EVA
laboratory, within the FEAST (Fructans, Environment And Sugar Transport) team. It has
focused on the studies of the role of FEHs in plant defense. In parallel, collaboration with
BIOTEM was initiated to produce anti-fructan antibodies and | tested the specificity of sera and
cell culture supernatants during the different stages of antibody production. During the third
year of my thesis, my research has been achieved at the University of Rouen Normandy in
GlycoMEYV laboratory. The main topic of my work there was the characterization of the RET
of perennial ryegrass as well as the analysis of specificity of the two anti-fructan mAbs
produced by BIOTEM.

During my thesis, | also had the opportunity to collaborate with the « Laboratoire
d'Ecologie Microbienne de la Rhizosphére et de I'Environnement Extréme » (LEMIRE, CEA,
Cadarache). | spent two months (Oct-2019 to Dec-2019) under the supervision of Dr. Wafa
Achouak who has the expertise to study the adaptive responses of bacteria to environmental
fluctuations, as well as the regulation and expression of phytobeneficial traits of bacteria
associated with plant roots. This expertise allowed me to perform Pseudomonas
brassicacearum inoculation assays on A. thaliana seeds (wild-type and FEH knock-out
mutants) and to monitor the effect of inoculation on root morphology and on root colonization
by confocal microscopy. Before this research internship, I checked the homozygosity of the T-
DNA insertion mutants obtained at the Nottingham Arabidopsis Stock Centre (NASC,
Nottingham UK. In addition, | had the opportunity of a short technical training (Feb-2020) on
the crossing of A. thaliana by Dr. Magalie Uyttewall at the Jean-Pierre Bourgin Institute (1JPB,

Versailles) to be able to generate double mutant lines.

The agronomic perspective of this work is to provide new insights on the role of the
fructan degrading enzymes FEHSs in non-fructan accumulating species in particular and in plants
in general, which could lead to the development of innovative strategies for crop protection.

This manuscript is organized into five chapters:

- A "literature review" on the plant defense mechanisms involving the Root

Extracellular Trap (RET) model and on the metabolism of fructans in plants. This chapter is
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completed by the presentation of the detailed objectives of this thesis and the different

techniques used to achieve them.

- A chapter on “materials and methods” introduces a detailed description of the
biological materials and experimental conditions used in the microscopic analyses,
biochemistry and molecular biology techniques.

- The third chapter, organized in four parts, presents the "results” obtained during my
thesis work and the three first parts are presented in the form of research articles. The first part
presents the results on the new anti-fructan antibodies. The second part regroups the work on
the characterization of the mucilage secreted and root border cells of perennial ryegrass (Lolium
perenne). The third part concerns to the assessment of FEH as defense genes. Finally, the fourth
part consists on additional promising results obtained at the CEA of Cadarache on the impact
of FEHSs in root defense via the degradation of bacterial fructans.

- The last chapter on " discussion and perspectives” presents the key results of this
work are compared to data from the literature with the major conclusions of this project and the
hypothesis proposed for future work.

18



. Literature review

A Plant cell wall - A constitutive defense barrier in plant immunity

In their natural environment, plants have their own strategy to defend against numerous from
biotic and abiotic threats (Panstruga et al., 2009; Miedes et al., 2014). Plant defense responses
depend first on the innate immunity of each cell and from the systemic signals deriving from
the infection sites (Dangl et al., 2001; Ausubel, 2005). Thus, as the first barrier facing the
attacks, the wall that surrounds each plant cell plays an essential role in plant immunity to
determine the penetration of the aggressor (Wan et al., 2021). These plant cell walls are mainly
rich in polysaccharides but also contain proteins which promote the growth and development
of the plant and also the protection from adverse environmental conditions (Fangel et al., 2012;
Sakamoto et al., 2018; Calderan-Rodrigues et al., 2019). The composition and architecture of
plant cell walls are modified according to developmental environments, plant species, organs,
tissues and the stage of development (Showalter, 1993; Knox, 2008; Pattathil et al., 2015; Hofte
and Voxeur, 2017). However, the multiplicity of cell walls architecture / composition
organization is related to relative proportion and mutual arrangement of fundamental
macromolecules such as polysaccharides, including cellulose, hemicelluloses, pectins, and
proteins. Basically, plant cell walls are divided into two classes which have their own chemical
composition and arrangement of their constituting polymers. The primary cell wall is a thin,
dynamic layer developed during cell expansion that is fundamental for plant morphogenesis,
and the secondary cell wall is a thicker layer deposited when cells stopped growing and play

reinforce functions like forming vessel or fiber cells (Fangel et al., 2012; Miedes et al., 2014).

