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The cell wall is the foremost interface at which interactions
take place between plants and a wide range of other organ-
isms including insects, nematodes, pathogenic, or symbiotic
microorganisms.

This Research Topic includes Mini Reviews, Reviews, Original
Research Articles, and Perspective Articles that provide novel
insights and detailed overviews on the dynamics of the plant cell
wall in plant defense, parasitism, and symbiosis and describes
experimental approaches to study plant cell wall modifications
occurring during interaction of plants with different organisms.

The cuticle represents the first cell wall layer encountered by
pathogens. Serrano and collaborators describe the influence of
the cuticle components on microbial development during patho-
genesis (Serrano et al.,, 2014). The authors highlight also the
alterations of the cuticle that induce defense responses against
necrotrophs. Once the microbe has penetrated, the cell wall
becomes a battleground where plants and pathogens attempt to
prevail. Necrotrophic fungi produce several cell wall degrading
enzymes (CWDEs) to degrade plant cell wall polysaccharides that
favor plant colonization. Blanco-Ulate and co-authors present a
genome-wide transcriptional profiling of Botrytis cinerea CWDES
expressed during infection of important nutritional resources
such as lettuce leaves, ripe tomato fruit, and grape berries
(Blanco-Ulate et al., 2014).

Plants develop different cell wall related systems for
sensing intruders. Malinovsky and co-workers provide an
overview of the cell surface pattern recognition receptors
(PRRs) that perceive a diverse set of microbial molecules
referred to as microbial/pathogen-associated-molecular patterns
(MAMPs/PAMPs) and trigger immune responses (Malinovsky
et al., 2014). Bellincampi and co-authors illustrate the mech-
anisms of sensing the alteration of cell wall integrity (CWI)
during biotic stress and explain how cell walls can be a source
of the so-called damage-associated molecular patterns (DAMPS)
(Bellincampi et al., 2014). Three manuscripts of this research
topic deal with specific mechanisms of perception and signaling
of cell wall damage and modulation of plant immunity. Emerging
evidence indicates that the Arabidopsis plasma membrane-
localized protein  NDR1 (NON-RACE-SPECIFIC DISEASE
RESISTANCE 1) functions as key signaling component of the
loss of membrane-cell wall adhesions during pathogen infection.

The research article by Lu and co-workers reports on the identifi-
cation of a citrus ortholog CsNDR1 that, when overexpressed in
Arabidopsis, improves disease resistance to Pseudomonas syringae
and Hyaloperonospora arabidopsidis (Lu et al., 2013). Komarova
and co-authors discuss on the role of methanol as signal in
plant immunity (Komarova et al., 2014). Methanol (MeOH)
can be released by plant pectin methylesterases, induced by the
mechanical damage of plant tissues during microbe penetra-
tion. The emission of MeOH by a wounded plant can have a
priming effect, enhancing the resistance of the non-wounded,
neighboring receiver plants to pathogens. Tauzin and Giardina
review the emerging argument of the “sweet immunity” (Tauzin
and Giardina, 2014). The authors describe the involvement of
sucrose and cell wall invertases as priming agents important for
triggering an appropriate defense responses during pathogen
invasion.

During pathogen infection plants can repair to the loss of
CWI by activating cell wall reinforcing mechanisms (Bellincampi
et al., 2014). At sites of interaction with intruding microbial
pathogens the cell wall is actively reinforced through the depo-
sition of cell wall appositions, so-called papillae. Voigt present a
perspective article that discusses the possible roles of the (1,3)-B-
glucan callose and the other papillae components in plant defense
(Voigt, 2014). Lignin is both pathogen-induced and develop-
mentally deposited in the secondary thickened cell wall. In their
review article Miedes and collaborators update us on the effect
of altered lignin amount and composition on pathogen infection
and spread (Miedes et al., 2014).

Pathogens, parasites, and symbionts may exploit the host
cell wall metabolism to support the colonization of their hosts
(Bellincampi et al., 2014). An important remodeling of the plant
cell wall is also exploited during plant parasitism by cyst nema-
todes. Bohlmann and Sobczak present a detailed overview of the
cell wall degrading and modifying enzymes that nematodes pro-
duce during migration through the root, and the cell wall modi-
fications occurring during syncytium development due to the cell
wall synthetizing, modifying, and degrading proteins of the plant
(Bohlmannand Sobczak, 2014). Two articles of this research topic
report on the cell wall remodeling during mutualistic symbiosis
of plants with different microorganisms, useful to establish an
intimate interface for developmental coordination and nutrient
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exchange. Rich and co-workers put the emphasis on modifi-
cations of the cell wall compartment during penetration and
establishment of the symbiotic interface in root nodule sym-
biosis and arbuscular mycorrhizae (Rich et al., 2014). Genetic,
genomic, and transcriptomic analysis related to symbiotic signal-
ing, cell wall loosening and penetration, and the nutrition of the
microbial endosymbionts are assessed. The current knowledge
on the dynamics of plant and fungal walls in ectomycorrhizae
and arbuscular-mycorrhizae is presented in the review article pro-
vided by Balestrini and Bonfante (2014). The cumulative evidence
suggests that the plant CWDEs play a central role in the softening
and remodeling of the cell wall during symbioses.

The analysis of the complex and dynamic modification of
cell walls in response to pathogens is a technical challenge
Xia and co-authors summarize experimental approaches based
on cell imaging, spectroscopic analyses and metabolic profil-
ing techniques (Xia et al., 2014). The review by Delaunois and
co-worker provides an insight into the modulation of the apoplas-
tic protein patterns during pathogen infection (Delaunois et al.,
2014). Super-resolution microscopy using microscopy combined
with specific and efficient labeling techniques yield information
on three-dimensional modifications of cell wall polymers (i.e.,
callose-cellulose network) at the site of attempted microbial pen-
etration (Voigt, 2014). Carbohydrate microarrays, combining the
specificity of monoclonal antibodies and carbohydrate binding
modules with the multiplexed analysis capacity of microarrays,
represent a promising technique to study the changes in cell wall
micro-domains during plant/biotic interaction (Malinovsky et al.,
2014).

These outstanding contributions reflect the considerable
progress that has been made in the understanding the relation-
ships at the cell wall interface between plants and other organ-
isms. These publications represent our current knowledge on
important physiological processes and provide food for thought
for future research. As a concluding remark, we are grateful to the
authors who responded enthusiastically to the call and reviewers
for their valuable feedback to ensure the highest quality in the
articles.
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INTRODUCTION

The cuticle is a barrier coating the outer surface of epidermal cells
of organs of the aerial parts of the plants. It protects against water
loss, various abiotic and biotic stress. The structure and proper-
ties of the cuticle has received increased attention in the past years
and a number of detailed reviews have been published (Martin,
1964; Kolattukudy, 1985; Goodwin and Jenks, 2005; Muller and
Riederer, 2005; Reina-Pinto and Yephremov, 2009a; Schreiber,
2010; Dominguez etal., 2011a,b; Nawrath etal., 2013; Yeats and
Rose, 2013). The cuticle is structurally diverse among species but
exhibits the organization of a composite material consisting in
cutin, a polyester that is partly covered and interspersed with
waxes (epicuticular and intracuticular waxes). The epicuticular
waxes and the cuticle with intracuticular waxes are referred to
as the cuticle proper. The cuticle proper lies above a so-called
cuticular layer made of cutin and polysaccharides that is closely
associated with the cell wall of the underlying epidermis cell. The
cutin polymer is typically made of esterified w- and mid-chain
hydroxy and epoxy C16 and C18 fatty acids and some glycerol
(Heredia, 2003). This polymer can be cleaved by esterases and
yields various cutin monomers. The cuticular wax, is a com-
plex mixture of very long-chain fatty acids (C20-C40) and their
derivatives that include alkanes, aldehydes, primary and secondary
alcohols, ketones, and esters. Depending on the species, secondary
metabolites, such as flavonoids and triterpenoids are also found
among the wax components (Samuels etal., 2008). An increasing
number of genes involved in the biosynthesis of the cuticle have
been identified mainly in Arabidopsis thaliana and help to under-
stand its biosynthesis (Pollard etal., 2008; Kunst and Samuels,
2009; Beisson etal., 2012; Bernard and Joubeés, 2013; Lee and Suh,
2013). The overall picture of cutin synthesis whereby precursors
are assembled in the cell and exported to the cell wall can now be
completed but many details still remain unanswered; for example,
the nature of the exported cutin or wax precursors, the process of

The cuticle provides a physical barrier against water loss and protects against irradiation,
xenobiotics, and pathogens. Components of the cuticle are perceived by invading fungi and
activate developmental processes during pathogenesis. In addition, cuticle alterations of
various types induce a syndrome of reactions that often results in resistance to necrotrophs.
This article reviews the current knowledge on the role of the cuticle in relation to the
perception of pathogens and activation of defenses.

Keywords: Arabidopsis, innate immunity, Botrytis cinerea, resistance, cuticle, cutin monomers, wax, ROS

extracellular assembly or the elements involved general control of
this complex developmental process. Highlights of the advances
in this area comprise the identification of an ABC transporter
ABCG32/PEC1 involved in cuticle assembly (Bessire etal., 2011),
the description of several classes of transcription factors involved
in cutin and wax biosynthesis (Javelle etal., 2010; Seo etal., 2011;
Nadakudutietal., 2012) or post-transcriptional regulation of cuti-
cle biosynthesis by the zinc-finger protein SERRATE (Voisin etal.,
2009). The involvement of protein monoubiquitination in the
regulation of cuticle biosynthesis was recently documented as sev-
eral genes of cutin and wax biosynthetic pathway were found to
be targets for histone H2B monoubiquitination (énard etal.,
2014).

Here we will focus on the function of the plant cuticle in relation
to the interaction with leaf pathogens.

THE CUTICLE AS A SOURCE OF SIGNALS

A number of recent reviews have been published that describe
various aspects of the biological functions of the cuticle in rela-
tion to their physical and biochemical properties (Muller and
Riederer, 2005; Reina-Pinto and Yephremov, 2009a). The focus
of this chapter will be dedicated to the hypothesis that the cuticle
might constitute a potential source of signals for the pathogens or
for the plant itself.

PERCEPTION OF CUTICLE COMPONENTS BY FUNGI

Cutin hydrolysates were shown early on to induce the activity
of an extracellular cutinase in Fusarium solani pv. pisi. Fraction-
ation of the cutin hydrolysates established that the w-hydroxy
fatty acid fraction contained most of the activity. The optimal
length of the aliphatic chain is 16 carbons, the activity mostly
depends on a hydroxyl group at the w carbon whereas the pres-
ence of the carboxyl group had no significant effect (Lin and
Kolattukudy, 1978). Chemically synthesized cuticle monomers
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also activate fungal development (Ahmed etal., 2003). Kolat-
tukudy (1985) proposed that cuticle-degrading pathogens sense
plant surfaces by cutin monomers that activate fungal cutinolytic
activity. Cutin monomers are initially generated by basal cuti-
nase activity in fungal spores landing on plant surfaces. Sensing
of cutin monomers would then induce high levels of cutinase
required for penetration. The induction of cutinase in F. oxys-
porum results from a transcriptional activation (\Woloshuk and
Kolattukudy, 1986). Furthermore, a transcription factor CTF1
was identified that binds to a G-rich palindromic binding site
of the cutinase promoter (Kamper etal., 1994). Cuticular compo-
nents can also induce other aspects of fungal developmental. For
example, cutin monomers induce the germination and appres-
sorium in the rice blast fungus Magnaporthe grisea (Gilbert etal.,
1996); and appressorial tube formation in Erysiphe graminis (Fran-
cis etal., 1996). Cutin monomers also induce a protein kinase,
LIPK (lipid-induced protein kinase) in Colletotrichum trifolii, the
causal agent of alfalfa anthracnose. LIPK is essential for trigger-
ing infection structure formation in the fungus (Dickman etal.,
2003). Besides cutin monomers, surface waxes also activate devel-
opment processes in fungi. For instance, surface waxes of avocado,
including terpenoid components, induce germination and appres-
sorium formation in C. gloeosporioides, a pathogen of avocado,
while waxes from other plants were not effective (Podila etal.,
1993; Kolattukudy etal., 1995). Chloroform extracts of wax from
wheat leaf surfaces induce appressorium in Puccinia graminis f.sp.
tritici (Reisige etal., 2006). Appressorium formation in the rice
pathogen M. grisea is induced by leaf wax of rice or other plants
or synthetic n-C22 fatty acid, fatty alcohol or alkane (Hegde
and Kolattukudy, 1997). Recently, it was shown that the pre-
penetration processes of the powdery mildew fungus Blumeria
graminis f. sp. hordei is stimulated by very-long-chain aldehydes
that are wax constituents of the cuticle (Ringelmann etal., 2009;
Hansjakob etal., 2010, 2011). For example, during the forma-
tion of the primary germ tube in Blumerica graminis f.sp. hordei,
very-long-chain aldehydes (typical components of surface waxes)
can stimulate the migration of the nucleus inside the conidia
toward the site of primary germ tube emergence (Hansjakob et al.,
2012).

Taken together, these observations document the perception of
cuticular components by fungi. In the next section, we will show
that the plant itself can also detect and react to components of the
cuticle.

