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The cell wall is a complex structure mainly
composed of cellulose microfibrils embedded
in a cohesive hemicellulose and pectin matrix.
Cell wall structural proteins, enzymes and
their inhibitors are also essential components
of plant cell walls. They are involved in the
cross-link of cell wall polysaccharides, wall
structure, and the perception and signaling
of defense-related elicitors at the cell surface.
In the outer part of the epidermal cells, the
polysaccharides are coated by the cuticle,
consisting of hydrophobic cutin, suberin

and wax layers. Lignin, a macromolecule
composed of highly cross-linked phenolic
molecules, is a major component of the
secondary cell wall. The cell wall is the first
cell structure on which interactions between
plants and a wide range of other organisms,
including insects, nematodes, pathogenic or
symbiotic micro-organisms take place. It not
only represents a barrier that limits access

’

Serial sections showing dynamics of plant

cell wall at a penetration site of Rhizophagus to the cellular contents that provide a rich
irregularis at the level of the hypodermis of the nutrient source for pathogens but serves as a
outer root cell layers of Petunia hybrida. source of elicitors of plant defense responses

released upon partial enzymatic degradation
of wall polysaccharides during infection. Modification of the plant cell wall can also occur at the
level of plasmodesmata during virus infection as well as during abiotic stresses. The fine structure
and composition of the plant cell wall as well as the regulation of its biosynthesis can thus
strongly influence resistance and susceptibility to pathogens. This Research Topic provides novel
insights and detailed overviews on the dynamics of the plant cell wall in plant defence, parasitism
and symbiosis and describes experimental approaches to study plant cell wall modifications
occurring during interaction of plants with different organisms.
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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 CsNDRI 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)-f-
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
(Bohlmann and 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 et al., 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/PECI 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;
Nadakuduti et al., 2012) or post-transcriptional regulation of cuti-
cle biosynthesis by the zinc-finger protein SERRATE (Voisin et al.,
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 (Ménard 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 E 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,
1996b). 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
E. 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 (Chassot et al., 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 E 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 Icr (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 et al.,
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 monomers in the cutin polyester. The
smad (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; LU'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 cer] mutant of Arabidopsis thaliana
is affected in an enzyme predicted to be involved in alkane biosyn-
thesis (Bourdenx etal., 2011). CERI shows the same expression
pattern and localization as other enzymes expressed in the epi-
dermis of aerial organs. Overexpression of CERI 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 gll mutation affects
cuticle formation, but is still susceptible to Botrytis cinerea (Xia
etal., 2010; Benikhlef etal., 2013). The rst1 (RESURRECTIONI)
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 rst]
suggest this. Despite this, rstIshows 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 et al., 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 et al., 2011; Benikhlef et al.,
2013). Treatment of wild type leaf surfaces with fungal cutinase
also results in ROS accumulation (LU'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>T 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, Icr, 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
cinereareleases cutinase and lipase during the penetration of leaves
(Comménil et al., 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; U'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 etal., 2004) and suppressor of
ROS (Cessna et al., 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 (UHaridon 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 (Ishii 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.,
2008b).

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).
Botrytisis considered a generalist pathogen because it is capable of
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Botrytis expression of cell wall-degrading enzymes

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 BcPGl,
have been demonstrated to be important virulence factors in mul-
tiple host tissues (Ten Have et al., 1998; Valette-Collet et al., 2003;
Espino etal., 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
et al., 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, B.PMEI (BC1G_06840) and BcXynl1A
(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; Ferndndez-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 MEGA v.5.2.2 (Tamura et 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 i L 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 500l of the tissue suspension. The inten-
sity of the test line was determined with the QuickStix reader
(Envirologix) and converted into fungal biomass (jLg/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 Illumina 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 qRT-PCR reactions were performed
as follows: 95°C for 10 min, followed by 40 cycles of 95°C for
3s and 60°C for 30s. The BOTRYTIS RIBOSOMAL PROTEIN-
LIKE5 (BcRPL5, BCI1G_13576) was used as the reference gene
and processed in parallel with the genes of interest. The primer
sequences to amplify the BcRPL5, BcPGI, 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) 45 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., 20105
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),
CBM1 (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 (XTHs) present in the Botrytis genome.
Both the B-glucosidases and XTHs classes target the back-
bones of XyGs; B-glucosidases may be also involved in cellulose
degradation (Eklof 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 mRNA 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 (Eklof
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, BCIG_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 (BCI1G_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 (BCI1G_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
DESeg-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 " 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
CE8 Pectin methylesterases 3 BcPMET, 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 a-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 " BC1G_00409, BC1G_02932, BC1G_04948,

