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1. Abstract

Plant cell walls are a complex mix of three major classes of polysaccharides;
cellulose, hemicellulose and pectin together with a minor amount of proteins, and they
surround every plant cell. Besides serving as a structural component helping to
maintain the shape and integrity of the plant cell. Cell walls are an interaction interface
between plant cells as well as the plant and its environment and they undergo various
modifications in response to developmental and environmental changes. The attack
of plants by plant pathogens results in the remodelling of the pectin component in
response to the pathogens. The remodelling of pectin and its implications on plant-
pathogen interactions are largely unknown. Here we firstly developed a robust GC-MS
based method to analyse the monosaccharide profile of pectin extracted from leaves,
mucilage and commercial pectin. The method is quick and easy, and both neutral
sugars and galacturonic acid are quantified within the same run. We also investigate
the enzymatic function of BXL4 which belongs to a seven-member betaxylosidase
gene family in Arabidopsis. By expressing BXL4 in the seed coat of a bx|1 mutant, we
can rescue the mucilage extrusion phenotype of bxl1. Monosaccharide analysis of the
complemented bxI1 and over expression lines in Col-0 show that BXL4 acts on both
xylose and arabinose in the cell walls. The bxl4 mutants exhibit higher amounts of
arabinose in the leaf cell walls but this does not affect the general development of the
plants. Wounding and Botrytis cinerea infection of Arabidopsis show that BXL4 is a
stress induced gene and its expression is JA-lle dependant. Whilst BXL4 was acting
downstream of JA-lle the bxl4 mutants show a reduction in the expression of JA-lle
marker genes JAZ10 and PDF1.2 upon infection and mechanical wounding, compared
to wild type. The expression of PAD3 is also reduced in the bxl4 mutant compared to
wild type after B. cinerea infection. Accumulation of JA-lle and camalexin is reduced in
the bxl4 mutants after infection with B. cinerea as compared to wild type plants.
Infection of the plants with B. cinerea shows that the bxl4 mutants have an enhanced
susceptibility to the pathogen. The post secretion remodelling of pectin by BXL4 is
thus an important component of plant immunity against B. cinerea, and this is likely

due to its role in JA-lle signalling and camalexin biosynthesis.



1 General Introduction

The growing human population, projected to reach 10.9 billion by 2100 (Population and
development review, 2013), means an ever-increasing demand for agricultural
produce from finite land resources. This calls for the development and adoption of
strategies that increase the plant biomass accumulation from a unit landholding in a
sustainable manner. The development of novel strategies that protect the crop against
pathogen threats is fundamental to attain food security. After the cuticle, the plant cell
wall acts as a second barrier that restrict the entry of pathogens. Plant cell walls are
also an abundant source of renewable energy. The cell walls of multicellular land plants
are a complex mix of various polysaccharides that can be used for various applications
in different technological fields. Modification of plant cell walls of important crops to
enhance recalcitrance against pests and pathogens is a sustainable approach to

mitigate yield losses.

1.1Botrytis cinerea

Plant pathogens are a ubiquitous group of organisms that contribute to crop yield
losses ranging from 13% to 16% across the world every year (Vurro et al., 2010).
Generally, plant pathogens are divided into three groups according to their infection
strategy which are; necrotrophs, biotrophs, and hemibiotrophs (Laluk and Mengiste,
2010). Biotrophic and hemibiotrophic pathogens keep their host alive at least during
some stage of their infection cycle whilst the necrotrophs kill their host tissues and
proliferate in the wreckage ( Shlezinger et al., 2011; Spanu and Panstruga, 2017).
Botrytis cinerea is a fungal necrotrophic pathogen with a wide host range, that is
responsible for pre- and post-harvest damage in many crops (Williamson et al., 2007)
causing economic losses exceeding $10 billion across the world (Weiberg et al., 2013).
The necrotrophic pathogen is able to colonise its host through the secretion of an array
of cell wall degrading enzymes (Di Matteo et al., 2006). The B. cinerea infection cycle
involves the attachment of conidiospores on a plant surface, followed by germination
and penetration of the plant cell wall via an appressorium, aided by the secretion of
cell wall degrading enzymes (Brandhoff et al., 2017). To facilitate development and
spread of the hyphae, B. cinerea kills the host cells allowing proliferation of the hyphae
in the dead tissues (Clark, 1976). The use of brute force is not the only strategy utilised
by B. cinerea to infect its host, but it is also known to manipulate the host defence

mechanism and hinder the activation of defence responses (Laluk and Mengiste,
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2010). The infection of plants by B. cinerea also requires the active participation of the
host. Cuticle penetration together with the development of the primary lesion by B.
cinerea results in oxidative burst at the plasma membrane and extracellular matrix near
the fungal hyphae (Schouten et al., 2002). This results in disruption of the redox status
close to the infection site and thereby promotes the development of the fungus (Lyon
et al., 2007). B. cinerea develops sclerotia within the decomposing host debris. This
serves as an important survival strategy, as sclerotia are able to withstand microbial
attack, UV radiation and desiccation (Backhouse and Willetts, 1984). Because of its
large host range, an array of infection strategies and ability to survive harsh conditions,
B. cinerea is difficult to control. Natural plant defences against this pathogen are
constitutive, involving the pre-formed barriers such as cell walls and cuticle, or

inducible chemical and physical barriers (Williamson et al., 2007).