THE CUTICLE AND THE PERCEPTION OF ITS PRODUCTS BY THE PLANT

The action of fungal cutinase and related enzymes during the
early stages of fungal contact with plant surfaces prepares the
infection site both for adhesion and penetration (Deising etal.,
1992; Nielsen etal., 2000). Cuticle breakdown products consti-
tute potential signals perceived by the plant that are among the
first elicitors to be generated during infection. While it is difficult
to determine the nature and concentration of cutin monomers
at the infection court, the hypothesis that such monomers could
be perceived by the plant was tested in barley and rice treated by
ectopic treatments with synthetic analogs (Schweizer etal., 1994,
1996h). Two monomers of the C18 family were effective in pro-
tecting barley against E. graminis and rice against M. grisea, most

likely by acting on the plant since these molecules have no direct
fungicidal effect. Treatment of suspension-cultured potato cells
with cutin monomers induces medium alkalinization, produc-
tion of ethylene (ET) and accumulation of defense-related genes
(Schweizer etal., 1996a). The most active compound was n,16-
hydroxypalmitic acid (n = 8, 9, or 10), a predominant component
of the potato cuticle. When etiolated cucumber hypocotyls are
gently abraded, cutin monomers from hydrolysates of cucum-
ber, apple, and tomato cutin induce the production of H;0;
(Fauth etal., 1998). The gentle abrasion was proposed to repro-
duce the action of cutinase released by a potential pathogen
allowing the plant to perceive and respond to cutin monomers
that can readily diffuse through the permeabilized cuticle. A sur-
prising observation of the action of cutinase was made by the
addition of purified cutinase from Venturia inaequalis or from
F. solani directly to spores of Rhizoctonia solani prior to inoc-
ulation of bean leaves. A decrease in symptoms was observed
in inoculation droplets containing spores together with cutinase
compared to spores with water. The effect of cutinase depends
on its lipolytic esterase activity. Pathogenesis-related (PR) pro-
tein genes were not associated with cutinase-induced resistance
responses of bean leaves in response to cutinase action (Parker
and Koller, 1998). This intriguing observation was pursued fur-
ther by directly expressing a fungal cutinase gene in the cell
wall of plants. To this purpose, a cutinase gene from F. solani
pv. pisi was expressed in Arabidopsis thaliana under the control
of the CaMV35S promoter and targeted to the cell wall (Sieber
etal., 2000). A normal layer of wax, but a partly absent cuti-
cle, characterizes cutinase-expressing plants that exhibit enhanced
permeability to solutes. A subsequent study provided a detailed
assessment to the reaction toward pathogens (Chassotetal., 2007).
No difference was observed between cutinase-expressing plants
(so-called CUTE plants) and wild types after infection with
the biotrophs E. cichoracearum, Hyaloperonospora parasitica, and
Phytophthora brassicae or the non-host Blumeria graminis. Impor-
tantly, CUTE plants displayed almost complete immunity toward
the necrotrophic fungus Botrytis cinerea. The protection requires
the enzymatic activity of the protein, since transformants with
a cutinase gene mutated in the active site of the enzyme are
not protected. Ectopic application of Fusarium cutinase to Ara-
bidopsis thaliana leaves also protects against Botrytis cinerea and
is not the result of a direct action of the cutinase on Botry-
tis cinerea, in agreement with the overexpression experiments
(Chassot etal., 2007). Expression of the lipase A gene of Botrytis
cinerea also provides full protection, confirming the importance
of the cutinolytic activity for protection (Chassot etal., 2007).
To some extent this is reminiscent of the experiments of Parker
and Koller (1998) where active cutinase mixed to spores of R.
solani led to protection in bean leaves. There was no correla-
tion between the expression of marker genes for the salicylic
acid (SA), ET, or jasmonic acid (JA) pathways and expression of
the cutinase gene of F. solani in Arabidopsis thaliana mutants of
the SA (pad4, sid2), ET (etrl, ein2, pad2) and of the JA (jarl)
pathways clearly show fully independence of cutinase-induced
protection on SA, ET, and JA. A number of genes identified from
microarray experiments showed an earlier and stronger expression
after inoculation with Botrytis cinerea of CUTE plants compared
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to wild types. Fifteen genes were selected and overexpressed in
Arabidopsis thaliana and eight of these provided increased toler-
ance to Botrytis cinerea. These genes included members of the
lipid transfer protein (LTP), the peroxidase (PO), and the pro-
tein inhibitor (PI) gene families. Members of the LTPs, PER,
and PIs could each contribute in part to the observed resistance
induced by Botrytis cinerea in CUTE plants (see discussion in
Chassot etal., 2007, 2008). Resistance in CUTE plants was also
proposed to result from the rapid diffusion of a potential fungi-
toxic metabolite through the permeable cuticular layer into the
inoculation droplet. A fungitoxic activity was observed in the
inoculation droplets of Botrytis cinerea spore suspension placed
on CUTE but not on wild type plants (Chassot etal., 2007)
but the chemical nature of the leaf diffusate has not yet been
characterized.

A number of studies have reported on Arabidopsis thaliana
mutants impaired in various aspects of the biosynthesis of the
cuticle or that have otherwise an increase in cuticular permeabil-
ity. An intriguing observation is that several but not all cuticle
mutants have an altered permeability and an increased resistance
to Botrytis cinerea (Table 1).

The lcr (lacerata) mutant is impaired in a gene coding for a
cytochrome P450 monooxygenase involved in the formation of
w-hydroxy fatty acids in yeast and could be involved in cutin
biosynthesis (\Wellesen etal., 2001). Reduced levels of the major
constituents of cuticular polyesters and cutin were observed in
the hth (allelic to ace/hth, adhesion of calyx edges/hothead) mutant
that is characterized by a deficient fatty acid w-alcohol dehydroge-
nase activity (Kurdyukov etal., 2006a). Increased accumulation of
cell-wall-bound lipids and epicuticular waxes occurs in bdg (body-
guard) mutants compared to WT plants (Kurdyukov et al., 2006b).
The cuticle of lacs2 (long-chain acyl-CoA synthetase; Schnurr etal.,
2004) an identical mutant as brel (Botrytis resistant; Bessire etal.,
2007) is thinner than that of WT plants and contains reduced
amounts of dicarboxylic acid monomersin the cutin polyester. The
sma4 (symptoms to multiple avr genotypes4) is allelic to lacs2 (Tang
etal., 2007). The fdh (fiddlehead) is mutated in a gene encoding
a protein involved in the synthesis of long-chain lipids (Yephre-
mov etal., 1999; Pruitt etal., 2000; Voisin etal., 2009). The pecl
(permeable cuticle 1) is characterized by a knockout of ATP BIND-
ING CASSETTEG32 (ABCG32), an ABC transporter localized at
the plasma membrane of epidermal cells; available evidence sug-
gests that ABCG32 exports cutin precursors for the synthesis of the
cuticular layer in the epidermal cell (Bessire etal., 2011). Abscisic
acid (ABA) deficiency causes an increase cuticular permeability
and resistance to Botrytis cinerea as observed in the sitiens as well
as the abi2 and abi3 mutants of tomato and Arabidopsis thaliana
respectively (Curvers etal., 2010; L'Haridon etal., 2011). An
enhanced cuticular permeability and resistance to Botrytis cinerea
was also observed in the myb96-1 (MYB96-deficient) mutant
characterized by downregulated ABA-dependent wax biosynthetic
genes (Seo etal., 2011). In tomato, overexpression of SISHINE3,
a transcription factor expressed predominantly in the epidermis,
leads to leaves with increased permeability, an increase in cutin
monomer content and resistance to Botrytis cinerea and Xan-
thomonas campestris pv. vesicatoria (Buxdorf etal., 2014). An
increase in resistance to Botrytis cinerea was observed when cutin

monomers extracted from WT- and SISHINE3-overexpressing
leaves are applied to tomato leaves. Details on the amounts and
quality of the cutin monomers or on their mode of action (direct
versus indirect) that could explain this result are not known. In
the same article, the authors show that only cutin monomers of
SISHINE3-overexpressing leaves induced the expression of defense
genes in tomato (Buxdorf etal., 2014). But, not all mutants
affected in the cuticle structure show an enhanced resistance to
necrotrophic pathogens. The cerl mutant of Arabidopsis thaliana
is affected in an enzyme predicted to be involved in alkane biosyn-
thesis (Bourdenx etal., 2011). CER1 shows the same expression
pattern and localization as other enzymes expressed in the epi-
dermis of aerial organs. Overexpression of CER1 results in plants
with a reduced permeability associated with an improved resis-
tance to water deficient soils. Such plants showed a increased
susceptibility to Pseudomonas syringae pv. tomato and to the
necrotrophic Sclerotinia sclerotiorum. The gl1 mutation affects
cuticle formation, but is still susceptible to Botrytis cinerea (Xia
etal., 2010; Benikhlef etal., 2013). The rst1 (RESURRECTION1)
mutant exhibits enhanced susceptibility to the biotrophic fun-
gal pathogen E. cichoracearum but enhanced resistance to the
necrotrophic fungal pathogens Botrytis cinerea and Alternaria
brassicicola. RST1 is plasma membrane protein and is possibly
involved in suppressing the biosynthesis of cuticle lipids; the
increased levels of cutin monomers and cuticular waxes in rstl
suggest this. Despite this, rstlshows a clear departure from the
behavior of other mutants since the permeability of the cuticle is
normal (Mang etal., 2009). Another intriguing observation was
made with Arabidopsis thaliana acp4 mutants defective in acyl car-
rier protein (ACP4). The acp4 mutants were tested in the context
of systemic acquired resistance (SAR); they are able to generate a
mobile SAR signal from lower leaves inoculated with bacteria but
unable to perceive it in the upper leaf. The acp4 also display cutic-
ular defects with reduced levels of fatty acids, alkanes and primary
alcohols compared to WT plants associated with ultrastructural
changes and an increased cuticular permeability (Xia etal., 2009).
When wild type Col-0 plants were abraded to remove the cuticle
in the upper leaves, SAR was also compromised. It was concluded
that an intact cuticle is required for the onset of SAR. It remains
difficult to explain how defects in the cuticle impart SAR. Abraded
plants are not perfect mimics for the cuticle-defective acp4 mutants
and possibly other compensatory mechanisms might take place
differently in both types of plants. It remains now to be shown
how an intact cuticular layer can influence SAR. Soft mechanical
stress (SMS) applied to leaves was shown to increase resistance
to Botrytis cinerea and lead to the production of reactive oxygen
species (ROS; Benikhlef etal., 2013). SMS resembles the delicate
mechanical abrasion of the cuticle used by Xia etal. (2009) and it
would now be interesting to know if abraded plants show increased
resistance to Botrytis cinerea.

Considering the mutants listed in Table 1, modifications in
cuticular structure associated with enhanced permeability are cor-
related with enhanced resistance to Botrytis cinerea. In addition to
resistance, many of these mutants spontaneously accumulate ROS.
For instance, the cuticular mutants bdg and lacs2 constitutively
produce a green fluorescence upon staining with 5-(and 6)-
carboxy-29,79-dichloro dihydrofluorescein diacetate (DCF-DA) a
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fluorescent probe for ROS (L'Haridon etal., 2011; Benikhlef etal.,
2013). Treatment of wild type leaf surfaces with fungal cutinase
also results in ROS accumulation (L'Haridon etal., 2011). ROS
has a multifaceted mode of action and can reach toxic levels act-
ing directly as an antimicrobial or participate in various steps
during the activation of defense responses such as modification
of the cell wall, signal transduction pathways, programmed cell
death, or post-translational regulation (De Tullio, 2010; Torres,
2010; Mittler etal., 2011). At this point, it is not well known why
ROS are made in bdg and lacs2 or in cutinase-treated leaves. Pre-
sumably, cutin monomers or other compounds accumulating in
developmental mutants of the cuticle might be perceived by the
plant and result in the production of ROS. A possible early event
preceding ROS accumulation might be a Ca?* burst as was shown
after wounding or SMS (Beneloujaephajri etal., 2013; Benikhlef
etal., 2013). ROS are produced earlier and in higher amounts after
inoculation with Botrytis cinerea in the aba2 and aba3 mutants
of ABA biosynthesis as well as in the wax biosynthesis mutant
myb96-1 and these plants were also shown to have an increased
cuticular permeability (L'Haridon etal., 2011). All these examples
offer the interesting possibility to find out how ROS are produced
in relation to the cuticular properties.

CUTE, lcr, hth, bdg, lacs2/brel, sma4, and pecl displayed
increased resistance to Botrytis cinerea and the presence of a fun-
gitoxic activity in leaf diffusates that correlated with an increased
permeability of the cuticle (Bessire etal., 2007, 2011; Chassot
etal., 2007). Thus, the presence of a fungitoxic activity appears
to be mostly associated with an increase in cuticular permeabil-
ity. The question now arises on the nature of the fungitoxic
compound present in the leaf diffusates. At this point, it is tac-
itly assumed that in all cases the same compound is involved;
a chemical characterization will eventually clarify this point.
Another intriguing possibility is that phylloplane microbes might
contribute directly or indirectly to this activity. For instance,
the presence of distinct patterns of microbial communities was
observed on the surface of different Arabidopsis thaliana ecer-
iferum wax mutants (cerl, cer6, cer9, cerl6) compared to the
corresponding wild type ecotype Ler (Reisberg etal., 2013). This
interesting observation shows that plant cuticular wax compo-
sition can affect the community composition of phyllosphere
bacteria. Likely, it is possible that other changes in the compo-
sition of the plant surface might also affect bacterial communities.
The extent to which such microbes contribute to the fungitoxic
activities in leaf diffusates or even to fungal resistance is not
known.

The pleiotropic syndrome exhibited in the cuticular mutants
such as altered cuticle structure and deposition, altered chem-
ical composition in cuticular lipids, organ fusions, changes in
and cell and organ shape or resistance to pathogens suggest that
plants adapt to the cuticular defects by compensatory mecha-
nisms. To investigate such an adaptive compensatory mechanism
a meta-analyses tool (MASTA; microarray overlap search tool
and analysis) was developed and used for an in-silico analy-
sis of gene expression profiles in hundreds of datasets (Voisin
etal., 2009). This led to the identification of the SERRATE (SE)
gene, which encodes a nuclear protein of RNA-processing multi-
protein complexes, making it likely that small-RNA signaling is

involved in the cuticular defect syndrome. The importance of the
SE gene was confirmed with double mutants such as Icr-se and
bdg-se that suppress the abnormal cuticle syndrome and resis-
tance to Botrytis cinerea. These results support the hypothesis
that various cuticular defects might induce a common signal-
ing pathway that depends on the SE gene (Voisin etal., 2009).
It will now be interesting to see if this type of analysis can be fur-
ther used to identify aspects more specific to the fungal resistance
response.