transglucosy-
lase/hydrolases

BC1G_07945, BC1G_08924, BC1G_09991

Xylan backbone GH10, GH11, GH10|CBM1, B-Xylanases 5 BeXyn11A, 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 2 BC1G_10341
CBMB3|GH26|CBM35|GH44
Cellulose GH5, GH5|CBM1, GH45 1,4-B-Glucanases 10 BC1G_02740, BC1G_03038, BC1G_07822,

GH6|CBM1, GHB|CBM2, GH7, Cellulose

BC1G_08990, BC1G_09210, BC1G_13855,
BC1G_13862, BC1G_16238, BcCEL5A,
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 a-Xylosidases 2 BC1G_12859, BC1G_11115

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

GH47 GH92 a-Mannosidases 4 BC1G_00245, BC1G_00455, BC1G_09742,

BC1G_12174

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

GH62|CBM13 BC1G_12138

GH53 AG B-galactosidases 1 BC1G_16209

GH95 a-L-Fucosidases 1 BC1G_08975

GH115 Xylan 1 BC1G_13153

a-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-p-1,4-xylanase (BCIG_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 DESeq-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, BcPGI 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|CBM1 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 (BCI1G_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 (Figure 3,
Supplemental Table S2). These included a candidate o-L-
arabinofuranosidase (BCI1G_04994, GH54|CBM42 subfamily,
P-adjusted value <0.001), a predicted exo-PG (BCIG_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 (Figure4B) did not identify distinct
clades, but confirmed the classification between protein tribes.
For example, the PLs belonging to the tribe 8 group and the PELs,
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 BcPGI 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 BcPGI and BcPG2 genes were validated by quantita-
tive reverse transcription PCR (qRT-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
BcDWI1 as transcriptomics reference confirmed the absence of
expression of this gene during Botrytis infections of ripe grape
berries.

Although transcripts of all B.PMEs were abundant in all plant
tissues, Botrytis selectively expressed specific PME genes in each
host: BcPME2 in lettuce leaves, BcPMEI in tomato fruit and
BcPME3 in grape berries (Figure 4C, Supplemental Table S2).
Hydrolases of the RG-I backbone (RGases; tribes 16 and 26)
showed low levels of expression in all hosts, with the excep-
tion of BCIG_05961 that was expressed at higher level in ripe
fruit when compared to lettuce leaves (Figure4A, P-adjusted
value <0.001). On the other hand, BCIG_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
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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.

exo-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 XTHs (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 BCI1G_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 NeighborJoining
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 < 1e—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 BCIG_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 BcPGT (A) and BePG2 (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 (BcRPL5S) 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 DESeg-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;
Shah et al., 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

Normalized read counts
(log10)

Lettuce Tomato Grape

(2dpi) (3dpi) (S1)
BcCutA (BC1G_02936)

BcCutB (BC1G_05199) -
BC1G_06369 B
BcCUT-like 1 (BC1G_08314)

100 BC1G_06274
BC1G_07899
BC1G_12379

72 BC1G_14415

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.
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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 (Van 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 BcPGl is not indispensable for viru-
lence, the Abcpgl 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;
Shah etal., 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 (BcPME]1-3; 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
BcPME] and BcPME?2 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 BcPME!L 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 AtPME3 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
etal., 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-I backbones (Schols et al., 1994;
Mutter et al., 1998; Molgaard 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-I 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 Abcaral 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 PB-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
(Ekl6f 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 BCI1G_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 BcXynl1A 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
a-xylosidases (BCI1G_12859 and BCIG_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 Abccel5a mutants
in these hosts may provide information about the importance of
this enzyme during infections.