1. Primary cell walls

Primary cell walls are synthesized during growth and have been formed by three interconnected
networks which create thin, pliant, highly hydrated structures (Fig. 1-1) (Cosgrove and Jarvis,
2012). The first network contains cellulose microfibrils cross-linked with hemicelluloses (Pauly
et al.,, 2013; Park and Cosgrove, 2015). These microfibrils are tightly interconnected via
hemicelluloses, this network being embedded in a second network enriched in pectic
polysaccharides (Andeme-Onzighi et al., 2000; Gibson, 2012; Malinovsky et al., 2014). These
pectins are also cross-linked with structural proteins from the hydroxyproline-rich
glycoproteins (HRGPs) family such as extensins and arabinogalactan proteins (AGPs) (Carpita
and McCann, 2000; Nguema-Ona et al., 2013b; Tan et al., 2010; Miedes et al., 2014).
Depending on the plant species, the amounts of each component present in the cell wall might
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differ and will be clarified in the following section. Generally, primary cell walls of
dicotyledonous plants contain mostly 30-50% pectic polysaccharides, followed by 20-30%
hemicelluloses (xyloglucans), 15-40% cellulose (Cosgrove and Jarvis, 2012; Joseleau et Pérez,
2016), and 10-15% proteins (Nguema-Ona et al., 2014). In the monocotyledonous plant species
such as grasses, studies have shown that their primary cell walls are composed of approximately
20—-40% hemicelluloses including mixed-linkage glucans (MLGs) characteristic of the Poaceae
family, 20-30% cellulose, and 5-10% pectins (Cosgrove, 1997; Vogel, 2008; Scheller and
Ulvskov, 2010).

Rhamnogalacturonan II
Homogalacturonan

Arabinoxylan

Xylogalacturonan Rhamnogalacturonan I
Xyloglucan

Arabinogalactan

CELL WALL proteins (AGPs)

PLASMA MEMBRANE

Cellulose microfibrils

Figure I-1. Structure and composition of the primary wall of plants.

Hemicellulosic compounds including xyloglycan, arabinoxylan and mixed linkage [-glucans, bind to the
surface of the cellulose microfibrils. Pectins form a hydrated gel between the cellulose-hemicellulose
network and consists of four pectin domains: homogalacturonan (HGA), xylogalacturonan (XGA),
rhamnogalacturonan | (RGI), and rhamnogalacturonan Il (RGII). Arabinogalactan proteins (AGPSs) are
interlinked with pectins and can be anchored to the plasma membrane. Modified from Cosgrove (2005) and
Lampugnani et al. (2018).
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2. Secondary cell walls

Secondary walls are not present in all plant cells. However, in both leaves and stems of grasses,
the secondary cell walls comprise at least 50% of the cell wall mass (Jung, 2003).

Secondary cell walls are the additional layers deposited between the primary cell wall and
plasmalemma when cells stopped growing (Joseleau and Pérez, 2016). These cell walls are not
extensible but provide rigidity and thickness thus allowing plants to grow upright, and transport
water efficiently (Dupuy et al., 2010). The major components of these cell walls are cellulose,
hemicellulose such as xylan, and lignin (Cosgrove and Jarvis, 2012; Loix et al., 2017). Among
all of them, the complex polyphenolic network of lignin plays a principal role to provide
strength and rigidity in plant tissues, especially in the walls of the xylem vessels, fiber cells of
woody tissues, and sclerenchyma (Alberts et al., 2002; Vogel, 2008; Wang et al., 2013). Like
the primary wall, the proportion of these polymers also show variations between cell types and
species (Kumar et al., 2016). Typical secondary cell walls are composed of cellulose (40-80%),
hemicellulose (10-40%), lignin (5-25%), and cell wall proteins (Kumar et al., 2016). Studies
have shown that a higher proportion of cellulose and less pectic polysaccharides are present in
the secondary wall as compared to primary wall (Pattathil et al., 2015). Moreover, the major
hemicellulose which is xylan has a different structure in dicots and grass secondary cell walls
(Vogel, 2008; Gao et al., 2020). In addition, the abundantly distribution of rhamnogalacturonan
I (RG I)-associated epitopes, as well as galactan and arabinan epitopes are found over the

secondary wall of mature flax fibers (His et al., 2001; Gorshkova and Morvan, 2006).