The evidence provided by the effect of ectopic treatments with
cutin monomers, overexpression of cutinase, ectopic treatments
with cutinase and various cuticular mutants with increased per-
meability lead several scenarios that might explain the resistance
of plants in relation to defective cuticles (Chassot etal., 2008).
A permeable cuticle could involve a faster perception of putative
products of the cuticle released upon the action of the cutinase.
In addition, cuticle monomers might be over-produced in cutic-
ular mutants from an incomplete cuticle polymer synthesis. The
perception of such monomers would generate intracellular signals
and trigger multifactorial defenses. The induced defenses might
involve the production/release of ROS, antimicrobial proteins and
of antifungal metabolites. A permeable cuticle might also allow a
faster passage of potential elicitors from Botrytis cinerea or its inoc-
ulation medium through the epidermis wall into the cells where
they might trigger a faster and more intensive defense reaction. The
surprising potential for defense against Botrytis cinerea unveiled in
CUTE plants and in the various cuticle mutants warrants further
research to understand the molecular basis of this phenomenon
(Figure 1).

A puzzling question concerns the full susceptibility of Arabidop-
sis thaliana to Botrytis cinerea. This is intriguing, since Botrytis
cinerea releases cutinase and lipase during the penetration of leaves
(Commeénil etal., 1998) yet no resistance is visible. In contrast, our
own experiments showed that when cutinase or lipase is applied
on the surface of Arabidopsis thaliana leaves resistance and ROS
are induced (Chassot etal., 2007; L'Haridon etal., 2011). Possibly,
the timing or the quantity of enzymes produced by the fungus
in planta is sufficient for penetration but not for inducing resis-
tance. Alternatively, Botrytis cinerea, like other pathogens, might
suppress induced defense responses in the plant. One possible sup-
pressor could be oxalic acid, a know pathogenicity factor of Botrytis
cinerea (Germeier etal., 1994; Pezet et al., 2004) and suppressor of
ROS (Cessna etal., 2000). Several experimental lines support this
hypothesis. For instance, biocontrol bacteria selected for their abil-
ity to metabolize oxalate can protect Arabidopsis thaliana against
Botrytis cinerea (Schoonbeek etal., 2007). Also, transgenic plants
overexpressing a fungal oxalate decarboxylase show an earlier and
increased accumulation of ROS and an enhanced tolerance after
inoculation with Botrytis cinerea (L'Haridon etal., 2011) or Scle-
rotinia sclerotiorum (Walz etal., 2008). This might explain why
Arabidopsis thaliana is susceptible to Botrytis cinerea, despite the
release of cutinase and lipase.

FUTURE DIRECTIONS

How plants perceive changes in the level of cutin monomers is
still not known and is a question that needs to be addressed. The
experimental evidence accumulated so far makes it reasonable to
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FIGURE 1 | Hypothetical model explaining cuticle-derived resistance
to B. cinerea. (A) During the infection of a wild type plant, B. cinerea
releases cutinase and PAMPs that lead to its recognition and potentially
to ROS formation and defense activation. However, the production of
oxalate by B. cinerea interferes with ROS production and prevents
efficient defenses thus allowing colonization. (B) In various mutants
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affected in the cuticle and its permeability (see Table 1), ROS are
produced constitutively leading to the priming of defenses. Upon
infection, fungal oxalate is insufficient to scavenge ROS and the plant
defense is successful. The products of the activity of fungal cutinase
are referred to as DAMPs that can also be perceived by the fungus
and activate more cutinase expression.

assume that plants are equipped to perceive cutin monomers or
other related products possibly by receptors. A genetic screening
would be an approach of choice to identify such receptors. In
fact, we are currently screening Arabidopsis thaliana mutants or
ecotypes that lack an increase in resistance to Botrytis cinerea after
treatment with fungal cutinase. A series of mutants and ecotypes
could be identified, all displaying an increased in susceptibility
to Botrytis cinerea. These results are now being followed up; one
predicts that such mutants could be blocked in either a putative
receptor for cutinase-generated monomers or alternatively in any
step downstream of it.

Using the available genome-wide gene expression microarray
data, one can identify common genetic elements during the resis-
tance syndrome in cuticle deficient mutants. Using the MASTA
(Reina-Pinto etal., 2009b), differentially expressed gene lists can
be generated and classified according to the gene ontology (GO).
Using this strategy a list of 25 upregulated genes statistically signifi-
cant under the GO category “response to fungus” can be identified.
These genes point toward common functions that might relate
to the resistance syndrome in cuticle deficient mutants and they
deserve further attention.

Another intriguing question is the chemical nature of the fun-
gitoxicity in the diffusates of cuticular mutants. It is not clear
whether the same chemical causes the observed activity for each
mutant; a bioassay-assisted chemical identification is under way
to clarify this point.
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Cell walls are barriers that impair colonization of host tissues, but also are important
reservoirs of energy-rich sugars. Growing hyphae of necrotrophic fungal pathogens,
such as Botrytis cinerea (Botrytis, henceforth), secrete enzymes that disassemble cell
wall polysaccharides. In this work we describe the annotation of 275 putative secreted
Carbohydrate-Active enZymes (CAZymes) identified in the Botrytis B05.10 genome. Using
RNAseq we determined which Botrytis CAZymes were expressed during infections
of lettuce leaves, ripe tomato fruit, and grape berries. On the three hosts, Botrytis
expressed a common group of 229 potentially secreted CAZymes, including 28 pectin
backbone-modifying enzymes, 21 hemicellulose-modifying proteins, 18 enzymes that
might target pectin and hemicellulose side-branches, and 16 enzymes predicted to
degrade cellulose. The diversity of the Botrytis CAZymes may be partly responsible for
its wide host range. Thirty-six candidate CAZymes with secretion signals were found
exclusively when Botrytis interacted with ripe tomato fruit and grape berries. Pectin
polysaccharides are notably abundant in grape and tomato cell walls, but lettuce leaf walls
have less pectin and are richer in hemicelluloses and cellulose. The results of this study not
only suggest that Botrytis targets similar wall polysaccharide networks on fruit and leaves,
but also that it may selectively attack host wall polysaccharide substrates depending on

the host tissue.

Keywords: Botrytis, noble rot, plant pathogenic fungi, CAZymes, RNAseq, tomato, grape, lettuce

INTRODUCTION

The cell wall matrix is one of the first and largest plant struc-
tures that pathogens encounter when interacting with poten-
tial hosts. The composition and architecture of cell walls vary
between plant species, organs and developmental stages. Two
co-extensive networks of polysaccharides comprise up to 80%
of the mass of most plant cell walls. A network of cellulose
microfibrils is cross-linked via hydrogen-bonded hemicelluloses
and is embedded within a second network, a matrix of sim-
ple and branched pectin polysaccharides (Carpita and Gibeaut,
1993). The integrity of the hemicellulose-cellulose microfib-
ril network provides much of the strength and rigidity of the
cell wall (Harris and Stone, 2008; Scheller and Ulvskov, 2010).
The pectin network influences the wall’s porosity and pro-
vides structural coherence (lIshii et al., 2001; Vincken et al.,
2003). Homogalacturonan (HG) and rhamnogalacturonans (RG-
I and RG-II) are the major pectins of the primary walls of
dicots and non-graminaceous monocots (\Voragen et al., 2009).
Pectins are important for cell-to-cell adhesion and they are par-
ticularly abundant in the middle lamella and corners between
adjacent cells (Mohnen, 2008). Structural glycoproteins, sol-
uble proteins, ions and metabolites are also located within

the polysaccharide networks of most cell walls (Cassab, 1998;
Keegstra, 2010).

Plant cell walls that are recalcitrant to decomposition by
microorganisms and walls that favor the timely activation and
correct allocation of host defenses are more likely to resist
pathogen infections (Cantu et al., 2008a; Underwood, 2012). For
example, plant cell wall-associated kinases and receptors are cru-
cial to sense invading pathogens and to promptly induce immune
responses, including structural reinforcements of the wall and
production of anti-pathogen compounds (Cantu et al., 2008a;
Hematy et al., 2009). Furthermore, pre-formed defense proteins
(e.g., extracellular pathogenesis-related proteins) and their loca-
tions within the plant cell wall matrix contribute to processes that
prime host tissues for resistance (Powell et al., 2000; Cantu et al.,
2008Db).

Necrotrophic pathogens, such as Botrytis, have evolved com-
plex strategies to overcome the plant immune system (\Weiberg
et al., 2013) and to destroy the pectin-rich middle lamellae and
primary cell walls of the host, inducing cell death and com-
promising the integrity of host tissues (Tiedemann, 1997; Van
Baarlen et al., 2004; Cantu et al., 2008a; Curvers et al., 2010).
Botrytis is considered a generalist pathogen because it is capable of
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infecting a wide variety of plant hosts and organs. During infec-
tions, Botrytis secretes diverse proteins and enzymes that modify
the host cell walls (Van Kan, 2006; Zhang and van Kan, 2013a).
Some of these proteins, such as the polygalacturonase BcPG1,
have been demonstrated to be important virulence factors in mul-
tiple host tissues (Ten Have et al., 1998; Valette-Collet et al., 2003;
Espino et al., 2005; Kars et al., 2005a; Brito et al., 2006; Nafisi et al.,
2014). Characterizing the cell wall-degrading enzymes deployed
by Botrytis on different hosts and tissues may help identify viru-
lence functions that Botrytis uses on all hosts and those that are
important on specific hosts, organs, or developmental stages.

The Carbohydrate-Active enZymes (CAZymes) are proteins
with predicted catalytic and carbohydrate-binding modules that
degrade, modify, or create glycosidic bonds. Therefore, some
CAZymes are candidates for proteins that participate in the mod-
ification and breakdown of cell wall polysaccharides (Cantarel
et al., 2009). The assignment of a gene to a particular CAZyme
family can predict the catalytic properties of the protein it encodes
and its possible substrates (Cantarel et al., 2009; Park et al.,
2010). Sequence homology to known CAZyme genes in combina-
tion with computational prediction of protein secretion (SignalP;
Petersen et al., 2011) has been used extensively for in silico identi-
fication and classification of the repertoire of cell wall degrading
enzymes of pathogenic fungi with sequenced genomes (Floudas
etal., 2012; Suzuki et al., 2012; Blanco-Ulate et al., 2013a,b,c,d).

Genome-wide transcriptional profiling approaches have been
applied successfully to study the regulation of pathogen viru-
lence factors in plant hosts (Noél et al., 2001; Ithal et al., 2007,
Jeon et al., 2007; O’'Connell et al., 2012; Schmidtke et al., 2012;
Cantu et al., 2013; Wiemann et al., 2013; Zhang et al., 2013). In
this study we (i) identified in the current release of the publi-
cally available Botrytis genome (strain B05.10 v.1; Amselem et al.,
2011) genes encoding putatively secreted CAZymes, (ii) analyzed
the phylogenetic relationships of these genes, and (iii) profiled
their expression when Botrytis interacts with three plant hosts.
The plant hosts chosen for this study, ripe tomato fruit, ripe
grape berries and lettuce leaves, represent to important post-
harvest commodities, which are highly susceptible to infections
by Botrytis. Our results suggest that Botrytis not only expresses a
rich repertoire of activities that target the many diverse structures
of the plant cell walls, but also that some of these functions are
differentially regulated depending on the host.

MATERIALS AND METHODS

ANNOTATION OF BOTRYTIS CAZymes

Transcriptome sequences of Botrytis cinerea (strain B05.10 v.1;
Amselem et al., 2011) were obtained from http://www.broadin
stitute.org/annotation/genome/botrytis_cinerea. The transcrip-
tome was annotated for sequences encoding Carbohydrate-Active
enZymes (CAZymes; http://www.cazy.org) with the CAZymes
Analysis Toolkit (http://mothra.ornl.gov/cgi-bin/cat/cat.cgi; Park
et al., 2010) with an e value < le-2, a bit score threshold of 55
and a rule level of support of 40. Functional annotation of the
CAZymes genes was carried out with Blast2GO v.2.7.1 (http://
www.blast2go.com/start-blast2go; Gotz et al., 2008), which per-
formed a BLASTX search against the non-redundant (nr) protein
database of NCBI; default parameters were used. The predicted

CAZymes from Botrytis were then clustered in protein tribes
based on sequence similarities using BLASTp alignments (e-value
<le—6) and Tribe-MCL (Enright et al., 2002) following meth-
ods described in Haas et al. (2009). The presence of secretion
signal peptides was evaluated for all genes in the transcriptome
using SignalP v.4.0 (http://www.cbs.dtu.dk/services/SignalP-4.0/;
Petersen et al., 2011) with the following parameters: 0.50 D-cutoff
values for SignalP-TM and 0.45 for SignalP-noTM.

One of the limitations of in silico analyses of secretion peptides
is the occurrence of false positives and false negatives (Petersen
et al.,, 2011; Melhem et al., 2013). SignalP v.4.0 was reported
to have a higher false negative rate (8.80%) than false positive
rate (3.30%) when predicting secretion signals in plant pro-
teins (Melhem et al., 2013). A literature search of previously
validated secreted Botrytis CAZymes was performed to identify
possible false negatives resulting from the SignalP prediction. Two
CAZyme-encoding genes, BcPMEL (BC1G_06840) and BcXynllA
(BC1G_02167), had SignalP prediction scores below the 0.50/0.45
D-cutoff values, but both genes have been experimentally proven
to encode secreted proteins (Valette-Collet et al., 2003; Kars et al.,
2005b; Brito et al., 2006; Shah et al., 2009a,b; Fernandez-Acero
et al., 2010; Li et al., 2012); hence, they were included in the
dataset of secreted Botrytis CAZymes. The existence of other
false negatives still needs to be experimentally evaluated for each
CAZyme that did not pass the SignalP thresholds.