As consequence of Botrytis infection, expression of plant endo-
B-1,4-glucanases is reduced (Flors et al., 2007; Finiti et al., 2013).
Transgenic suppression of endo-B-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., PRI 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 BCIG_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 BCIG_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,
2008b, 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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The cell wall is a dynamic structure that often determines the outcome of the interactions
between plants and pathogens. It is a barrier that pathogens need to breach to colonize
the plant tissue. While fungal necrotrophs extensively destroy the integrity of the cell
wall through the combined action of degrading enzymes, biotrophic fungi require a more
localized and controlled degradation of the cell wall in order to keep the host cells alive and
utilize their feeding structures. Also bacteria and nematodes need to degrade the plant cell
wall at a certain stage of their infection process, to obtain nutrients for their growth. Plants
have developed a system for sensing pathogens and monitoring the cell wall integrity,
upon which they activate defense responses that lead to a dynamic cell wall remodeling
required to prevent the disease. Pathogens, on the other hand, may exploit the host cell
wall metabolism to support the infection. We review here the strategies utilized by both
plants and pathogens to prevail in the cell wall battleground.

Keywords: cell wall, cell wall integrity, host cell wall metabolism reprogramming, plant defense, susceptibility

factors

INTRODUCTION

Phytopathogenic fungi, bacteria, and nematodes infect, grow and
reproduce themselves on the plant tissues and, at least at the
early stages of infection, require breaking the integrity of the
host cell wall. Beyond the cuticle layer, the interaction with the
plant cell wall and the extent of the wall degradation are deter-
mined by the lifestyle of the pathogen. Plants perceive a diverse
set of microbial molecules referred to as microbial/pathogen asso-
ciated molecular patterns (MAMPs/PAMPs; Boller and He, 2009)
through high-affinity cell surface pattern recognition receptors
(PRRs) leading to intracellular signaling, transcriptional repro-
gramming, and biosynthesis of defense metabolites that limit
the microbial infection (Dangl etal., 2013). Emerging evidences
indicate that plant cells also exploit sophisticated mechanisms of
sensing the alteration of cell wall integrity (CWI) during biotic
stress (Hamann, 2012; Pogorelko etal., 2013a). For instance,
they perceive endogenous molecules produced in damaged tissues
(the so-called damage-associated molecular patterns, or DAMPs)
through membrane receptors (Ferrari etal., 2013). The loss of
CWT induced by pathogens activates a variety of defense responses
including a cell wall remodeling required to prevent the disease.
To escape recognition, pathogens produce effector proteins that
counteract the plant defenses (Giraldo and Valent, 2013) and,
sometimes, exploit the host cell wall metabolism to favor the
infection process (Cantu etal., 2008b).

CELL WALL DYNAMICS DURING INFECTION BY MICROBIAL
PATHOGENS

Infection by fungal necrotrophs is a complex process that includes
conidial attachment, germination, host penetration, lesion forma-
tion and expansion, and tissue maceration followed by sporulation
(Prins etal., 2000). Penetration may be achieved by degrading the

external cuticle through the action of cutinases and lipases (Laluk
and Mengiste, 2010). The role of the cuticle in plant defense is
discussed elsewhere (Chassot and Metraux, 2005; Chassot etal.,
2007). Once penetrated the cuticle, necrotrophs have a spatial and
temporal strategy of attacking the plant cell wall by producing sev-
eral cell wall degrading enzymes (CWDEs) belonging to multiple
families (Figure 1A). The diversity of these enzymes mirrors the
structural complexity and the dynamics of the cell wall as well
as the lifestyle and host adaptation of the pathogen (King etal.,
2011). The extensive degradation of cell wall polysaccharides by
necrotrophs is sensed by plants. The leucine-rich repeat receptor-
like kinase (LRR-RLK) ERECTA (ER) and the heterotrimeric
G-protein are involved in cell wall remodeling during Arabidopsis
defense response against Plectosphaerella cucumerina and probably
control CWI (Llorente et al., 2005; Sanchez-Rodriguez et al., 2009).
The impairment of cellulose synthases involved in secondary cell
wall deposition is also a mechanism of sensing CWI and enhances
disease resistance of Arabidopsis to P. cucumerina and Ralstonia
solanacearum (Hernandez-Blanco etal., 2007).