3. Plant cell wall distinction between eudicots and grasses

Based on the significant compositional differences, primary cell walls of flowering plants have
been classified into two types: type | and Il (Fig. 1-2) (Carpita and Gibeaut, 1993; Carpita,
1996). The main component present in both types of plant cell walls is cellulose microfibrils
(Yulia and Yusriana, 2006).

The type | primary wall is present in all dicots, gymnosperms, and non-commelinoid monocot
plants such as aroids, alismatids, and lilioids (Carpita and McCann, 2000; Fry, 2004; Yokoyama
and Nishitani, 2004; Yulia and Yusriana, 2006; Vogel, 2008). Arabidopsis thaliana and
Brassica napus are perfect representative models for the type | wall. Apart from cellulose, type
I wall is predominantly composed of hemicellulose xyloglucan (XyG) with the matrix of pectin
and comprises two fundamental polymers, homogalacturonan and rhamnogalacturonan | (RG-

I) (Carpita and McCann, 2008). Besides that, some hydroxyproline-rich glycoproteins (HRGPS)
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are also present as extensins, proline-rich proteins (PRPs), glycine-rich proteins (GRPs), and

arabinogalactan proteins (AGPs) (Carpita and McCann, 2000; Yokoyama and Nishitani, 2004).

The type Il primary wall, found only in the commelinoid monocots (e.g. grasses, sedges, rushes,
and gingers), contain cellulose microfibrils encased in hemicellulose consisted mostly of
glucuronoarabinoxylan (GAX) (Nishitani and Nevins, 1991, Carpita and Gibeaut, 1993), and
small proportions of pectin, xyloglucans and structural proteins (Carpita, 1996; Yokoyama and
Nishitani, 2004; Harris, 2006). In addition, the cell walls of grasses (family Poaceae — e.g.
Lolium perenne) and some related families in the order Poales contain significant quantities of
B-(1,3),(1,4)-D-glucans (mixed linkage B-glucans - MLG) (Smith and Harris, 1999). Moreover,
the GAXs are largely cross-linked by the phenylpropanoid network when cells stop expanding
to reinforce the wall into the final shape (liyama et al. 1990; Carpita, 1996). The presence of
phenolic compounds like ferulic and p-coumaric acid esterified with arabinosyl residues of
GAX s also reported in grasses cell walls (Ishii, 1997; O’Neil et al., 2004; Penning et al., 2019).

Besides, the plant cell-wall loosening proteins which involve in cell wall expansion and various
abiotic stresses including a-expansins and B-expansins have been found but the number of -
expansins in the monocotyledonous is much greater than dicotyledonous plants (Zhu et al.,
2014; Han et al., 2019).

Type I cell wall Type II cell wall

irabinogalactan proteir
(AGP) rem—— RO

Figure I1-2. The model of type | and type 11 primary walls.

These models are presented in Arabidopsis thaliana and rice (Oryza sativa) cell walls,
respectively. From Yokoyama and Nishitani (2004).
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As mentioned previously, the secondary walls of dicots and grass are composites mainly of
cellulose, xylan, and lignin (Fig. 1-3). Interaction of these three polymers occurs mainly through
xylans (Kang et al., 2019). Interestingly, further study showed that members from both eudicots

and grasses synthesize mannan and glucomannan (Liepman et al., 2007).

Secondary cell wall of dicots Secondary cell wall of grasses

[ — Cellulose of secondary cell wall — Lignin
e — Threefold xylan ~  — Lignin nanodomains that
e — | nteracting with cellulose - interact with polys?cch.arldes
domain of GAX — two-fold xylan B — Arabinose and ferulic acid
... — Glucomannan connecting xylan to lignin
Q — Glucuronic acid connecting

xylan to lignin

Figure 1-3. Composition of secondary cell wall of eudicots and grasses.
Modified from Kozlova et al. (2020).