PHYLOGENETIC ANALYSES

The protein sequences of 7 CAZyme subfamilies including genes
with putative roles in degrading plant cell walls, based on manual
curation of CAZymes and functional annotations, were ana-
lyzed. Multiple global sequence alignments were conducted with
MUSCLE (Edgar, 2004) for all protein sequences in a particular
tribe using default parameters. Phylogenetic analyses were con-
ducted in MEGAv.5.2.2 (Tamuraet al., 2011) using the Neighbor-
Joining method with 1000 bootstrap replicates (Felsenstein, 1985;
Saitou and Nei, 1987). All positions containing gaps and missing
data were eliminated.

BIOLOGICAL MATERIAL

Tomato (Solanum lycopersicum) cv. Ailsa Craig was provided by
the Tomato Genetics Research Center (UC Davis). Tomato plants
were grown in the field in Davis, California. Fruit were tagged
at 3 days post-anthesis (dpa) and harvested at the red ripe stage
(42 dpa). The ripening stages of the fruit were confirmed by color,
size and texture measurements.

The Botrytis strain B05.10 used to inoculate the tomato
fruit was provided by Dr. J. A. L. van Kan (Department of
Phytopathology, Wageningen University). Conidia were collected
from sporulating cultures grown on 1% potato dextrose agar.
Tomato fruit were disinfected and inoculated as in Cantu et al.
(2008a). At the time of inoculation, fruit were wounded at seven
sites to a depth of 2mm and a diameter of 1 mm. Wounded
sites were inoculated with 10 pL of a water suspension containing
5000 conidia. All fruit samples were incubated at 20°C in high
humidity for 3 days. When material was collected for analysis,
the tomato fruit were deseeded, frozen, and ground to fine pow-
der in liquid nitrogen. Three biological replicates were produced;
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each replicate was an independent pool of 8-10 Botrytis-infected
tomato fruit.

Ripe (23 brix) grape berries (Vitis vinifera cv. Sémillon) show-
ing the initial symptoms of Botrytis infections were collected from
the Dolce Winery Vineyards (Napa Valley, California). Fruit were
field inoculated by spraying conidia of the Botrytis strain BcDW1
(Blanco-Ulate et al., 2013a). Transcript polymorphisms detected
in the RNAseq data suggest that other strains also infected the
berries in the vineyard (results not shown). Determination of
the initial stage of Botrytis infection (S1) was based on the time
at which individual berries showed a partial color change from
green to pink, but the berries still maintained their turgor and
tissue integrity. The S1 stage of botrytized-grape berries was con-
firmed by the amount of fungal biomass present in the berries
(described below). On the same day of harvest, individual infected
grape berries were deseeded, frozen, and ground to fine powder
in liquid nitrogen. Four biological replicates were generated from
independent pools of 10-15 Botrytis-infected grape berries.

BOTRYTIS BIOMASS DETERMINATION

Fungal biomass was quantified using the QuickStix Kit for
Botrytis (EnviroLogix), which utilizes the monoclonal antibody
BC12.CA4 (Meyer and Dewey, 2000) as described by Cantu
et al. (2008b). One gram of ground tissue (pericarp and epider-
mis) from each biological replication was suspended in the kit
buffer, 1:.40 m/v for tomato fruit and 1:20 m/v for grape berries.
The amount of material that cross-reacted with the antibody
was measured in 500 pl of the tissue suspension. The inten-
sity of the test line was determined with the QuickStix reader
(Envirologix) and converted into fungal biomass (jg/gFW of
fruit) based on standard curves using known amounts of dry
mycelium diluted into extracts of healthy tomato fruit tissue
(Cantu et al., 2009a).

RNA SEQUENCING AND DATA PROCESSING
Total RNA was extracted from two grams of infected tissues (peri-
carp and epidermis) from each biological replicate as described
in Blanco-Ulate et al. (2013e). RNA concentration and purity
were measured using the NanoDrop 2000c Spectrophotometer
(Thermo Scientific). RNA integrity was checked by agarose
gel electrophoresis. The Illumina TruSeq RNA Sample prepa-
ration Kit v.2 was used to prepare cDNA libraries from 4 g
of total RNA. Libraries were barcoded individually and ana-
lyzed with the High Sensitivity DNA Analysis Kit using an
Agilent 2100 Bioanalyzer (Agilent Technologies). Sequencing
was carried out on an lllumina HiSeq machine at the DNA
Technologies Service Core at UC Davis. The Illumina raw
reads were deposited in the National Center for Biotechnology
Information’s Gene Expression Omnibus (GEO) and are acces-
sible through GEO (GSE57588 accession; http://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE57588). Quality trimming of
raw reads was done with Sickle v.1.21 (https://github.com/
ucdavis-bioinformatics/sickle) with a threshold of 20 (Q >20)
and adapter trimming was done with Scythe v.0.991 (https://
github.com/ucdavis-bioinformatics/scythe) with a prior of 0.4.
The sequences of the Botrytis (strain B05.10 v.1) and grape
(v. 12X, http://www.genoscope.cns.fr/externe/Download/Projets/

Projet_ML/data/12X/annotation/) transcriptomes were com-
bined and used as a reference for mapping Botrytis-infected grape
reads. Likewise transcriptomes of Botrytis and tomato (ITAG2.3,
ftp://ftp.solgenomics.net/tomato_genome/annotation/ITAG2.3_
release/) were merged and used as reference for Botrytis-infected
tomato reads. Bowtie2 v.2.1.0 (Langmead and Salzberg, 2012)
was used to align the processed reads to the combined ref-
erences with the parameters—end-to-end—sensitive. Read
counts were extracted from the bowtie2 alignments using the
script  sam2counts.py v.0.91 (https://github.com/vsbuffalo/
sam2counts).

Raw counts of Botrytis genes expressed at 2 days post-infection
of lettuce leaves were obtained from De Cremer et al. (2013). In
this study, lettuce leaves (Lactuca sativa cv. Salinas) of 5 week-
old plants were inoculated in the growth chamber with a spore
suspension of Botrytis, strain B05.10 (De Cremer et al., 2013).

DIFFERENTIAL EXPRESSION ANALYSES

The Bioconductor package DESeq v. 1.14.0 (Anders and Huber,
2010) was used to normalize the raw transcript counts of Botrytis
genes encoding potentially secreted CAZymes from infected let-
tuce leaves, ripe tomato fruit and grape berries. The DESeq
pipeline was used to (i) compare the expression profiles of
potentially secreted CAZymes during Botrytis infections of let-
tuce leaves, ripe tomato fruit and grape berries, and (ii) identify
differentially expressed (DE) genes (P-adjusted value < 0.05).

QUANTITATIVE REVERSE TRANSCRIPTION PCR (qRT-PCR)

cDNA was prepared from the isolated RNA using the M-MLV
Reverse Transcriptase (Promega). qRT-PCR was performed on
a StepOnePlus PCR System using Fast SYBR Green Master Mix
(Applied Biosystems). All gRT-PCR reactions were performed
as follows: 95°C for 10 min, followed by 40 cycles of 95°C for
3sand 60°C for 30s. The BOTRYTIS RIBOSOMAL PROTEIN-
LIKES (BcRPL5, BC1G_13576) was used as the reference gene
and processed in parallel with the genes of interest. The primer
sequences to amplify the BcRPL5, BcPG1, and BcPG2 genes were
obtained from Zhang and van Kan (2013b). Transcript levels
for all genes in this study were linearized using the formula
2(BeRPLS CT—TARGET CT) a5 described in Chen and Dubcovsky
(2012). Data presented are means of 3—4 biological replicates of
infected tomato and grape berries.

RESULTS

PREDICTED CAZyme BOTRYTIS GENES

The genome of Botrytis cinerea (strain B05.10; Amselem et al.,
2011) is predicted to encode 1155 CAZymes based on a similarity
search against the entire non-redundant sequences of the CAZy
database using the CAZYmes Analysis Toolkit (Park et al., 2010;
Supplemental Table S1). Putative secretion signals were found in
275 CAZyme Botrytis genes (SignalP v4.0; Petersen et al., 2011).
Glycoside hydrolases (GHs) were the most abundant class of puta-
tive secreted CAZymes (48.72%); among the GHs, the GH28 sub-
family was the largest group (14.18% of all GHs). Twenty-three
percent of the CAZyme genes encoded carbohydrate-binding pro-
teins (CBMs), 16.48% coded for carbohydrate esterases (CEs)
and 8.06 and 3.30% encoded glycosyltransferases (GTs) and
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polysaccharide lyases (PLs), respectively. Eighty-eight of these
CAZy proteins were previously detected in the secretomes of
Botrytis-infected tomato fruit and Botrytis grown in host-free cul-
ture systems (Supplemental Table S2; Shah et al., 2009a,b; Espino
et al., 2010; Fernandez-Acero et al., 2010; Li et al., 2012; Shah
etal, 2012.)

Of the 275 potentially secreted CAZymes, 121 were grouped
into 39 protein tribes (containing at least two proteins;
Supplemental Table S2). Protein tribes are protein families
defined by their sequence similarity using the Tribe-MCL algo-
rithm (Enright et al., 2002). Members within a protein tribe are
predicted to have similar molecular structures and, thus, may per-
form similar biochemical functions. In most cases, proteins of
the same tribe share a common evolutionary history (Enright
et al., 2003). The largest tribes had 6—7 proteins and belonged to
the CAZyme subfamilies CE10 (tribes 0 and 2), GH28 (tribe 1),
CBML1 (tribe 3), GH3 (tribe 4), and GH16 (tribe 5). Tribe 1
contained the well-characterized endo-polygalacturonases (endo-
PGs, BcPG1-6), which cleave the homogalacturonan (HG pectin
backbones; Jayani et al., 2005). Tribes 4 and 6 included, respec-
tively, all putative B-glucosidases and xyloglucan (XyG) trans-
glucosylase/hydrolases (XTHSs) present in the Botrytis genome.
Both the PB-glucosidases and XTHSs classes target the back-
bones of XyGs; B-glucosidases may be also involved in cellulose
degradation (EkIof and Brumer, 2010).

RNA SEQUENCING (RNAseq) OF BOTRYTIS-INFECTED PLANT TISSUES

RNAseq was performed to characterize the expression profiles
of Botrytis genes encoding CAZymes during infections of ripe
tomato fruit and grape berries. mRNA was isolated from Botrytis-
infected tomato fruit (at 3 days post-inoculation, dpi) and grape
berries (stage S1; see Methods) and analyzed by high-throughput
sequencing. RNAseq data from lettuce leaves 2 days after Botrytis
infection (De Cremer et al., 2013) were analyzed in parallel to
the fruit data, in order to detect commonalities and differences
of CAZyme expression between fungal infections of different
host organs and species. A summary of parsed reads from each
biological replication of the three Botrytis-infected plant hosts

and the number of reads mapped to the Botrytis (strain B05.10)
and plant transcriptomes is provided in Table 1.

The reads that uniquely mapped to the Botrytis transcriptome
corresponded to more than 75% of the total predicted genes in the
Botrytis genome. 12,766 (77.79%), 12,998 (79.21%) and 13,898
(84.69%) Botrytis genes were detected in lettuce leaves, tomato
fruit, and grape berries, respectively. In addition, the percentage
of reads uniquely mapped to the Botrytis transcriptome relative to
the total number of mapped reads suggested that the amounts of
Botrytis were comparable between the infected hosts (Figure 1).
Botrytis infections of ripe tomato fruit at 3 dpi, ripe grapes berries
in stage 1 of the noble rot and lettuce leaves at 2 dpi showed simi-
lar disease symptoms, which include water-soaked lesions with no
or limited fungal sporulation, and without extensive tissue macer-
ation, suggesting that Botrytis was at similar stages in its life cycle
on the three hosts.

The amounts of Botrytis biomass in the infected tomato and
grape tissue samples were measured with a monoclonal antibody-
based assay (Meyer and Dewey, 2000) and strongly correlated
with the number of Botrytis transcript reads in the corresponding
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FIGURE 1 | Botrytis transcript abundance in infected plant tissues.
Relative composition of RNAseq transcript reads between Botrytis and the
three plant hosts (i.e., lettuce leaves, tomato fruit and grape berries).

Table 1 | Summary of trimmed and mapped reads of mMRNA from Botrytis-infected tissues.

Samples Quality-trimmed reads (Q >20) Total reads mapped Number of reads uniquely mapped
Number Percentage (%) Botrytis Plant host
Lettuce #1 20,726,205 15,476,051 74.67 981,495 14,494,556
Lettuce #2 8,742,262 6,098,894 69.76 324,147 5,774,747
Lettuce #3 7,024,911 5,197,645 73.99 566,381 4,631,264
Tomato #1 15,300,253 12,693,894 82.97 971,765 11,722,129
Tomato #2 15,315,439 12,085,072 78.91 2,428,994 9,656,078
Tomato #3 17,334,445 14,020,196 80.88 2,480,527 11,539,669
Grape #1 21,529,329 16,579,455 77.01 4,083,310 12,496,145
Grape #2 25,706,831 21,673,021 84.31 983,846 20,689,175
Grape #3 22,110,864 18,024,359 81.52 2,490,373 15,533,986
Grape #4 17,372,190 13,796,319 79.42 2,448,717 11,347,602

Transcript reads from infected lettuce leaves were from De Cremer et al. (2013).
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samples (Supplemental Figure S1). This confirmed that the num-
ber of Botrytis transcripts from infected plant tissues determined
by RNAseq can be used as an indicator of the amount of Botrytis
biomass present in the infected tissues.