One of the strategies used by plants to limit the degrada-
tion of the cell wall polysaccharides by microbial CWDE:s is the
production of proteinaceous inhibitors (Figures 1A,B). Polygalac-
turonases (PGs) are pathogenicity factors produced at the earlier
stages of a microbial infection that depolymerize the homogalac-
turonan (HG), i.e., the main component of pectin in dicots
but also present in monocots (Caprari etal., 1993; D’Ovidio
etal., 2004). Against microbial and insect PGs, plants produce
cell wall-associated polygalacturonase-inhibiting proteins (PGIPs;
Spadoni etal., 2006). The over expression of PGIPs improves the
resistance to fungal and bacterial necrotrophs in different plants
(Aguero etal., 2005; Ferrari et al., 2012). The PG-PGIP interaction
results in the accumulation of elicitor-active oligogalacturonides
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FIGURE 1 | Cell wall dynamics during necrotrophs invasion.

(A) Necrotrophic fungi secrete a large arsenal of cell wall degrading
enzymes (CWDEs) like PGs, hemicellulases and cellulases, assisted by
PMEs and AEs in the apoplastic space to degrade cell wall polymers and
facilitate the availability of nutrients. PGs and EIXs have been proposed to
function as PAMPs recognized by the membrane receptors RBPG1 and
Eix1 or 2, respectively. (B) As first line of defense, plants produce a
variety of CWDE inhibitors to hinder degradation by microbial CWDEs. For
instance, the inhibition of PG degrading activity by PGIPs induces the
accumulation of elicitor-active pectin fragments (OGs) perceived by WAK1
receptors. It cannot be excluded the presence of other not yet identified
receptors sensing damage of other cell wall components. The perception
of cell wall damage triggers specific signaling pathways activating defense
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responces aimed to reinforce cell wall structure. The more evident defense
strategies are callose and lignin deposition, induction of
peroxidases/ROS-mediated crosslinks between cell wall structural proteins
and polysaccharides. (C) Necrotrophs force plants to cooperate in disease
exploiting plant cellulases, expansins, PGs and PMEs as susceptibility
factors. PM, plasma membrane; CW, cell wall; Cyt, cytoplasm; OGs,
oligogalacturonides; WAK1, wall associated kinase 1; AEs, acetyl
esterases; PGs, polygalacturonases; EIXs, ethylen induced xylanases; PME,
pectin methylesterases; PMEI, pectin methylesterase inhibitor; FA, ferulic
acid; Eix1-2, receptors of ethylene induced xylanases; RBPG1,
Responsiveness to Botrytis PolyGalacturonase 1; Ca2*, calcium ions; XI,
xylanase inhibitor; PRR, pattern recognition receptor; POX, peroxidase;
ROS, reactive oxygen species.

(OGs) that are perceived in Arabidopsis by the receptor Wall
Associated Kinase 1 (WAK1; Brutus etal., 2010) to activate the
plant immune responses (Ferrari etal., 2013). Accumulation and
sensing of OGs in response to pathogens is critical for moni-
toring the pectin integrity and, in general, a tissue injury (De
Lorenzo etal., 2011). Alteration of pectin integrity caused by the

expression of PGII from Aspergillus niger in tobacco and Arabidop-
sis causes a constitutive activation of defense genes and resistance
against Botrytis cinerea (Ferrari etal., 2008). Recently, B. cinerea
and A. niger PGs have been proposed to function themselves
as PAMPs recognized by the Arabidopsis Receptor-Like Respon-
siveness to Botrytis PolyGalacturonase 1 (RBPG1) belonging to
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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-III 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 etal., 2010;
Sella etal., 2013). Ethylene inducing xylanases (EIXs) produced
by Trichoderma species are perceived in tomato, by two specific
LRR-RLPs receptors, LeEix] and LeEix2 (Ron and Avni, 2004).
Both receptors bind Eixs, while only LeFix2 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 et al., 2007; Raiola et al.,
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 (Fengetal.,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;
Voigt, 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
CESA3, 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 (THEI) 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 LeExp1 exhibit a
reduced susceptibility to B. cinerea (Cantu etal., 2008a). Silenc-
ing of two putative endo p-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). PMRS5 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™T-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 III 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 et al., 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 AtPME3.
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 et al., 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 etal., 2014).
The overexpression of PME inhibitor proteins in tobacco and
Arabidopsis contrasts the cell-to-cell and systemic movement of
tobamoviruses (Lionetti et al., 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 THE1, ER and WAKI1. 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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The battle between plants and microbes is evolutionarily ancient, highly complex, and
often co-dependent. A primary challenge for microbes is to breach the physical barrier of
host cell walls whilst avoiding detection by the plant's immune receptors. While some
receptors sense conserved microbial features, others monitor physical changes caused
by an infection attempt. Detection of microbes leads to activation of appropriate defense
responses that then challenge the attack. Plant cell walls are formidable and dynamic
barriers. They are constructed primarily of complex carbohydrates joined by numerous
distinct connection types, and are subject to extensive post-synthetic modification to suit
prevailing local requirements. Multiple changes can be triggered in cell walls in response to
microbial attack. Some of these are well described, but many remain obscure. The study of
the myriad of subtle processes underlying cell wall modification poses special challenges for
plant glycobiology. In this review we describe the major molecular and cellular mechanisms
that underlie the roles of cell walls in plant defense against pathogen attack. In so doing, we
also highlight some of the challenges inherent in studying these interactions, and briefly
describe the analytical potential of molecular probes used in conjunction with carbohydrate