1.2 Plant cell walls

Plant cell walls are an important component that performs a diversity of functions such
as provision of mechanical support, cell-to-cell communication, water transport, cell
growth and development, and defence against biotic and abiotic factors (Cosgrove,
2005; Caffall and Mohnen, 2009). Plant cell walls usually consist of a primary cell wall
found around actively growing and expanding cells, or secondary cell walls which form
in specialised cells and may become fortified with lignin depositions such as occurs in

vascular elements or fibre cells (Keegstra, 2010).

V. B
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Figure 1: Model showing the major components of the plant cell walls of
multicellular land plants. Cellulose microfibrils form mechanical structures that are
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cross-linked by various hemicelluloses, embedded in a pectin matrix. A small
component consists of structural proteins and enzymes involved in cell wall
modifications. Image adapted from Sticklen, (2008).

1.3 Components of the cell wall

Plant cell walls consist of a heterogeneous mixture of polysaccharides, phenols,
proteins and ions (McCann and Carpita, 2008). The polysaccharide composition of cell
walls of vascular plants varies from species to species, but on average, cellulose

constitutes 30%, hemicellulose 30% and pectin 35% (Ochoa-Villarreal et al., 2012).
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Figure 2: Cell walls are a complex mix of diverse polysaccharides linked by
various glycosyl linkages. Image adapted from Burton et al., (2010).

1.3.1 Cellulose

Cellulose represents the main structural component of the cell walls. It consists of an
unbranched polymer of 3-(1,4)-D-Glucose moieties that interact together through
hydrogen bonding and Van der Waals forces forming insoluble paracrystalline
structures (Nishiyama et al., 2002; Nishiyama et al., 2003; Somerville, 2006). Cellulose
microfibrils are built by the aggregation of cellulose chains forming insoluble structures,
which are resistant to enzyme attack and are chemically stable. Cellulose is composed
of two types of microfibrils, namely cellulose la and I (Brown, 1996). Cellulose
biosynthesis is performed by plasma membrane bound cellulase synthase (CESA)
complexes that catalyse the polymerisation of glucan moieties. Ten CESA genes have
so far been identified in Arabidopsis (Holland et al., 2000; Richmond, 2000). CESA
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complexes comprise of a number of subunits, which form a rosette of six CESA

subunits that synthesise cellulose chains.

1.3.1.1 Biological activity of cellulose derived oligosaccharins

Hydrolysis of cell wall polysaccharides results in the generation of short chain sugars
joined by glycosidic linkages that are termed oligosaccharides (C6té and Hahn, 1994).
Some of these oligosaccharides can elicit a biological response in plants and they are
called oligosaccharins (Darvill et al., 1992). Until recently, it was thought that only
fragments generated from degradation of non-cellulosic components had biological
activity. It has however been observed that cellulose derived oligasaccharins known
as cellodextrins (CDs) trigger a number of plant defence mechanisms in grape plants
(Aziz et al., 2007). Cellodextrins are oligomers with a linear 3-(1,4)-glucose backbone
and result from the hydrolysis of cellulose. PHENYLALANINE AMMONIA LYASE
(PAL) genes are activated upon exposure of plant cells to CD leading to the enhanced
production of phytoalexins, lignin, and salicylic acid (Chaliha et al., 2018). These then
activate B-1,3-glucanases and chitinases, which hydrolyse fungal cell wall B-1,3-
glucanases and chitin (Farmer et al., 1991; De Lorenzo and Ferrari, 2002). Cellodextrin
applied exogenously as an elicitor has been shown to trigger ROS production, activate
biosynthesis of chitinases and p-1,3-glucanases, and to trigger defence related genes
and the accumulation of cytosolic Ca?*, providing resistance against B. cinerea (Aziz
et al., 2007). Arabidopsis treatment with CD activates the innate immunity by triggering
MAPKSs and accumulating cytosolic calcium after infection with Pseudomonas syringae
(Souza et al., 2017).

1.3.2 Hemicellulose

Hemicelluloses are low molecular weight polysaccharides consisting of a $-(1—4)-
linked backbone made up of glucose, xylose, or mannose with short side chains that
are diverse (Scheller and Ulvskov, 2010). Hemicelluloses are important for cell wall
strengthening through their interaction with cellulose microfibrils and lignin in
secondary cell walls (Kurata et al., 2018).

1.3.2.1 Xyloglucan

Xyloglucans (XyG) are the most abundant hemicelluloses and have been identified in
all plant species, and some mosses (Moller et al., 2007; Popper, 2008). In

dicotyledonous species, the most common structure consists of a repeating heptamer

13



of three glucose molecules with an a-D-xylose substitution, followed by an
unsubstituted glucose (Wilder and Albersheim, 1973).