CAZyme BOTRYTIS GENES EXPRESSED DURING HOST PLANT
INFECTIONS

Most (88.40%) of the CAZyme genes predicted in the Botrytis
genome were detected in the three infected hosts (Figure 2A;
Supplemental Table S1). The genes commonly expressed in the
three hosts include 83.23% of the CAZyme genes with pre-
dicted secretion signals (Figure 2A; Supplemental Table S2). The
largest number of genes encoding putative secreted CAZymes
belonged to the GH28 and CE10 subfamilies, each with 17 genes
(Supplemental Table S2). Although CAZymes secreted by Botrytis
are expected to target plant cell wall substrates, they could also
be involved in remodeling the fungal cell wall as the pathogen
grows and develops (Cantu et al., 2009b). Alternatively, they
may degrade host cellular contents including starch and glyco-
sylated proteins and secondary metabolites with sugar groups
(Faure, 2002; Shah et al., 2009b; Klis et al., 2010). Some CAZymes
can act on more than one polysaccharide substrate (EKIof
and Brumer, 2010). Table2 provides an overview of Botrytis
CAZymes that might be relevant for the degradation of plant
cell walls, as determined by manual curation of their functional
annotations.

Remarkably, 98.90% of the CAZyme Botrytis genes with secre-
tion signals were detected when the data of the transcriptomes
from all the hosts were combined (Supplemental Table S2).
Only three genes, BC1G_09963 (CBM50|CBM18|GH18 subfam-
ily), BC1G_13488 (putative XTH, GH16 subfamily; tribe 5) and
BC1G_13714 (CE10 subfamily; tribe 0) were not found in any of
the Botrytis-infected tissues.

CAZyme Botrytis genes that were detected on some but not all
hosts (Supplemental Table S2) were identified. Thirteen percent
of the genes encoding putative secreted CAZymes were expressed
in infected ripe tomato fruit and grape berries but were not
detected in infected lettuce leaves (Figure 2A; Supplemental Table
S2). For example, three members of the GH16 subfamily (includ-
ing two putative XTHs from tribe 5) were detected only on
tomato fruit and grape berries. The well-described PG-coding
gene BcPG2 (Kars et al., 2005a) was detected only in infected
lettuce leaves and tomato fruit. Two genes (BC1G_05377 from
the CBM18 subfamily and BC1G_15017 from the AA9 subfam-
ily) were identified only in the transcriptomes of infected lettuce
leaves and grape berries.

Besides the Botrytis genes that appeared to be preferentially
expressed in infected fruit but not in infected lettuce leaves,
a few other genes seemed to be specifically expressed in a
particular plant species (Supplemental Table S2). Three genes
were uniquely detected in infected ripe grape berries: a putative
XTH (BC1G_09829, GH16 subfamily and tribe 5), a candidate
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FIGURE 2 | Comparisons of CAZyme gene expression during

infections of lettuce leaves, tomato fruit and grape berries. (A) Venn
diagrams showing the overlapping and unique sets of CAZyme Botrytis
genes (left) and CAZyme Botrytis genes with potential signal peptides
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(right) detected in the transcriptomes of the three infected host tissues.
(B) Scatterplots showing all possible pairwise correlations between
DESeqg-normalized counts of CAZyme Botrytis genes in lettuce, tomato,
and grape.
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Table 2 | Annotated secreted Botrytis enzymes involved in plant cell wall disassembly.

Plant cell wall target CAZyme subfamily Functional annotation Proteins  Genes expressed in all three hosts
potentially
secreted
HG backbone GH28 Polygalacturonases 1 BcPG1, BcPG3, BcPG4, BcPG5, BcPG6, BC1G_00240,
BC1G_01617, BC1G_11909, BC1G_15118
PL1 Pectin lyases 4 BC1G_07527 BC1G_11690, BC1G_12017,
BC1G_12517
PL1, PL3 Pectate lyases 4 BC1G_00912, BC1G_09000, BC1G_07052,
BC1G_10229
CES8 Pectin methylesterases 3 BcPMEL, BcPME2, BC1G_11144
RG-I backbone GH28, GH105|GH28 RG hydrolases 6 BC1G_01234, BC1G_01923, BC1G_03619,
BC1G_03464, BC1G_05961, BC1G_13970
GH78 o-L-Rhamnosidases 2 BC1G_06328
CE12 RG acetylesterases 1 BC1G_14009
XyG backbone GH3 B-Glucosidases 6 BC1G_03179, BC1G_07110, BC1G_07622,
BC1G_10231, BC1G_11439, BC1G_14169
GH12 XyG-specific 1 BC1G_00594
B-glucanases
GH16, GH16|CBM18 Glucanases and XyG u BC1G_00409, BC1G_02932, BC1G_04948,
transglucosy- BC1G_07945, BC1G_08924, BC1G_09991
lase/hydrolases
Xylan backbone GH10, GH11, GH10|CBM1, B-Xylanases 5 BcXyn11A, BC1G_00576, BC1G_01778, BC1G_03590
GH11|CBM1
GH43 B-Xylosidases 3 BC1G_02487 BC1G_10797
Mannans GH5|CBM1 B-Mannosidases 1 BC1G_02036
GH26, B-Mannanases BC1G_10341
CBMS3|GH26|CBM35|GH44
Cellulose GH5, GH5|CBM1, GH45 1,4-B-Glucanases 10 BC1G_02740, BC1G_03038, BC1G_07822,

GH6|CBM1, GH6|CBM2, GH7, Cellulose

BC1G_08990, BC1G_09210, BC1G_13855,
BC1G_13862, BC1G_16238, BCCELSA,
5 BC1G_06035, BC1G_08989, BC1G_10880,

GH7|CBM1 1,4-B-cellobiosidases BC1G_13445, BC1G_14702
Side-chains/adducts GH2, GH35 B-Galactosidases 3 BC1G_02410, BC1G_03567 BC1G_12184

GH31 o-Xylosidases 2 BC1G_12859, BC1G_11115

GH43, GH93 o-1-1,5-Arabinanases 2 BcAral, BC1G_13938

GH47, GH92 o-Mannosidases 4 BC1G_00245, BC1G_00455, BC1G_09742,
BC1G_12174

GH51, GH54|CBM42, o-Arabinofuranosidases 4 BC1G_04994, BC1G_08372, BC1G_10789,

GH62|CBM13 BC1G_12138

GH53 AG B-galactosidases 1 BC1G_16209

GH95 o-L-Fucosidases 1 BC1G_08975

GH115 Xylan 1 BC1G_13153

0-1,2-glucuronosidases

The secreted CAZyme-coding genes that were commonly expressed during Botrytis infections of lettuce leaves, tomato fruit and grape berries are presented.

copper-dependent lytic polysaccharide monooxygenase (LPMO,
BC1G_00922, AA9 subfamily) and a predicted FAD-binding oxi-
doreductase (BC1G_06334, GT22 subfamily). One gene, a puta-
tive endo-B-1,4-xylanase (BC1G_13645, GH11 subfamily), was
detected only in tomato fruit. No CAZyme Botrytis genes were
detected exclusively in lettuce leaves.

The lowest number of CAZyme genes was detected in Botrytis-
infected lettuce leaves (Figure 2A, Supplemental Tables S1 and
S2). This observation could indicate that Botrytis expressed a
smaller set of genes in lettuce leaves, or that differences in the
experimental design (e.g., inoculations in laboratory conditions
vs. field infections) or sequence coverage affected the detection
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levels. Some (23 genes) of the Botrytis genes that were not detected
in infected lettuce leaves were genes with low levels (<0.01%) of
mapped reads in the other plant hosts, suggesting that these genes
may not have been detected in lettuce leaves perhaps because of
low coverage (Figure 2B). However, other Botrytis genes missing
from the infected lettuce transcriptome (4 genes) had moderate
to high levels of expression (0.05-0.30%) in fruit tissues, indi-
cating that they may not be relevant during lettuce infections
(Figure 2B).

RELATIVE GENE EXPRESSION OF BOTRYTIS CAZymes WITH SIGNAL
PEPTIDES IN DIFFERENT HOST TISSUES

Figure 3 describes the repertoire of potentially secreted CAZymes
encoded in the Botrytis genome and their relative levels of expres-
sion (i.e., percentage of DESeg-normalized reads) when com-
pared to the normalized expression of all CAZyme Botrytis genes
with signal peptides in a given infected host tissue. Among the
most highly expressed Botrytis genes coding for characterized
or candidate plant cell wall modifying enzymes in each of the
plant hosts, BcPG1 gene had the maximum level of expression
during Botrytis infections on all hosts (46% of reads in infected
lettuce, 18.77% of reads in infected tomato fruit and 13.16%
in botrytized-grape berries; Supplemental Table S2). Five other
Botrytis genes also were highly expressed in the three hosts: a
putative cellobiohydrolase gene (BC1G_14702, GH7|CBML1 sub-
family), a candidate a-xylosidase gene (BC1G_12859, GH31 sub-
family), BcPME2 coding for a pectin methylesterase (PME, CE8
subfamily; Kars et al., 2005b), BcCel5A encoding an endo-f-
glucanase (GH5 subfamily, Espino et al., 2005), and a putative
endo-glucanase gene (BC1G_13862, GH45 subfamily).

Elevated expression (=>0.50% of reads) of six genes encoding
CAZymes with defined or putative roles in cell wall degrada-
tion was detected during infections of ripe fruit (tomato and
grape), but not during infections of lettuce leaves (Supplemental
Table S2). These putative fruit-specific genes include two genes
encoding putative copper-dependent LPMOs (BC1G_07653 and
BC1G_07658, AA9 subfamily, P-adjusted value <0.005).

Eight genes were highly expressed in lettuce leaves, but
were expressed at lower levels in ripe fruit (Figure3,
Supplemental Table S2). These included a candidate o-L-
arabinofuranosidase (BC1G_04994, GH54|CBM42 subfamily,
P-adjusted value <0.001), a predicted exo-PG (BC1G_01617,
GH28 subfamily, P-adjusted value <0.001), and a possi-
ble B-glucosidase (BC1G_07110, GH3 subfamily, P-adjusted
value <0.001).

ASSOCIATION BETWEEN EVOLUTIONARY HISTORY AND EXPRESSION
LEVELS OF BOTRYTIS PROTEINS INVOLVED IN PLANT CELL
DISASSEMBLY

The evolutionary relationships among members of seven
CAZyme subfamilies corresponding to characterized and putative
cell wall modifying enzymes were inferred using the Neighbor-
Joining method (Saitou and Nei, 1987; Figures4, 6, 7; see
Methods for details). The CAZyme subfamilies were chosen based
on their functional annotations with the additional requirement
of including protein tribes with more than three members.

The phylogenetic analyses of the GH28 subfamily, which
included Botrytis proteins involved in the hydrolysis of pectins;
i.e., HG and RG-I backbones, identified two main clades (86%
bootstrap value; Figure 4A). The first clade included the endo-
PGs (tribe 1). The second clade was composed of two well-
supported groups (79% bootstrap value); one group included
the rhamnogalacturonan hydrolases (RGases) of the tribe 16, and
the other group was comprised of exo-PGs and RGases from
tribes 10 and 26, respectively. The consensus phylogenetic tree
of the pectin lyases (PLs) and pectate lyases (PELs) from in the
PL1 and PL3 subfamilies (Figure 4B) did not identify distinct
clades, but confirmed the classification between protein tribes.
For example, the PLs belonging to the tribe 8 group and the PELSs,
some of which corresponded to tribe 24, were separated in the
tree. The PMEs from the CE8 subfamily (Figure 4C) showed a
well-supported cluster (100% bootstrap value) composed of the
characterized BcPME1 and BcPME2 proteins; however, the tree
also supported the grouping of the tribe 11, which also included
BcPMES3.

Botrytis endo-PG (tribe 1) and PME (tribe 11) genes had
the highest levels of expression (Figures4A,C, Supplemental
Table S2). However, not all the members of these tribes were
expressed equally on the three plant hosts. Among the mem-
bers of tribe 1, only the BcPG1 gene was highly expressed in
all hosts (Figure 4A). BcPG3 had elevated expression in botry-
tized grape berries (1.28% of reads) but was expressed at lower
levels in other infected host tissues (P-adjusted value <0.05);
whereas the BcPG6 gene was expressed more in infected lettuce
leaves than on tomato fruit or grape berries (P-adjusted value
<0.001), and BcPG2 was not expressed during Botrytis infec-
tions of grape berries (P-adjusted value <0.001). The expression
of the BcPG1 and BcPG2 genes were validated by quantita-
tive reverse transcription PCR (gQRT-PCR; Figure 5). A sequence
alignment of the BcPG2 gene of the B05.10 strain and the gene
homolog of BcDW1 strain (primary inoculum used to induce
noble rot in the grape berries; Blanco-Ulate et al., 2013a) indi-
cated that they share 99.02% identity at the DNA level with
no gaps. The mapping parameters used in this study were
chosen to allow reads to map on a reference with a higher
level of sequence diversity. To determine if sequence polymor-
phisms were responsible for the apparent lack of BcPG2 expres-
sion, the RNAseq transcript reads from infected grapes were
mapped to the predicted BcDW1 transcriptome and very simi-
lar mapping counts were obtained (r > 0.99; P- value = 2.2e—16;
Supplemental Figure S2). The mapping coverage of BcPG2 using
BcDW1 as transcriptomics reference confirmed the absence of
expression of this gene during Botrytis infections of ripe grape
berries.