e-mail: fgm@PLEN. ku.dk microarray technology.
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INTRODUCTION

The dynamic interplay between pathogen and plant host is the
product of millions of years of co-evolution. This struggle is often
described in terms of an “arms race,” a fitting term considering the
investment required and the significance for both sides. The goal
for the plant is to keep healthy and fertile, but for pathogens the
strategy varies. Biotrophic and hemibiotrophic microorganisms
rely on keeping their host alive and unaware of their presence, at
least until later stages of infection. In contrast, necrotrophslive and
feed on dead and dying cells and can therefore use a more forceful
attack strategy (Davidsson etal., 2013). The frontline of the plant
defense system consists of physical and chemical barriers such as
the cell wall, waxes, hairs, antimicrobial enzymes, and secondary
metabolites. If these obstacles are overcome, the pathogen is still
confronted by elaborate surveillance systems in which molecular
sentinels operate to activate resistance responses (Jones and Dangl,
2006).

Molecular components that serve essential functions for the
fitness or survival of microbes are often highly conserved. For
plants, detection of such microbial fingerprints also referred to as
pathogen-associated molecular patterns (PAMPs), is a warning
of impending attack (Medzhitov and Janeway, 1997). Conse-
quently, a key aspect of plant innate immunity is the ability
to recognize PAMPs such as bacterial flagellin, lipopolysaccha-
rides, peptidoglycans, and fungal chitin (Boller and Felix, 2009).
In addition to sensing PAMPs, the ability to sense a compro-
mised “self” by detecting damage-associated molecular patterns
(DAMPs) such as released plant cell wall fragments is a central part
of plant defense (Boller and Felix, 2009). Both PAMP- and DAMP-
recognition activates PAMP-triggered immunity (PTI) which in

general prevents microbial colonization. To escape detection and
PTI induction, a common strategy among adapted microorgan-
isms is to secrete a range of effector proteins that can modulate
PTI components (Jones and Dangl, 2006). The stealth afforded
by the microbial effectors can in turn be counteracted in the
plant by an intracellular surveillance system consisting of an array
of nucleotide-binding leucine-rich-repeat proteins that seek to
detect the presence of such effector proteins, and enable induc-
tion of effector-triggered immunity (ETI). ETT is often associated
with a localized cell death termed the hypersensitive response
which functions to restrict spread of this more progressive stage
of microbial attack (Jones and Dangl, 2006; Dodds and Rath-
jen, 2010). Hence the important feature of PTI is the ability to
sense infectious-self and non-self, whereas for ETI it is the ability
to sense microbe-mediated modifications inferred on points of
vulnerability in the host. By guarding these weak points or even
setting up decoys to confuse invaders, ETI is an efficient safety net
for more progressed infections (van der Hoorn and Jones, 2004;
Jones and Dangl, 2006).