The approximate composition (% dry weight) of typical eudicot and grass primary and
secondary cell walls are resumed in Table I-1.
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Table I-1. Approximate composition (% dry weight) of typical eudicot and grass primary and
secondary cell walls.

Modified from Vogel (2008).

Cell wall component Primary wall Secondary wall
Dicot Grass Dicot Grass
Cellulose microfibrils 15-30°de 20-30°¢ 45-50° 35-45¢f
Hemicelluloses
Xyloglucan (XyG) 19-259i 1-5¢49 Minor &k Minor &k
Glucuronoarabinoxylan (GAX) ~ 4-5% 20-402 Unknown 40-50
MLG Absent 2 10-30¢ Absent Minor 2
Xylans 5¢ 20-40¢ 20-30°9 40-50¢9
Mannans and glucomannans 5-10¢ Minor & 3-59 Minor &i
Pectins 20-35¢ 5-10¢h 0.1¢ 0.1°
Structural proteins 109 19 Minor 2 Minor 2

Ferulic acid and p-coumaric acid  Minor (except order ~ 1-5%¢ Minor (except order  0.5-1.5¢
Caryophyllales) @ Caryophyllales) @
Lignin Minor 2 Minor 2 7-10° 20°
a Numbers in this table were taken from several sources to provide rough approximations of generalized cell wall composition
from typical dicots and grasses. Some of the numbers are averages or ranges based on multiple sources (Vogel, 2008).
b (Mitchell et al., 2007)
¢ (Ishii, 1997)
d (O’Neil and York, 2003)
e (Zablackis et al., 1995)
f (Hatfield et al., 1999)
g (Ebringerova et al., 2005)
h (Scheller and Ulvskov, 2010)
i (Joseleau and Pérez, 2016)
j (Darvill et al., 1980)
k (Carpita and Gibeaut, 1993)

4. Cell wall composition and biosynthesis

As illustrated in Fig. 2 and 3, the plant cell wall is a complex and dynamic structure, where the
various components fulfilled a diverse array of functions throughout the plant lifecycle. Here,
I will only focus on the main components of dicot and grass cell walls related to my research
topic.

(@) Cellulose

Cellulose is the most abundant water-insoluble polymer found in nature. Whether primary or
secondary, the plant cell walls are built on the cellulose network organized around the cellulose
microfibril units (MF) (Joseleau and Pérez, 2016). Cellulose consists of p-(1,4) linked D-
glucose units that make up long and rigid microfibrils, which become interconnected by
hemicelluloses and pectins and thus formed the load-bearing structures in the walls (Fig. 1-4)
(Nishiyama, 2009; Lampugnani et al., 2018). Cellulose accounts for 15-30 % dry weight of the
primary cell wall and up to 35-50 % of the secondary walls (Zablackis et al., 1995; Ishii, 1997).
This linear polymer is synthesized by the plasma membrane-localized cellulose synthase
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complexes (CSCs) consisting of plant cellulose synthase (CESA) proteins organized in a rosette
shape either in primary or secondary cell wall (Lerouxel et al., 2006; Gigli-Bisceglia et al.,
2020). There are two phases of cellulose present in the plant cell walls: crystalline cellulose
which is highly ordered and paracrystalline cellulose which lack high degree of hydrogen
bonding, thus giving it a dynamic and malleable structure while facilitating the privileged link

with the hemicelluloses (Park and Cosgrove, 2015).

Celluloses from primary cell walls have low degree of crystallinity and less ordered regions
(Thomas et al. 2013, Cosgrove, 2014). In contrast, celluloses from secondary cell walls have
much higher crystallinity and may aggregate into larger ordered structures (Park and Cosgrove,
2015).

Cell wall

Layered mesh of
microfibrils in
plant cell wall

Plant cells

Single microfibril

- Hemicellulose
~ Paracrystalline
cellulose
- Crystalline cellulose

Cellulose molecule

Crystalline cellulose

o o
5] 2 L] Q = 0 o
./\0/ 00\/?; o _AQ/ uo\/?“. o
=) oM

Glucose Cellobiose bt
oo e

Figure 1-4. Association of cellulose molecules in the plant cell wall. .
From Heinze and Liebert (2012).