Although transcripts of all BcPMEs were abundant in all plant
tissues, Botrytis selectively expressed specific PME genes in each
host: BcPME2 in lettuce leaves, BcPMEL in tomato fruit and
BcPME3 in grape berries (Figure 4C, Supplemental Table S2).
Hydrolases of the RG-1 backbone (RGases; tribes 16 and 26)
showed low levels of expression in all hosts, with the excep-
tion of BC1G_05961 that was expressed at higher level in ripe
fruit when compared to lettuce leaves (Figure 4A, P-adjusted
value <0.001). On the other hand, BC1G_01617 was the only
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FIGURE 3 | Botrytis genes encoding predicted secreted CAZymes and
their relative expression levels during infections of three plant hosts.
The outermost ring represents all of the secreted CAZymes predicted in the
Botrytis cinerea genome (strain B05.10). The inner four rings represent the
relative expression of each CAZyme gene during Botrytis infections of lettuce

[ Glycoside hydrolases (GHs), Auxiliary Activity Proteins (AAs)

e

T
=
(o2}
[e]
@©
=
=y
[ee]

leaves (green, second ring from outside), ripe tomato fruit (red, third ring
from outside) and ripe grape berries (purple, the innermost ring). The relative
expression of each gene is the log2-transformed percentage of normalized
reads among the total normalized reads from all CAZyme Botrytis genes that
possess a secretion signal peptide.

ex0-PG (tribe 10) with considerable levels of expression in all
hosts; the highest level of expression of this gene was in let-
tuce leaves (P-adjusted value <0.001). Members of the PL1 and
PL3 subfamilies, predicted to encode PLs and PELs, had low lev-
els of expression (<0.3%) in all plant hosts. The exception was
the BcPL-likel gene (tribe 8), which was more highly expressed
in infected lettuce leaves than ripe tomato fruit (Figure 4B;
P-adjusted value <0.05).

Figure 6 depicts the phylogenetic relationships among the
CAZymes that might have roles in the breakdown of XyGs
and cellulose. These include putative XTHs and glucanases
(GH16 subfamily), and B-glucosidases (GH3 subfamily). The

consensus phylogenetic tree of the GH16 subfamily separated
the putative XTHSs (tribe 5) from glucanases. Most candidate
XTHs (tribe 5) showed low levels of expression in the
three host tissues; e.g., the BcXTH-likel gene had an inter-
mediate level of expression in ripe fruit tissues (>0.35%
reads in both tomato and grape hosts). Three possible glu-
canases (BC1G_00409, BC1G_04948, and BC1G_02932) from
diverse tribes have high expression in the three host tissues
(Supplemental Table S2).

The Botrytis proteins present in the AA9 subfamily include
copper-dependent LPMOs proteins and other hypothetical pro-
teins. Copper-dependent LPMOs are an auxiliary class of cell
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FIGURE 4 | Phylogenetic tree and expression levels of characterized
and candidate enzymes that act on pectin backbones. Bootstrap
consensus trees inferred from 1000 replicates using the Neighbor-Joining
method for the Botrytis CAZymes with predicted signal peptides in the
GH28 (A), PL1 and PL3 (B) and CE8 (C) subfamilies. The percentages
(>50%) of replicated trees in which the associated taxa clustered
together in the bootstrap test are shown next to the branches.
Colored-boxes in the phylogenetic trees indicate protein tribes (>2
members) determined by BLASTp alignments (e-value < le—6) and
Tribe-MCL (Enright et al., 2002). Boxes in (A), gray = tribe 1, light blue =
tribe 16, purple = tribe 26 and green = tribe 10. Boxes in (B) brown =
tribe 8, yellow = tribe 24. In (C), pink box = tribe 11 (Supplemental
Table S2). The colors in the heat maps represent the numbers of
DESeqg-normalized transcript counts (log10) of the Botrytis genes in
infected lettuce leaves, ripe tomato fruit and grape berries.

wall modifying proteins that may act on cellulose microfib-
rils. The phylogenetic analysis of the AA9 subfamily identified
two potential clades, in one of which the LPMOs (tribe 13)
grouped together. Two of these putative LPMOs (BC1G_07653
and BC1G_07658) showed elevated expression in Botrytis-
infected fruit, particularly in grape berries (Figure 7A; mentioned
before).

Phylogenetic and gene expression analyses were done with
proteins from the CE5 subfamily, some of which are involved
in plant cuticle degradation (Figure 7B). There were two mono-
phyletic groups in the consensus phylogenetic tree of the CE5
subfamily. Tribe 15, which included the cutinases, BcCutA (Van
Kan et al., 1997) and BcCutB (Leroch et al., 2013), formed a
separate group from the proteins of tribe 31, which included
CAZymes without clear functional annotations. On the other
hand, proteins from tribe 31 clustered together with puta-
tive acetylxylan esterases, which catalyze the deacetylation of
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FIGURE 5 | qRT-PCR validation of the RNAseq expression results for
BcPG1 and BcPG2 genes in ripe tomato fruit and grape berries. Relative
expression levels of BcPG1 (A) and BcPG2 (B) measured in the biological
replications of Botrytis-infected tomato fruit and botrytized-grape berries.
(C) The scatterplot depicts the correlation between the gRT-PCR relative
expression of BcPG1 and BcPG2 genes and their corresponding raw reads
normalized against the same reference gene (BcRPL5) used in the gRT-PCR
analyses. The data points indicate that the BcPG2 expression in grape
berries were close to zero (average of 4.49e—5) and in tomato fruit the
expression was 3.57e—2 on average; thus they overlapped in the graph.
The Pearson correlation coefficient (r) is presented (P-value < 0.001). A
linear trend is shown.

xylan backbones, thus assisting, their subsequent degradation by
hydrolytic enzymes. BcCutA gene was highly expressed (>0.45%
of reads) by Botrytis in fruit tissues (P-adjusted value <0.001),
while a putative cutinase gene (BcCUT-likel) was more highly
expressed (2.03% of reads) during Botrytis infections of lettuce
leaves (Figure 7B; P-adjusted value <0.001).
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FIGURE 6 | Phylogenetic tree and expression levels of predicted
xyloglucan (XyG) backbone-degrading enzymes. Bootstrap consensus
trees inferred from 1000 replicates using the Neighbor-Joining method for
the Botrytis CAZymes with predicted signal peptides in the GH16 (A) and
GH3 (B) subfamilies. The percentages (>50%) of replicate trees in which
the associated taxa clustered together in the bootstrap test are shown next
to the branches. Colored-boxes in the phylogenetic trees indicate protein
tribes (> 2 members) determined by BLASTp alignments (e-value < 1e—6)
and Tribe-MCL (Enright et al., 2002). Gray box in (A) correspond to tribe 5,
while the light blue box in (B) refers to tribe 4 (Supplemental Table S2). The
colors in the heat maps represent the number of DESeq-normalized
transcript counts (log10) of the Botrytis genes in infected lettuce leaves,
ripe tomato fruit and grape berries.
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DISCUSSION

BOTRYTIS EXPRESSES A LARGE AND DIVERSE SET OF ENZYMES TO
DEGRADE PLANT CELL WALLS

The presence and expression of specific CAZymes or gene fam-
ilies in plant pathogenic fungi have revealed the preferences of
pathogens for particular host cell wall polysaccharides and infec-
tion strategies that are adapted to the pathogen lifestyle (King
et al., 2011; Zhao et al., 2014). Our results indicate that Botrytis,
a necrotroph, expressed most (=>99%) of its 1155 CAZyme genes
during infections of lettuce leaves, ripe tomato fruit and grape
berries, indicating that expression of a large and diverse array
of cell wall-targeting proteins is an important hallmark of the
necrotrophic lifestyle.

Botrytis, as a generalist pathogen, infects a wide variety of host
tissues with different cell wall compositions and architectures.
Therefore, identifying enzymes that Botrytis produces on different
hosts, can help to define parts of the host cell wall polysaccha-
ride matrix that are important targets for Botrytis growth or
metabolism. A common set of 229 CAZyme genes with secre-
tion signals was expressed by Botrytis when infecting the three
different hosts. Eighty-two of these proteins were also detected in
proteomic studies of the Botrytis secretome (Shah et al., 2009a,b;
Espino et al., 2010; Ferndndez-Acero et al., 2010; Li et al., 2012;
Shahetal., 2012).

These common CAZymes probably constitute the core enzy-
matic machinery utilized by Botrytis as it penetrates and invades
various plant tissues. Pectin-degrading enzymes (e.g., character-
ized endo-PGs, putative RGases and candidate exo-PGs) were
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FIGURE 7 | Phylogenetic tree and expression levels of putative
copper-dependent lytic polysaccharide monooxygenases (LPMOs) and
cutinases. Bootstrap consensus trees inferred from 1000 replicates using
the Neighbor-Joining method for the Botrytis CAZymes with predicted
signal peptides in the AA9 (A) and CE5 (B) subfamilies. The percentages
(>50%) of replicate trees in which the associated taxa clustered together in
the bootstrap test are shown next to the branches. Colored-boxes in the
phylogenetic trees indicate protein tribes (>2 members) determined by
BLASTp alignments (e-value < 1e—6) and Tribe-MCL (Enright et al., 2002).
In (A), gray box = tribe 13. Boxes in (B) light blue = tribe 15 and purple =
tribe 31 (Supplemental Table S2). The colors in the heat maps represent the
number of DESeg-normalized transcript counts (log10) of the Botrytis
genes in infected lettuce leaves, ripe tomato fruit and grape berries.

the most abundant plant cell wall modifying proteins among
the CAZymes expressed in all hosts. This result confirms that
pectin degradation is a key process during Botrytis infections of
plant tissues, including those with higher proportions of cellulose
and hemicellulose polysaccharides, such as lettuce leaves (Nunan
et al., 1998; Wagstaff et al., 2010; Lunn et al., 2013).

Botrytis adapts its infection strategy to the diverse condi-
tions present in the host cell walls. The expression of 43 Botrytis
genes encoding predicted secreted CAZymes was detected in
some but not all plant hosts. The majority (83.72%) of these
genes were commonly expressed in tomato and grape tissues,
but not in lettuce leaves. Among these fruit-specific genes, those
encoding putative xyloglucan (XyG) transglucosylase/hydrolases
and glucanases were the most abundant. A candidate exo-PG
(BC1G_13137) gene that is only detected when in Botrytis-
infected fruit had been detected when this pathogen was grown
in minimal medium supplemented with pectins as the sole car-
bon source, which suggests that this enzyme is important in the
degradation of host cell walls that are rich in pectins (Shah et al.,
2009a). The molecules or signals lead to the expression of host-
specific enzymes are not known, but some could result from
the degradation of host cell walls by core CAZymes (e.g., pectin
derived oligosaccharides; Korner et al., 1998; An et al., 2005).

Botrytis may promote susceptibility in the host tissues by
inducing or suppressing the expression of plant cell wall degrad-
ing enzymes (AbuQamar et al., 2006; Flors et al., 2007; Cantu
et al., 2008b, 2009a). Fungal and plant enzymes may cooperate to
effectively digest relatively complex polysaccharides. In addition,
the activity of plant enzymes can result in the disassembly of the
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host cell walls beyond the site of fungal infection, which would
facilitate the subsequent growth of Botrytis into the host tissues.

PECTIN MODIFYING ENZYMES

Botrytis produces a large collection of enzymes to degrade
the backbones and side-branches of pectin polysaccharides.
Breakdown of pectins during infections increases the plant cell
wall’s porosity, and may facilitate the degradation of other wall
polysaccharides and the growth of Botrytis. Enzymes that target
pectin backbones include PGs and RGases (GH28 subfamily), and
PLs/PELs (PL1 and PL3 subfamilies). PMEs (CE8 subfamily) and
RG esterases (CE12 subfamily) might cooperate in the effective
degradation of pectin backbones (\VVan Kan, 2006; Zhang and van
Kan, 2013a).

PGs hydrolyze the backbones of HGs. The Botrytis genome
encodes 11 potentially secreted PGs, of which at least five are
likely exo-PGs (i.e., predicted to remove sugar monomers from
the non-reducing ends of HG or oligomeric products generated
by endo-PG action on HG) and six are endo-PGs (i.e., hydrolyze
the HG polymer at internal sites). When infecting lettuce leaves
and ripe fruit, Botrytis expressed four exo-PG and five endo-
PG genes (Table 2). BcPG2 was not detected in botrytized grape
berries. The expression of BcPG2 was up-regulated in the pres-
ence of pectate as carbon source in a host-free transcriptomics
analysis (Zhang et al., 2013). The BcPG2 protein was detected
at high levels when Botrytis was grown in media enriched with
partially esterified pectin, glucose and extracts of tomato fruit,
while only small quantities of BcPG2 protein were observed in
Botrytis cultures supplemented with highly esterified pectin sub-
strates or kiwi fruit extracts (Shah et al., 2009a; Espino et al.,
2010). Taken together, these results indicate that the expression
of BcPG2 is differentially regulated depending on the conditions
present in the plant host’s cell wall matrixes (e.g., esterification
status of the pectin polysaccharides; presence of inhibitors or acti-
vators of BcPG2 gene expression, availability of particular cell wall
substrates, efficiency of other BcPGs in a particular tissue).

In agreement with previous reports, BcPG1 was the most
highly expressed CAZyme gene in lettuce leaves, ripe tomato fruit
and grape fruit (Reignault et al., 2000; Wubben et al., 2000; Ten
Have et al., 2001). Although BcPG1 is not indispensable for viru-
lence, the  bcpgl knockout mutant is significantly less virulent in
diverse hosts (Ten Have et al., 1998; Zhang and van Kan, 2013b).
The expression data in this study support the conclusion that PGs,
especially BcPG1, have major roles for Botrytis infections in a
broad-range of plant tissues (Ten Have et al., 1998, 2001; Powell
etal., 2000; Kars et al., 2005a; Rowe and Kliebenstein, 2007; Zhang
etal., 2014).

Plants produce PG inhibiting proteins, PGIPs, to reduce the
extensive pectin degradation caused by fungal, bacterial or insect
attack (De Lorenzo et al., 2001). PGIPs inhibit most of the
Botrytis’s PGs (Sharrock and Labavitch, 1994; Joubert et al.,
2007). Over-expression of PGIPs has been proven to increase the
abundance of this inhibitor in the cell wall matrix and to reduce
Botrytis growth on vegetative tissues and ripe tomato fruit (Powell
et al., 2000; Ferrari et al., 2003, 2006).