Pathogen-associated molecular pattern perception is medi-
ated by ligand-binding surface-exposed transmembrane pattern-
recognition receptors (PRRs) of either the receptor-like kinase
(RLK) or receptor-like proteins (RLPs) families. Both types of
modular proteins are single-pass transmembrane proteins with
extracellular domains, but where RLKs have an intracellular kinase
domain; RLPs lack this cytosolic signaling domain (Monaghan
and Zipfel, 2012). The archetypical bacterial PRRs are elonga-
tion factor Tu (EF-Tu) receptor (EFR), a leucine-rich repeat RLK
(LRR-RLK) that recognizes the abundant cytoplasmic protein EF-
Tu; and the related flagellin sensing 2 (FLS2) that recognizes
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flagellin, the principal component of bacterial flagella. These
two PAMPs are often characterized by their minimal require-
ment peptide epitopes, elf18 and flg22 (Gomez-Gomez etal.,
1999; Kunze etal., 2004; Boller and Felix, 2009). Sensing of the
elf18 peptide appears to be restricted to the Brassicaceae family,
while in rice recognition of EF-Tu, occurs via the EFa50 region
(Furukawa etal., 2013). Interestingly, transgenic expression of
Arabidopsis (Arabidopsis thaliana) EFR in Solanaceae species that
cannot perceive EF-Tu is sufficient to confer resistance to a broad
range of phytopathogenic bacteria, suggesting high conservation
of the responses downstream of PAMP recognition (Lacombe
etal., 2010). PTI induction leads to a series of early and late
responses. The early responses occur within minutes to hours,
and consist of rapid ion fluxes across the plasma membrane, an
oxidative burst, activation of mitogen-activated protein kinases
(MAPKs) and calcium-dependent protein kinases (CDPKs), and
induction of defense-related genes. Deposition of callose, inhi-
bition of seedling growth and PAMP induced resistance are later
responses that occur within days (Boller and Felix, 2009).

RECOGNITION OF CHITIN: AN EVOLUTIONARY ARMS RACE

A good example of the intricate evolutionary arms race between
a pathogen and its plant host concerns the polysaccharide
chitin (Figure 1). Chitin, a homopolymer of p-(1—4)-linked
N-acetylglucosamine (GlcNAc) units, is the major structural com-
ponent of fungal cell walls, and is also a main constituent of
insect exoskeletons, crustacean shells, and the eggs and gut lin-
ings of nematodes (Bueter etal., 2013; Hadwiger, 2013). Chitin
is an obvious PAMP-candidate and an ideal point of attack dur-
ing plant defense responses since glucosamine polymers are not
found in plants. It is therefore not surprising that an evolu-
tionarily conserved strategy toward fungi and insects in plants
is based on secreting chitinases — hydrolytic enzymes, which

can break down microbial chitin polymers (Figure 1; Had-
wiger, 2013). However, as usual, countermeasures have also
evolved, the biotrophic fungal pathogen Cladosporium fulvum
combats the action of chitinases by secreting the apoplastic effec-
tor Avr4, a chitin-binding lectin that functions to protect the
integrity of the fungal cell wall against chitinases (Figure 1;
van den Burg etal., 2006). Heterologous expression of Avr4 in
Arabidopsis or tomato camouflages the chitin thereby increas-
ing the virulence of several fungal pathogens (van Esse etal.,
2007). That is unless the host harbors Cf-4, an extracellular
membrane-anchored LRR protein that mediates Avr4 perception
(Figure 1) and activates the hypersensitive response (Thomas
etal., 1997; Takken etal., 1999). In addition to this forceful
degradation strategy, chitin is also recognized as a PAMP in
rice (Oryza sativa) by a dual recognition system consisting of
the lysine motif (LysM)-RLK CHITIN ELICITOR RECEPTOR
KINASE-1 OsCERKI1 and the LysM-RLP CHITIN OLIGOSAC-
CHARIDE ELICITOR-BINDING PROTEIN OsCEBiP (Shimizu
etal,, 2010). In Arabidopsis there is no contribution to signal-
ing from the major chitin-oligosaccharide binding CEBIiP, and
AtCERK]1 seems to act alone as the chitin PRR (Figure 1; Iizasa
etal., 2010; Petutschnig etal., 2010; Shinya etal., 2012). The
biological activity of chitin oligomers depends on their size, as
the highest PAMP-activity is found for heptamers and octamers.
Higher oligomeric chitin fragments like octamers can bind two
or more AtCERK1 and this ligand-induced dimerization acti-
vates the receptor (Liu etal., 2012). To avoid chitin-induced
PTI, C. fulvum also secretes the evolutionally conserved LysM-
containing effector extracellular protein 6 (Ecp6) during infection.
Ecp6 is a scavenger of chitin fragments released by chitinases
and out-competes chitin-PRR binding to avoid fungal detection
(Figure 1; Bolton etal., 2008; de Jonge etal., 2010; Sanchez-
Vallet etal., 2013). Whether Ecp6 is recognized in plants is still