However, there are many variations found of this polysaccharide. A B-Gal or a-I-Araf
side chain sometimes substitutes the xylose residues. The branched XyG is more
soluble than unbranched, which may correlate with their function (Scheller and
Ulvskov, 2010). Cellulose and xyloglucans exist in equal proportions in dicotyledonous
plants, with XyG side chains attached to cellulose microfibrils contributing to the
mechanical strength of cells walls. Arabidopsis mutants with deficiencies in the
biosynthesis of XyG (xx1 xx2) are slightly smaller than the wild type with weakened
hypocotyls of the seedlings, suggesting a possible role in cell wall strengthening
(Cavalier et al., 2008).

1.3.2.2 Xylans

Xylans form a widely varied group of hemicelluloses, whose backbone is characterised
by B-(1,4)-linked xylose moieties possessing side branches of a-(1,2) linked glucuronic
acid together with 4-O-methyl glucuronic acid. Xylans that contain many of these side
chains are referred to as glucuronoxylans, and they are the most common non-
cellulosic component of the secondary cell walls of dicotyledonous species. If the xylan
backbone is decorated with arabinan residues, it is called arabinoxylan or
glucuronoarabinoxylan. This type of xylan is more common in grasses than in

dicotyledonous plants ( Darvill et al., 1980; Bochicchio and Reicher, 2003).

1.3.2.3 Mannans and Glucomannans

These are B-(1—4)-linked hemicelluloses, consisting of a mannose (mannans) or
glucose and mannose in a non-repeating manner (glucomannans and
galactoglucomannans). Acetylation usually occurs on the mannans and
glucomannans, which act as seed storage polysaccharides (Ebringerova et al., 2005;
Popper, 2008).

1.3.2.4 Biological activity of hemicellulose derived oligosaccharins

The major hemicellulose in the apoplast is xyloglucan, and the biological activity of
xyloglucan-derived oligosaccharins relates to their physiological function including cell
elongation and expansion. In Pisum sativum, xyloglucan oligomers could trigger
accelerated cell elongation of peeled stem segments (Takeda et al., 2002), whilst in

Nicotiana tabacum suspension cell cultures, they led to cell expansion and cell division

14



(Kaida et al., 2010). Xyloglucans were shown to elicit the activation of MAPK and
defence gene expression in Vitis vinifera and Arabidopsis triggering resistance to
various pathogens including B. cinerea and Hyaloperonospora arabidopsidis (Claverie
et al.,, 2018). Wheat seedlings coleoptile growth was promoted by addition of an
octasaccharide derived from xyloglucan (Vargas-Rechia et al., 1998). A three-
component oligosaccharide (FucGalXyl) of xyloglucan increased the callus tissue
weight, stimulated embryogenesis, and inhibited ethylene biosynthesis in Gossypium
hirsutum (Rakitin et al., 2001). Galactoglucomannan, whose backbone structure
consists of glucose and mannose and side chains of galactose, also produces
oligosaccharides with proven biological activity. In mung bean (Vigna radiata L.) and
buckthorn (Karwinskia humboldtiana), it was proven that the root morphology was

modulated by galactoglucomannan oligosaccharins (Kollarova et al., 2005, 2007).

1.3.3 Pectin

Pectin is a complex and abundant polysaccharide component of the primary cell walls
of plants performing diverse functional roles (Voragen et al.,, 2009). All pectin
polysaccharides contain galacturonic acid making them acidic (Caffall and Mohnen,
2009). Pectin consists of more than 17 different monosaccharides bound together by
various linkages (Ridley et al., 2001; O’Neill et al., 2004). The composition of pectin
varies with the plant tissues together with developmental stage of cells, tissues and
organs, environment and species (Zablackis et al., 1995). There are 4 major types of
pectin, namely homogalacturonan (HG), rhamnogalacturonans | (RG-I) and Il (RG-II)
and xylogalacturonan (XG). There is no consensus on the way the different pectins are
linked together. However, it is generally thought that the different types of pectin are
covalently cross-linked because their isolation requires treatment with strong
chemicals (Caffall and Mohnen, 2009). Therefore models support the notion that HG,
XG, RG-lI and RG-II link through their backbones (Coenen et al., 2007; Ishii and
Matsunaga, 2001).
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Rhamnogalacturonan Il Homogalacturonan Xylogalacturonan Rhamnogalacturonan |
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Figure 3: Pectin consists of 4 pectin polysaccharides. Pectin is characterised by
the presence of a (1—4) a-D-galacturonic acid backbone, with the exception of
rhamnogalaturonan I, which has a backbone consisting of interchanging galacturonic
acid-rhamnose residues. Depending on the type of pectin, the backbone can also be
methylated or acetylated and can carry side chains. Image adapted from Harholt et al.,
(2010).