In addition to the production of its own endo-PGs, Botrytis
can trigger the expression of plant genes encoding endo-PGs.

Because plant endo-PGs are not inhibited by PGIPs (Cervone
et al., 1990), they may assist in the breakdown of host cell wall
pectins even when inhibitors of fungal enzymes are present.
The tomato endo-PG, SIPG2A, is precociously up-regulated by
Botrytis infections of unripe tomato fruit (Cantu et al., 2009a;
Shahetal., 2012). The SIPG2A is considered a key cell wall degrad-
ing enzyme during tomato fruit ripening and softening (Bennett
and Labavitch, 2008; Cantu et al., 2008b), and thus, its premature
induction may benefit Botrytis infections.

PLs and PELs degrade HGs by a B-elimination rather than
by hydrolysis. PLs generally act on heavily methylesterified HG
backbones, and PELs are more efficient on lightly methylesteri-
fied HGs. Four PLs and four genes encoding PELs were annotated
in the Botrytis genome, and the expression of all was detected in
the three hosts (Table 2). However, the expression of these genes
was lower than the expression of the BcPG genes, suggesting that
Botrytis PLS/PELs assist PGs and are not the primary enzymes
attacking HGs.

The extent of methylation and acetylation of the HG back-
bones can impact the activity of Botrytis endo-PGs and PELs
(Kars et al., 2005a). PMEs catalyze the specific demethylesterifi-
cation of HGs. Three putative secreted PMEs are present in the
Botrytis genome (BcPMEL-3; Kars et al., 2005b). Although these
three PMEs were expressed in Botrytis-infected lettuce leaves,
tomato fruit, and grape berries, Botrytis PME activity seems not to
be essential for virulence on certain hosts. Knockout mutations in
BcPMEL and BcPMEZ2 did not affect Botrytis’s virulence on leaves
of tomato and grapevine and on pear fruit (Kars et al., 2005b).
However, BcPME1 was necessary for successful infections of apple
fruit (Valette-Collet et al., 2003). It is possible that Botrytis relies
on plant PMEs for demethylesterification of the HG backbones
in certain host tissues (Raiola et al., 2011), or that the activ-
ity of BcPME3 can compensate for the absence of BcPMEL and
BcPME2 (Kars et al., 2005b).

Plant PMEs may act as susceptibility factors by cooperat-
ing with Botrytis PMEs for the demethylesterification of HG
backbones (Lionetti et al., 2012). For example, infection of
Arabidopsis leaves by Botrytis alters the expression of host PME
genes (AbuQamar et al., 2006), and the enhanced gene expression
and activity of AtPMES3 increases susceptibility to Botrytis (Raiola
etal., 2011). In an effort to counteract the increased PME activity
that results from encounters with pathogens, plants produce PME
inhibitors (PMEIs; An et al., 2008; Volpi et al., 2011; Lionetti et al.,
2012, 2014). In vegetative tissues, the over-expression of plant
PMEIs had been effective for limiting Botrytis infections Lionetti
et al., 2007, 2012.

The Botrytis genome includes six possible secreted RGases,
two a-L-rhamnosidases and an RG acetylesterase (Table 2), which
could cleave or modify RG-1 backbones (Schols et al., 1994;
Mutter et al., 1998; Mglgaard et al., 2000). Although expression
of most of these genes was detected in the Botrytis-infected tis-
sues, the low level of their expression may reflect the paucity of
RG-1 compared to HG pectins. RG-I is a major part of the hairy
region of pectins in plant cell walls, but they are not as abundant
as pectins with HG-backbones (Voragen et al., 2009).

Botrytis expressed diverse enzymes that are predicted to
degrade pectin side-branches. Among these genes were four
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a-arabinofuranosidases, three B-galactosidases, and two a-L-1,5-
arabinanases (including BcAral; Table 2). BcAral has been shown
to degrade 1,5-arabinan in vitro. On Arabidopsis leaves but not
tobacco or tomato leaves, the bcaral knockout mutant has
reduced virulence (Nafisi et al., 2014).

HEMICELLULOSE MODIFYING ENZYMES

A variety of hemicellulose-modifying enzymes is encoded in the
Botrytis’s genome. XyG backbones are hydrolyzed by endo-acting
B-1,4-glucanases or B-glucosidases, which also act on cellulose
(Gilbert, 2010). All of the predicted Botrytis B-glucosidase genes
were expressed in infected lettuce leaves, tomato fruit and grape
berries; however, expression levels of some were higher on lettuce
leaves (Supplemental Table S2). The B-glucosidases were among
the most numerous glycosyl hydrolases in fungal genomes (Zhao
et al., 2014). XTHs can act on XyG backbones. They have two
possible catalytic activities: (1) XyG endo-transglucosylase (XET)
activity, which results in the non-hydrolytic cleavage and ligation
of XyG polymers, and (2) XyG endo-hydrolase (XEH) activity
that leads to the irreversible shortening of the XyG backbone
(EkIof and Brumer, 2010). The Botrytis genome has six candidate
XTHs (GH16 subfamily), and two of this genes (BcXTH-likel and
BC1G_07945) were commonly expressed at low levels in all of the
host tissues studied.

Xylans and mannans are present in the primary and secondary
walls of many of Botrytis’s hosts, but they are less abundant
than XyGs. Digestion of these hemicelluloses may be important
for Botrytis's energy acquisition and tissue exploration efforts.
Expression of four B-xylanases (including BcXynllA; Table 2)
and two B-xylosidases (BC1G_02487 and BC1G_10797), which
target xylan backbones, is detected when Botrytis infects lettuce
leaves, ripe tomato fruit and post-véraison grape berries. Deletion
of the BcXyn11A gene delayed disease symptoms and reduced the
lesion size on tomato leaves and table grape berries (Brito et al.,
2006). However, the contribution of BcXynll1A to overall viru-
lence does not depend on its xylanase activity; rather, it is related
to the necrosis in the host caused by the xylanase protein itself
(Noda et al., 2010).

Some of the side-branches along the XyG and xylan backbones
contribute to the overall strength of the hemicellulose-cellulose
microfibril network (Pauly et al., 2013). Therefore, removal
of these groups might affect the hemicellulose cross-linking
properties and, at least locally, disrupt the wall’s hemicellulose-
cellulose network. In all hosts analyzed, Botrytis expressed two
o-xylosidases (BC1G_12859 and BC1G_11115) and one o-L-
fucosidase (BC1G_08975). These enzymes could digest XyG side
groups, exposing the hemicellulose’s glucan backbone to fur-
ther digestion. Additional enzymes that remove side-branches
in hemicelluloses may be the same as or functionally equiv-
alent to CAZymes that trim the side groups of pectins; e.g.,
a-arabinofuranosidases (previously described).

CELLULOSE MODIFYING ENZYMES

Botrytis expresses genes encoding predicted cellulose-degrading
enzymes; these include nine endo-B-1,4-glucanases (includ-
ing BcCel5A), five cellobiohydrolases, and the previously dis-
cussed B-glucosidases. Espino et al. (2005) demonstrated that a

mutant with a deletion in BcCel5A (BC1G_00642), an endo-f -
1,4-glucanase encoding gene, can infect tomato leaves and gerbera
petals. Because the expression of BcCel5A appears to be rele-
vant during spore germination and penetration of waxy surfaces
(Leroch et al., 2013), evaluating the virulence of bccel5a mutants
in these hosts may provide information about the importance of
this enzyme during infections.

As consequence of Botrytis infection, expression of plant endo-
-1,4-glucanases is reduced (Flors et al., 2007; Finiti et al., 2013).
Transgenic suppression of endo-p-1,4-glucanases limited Botrytis
growth and promoted the activation of defense responses in
tomato fruit and Arabidopsis and tomato leaf tissues. These
responses included enhanced callose deposition and expression of
defense genes, e.g., PR1 and LoxD (Flors et al., 2007; Finiti et al.,
2013).

Copper-dependent lytic polysaccharide monooxygenases
(LPMOs) cooperate with canonical cellulose-degrading enzymes
and other electron transfer proteins to accelerate the degradation
of cellulose microfibrils (Hemsworth et al., 2013). A number of
LPMOs have been identified mainly in fungal genomes, especially
in wood decay-causing fungi (Levasseur et al., 2013). Botrytis
expressed two putative LPMOs (BC1G_07653 and BC1G_08692)
in lettuce leaves and fruit hosts. However, a larger number of
LPMOs was expressed during infections of ripe fruit (especially
grape tissues) and their expression was higher than in the other
plant host tissues (Supplemental Table S2).

CUTINASES

In the absence of cracks or wounds in the plant surface, the initial
interactions between a host and Botrytis occur at the plant cuticle.
In those situations, Botrytis secretes an assortment of cutinases
and lipases to breach the cuticle and penetrate the host (Van Kan
et al., 1997; Reis et al., 2005; Van Kan, 2006; Leroch et al., 2013).
Cutinases cleave ester bonds between cutin monomers (Pio and
Macedo, 2009).

When infecting the three hosts analyzed, Botrytis expressed
BcCutA and three other putative cutinases (BcCutB, BcCUT-
likel and BC1G_06369). The expression levels of these enzymes
depended on the host tissues; for example, BcCutA was highly
expressed in fruit, but not in lettuce leaves. The expression of
BcCutA was up-regulated during early germination of Botrytis
spores on apple wax; this may indicate that BcCutA may be pref-
erentially expressed at the surfaces of fleshy fruit, where wax
accumulation is common (Leroch et al., 2013). Some Botrytis
cutinases showed high homology to acetylxylan esterases, which
are associated with the degradation of xylans. The Botrytis
genome encodes two putative acetylxylan esterases (BC1G_12379
and BC1G_07899), and one was expressed in all infected
plant tissues analyzed. Results in Skamnioti et al. (2008) sug-
gested that the functional diversification between cutinases and
acetylxylan esterases may have occurred before the speciation of
Botrytis cinerea and two other ascomycete pathogens, Fusarium
graminearum and Neurospora crassa.

CONCLUDING REMARKS
The diversity of CAZyme-encoding genes in the Botrytis genome
and their extensive expression when this necrotroph interacts
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with its hosts suggests that the pathogen’s ability to degrade a
wide-range of cell wall polysaccharides is tightly associated with
its success in infecting a broad range of plant hosts. While several
proteins were previously identified by proteomic analyses, this
study expands the catalog of the complex array of enzymes that
Botrytis may secrete to digest host tissues. Pectins, particularly
pectin backbones, appear to be the main target of degrada-
tion by Botrytis in leaf and fruit tissues. However, Botrytis also
expresses particular CAZyme genes only when infecting certain
hosts. What promotes this host-specific expression of CAZyme
genes is not known. Information about the structural details of
the associations between the constituents of diverse host plant
cell walls is needed to fully understand how Botrytis benefits
from the digestion of plant cell wall polysaccharides during suc-
cessful infections. In addition, understanding plant responses
to Botrytis infections, which may include altered expression of
endogenous CAZyme genes (Flors et al., 2007; Cantu et al.,
2008h, 2009a) or inhibitors of cell wall degrading enzymes (De
Lorenzo et al., 1994; Powell et al., 2000; De Lorenzo and Ferrari,
2002; Lionetti et al., 2007, 2014) and plant cell wall fortifica-
tions (Van Baarlen et al., 2007; Finiti et al., 2013), may shed
some light on the co-evolution of plant and pathogen strate-
gies and their impact on resistance or susceptibility to fungal
infections.

Measurements of enzymatic activity in vitro as well as in planta
on cell wall polysaccharides may confirm the predicted enzy-
matic activities of some of the genes described in this study. This
information may refine our understanding of important viru-
lence functions needed for successful Botrytis infections. Another
strategy to demonstrate that cell wall modifications have occurred
during Botrytis infection would be to identify the accumulation of
characteristic breakdown products; e.g., pectin derived oligosac-
charides that result from the activity of PLs and PGs (Melotto
et al., 1994; Korner et al., 1998; An et al., 2005). Validation of
the role and function of the Botrytis cell wall modifying enzymes
may also be achieved by targeted mutagenesis, with the caveat
that it is expected that most of these enzymes have paralogs with
redundant activities and/or their functions may depend on other
proteins, including some produced by the plant host.
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a super clade of LRR receptor-like proteins (RLPs; Zhang etal.,
2014).

Xylan is the major hemicellulose polymer in cereals. To coun-
teract xylan degradation by microbial endoxylanases, gramina-
ceous monocots produce the Triticum aestivum xylanase inhibitor
(TAXI), the xylanase inhibitor protein (XIP) and the thaumatin-
like xylanase inhibitor (TL-XI; Bellincampi et al., 2004; Juge, 2006).
The constitutive expression of TAXI-IIl in wheat reduces sus-
ceptibility to Fusarium graminearum (Moscetti etal., 2013). On
the other hand, fungal xylanases function as PAMPs by elicit-
ing defense responses and promoting necrosis (Noda et al., 2010;
Sella etal., 2013). Ethylene inducing xylanases (EIXs) produced
by Trichoderma species are perceived in tomato, by two specific
LRR-RLPs receptors, LeEix1 and LeEix2 (Ron and Avni, 2004).
Both receptors bind Eixs, while only LeEix2 mediates defense
responses. LeEix1 heterodimerizes with LeEix2 upon application
of the Eixs and attenuates Eix-induced internalization and sig-
naling of the LeEix2 receptor (Bar etal., 2010). Xyloglucan, i.e.,
the main hemicellulosic polysaccharide in the primary walls of
dicots and non-graminaceous monocots, is degraded by micro-
bial xyloglucan-specific endoglucanases (XEGs). Fungal XEGs
are inhibited by xyloglucan endoglucanase inhibiting proteins
(XEGIPs), which so far have been characterized in tomato, carrot
and tobacco (Juge, 2006).