(b) Hemicelluloses

Unlike cellulose which is a homogeneous polysaccharide, hemicelluloses are heterogeneous
branched polysaccharides composed of B-(1,4) linked sugar backbones in an equatorial
configuration (Scheller and Ulvskov, 2010). While CESA proteins are involved in cellulose
biosynthesis, the family of cellulose synthase like (CSL), which includes eight other gene
families, named CslA to CslIH, are considered to be good candidates for the synthesis of the
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backbone of hemicellulose that is localized in Golgi apparatus. Hemicellulosic polymers are
synthetized in Golgi stacks and then delivered to the cell wall by exocytosis (Richmond and
Sommerville, 2000; Cosgrove, 2005; Lampugnani et al., 2018).

Studies show that the CsIF and CsIH families are unique to the grasses whereas CsIB and CsIG
are unique to the dicots (Vogel, 2008). This specialization leads to produce different classes of
hemicelluloses including xyloglucans, xylans, mannans, and glucomannans, and 3-(1,3),(1,4)-
glucans (Scheller and Ulvskov, 2010). The presence and proportion of each class vary

according to species, organs, and even cell types (Pauly et al., 2001; Schultink et al, 2014).

The major hemicelluloses in dicot species are the xyloglucans (XyGs) (Fig. 1-5), composed of
B-(1,4)-linked glucose residues that have a (1,6)-linked xylosyl side chains (Lampugnani et al.,
2018). Recent data have shown that xyloglucan plays an important role in the interaction with
cellulose, which allows conveying biomechanical stability to the wall, especially on the distinct
regions along the microfibril, referred to as hotspots (Park and Cosgrove, 2015). The
biosynthesis of xyloglucan requires glycosyltransferases including a-1,6-xylosyltransferase, 3-
1,2-galactosyltransferase and a-1,2-fucosyltransferase activities responsible for the addition of
xylose, galactose and fucose residues to the side chains within the Golgi compartments

(Chevalier et al., 2010).

Ac Ac

@ D-Glucose Glcp ‘ D-Xylose Xylp
8 D-Galactose Galp Cj L-Fucose Fucp

Figure I-5. Xyloglucan [B-D-Glcp-(1 4)]n backbone substituted with side chains as seen in pea
and Arabidopsis. .

The arrow indicates the typical f-glucanase cleavage site. "Ac" stands for acetyl groups. From
Scheller and Ulvskov (2010).
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In addition, xylans are major noncellulosic polysaccharides of plant cell walls after cellulose
and are mostly present in secondary cell walls. The backbone of xylan is composed of B-(1,4)-
linked xylose residues which can be decorated with, for example, glucuronic acid to produce
glucuroxylan (Pauly et al., 2013). Their role is similar to XyGs in primary walls, can also cross-
link cellulose microfibrils (Simmons et al., 2016). Xylan biosynthesis seems to also occur in
the Golgi based on localization data for the family of GT43 glycosyltransferases (Saulnier et
al., 1995). The GT43 proteins have been implicated in the synthesis of xylan backbones during

secondary cell wall formation in Arabidopsis (Faik, 2010).

In grass cell walls, glucuronoarabinoxylan (GAX) is the major hemicellulose and is composed
of a B-(1,4)-linked xylose backbone with single arabinose (Araf) and glucuronic acid (GIcAp)
or methylglucuronic acid (MeGIcAp) side chains primarily attached at the O-3 and O-2
positions, respectively (Fig. 1-6) (Vogel, 2008; Scheller and Ulvskov, 2010). The Araf residues
of GAX in Poaceae primary and secondary cells walls are often esterified with ferulic or
coumaric acids (Buanafina, 2009). Like XyG, GAX is synthesized within Golgi stacks and

transported to the cell surface in secretory vesicles (Yulia and Yusriana, 2006).
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Figure 1-6. Glucuronoarabinoxylan (GAX) typical of commelinid monocots.