Homogalacturonan

HG is the most abundant pectic polysaccharide in the leaves of Arabidopsis. HG
constitutes up to 60% of all pectin polysaccharides in cell walls (O’Neill et al., 1990).
HG is the least complex of all pectic polysaccharides consisting of an unbranched
backbone of (1—4) a-D-galacturonic acid residues (McNeil et al., 1984; Mouille et al.,
2007). Depending on the plant species, the carboxyl groups of HG are normally methyl-
esterified at the C-6 position, whilst the O-2 and O-3 positions are acetyl-esterified
(Ochoa-Villarreal et al., 2012). Pectin methylesterases (PMES) are involved in the
demethylation of HG (Kérner et al., 2009), which is carried out in a random manner, or
in a continuous block-wise manner, exposing negatively charged carboxyl groups. If at
least ten galacturonic acid residues are demethylesterified, Ca?* crosslinks this pectin
forming an egg-box structure and inducing gelling of the pectin as shown in figure 4

(Raj and Ranganathan, 2012).
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Figure 4: Demethylesterified homogalacturonan blocks are cross-linked by
calcium resulting in formation of a gel. Image adopted from Raj et al., (2012).

Rhamnogalacturonan |

RG-I constitutes up to 20-35% of pectin in the plant cell wall of Arabidopsis (Mohnen,
2008). RG-I is a unique type of pectin with a backbone consisting of a repeating
galacturonic acid-rhamnose disaccharide (a-1,4-d-GalA-a-1,2-1-Rha) (Mohnen, 2008;
Harholt et al., 2010). The rhamnose residue is usually substituted with side chains that
are usually B-(1,4) D-galactans and/or a-(1,5) L-Arabinans (@Bro et al., 2004). The
galacturonic residue may be acetylated on the C2 and/or C3 (Kravtchenko et al., 1992).
The side chains of RG-I are heterogeneous and vary depending with plant species or

tissues suggesting diverse functional roles (Mohnen, 2008).

Rhamnogalacturonan Ii

RG-I1l is the most complex pectin, and it is very conserved in the plant kingdom. RG-II
is characterised by a galacturonic acid backbone with four distinct side chains namely
A, B, C and D, which contain peculiar sugars such as apiose, 3-deoxy-manno-2-
octulosonic acid and 3 deoxy-lyxo-2-heptulosaric acid (Ishii and Matsunaga, 2001;
O’Neill et al., 2001; Ridley et al., 2001). RG-Il complexity is shown by the fact that it is
made of at least 12 different sugar residues with up to 20 different glycosidic linkages
involved (O’Neill et al., 2004). Despite its low abundance (0.5-8% in dicotyledons), RG-
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Il is important for proper cell wall development. RG-II is cross-linked by borate, which

is important for cell wall strength (Ishii and Matsunaga, 2001; Ishii et al., 1999).

m &) @®@$

Side chain A D

Figure 5 Model showing RG-Il structure cross-linked with borate. There is the
formation of a borate diester bond that covalently crosslinks the apiose residues in side
chain A. Image adapted from Funakawa and Miwa, (2015).

Xylogalacturonan

The pectin xylogalacturonan consists of a backbone similar to homogalacturonan,
which is a polymer of (1—4)-linked a-D-galacturonic acid residues. However, the
backbone is substituted with $-(1-3)-xylose monomers ( Zandleven et al., 2006; Jensen
et al., 2008a). Xylogalacturonan is present in most plant tissues, and accounts for 7%,
6% and 2,5% of pectin extracted from young leaves, mature leaves and stems of

Arabidopsis, respectively (Zandleven et al., 2007).
1.3.3.1 Pectin Biosynthesis

It is generally agreed that pectin biosynthesis occurs in the Golgi as most pectic
biosynthetic activities co-fractionate with Golgi markers (Mohnen, 2008). However, the
involvement of the endoplasmic reticulum during the early stages cannot be ruled out
(Sterling et al., 2001; Nunan, 2003; Geshi et al., 2004). To date, few enzymes, out of
the estimated 67 glycosyltransferases, acetyltransferases and methyltransferases
predicted to be players in pectin biosynthesis, have been identified, and these all
localize in the Golgi (Mohnen et al. 2008). In vitro enzymatic reactions have shown that

glycosyltransferases involved in pectin biosynthesis utilise nucleotide sugars as
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substrate. The biosynthesis of nucleotide sugars needed to produce pectin occurs in
the cytosolic side of the Golgi (Ridley et al., 2001). Transferase reactions needed to
synthesis the pectin backbone together with associated side chains then takes place
in the Golgi. The mechanism involved in the transport of nucleotide sugars across the
Golgi membrane involves nucleotide-sugar:nucleoside monophosphate antiporters.
This was confirmed in work carried out in animal systems (Capasso and Hirschberg,

1984) as well as plants (Wang et al., 1997; Neckelmann and Orellana, 1998).