Reinforcement of the cell wall is initiated at the pathogen
penetration sites in response to cell wall damage (Figure 1B).
Deposition of callose by the callose synthase PMR4 occurs upon
infection of Arabidopsis with P. cucumerina and Alternaria bras-
sicicola (Ton and Mauch-Mani, 2004; Flors etal., 2008). Callose
deposition is triggered by PAMPs and DAMPs, is affected by envi-
ronmental conditions and requires the apoplastic accumulation
of the hydrolysis products of glucosinolates or benzoxazinoid
metabolites (Galletti etal., 2008; Ahmad etal., 2011; Luna etal.,
2011).

Deposition of lignin has been associated to resistance of
cotton to Verticillium dahliae and of Camelina sativa to Scle-
rotinia sclerotiorum (Xu etal., 2011; Eynck etal., 2012). Lignin
makes the cell wall more resistant to CWDEs and also pre-
vents the diffusion of pathogen-produced toxins (Sattler and
Funnell-Harris, 2013). The cell wall may also be reinforced
by cross-links and insolubilization of structural proteins like
the hydroxyproline-rich glycoproteins (HRGPs) by peroxidase-
mediated isodityrosine linkages formed in response to pathogen
attach (Deepak etal., 2010). Plant peroxidases catalyze cross-
links between phenolic compounds in the secondary walls and
between polysaccharides and ferulic acid (FA) upon attack by
necrotrophs (Passardi etal., 2004). Crosslinks between FA and
polysaccharides enhance the recalcitrance of the cell wall to
digestion by microbial CWDEs and the overall resistance to
fungi (Bily etal., 2003). On the other hand, fungal FA esterases
may shear FA from the cell wall polysaccharides (Udatha etal.,
2012).

The activities of pectin methyl esterases (PMEs) from both
plants and pathogens and the degree and pattern of pectin methyl
esterification are critical for the outcome of plant—pathogen infec-
tions (Lionetti etal., 2012). The cell walls containing highly
methylesterified pectin are somewhat protected against the action

of microbial PGs and pectate lyases (PLs; Arancibia and Motsen-
bocker, 2006). PMEs, which remove methyl esters from pectin,
are controlled by PME inhibitor proteins (PMEIs) either dur-
ing growth and development (Raiola etal., 2004; Rocchi etal.,
2011; Reca etal., 2012) and during plant—pathogen interactions
(Lionetti etal., 2012). The biochemical and structural bases of the
enzyme/inhibitor interaction have been elucidated (Mattei etal.,
2002; Di Matteo etal., 2005). Arabidopsis over expressing PMEIs
have a lower level of PME activity, a higher degree of pectin ester-
ification and a concomitant reduced susceptibility to B. cinerea
and Pectobacterium carotovorum (Lionetti etal., 2007; Raiolaetal.,
2011). The ectopic expression in wheat of a PME inhibitor from
kiwi reduces the susceptibility to F. graminearum and Bipolaris
sorokiniana (Volpi etal., 2011). The transcription factor MYB46
which affect the secondary cell wall biosynthesis (Zhong etal.,
2007), regulates the expression of genes encoding several cell wall
proteins including PMEI and mediates disease susceptibility of
Arabidopsis to B. cinerea (Ramirez etal., 2011). Recently, jasmonic
acid has been proposed to modulate the degree of methylesteri-
fication in potato to protect pectin degradation by PLs produced
by Dickeya dadantii (Taurino etal., 2014). Acetylation of the cell
wall polysaccharides is also a determinant of plant—pathogen inter-
action. An Arabidopsis mutant with reduced acetylation displays
increased tolerance to B. cinerea (Manabe etal., 2011). Arabidop-
sis and Brachypodium distachyon plants expressing xylan or pectin
acetylesterases from A. nidulans activate specific defense responses
and are more resistant to B. cinerea and B. sorokiniana (Pogorelko
etal., 2013b).

Biotrophic and hemi-biotrophic fungi acquire nutrients from
the host cells without causing their death. They often attack
the plant surface and penetrate the external barriers by develop-
ing appressoria and exploiting the mechanical pressure (Wilson
and Talbot, 2009). In order to breach the host cuticle they also
secrete oxidases, esterases, cutinases, and lipases (Feng et al., 2011).
Small amounts of CWDEs associated with local softening and
loosening of plant cell walls are produced by biotrophic microor-
ganisms (Zhao etal., 2013) (Figure 2A). Plants contrast invasion
of biotrophs by the apposition of “papillae,” cell wall thickening
early produced at the site of pathogen penetration (Figure 2B).
Papillae contain callose, as most abundant constituent, cellulose,
hemicelluloses, pectins, lignin, and structural proteins such as ara-
binogalactan proteins and HRGPs (Aist, 1976; Celio etal., 2004;
\oigt, 2014). Transgenic Arabidopsis plants overexpressing the cal-
lose synthase PMR4 show an early and elevated deposition of
callose at the sites of penetration which prevents the haustoria for-
mation and further penetration by Golovinomyces cichoracearum
and Blumeria graminis (Ellinger etal., 2013). Papillae are also the
sites where antimicrobial peptides, toxic secondary metabolites
and reactive oxygen species (ROS) accumulate and contribute to
plant resistance (Bednarek etal., 2009; Daudi etal., 2012). Ligni-
fication and cross-links of proteins in the papillar cell wall may
entrap the penetration peg of biotrophic fungi and render the cell
wall more resistant to the mechanical pressure exerted by fungal
appressoria (Bechinger etal., 1999; O’Brien etal., 2012). Lignin
downregulation may also activate defense responses and increases
the resistance to the hemibiotroph Colletotrichum trifolii in alfalfa
(Medicago sativa L.) (Gallego-Giraldo etal., 2011).
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FIGURE 2 | Cell wall dynamics in plant-biotrophic fungi interaction.

(A) Biotrophic fungi use appressorial mechanical pressure and secrete cell
wall degrading enzymes to penetrate plant cell wall. (B) Plants perceive
fungal biotrophs penetration with not yet identified receptors and respond
with “papillae” apposition between cell wall and plasma membrane. Papillae,
in addition to new cell wall material are also sites of accumulation of ROS
possibly involved in cell wall reinforcement. (C) At a later stage of infection,
fungus forms the haustorium feeding organ invaginated into the host
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membranes and plant cell wall. Biotrophs locally affect cell wall metabolism
by induction of susceptibility factors (callose synthase PMR4,
O-acetyltransferase PMR5 and pectate lyase PMR6) to modify the
extrahaustorial matrix to improve the accessibility of nutrients or to ensure
the mechanical stability of the haustorium. PM, plasma membrane; CW, cell
wall; Cyt, cytoplasm; PG, polygalacturonase; PME, pectin methylesterase;
PRR, pattern recognition receptor; POX, peroxidase; ROS, reactive oxygen
species.

A reduced cellulose content by mutation of cellulose synthase
CESAZ3, involved in primary cell wall formation, leads to produc-
tion of lignin, and makes Arabidopsis more resistant to different
powdery mildew pathogens (Ellis and Turner, 2001; Ellis etal.,
2002; Cano-Delgado etal., 2003). RLKs belonging to the Catha-
ranthus roseus (CrRLK)-like protein family are implicated in CWI
mechanisms. Among these, THESEUS1 (THELY) is required for
lignification in response to inhibition of cellulose biosynthesis
(Hematy etal., 2007).

Alteration of pectin integrity can trigger plant immunity
also against hemibiotrophs (Ferrari etal., 2008; Bethke etal.,
2013). Arabidopsis PMEs, triggered by a Jasmonic acid depen-
dent pathway, contribute to plant immunity against Pseudomonas
syringae(Bethke etal., 2013).

MICROBIAL PATHOGENS EXPLOIT THE HOST CELL WALL
METABOLISM TO FACILITATE PATHOGENESIS

Necrotrophs can force plants to cooperate in disease by altering
the host cell wall and favoring the cell wall accessibility to CWDEs
(Hok etal., 2010; Figure 1C). The Arabidopsis AtPME3 is induced
upon infection with B. cinerea and P. carotovorum and functions as
susceptibility factor required for the initial colonization of the host
tissue (Raiola etal., 2011). A PG (LePG) and expansin (LeExpl)
cooperatively contribute to cell wall loosening during tomato
ripening; their expression is induced by necrotrophic pathogens
to successfully infect fruits (Cantu et al., 2009). Transgenic tomato
fruits with suppressed expression of LePG and LeExpl exhibit a
reduced susceptibility to B. cinerea (Cantu etal., 2008a). Silenc-
ing of two putative endo [-1,4-endoglucanases, involved in the
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hydrolysis of cellulose or hemicellulose during ripening, cause a
reduced susceptibility of tomato fruits to B. cinerea (Flors etal.,
2007).

Biotrophic fungi, at a later stage of infection, produce a
limited and localized degradation of the cell wall in the epi-
dermal or mesophyll cells (Herbert etal., 2004). On the other
hand, they form intracellular structures, like the “haustoria,” i.e.,
feeding organs invaginated into the host membranes to acquire
nutrients. Biotrophs need to avoid the host defense responses
and carefully regulate the cell-wall degradation at the border
of their feeding structures to allow fungal accommodation and
haustorium function (Figure 2C). A screening for Arabidopsis
powdery mildew-resistant mutants allowed isolating two pectin-
related genes, PMR5 and PMR6 which are pathogen-induced
and required for susceptibility to G. cichoracearum and G. orontii
(Vogel etal., 2002, 2004). PMR5 encodes a protein with unknown
function that shares sequence similarity with genes encoding
polysaccharide O-acetyltransferase (Gille and Pauly, 2012). There-
fore, acetylation may be a host susceptibility mechanism that is
reprogrammed by biotrophs during infection. PMR6 encodes a
putative PL that is, possibly, recruited by the fungi as a sus-
ceptible factor to reduce Ca**-pectate domains at the level
of haustoria-plasma membrane and facilitate cell wall porosity
and accessibility of host nutrients (Vogel etal., 2002). Callose
deposition may also work in favor of the pathogen by con-
tributing to the stability and function of the haustoria and
acting as a barrier that renders haustoria less susceptible to
toxic metabolites that are produced by the host and accumu-
late in the site of infection (Jacobs etal., 2003). On the other
hand, callose may limit the diffusion of pathogen-derived elicitors,
thus reducing the activation of defense responses (Underwood,
2012).

Many bacterial pathogens utilize a type 111 secretion system to
inject effector proteins directly into the host cytoplasm and manip-
ulate the host cellular activities to their own advantage (Buttner
and He, 2009). The effector AvrPto of P. syringae suppresses a set
of Arabidopsis genes that encode cell wall-related defense proteins
such as HRGPs (Hauck etal., 2003).

CELL WALL DYNAMICS IN PLANT INTERACTIONS WITH
NEMATODES AND VIRUSES

Changes in the cell wall metabolism occur during plant infection
by nematodes (Barcala et al., 2010; Bohlmann and Sobczak, 2014).
Like biotrophic pathogens, root-knot and cyst nematodes need
to establish feeding structures inside the plant tissue to allow the
uptake of nutrients (Davis etal., 2004; Williamson and Kumar,
2006). This process is assisted by the secretion of CWDEs such
as pectinases and cellulases produced by the nematodes, (Van-
holme etal., 2004; Davis etal., 2008) and by the local expression
of host proteins like expansins and cellulases (Wieczorek etal.,
2006, 2008). The sugar beet cyst nematode Heterodera schactii
infects Arabidopsis roots and exploits the host-encoded AtPMES3.
Transgenic plants overexpressing AtPME3 exhibit an increased
susceptibility to the nematode. It has been proposed that AtPME3
locally reduces the pectin esterification and improves the cell
wall loosening of pre-syncytial cells during the early stages of
syncytium formation (Hewezi etal., 2008).

Callose deposition at the level of plasmodesmata (PD) limits the
cell-to-cell spreading of plant viruses. Due to the small diameter
of the PD pore, some viruses utilize the viral movement proteins
(MPs) to modify the PD size exclusion limit. Specific interactions
of viral MPs with PME are often required (Chen etal., 2000). In
addition to MP-PME interaction, the PME-dependent formation
of methanol has also been reported to be important for viral cell-
to-cell movement (Dorokhov etal., 2012; Komarova et al., 2014).
The overexpression of PME inhibitor proteins in tobacco and
Arabidopsis contrasts the cell-to-cell and systemic movement of
tobamoviruses (Lionetti etal., 2013).

CONCLUSION

The cell wall is the battleground where plants and pathogens
attempt to prevail by implementing contrasting wall-reinforcing
and wall-weakening strategies. When pathogens start degrading
the plant cell wall components, plants are capable of perceiving
the loss of wall integrity and subsequently activate the defense
signaling pathways. Pathogens try to escape the plant defenses
and sometimes take advantage of the host cell wall metabolism
to facilitate their entry into the tissue. These dynamic processes
vary according to the lifestyle of the pathogen and the type of
plant pathogen interaction. While necrotrophy involves a strong
and diffused molecular warfare that may provoke extended lesions
of the tissue, during biotrophy the battle involves a weaker
cell wall degradation mainly localized at the point of penetra-
tion and at the level of the feeding apparatus. Perception of
cell wall damage as well as the pathogen- and host-induced cell
wall remodeling occurs in both cases. The damage of specific
cell wall polysaccharides during infection may be perceived by
receptors as THEL, ER and WAK1. Plants may also rely on the
recognition of CWDEs by LRR-RLPs receptors, as RBPG1 and
LeEIX1-2. Cell wall fragments may be released during infec-
tion and sensed as damage signals. Analysis of cell wall mutants
has shed light on the relationship between cell wall remodeling
and plant response to pathogens. The expression of endogenous
and microbial CWDEs and their inhibitors is also a valuable
approach for studying the dynamics of the cell wall during plant-
pathogen interactions as well as a strategy to improve plant
protection.
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