"Ac" stands for acetyl groups; “Fer” represents esterification with ferulic acid (3-methoxy-4-
hydroxycinnamic acid), which is characteristic of xylans in commelinid monocots and “OMe"
represents the O- methyl group. From Scheller and Ulvskov (2010).
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Moreover, B-(1,4)-linked glucans with interspersed B-(1,3)-glucosyl linkages are well known
in grasses (Fig. 1-7). In general, MLGs are dominated by cellotriosyl (DP3) and cellotetrasyl
(DP4) units linked by B-(1,3) linkages, but longer -(1,4)-linked segments also occur (Stone
and Clarke, 1992; Scheller and Ulvskov, 2010). The MLGs are a key distinguishing feature of
the grasses in which they are distributed almost exclusively within the Poaceae since they have
not been found in dicots (Fry et al., 2008; Fincher, 2009). CslIF and CsIH family members are
the groups of proteins that synthesize this polymer (Burton et al., 2006; Doblin et al., 2009). In
fact, the expressing rice CslF6 can target the plasma membrane (PM) suggests a PM location
for the synthesis of MLG by CsIF6 (Wilson et al., 2015). Their presence extensively in primary
walls of coleoptiles and found in the secondary walls of mature stems of rice, suggesting that
they may have a structural and mechanical role (Vega-Sanchez et al., 2013; Joseleau and Pérez,
2016).

Besides that, the mannans and the glucomannans have been found in dicot cell walls. The
skeleton of mannans is formed by a succession of $-(1,4)-linked mannose residues, whereas the
glucomannans are organized into a B-(1,4)-linked D-glucose and D-mannose backbone.
Mannans and glucomannans are often acetylated (Scheller and Ulvskov, 2010). Mannans have
been studied mainly for their role as reserve polysaccharides in seeds (Dhugga et al., 2004), but
they are also present in varying amounts throughout the cell wall (Schroder et al., 2009;
Ropitaux et al. 2020). Glucomannans are presented in minor quantities in the primary walls of

dicots and grasses (Joseleau and Pérez, 2016).

@bb @ D-Glucose Glcp

Figure I-7. Mixed linkage S-glucan.

[p-D-Glcp-(1 4)]n-p-D-Glcp-(1 3)-/p-D-Glcp-(1 4)]m, where n and m are 3 or 4; typical of
Poales. From Scheller and Ulvskov (2010).
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(c) Pectins

Pectins are heterogeneous group of complex polysaccharides in plant cell walls (Scheller and
Ulvskov, 2010). They are rich in galacturonic acid (GalA), approximately 70%, that can form
a gel-like configuration. All the pectic polysaccharides contain galacturonic acid linked at the
0O-1 and the O-4 position (Mohnen, 2008; Palin and Geitmann, 2012). They are synthesized in
the Golgi and inserted into the extracellular matrix by vesicle-mediated exocytosis (Yulia and
Yusriana, 2006). Pectins are negatively charged, and can bind to Ca?*, forming a hydrogel
network that stabilizes the cell wall (Tan et al., 2013). Pectins consist of four polysaccharide
domains: homogalacturonan (HG), xylogalacturonan (XGA), rhamnogalacturonan | (RGI), and
rhamnogalacturonan Il (RGIl) (Fig. 1-8). Approximately 67 glycosyltransferase,
methyltransferase, and acetyltransferase activities might be required for pectin synthesis
(Mohnen, 2008).
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Figure 1-8. Schematic structure of pectin showing the four pectic polysaccharides.

Homogalacturonan (HG), xylogalacturonan (XGA), rhamnogalacturonan I (RG-I) and
rhamnogalacturonan Il (RG-1I) linked to each other. The representative pectin structure
shown is not quantitatively accurate, HG should be increased 12.5-fold and RG-I increased
2.5-fold to approximate the amounts of these polysaccharides in walls. From Mohnen (2008).

Homogalacturonans (HGs) are the most abundant pectic polysaccharide of primary walls,
formed by agalacturonic acid (GalA) chains linked in a-(1,4) with a degree of polymerization
of 100/150 residues and form the main backbone of pectins (Coenen et al., 2007). The
homogalacturonan parts of the polymer are referred to as ‘smooth’ regions of pectin (Pérez et

al., 2000). Several GalA residues within the backbone may have their carboxyl group at C-6
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methyl esterified and may be acetyl esterified at O-2 and/or O-3 positions, depending on the
plant origin (O’Neill et al., 1990). HGs with more than 50% methyl esterified residues are
known as high methyl-esterified HGs (Joseleau and Pérez, 2016). The carboxyl groups of the
HGs chains vary in their degree of methyl esterification which influences t