Stomata

FIGURE 1 | The “arms race” between Cladosporium fulvum and plant
hosts. As a general protective measure against fungal infections plants
respond to infection attempts by secreting chitinases into the apoplastic
space. The tomato leaf mould fungus C. fulvum can enter its host through
stomatal openings, and grows as extracellular hyphae. To shield against the
action of these chitin-degrading enzymes the fungus camouflages its
chitin-containing cell walls by cloaking them with the chitin-binding effector
Avr4 (van den Burg etal., 2006; Hadwiger, 2013). The presence of Avr4 can be

Cladosporium fulvum

chitin
fragments

recognized by the Tomato RLP Cf-4, leading to induction of the hypersensitive
response (Thomas etal., 1997; Takken etal., 1999). Chitin oligomers released
by chitinases are recognized as PAMPs, in Arabidopsis by the RLK CERK1
(lizasa etal., 2010; Petutschnig etal., 2010), and in rice by both OsCERK1 and
the RLP OsCEBIP (Shimizu etal., 2010). To escape chitin-induced PTI C.
fulvum can secrete Ecp6 an effector that functions as a chitin-scavenger
removing the chitin oligomers released by the chitinases (de Jonge etal.,
2010; Kombrink and Thomma, 2013; Sanchez-Vallet etal., 2013).
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unknown. In all cases, this example demonstrates the contin-
uous battle between pathogen and host and how one party’s
armor is continuously being evolutionarily countered by the
opponent.

PTI SIGNALING

A vital feature of plant innate immunity is the early recognition of
potential pathogens via perception of PAMPs and DAMPs. This
recognition is mediated by designated surface-localized PRRs and
sets in train a range of early and late responses that ensure a
specialized and appropriate response is transmitted by a shared
downstream pathway. Some of these steps are already mapped
whereas others are yet to be discovered.

After ligand recognition, several PRRs rapidly form complexes
with the regulatory RLK BRI1-ASSOCIATED KINASE! (BAK1;
Figure 2; Monaghan and Zipfel, 2012). Indeed, complex for-
mation between the co-receptor and the flagellin receptor FLS2
occurs within seconds of flg22 treatment (Schulze etal., 2010).
BAK1 was believed to function solely as a signal enhancer rather
than being involved in ligand-binding. However, it has recently
been demonstrated that BAKI acts as a co-receptor in FLS2 medi-
ated flg22 recognition by interacting with the bound ligand (Sun
etal,, 2013). BAK1 belongs to the somatic embryogenesis-related
kinases; a small family of five LRR-RLKs (Heese etal., 2007; Roux
etal., 2011). In addition to FLS2, BAK1 has also been shown to
interact with EFR and the DAMP receptors PEPR1 and PEPR2
(Krol etal., 2010; Yamaguchi etal., 2010). Apart from its asso-
ciation with PRRs, BAK1 is also involved in the perception of
brassinosteroids through its interaction with the RLK BRASSI-
NOSTEROID INSENSITIVE 1 (BRII; Li et al., 2002; Nam and Li,

2002). PAMP-binding and complex formation leads to auto- and
trans-phosphorylation between PRR and co-receptor, as well as
the plasma membrane localized receptor-like cytoplasmic kinase
BOTRYTIS-INDUCED KINASE 1 (BIK1) and related PBS1-LIKE
(PBL) kinases (Lu etal., 2010; Zhang etal., 2010). BIK1 plays a
central role in conveying signals from several PRRs including EFR,
FLS2, CERK1, and PEPR1/PEPR2. PAMP/DAMP induced phos-
phorylation of BIK1 prompts dissociation from the PRR complex
which may permit BIK1 to move toward and activate downstream
signaling targets (Lu etal., 2010; Zhang etal., 2010; Liu etal,
2013).