Nucleoside
) diphosphatase

Glycosyltransferds

Golgi |
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Nucleotide-sugar -— . sugar
synthesizing enzyme(s ) Transporter
precursor—»NDP-sugar NDP-sugar

Figure 6: Model showing the biosynthetic pathway of pectin. Image taken from
Ridley, et al., (2001). Nucleotide sugars are synthesised in the cytosolic side of the
Golgi before nucleotide-sugar:nucleoside monophosphate antiporters transport them
into the Golgi lumen. Glycosyltransferases act on the nucleotide sugars substrate by
adding the glycosyl units to the growing polysaccharide chains. A nucleoside-5'-
diphosphatase located in the Golgi then hydrolyses the released nucleoside
diphosphate to an inorganic phosphate and nucleoside monophosphate which is then
made available for the nucleotide-sugar:nucleoside monophosphate antiporters
(Orellana et al., 1997)

1.3.3.2 Homogalacturonan biosynthesis

There are two major enzymes catalysing the biosynthesis of homogalacturonan,
namely  homogalacturonan-a-1,4  galacturonosyltransferase  designated as
GALACTURONOSYLTRANSFERASE (GAUT) (Sterling et al., 2006) and
homogalacturonan-methyltransferase. Work by Scheller et al (1999) showed that an
a-1,4-GalA transferase added galacturonic acid monomers to the non-reducing
growing end of homogalacturonan chain in vitro (Scheller et al., 1999). GAUT1 has a
predicted N-terminal transmembrane domain with the globular domain located in the
Golgi lumen. In Arabidopsis, the GAUT family contains 15 members and belongs to
group 8 of CAZy GTs. Earlier work had also implicated one member of this family
(QUASIMODO1 (QUAL; GAUTS8)) as being a player in the production of
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homogalacturonan (Bouton et al.,, 2002). It is known that the methylation and
polymerisation of homogalacturonan are two interdependent events during
homogalacturonan biosynthesis (Mouille et al., 2007). HG-methyltransferase (HG-MT)
has been identified in microsomal preparations and has been shown to methylate the
pectin homogalacturonan exclusively (Mouille et al., 2007). This enzyme has been
identified in mung bean (Crombie, H.J. and Reid, 1998), tobacco (Goubet and Mohnen,
1999), flax (Vannier et al., 1992), Arabidopsis (Mouille et al., 2007) and soy bean
(Ishikawa et al.,, 2000). In the membranes of mung bean and tobacco, the
methylesterification of homogalacturonan is accelerated by simultaneous addition of
UDP-GalA, which is required for the synthesis of homogalacturonan (Goubet et al.,
1998). The catalytic site of tobacco membrane bound HG-MT faces the Golgi lumen
(Goubet and Mohnen, 1999), which is consistent with earlier observation that HG-MTs
from mung bean are compartmentalised in membranes (Kauss and Swanson, 1969)
and also that pea epicotyls methyltransferases localise to the Golgi (Baydoun et al.,
1999). HG-MT and GalAT calatytic sites co-localise in the Golgi lumen supporting the
assertion that they act one after the other in a unit during homogalacturonan
biosynthesis.

The activity of a pectin O-acetyltransferase, whose acetate donor is acetyl-CoA, has
been observed in microsomal preparations obtained from suspension cell cultures of
potatoes (Pauly and Scheller, 2000). In Arabidopsis, two mutants with a decrease in
leaf pectin acetylation have been found and they are termed reduced wall acetylation2
(rwa2). These proteins were identified based on homology to an acetyltransferase from
the fungus Cryptococcus neoformans, Caslp, which is responsible for acetylation of a
coat polysaccharide (Janbon et al., 2001).

1.3.3.3 Rhamnogalacturonan | biosynthesis

RG-I is a more complex pectin compared to homogalacturonan, as it possesses
arabinan and galactan derived side chains (Mohnen, 2008). The increased complexity
of RG-I means more enzymes are involved in its biosynthesis. Analysis of cell free
homogenates of mung bean has confirmed galactosyltransferase activity, and the
presence of synthesised -1,4-galactan could confirm the presence of
rhamnogalacturonan | galactosyltransferases (Panayotatos and Villemez, 1973).
Membrane preparations made from hypocotyls of mung bean led to the identification

of B-1,4-galactosyltransferase activity (Brickell and Grant Reid, 1996), and also in flax
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(Peugnet et al., 2001) and potatoes (Geshi et al., 2002) activity was detected. The
transfer of Gal from UDP-Gal to acceptors of RG-I has been shown and the products
could only be digested by a galactosidase and not an endo-3-1,4-galactanase (Geshi
et al., 2002).

Plants possess mutases that are able to convert UDP-arabinopyranose to UDP-
arabinofuranose, and work by Konishi et al., (2007) could prove the activity of the
purified protein. Konishi et al., (2006) showed the efficient transfer of arabinofuranose
onto growing oligosaccharide chains in vitro. Nevertheless, knowledge on glycosyl
transferases involved in the biosynthesis of RG-I is still limited, with only a few glycosyl
transferases  published. Two proteins (ARABINAN DEFICIENT1 and
XYLOGALACTORONAN DEFICIENT1) are membrane bound type Il proteins that are
localised in the Golgi (Harholt et al., 2005; Jensen et al., 2008) and involved in RG-I
biosynthesis. ARABINAN DEFICIENT1 (ARAD1) is a putative arabinosyltransferase
as the aradl mutants have reduced cell wall arabinose (Harholt et al., 2005). Recently
another transferase, RG-l:rhamnosyltransferase (RRT) was identified from microsomal
extracts of azuki beans (Uehara et al., 2017). In vitro assays indicated that the protein
could synthesis the RG-I backbone using RG-I backbone derived oligoasacharides.
The transferase localised in the Golgi and endoplasmic reticulum (Uehara et al., 2017).
Another glycosyl transferase MUCILAGE-RELATED70 (MUCI70) has been implicated
to be involved in the biosynthesis of mucilage RG-I (Voiniciuc et al., 2018a).

1.3.3.4 Rhamnogalacturonan Il biosynthesis

Not much is known about the biosynthesis of rhamnogalacturonan Il, but a group of
proteins (RGXT1, RGXT2, and RGXT3) belonging to Arabidopsis CAZy GT77 family
was identified as having RG-II biosynthetic function (Egelund et al., 2006, 2008). The
proteins are able to synthesise glycosidic linkages that only exists in RG-Il and are
made by an a-1,3-xylosyltransferase that transfers xylose to fucose from UDP-xyl
(Harholt et al., 2010). However, the activity of these proteins has only been tested in
vitro using proteins isolated from insect cells that are transfected with Baculovirus
(Egelund et al., 2008), and Pichia pastoris (Petersen et al., 2009).

Work by Bourlard et al., (1997) demonstrateded that a pectin methyltransferase
extracted from flax cell suspension cultures can use RG-Il as an acceptor in vitro.

However, the exact position where this methylation occurs is yet to be identified. Given
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the complexity of RG-I, many glycosyl transferases must be required for its

biosynthesis

1.3.3.5 Xylogalacturonan biosynthesis

A xylogalacturonan xylosyltransferase (XGD1) has been characterised and is found in
CAZy GT47 family. Monosaccharide and linkage analysis of mutants deficient in the
enzyme have a reduction in xylogalacturonan content (Jensen et al., 2008).
Microsomal preparations used in in vitro assays and transient expression assays in
Nicotiana benthamiana indicated that xylose was transferred from UDP-Xyl to GalUA
oligosaccharides confirming the xylosyltransferase activity of XGD1 (Jensen et al.,
2008).

1.3.3.6 Functions of pectin

Pectin performs diverse functional roles during plant development. The different
structural domains present in the pectin heteropolysaccharide give various physical
properties attributed to pectin. Pectin can influence the way cellulose microfibrils are
deposited, which in turn influences cell mechanical properties (Chanliaud and Gidley,
1999). Pectin is known to influence the ion homeostasis and pH of the cell wall matrix
through its ability to bind calcium and boron. The binding of calcium to
demethylesterified homogalacturonan forma a gel affecting the porosity and
mechanical properties of cell walls (Willats et al., 2001). Pectin present in the
extracellular matrix is important for cell-to-cell adhesion, and also the controlled
degradation of bonds present in this pectin is a requisite for the formation of

intercellular spaces present in parenchymatous tissues (Knox, 1992).

The pectin network is an important player in plant developmental processes such as
fruit ripening, pod dehiscence and fruit and leaf and fruit abscission (Wen et al., 1999;
Roberts, 2000). Pectin acts as a storage polymer and is important for the germination
of seeds of some plant species. The arabinan and galactan side chains of RG I,
because of their easy degradation, are the first polymers mobilised during germination
(Tang et al., 1999). In Arabidopsis, the removal of Arabinans prior to germination
negatively influences the germination process (Gomez et al.,, 2009). The active
opening and shutting of the stomata in Arabidopsis is a function of the arabinan content
present in pectin. It was shown that lack of arabinans in guard cells affected their ability
to open or close (Jones et al.,, 2003, 2005; Merced and Renzaglia, 2019). The

regulation of pollen tube tip growth is dependent on pectin and chemical nature of the
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pectin. It is known that the growing tip of pollen tubes is exclusively made out of pectin,
which is strong enough to prevent bursting and at the same time flexible enough to
promote elongation for successful fertilisation to take place. Altering the nature or
deposition of this pectin affects pollen tube growth with negative effects on pollination
(Bosch, 2005; Ischebeck et al., 2008). Homogalacturonan degradation generates
oligalactoronides with biological activity influencing the expansion of cells and the

triggering of plant defences (Dumville and Fry, 2000; Kohorn and Kohorn, 2012)

1.3.3.7 Role of pectin in plant pathogen defence

The importance of pectin in plant immunity is shown by the wide array of pectin
hydrolysing proteins secreted by pathogens during their infection cycle. Silencing of
some these enzymes renders the pathogen unable to infect the plant (Bellincampi et
al., 2014; Lionetti et al., 2012). Bethke et al., (2016) indicated that reduction in pectin
biosynthesis increase the susceptibility of Arabidopsis to various pathogens. Mutations
in glucoronate 4-epimerase result in Arabidopsis plants with reduced cell wall pectin,
because the protein is required for the biosynthesis of pectin building block UDP-D-
galacturonic acid from its precursor UDP-D-glucuronic acid. Knockout mutants have a
compromised basal resistance to specific B. cinerea isolates and to P. syringae. An
Arabidopsis nuclear-localised transcription factor AtERF014 was found to play a role
in pectin biosynthesis, as it activates the genes involved in this process (Nakano et al.,
2012). Arabidopsis AtERF014-RNAi knockdown lines have a reduction in cell wall
pectin and were more susceptible to P. syringae, but were more resistant to B. cinerea
(Zhang et al., 2016).

An Arabidopsis starch deficient mutant, phosphoglucomutase (pgm), that has reduced
levels of cell wall pectin was shown to be susceptible to the biotrophic pathogen
Colletotrichum higginsianum (Engelsdorf et al., 2017). The Arabidopsis mutant mur8-1
also exhibited an increased susceptibility to C. higginsianum (Engelsdorf et al., 2017).
MURS8 codes for a protein involved in rhamnose biosynthesis (Mertz et al., 2012), and
the knockout mutant mur8 has reduced rhamnose and RG-I content in the cell walls.
However, the effects of pectin on plant defences are not always straight forward, as
complex resistance phenotypes can result from changes in pectin content. For
example the powdery mildew resistant 5 (pmr5), pmr6 double mutant, while being less
susceptible to powdery mildew, exhibits a decreased resistance to P.syringae and
Hyaperonospora arabidopsidis compared to wild type plants ( Vogel, 2002; Vogel et

al.,, 2004). PMRG6 is a putative pectate lyase, thus explaining the increased pectin
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abundance in the mutant plant cell walls, whilst PMR5 codes for a protein of a still
unknown function (Maeda et al., 2009).

Changes to pectin that occur in response to interactions with pathogens are not limited
only to the amount of pectin in the cell walls but also to the post-synthesis
modifications. It is known that pectin upon deposition in the apoplast undergoes
various modifications such as methylation, acetylation (Atmodjo et al., 2013), or
trimming of galactan or arabinan side chains in RG-I (Arsovski et al., 2009; Dean et al.,
2007). Multiple lines of evidence indicate that such changes to pectin composition
influence plant-pathogen interactions. Homogalacturonan methylesterification is
controlled by the action of pectin methylesterases, which are in turn regulated by pectin
methylesterase inhibitors (PMEIs) (Lionetti et al., 2012). AtPMEI10, AtPMEI11 and
AtPMEI12 are pectin methylesterase inhibitors that regulate the methylesterification of
pectin during infection with B. cinerea (Lionetti et al., 2017). Some AtPMEI
overexpression lines exhibited an increased susceptibility to viral infections highlighting
the importance of pectin methylesterification to plant pathogen interaction (Lionetti et
al., 2014). Itis thought that AtPMEI10 and AtPMEI11 are part of a plant defence system
activated by the phytohormones jasmonate or ethylene (Overmyer et al., 2003) and
help in resistance against B. cinerea in Arabidopsis (Lionetti et al., 2017). Wieczorek
et al., (2014) presented evidence that pectate lyase like (PLL) genes together regulate
the complexity of pectin including the degree of pectin methylesterification. In
Arabidopsis, the infection with some cyst nematodes is reduced if the activity of PLL is
abrogated, as the development and maintenance of the syncytia is impaired
(Wieczorek et al., 2014).

Arabidopsis mutant plants with reduced wall acetylation have been identified (rwa2).
The reduction in acetylation occurs on both pectin and non-pectin polysaccharides
(Manabe et al., 2011). The rwa2 Arabidopsis plants show a reduced susceptibility to
B. cinerea (Manabe et al., 2011; Pogorelko et al., 2013). Plants produce endogenous
polygalacturonases which depolymerise pectic polysaccharides during different
developmental processes such as cell expansion, leaf and flower abscission and
pollen tube development (D’Ovidio et al., 2004; Hadfield and Bennett, 1998). Wang et
al., (2017) could show that P. syringae is able to trigger the induction of IDA-ike 6
(IDL6) in Arabidopsis, which then induces the expression of an Arabidopsis
polygalacturonase (ADPG2). The ADPG2 overexpression lines and the adpg2

knockdown mutants had an increased resistance and susceptibility to P. syringae
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respectively. The activity of polygalacturonases is inhibited by polygalacturonase
inhibitor proteins (PGIPs), and as a defence response to phytopathogen
polygalacturonase, plant produce PGIPs. Different plant species that overexpress
PGIPs have been shown to have enhanced resistance to bacteria and necrotrophic
fungi (Aguero et al., 2005; Ferrari et al., 2012).

1.3.3.8 Biological activity of pectin derived oligosaccharins

Pectin depolymerisation results in the generation of fragments containing various
sugar residues including galacturonic acid, rhamnose, arabinose, xylose, mannose
and galactose (Ridley et al., 2001). Oligogalacturonides (OGs) are derived from the
degradation of homogalacturonan and thereby form linear galacturonic acid oligomers,
which may or may not be methylesterified or acetylated. OGs produced from
homogalacturonan degradation by pathogens act as danger associated molecular
patterns (DAMPSs) that activate various plant defence responses (Boller and Felix,
2009; Tor et al., 2009; Ranf et al., 2011). Activated defence responses include callose
deposition, induction of ROS species (Galletti et al., 2008), production of chitinases
and glucanases ( Davis and Hahlbrock, 1987; Broekaert and Peumans, 1988), and the
accumulation of phytoalexins ( Davis et al., 1986; Chassot et al., 2008; Selim et al.,
2017).

The plant defence responses elicited by OGs have led to the development of the theory
that plants developed a pectin integrity monitoring system (PIMS), and that OGs are
key players in this system that monitors pectin perturbation either from pathogens or
during normal developmental processes (De Lorenzo et al.,, 2011). However, the
degree of polymerisation is important for OGs to elicit biological responses. Only OGs
with a degree of polymerisation of 10-15 elicit biological responses (C6té and Hahn,
1994). PGIPs which retard the activity of polygalacturonases are thus an important
player in plant defences, as they not only impede pectin hydrolysis but also promote
the production of OGs that elicit biological responses (De Lorenzo et al., 994, 2001).
However, there have been OGs with a degree of polymerisation of 2-6 that have been
shown to elicit biological responses, though they suppress plant defence responses in
wheat (Moerschbacher et al., 1999). OGs are known to trigger oxidative bursts in

Arabidopsis resulting in the deposition of callose in the apoplast (Zhang et al., 2007;
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Galletti et al., 2008). Arabidopsis treated with OGs exhibits reduced susceptibility to
phytopathogens including B. cinerea (Ferrari et al., 2007; Rasul et al., 2012).

OGs come with various degrees of methylesterification and acetylation, and it has been
proven that the formation of haustoria of Blumeria graminis is impaired by acetylated
OGs (Pelloux et al., 2007). Work by Randoux et al., (2010) showed that acetylated and
unacetylated OGs triggered hydrogen peroxide accumulation at fungal penetration
site. Osorio et al., (2008) also proved that transgenic strawberries (Fragaria vesca L.)
that produced demethylesterified OGs were more resistant to B. cinerea, thus
demonstrating the effect of methylesterification on the biological activity of OGs.
Biological responses elicited by pectin oligosaccharides are not only confined to plant
defences, but can trigger various developmental and physiological processes. OGs are
antagonistic to auxins and suppress the expression of some auxin-induced genes upon
perception of auxins (Mauro et al., 2002). Consequently, coleoptile growth in maize
(Zea mays L.) seedlings was reduced, and lateral rooting induced by OGs resulted in

modified root structure (Hernandez-Mata et al., 2010).

1.3.4 Plant cell wall proteins

Plant cell wall proteins constitute a minor component of cell wall, approximately 5-10%
(Fry, 2004), but they are a critical player in cell wall development and responses to
environment (Fry, 2004; Passardi et al., 2004). Cell wall proteins can be classified into

two broad groups: structural proteins and cell wall modifying proteins.

Structural proteins vary in their abundance according to growth conditions, plant
tissues and plant species. Classification of structural proteins is based on their
predominant amino acids with the most common being glycine rich proteins (GRPS),
hydroxyproline rich glycoproteins (HRGPSs), arabinogalactan proteins (AGPs) and
proline rich proteins (PRPs) (Albenne et al., 2013). Arabinogalactan proteins have
been implicated to also play a role in cell signalling (Seifert and Blaukopf, 2010).

Other cell wall proteins do not have a structural role, but are capable of modifying cell
wall polysaccharides. The most widely studied cell wall modifying proteins are the
expansins (EXPs), which, however, have no enzymatic function that has clearly been
characterised. EXPs are thought to modify interactions existing between cellulose and
xyloglucans in a manner that is pH-dependent (Marowa et al.,, 2016). The pH-
dependent regulation of EXPs forms the basis of the acid-growth hypothesis, which
states that cell walls expand in acidic conditions (Cosgrove, 2005). EXPs promote cell
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wall relaxation, which in turn allows for cell expansion and gives other cell wall
modifying proteins access to cell wall polymers. EXPs also enhance the activity of
many other cell wall-modifying proteins such as xyloglucan endo-
transglycosylases/hydrolases (XTHSs) that are able to cleave and re-ligate xyloglucans
(Eklof and Brumer, 2010).

Other cell wall proteins do not actively act on the cell polysaccharides, but their activity
indirectly modifies the cell walls. Arabidopsis class Il peroxidases localised in the
apoplast have been identified including PRX33 and PRX34, which act as sources of
apoplastic oxidative bursts in plants infected with avirulent P. syringae strains
(Bindschedler et al., 2006). O’Brien et al., (2012) could show that Arabidopsis cell
suspensions, when treated with MAMPs, produced H202, of which 50% was attributed
to PRX33 and PRX34. It was also shown that PRX33 and PRX34 were important for
resistance against various pathogens including B. cinerea, Golovinomyces
cichoracearum and P. syringae (Bindschedler et al., 2006). Another group of cell wall-
localised proteins contributing to ROS bursts are amine oxidases and polyamine
oxidases, which catabolise 