CONVEYING THE SIGNAL INTO TRANSCRIPTIONAL
REPROGRAMMING

Calcium ions serve as important second messengers in eukaryotes.
Both abiotic and biotic stress responses lead to rapid transient
fluctuations in the concentration of intracellular calcium ions
(Figure 2). The low basal cytosolic concentration allows rapid
spatial and temporal changes in the calcium flux. Such calcium sig-
natures are sensed by stimulus-specific Ca> T -binding sensors that
can mediate the downstream signal transduction. Deciphering the
calcium signatures enables the affected cells to respond appropri-
ately to diverse stimuli (DeFalco etal., 2010). During PTI, CDPKs
function as Ca?*-sensors that are required to obtain complete
transcriptional reprogramming (Figure 2). The four functionally
redundant Arabidopsis CDPKs, CPK4, CPK5, CPK6, and CPK11
define a sub-clade required for flg22 induced PTI responses (Boud-
socq etal., 2010). The transcriptional changes effected by the
CDPKs are mostly independent of the MAPK pathway (see below),
but the combination of CDPKs and MAPKs is needed to activate

FLS2 BAK1

FIGURE 2 | A current model of AtFLS2 signaling. Upon flg22 binding,
a complex between FLS2, BIK1, BAK1 (and other SERKSs) is formed.
Complex formation triggers multiple rapid phosphorylation events
resulting in BIK1 release. The signal transduction downstream of

o PRX
OH + OH- €——— 02-
02 —> 02°

T SOD

Gene activation == PT]

ligand perception includes a Ca2* purst, activation CDPKs and
AtRbohD required for the ROS burst, and induction MAPK cascades.
Activation of CDPKs and MAPKs is required for full induction of
defense genes.
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at least four early transcriptional regulatory programs induced by
flg22 (Boudsocq etal., 2010; Wurzinger etal., 2011).

An oxidative burst of reactive oxygen species (ROS) such as
-0O,7, -OH, and H,0; is one of the early measurable events in
PTI (Figure 2). In Arabidopsis, the ROS burst is facilitated by the
RESPIRATORY BURST OXIDASE HOMOLOGUE D (RbohD),
an NADPH oxidase (Torres etal., 2002). The activity of RbohD
is dependent on calcium and phosphorylation (Ogasawara etal.,
2008; Kimura etal., 2012), and interestingly RbohD is phospho-
rylated by CDPK5 (Dubiella etal., 2013). In potato (Solanum
tuberosum) StRbohB is phosphorylated by the plasma membrane-
localized potato StCDPKS5, and expression of constitutively active
StCDPKS5 in Nicotiana benthamiana leads to induction of ROS
(Kobayashi etal., 2007).

Like the CDPKs, MAPK cascades also function to transmit
signals within the cell via differential phosphorylation. In such
cascades MAP kinase-kinase-kinases (MAPKKKs) phosphorylate
MAP kinase-kinases (MAPKKs), which in turn phosphorylate
MAP-kinases (Figure 2; Rasmussen etal., 2012). The Arabidopsis
MAP kinases MPK3, MPK4, MPKG6 as well as the recently docu-
mented MPK11 are all activated by PAMP treatment (Rasmussen
etal., 2012). They designate at least two different pathways: one
that triggers MPK4 activation by a module consisting of the two
MAPKKs MKK1 and MKK2, and MEKK]1; and another that leads
to MPK3/MPK6 activation, via MKK4 and MKKS5, and possibly
MEKK1 (Rasmussen etal., 2012). Activation of MAPK cascades
is, together with CDPK activation, vital for obtaining the tran-
scriptional reprogramming needed to mount a full PTI response
(Figure 2; Boudsocq etal., 2010). Even though some genes require
both MAPK and CDPK activation to be induced there seems to be
abranching of PTI signals on some level (Boudsocq etal.,2010; Xu
etal., 2014). Loss of the flg22-induced ROS in Arabidopsis rbohD
does not affect MPK3 and MPKG6 activation, and activation of
these MAP kinases is also not required for ROS burst (Xu etal.,
2014).

FATE OF ACTIVATED RECEPTORS

Ubiquitination is a key signal for endosomal sorting of membrane
proteins (Raiborg and Stenmark, 2009). Upon ligand percep-
tion FLS2 is being ubiquitinated by two PLANT U-BOX (PUB)
E3 ligases PUB12 and PUB13 (Lu etal, 2011). This may well
be part of a strategy to terminate the signal initiated by PAMP
recognition. FLS2 is endocytosed and targeted for endocytic degra-
dation approximately 30—60 min post-elicitation, and the activated
FLS2 travels through early, late and multi-vesicular endosomes
toward its vacuolar destination (Robatzek et al., 2006; Chinchilla
etal., 2007; Beck etal., 2012b; Smith etal., 2014). The removal
of ligand-bound receptors de-sensitizes the system after initial
PAMP-treatment. After two hours the de-sensitized cells begin
to be re-sensitized through de novo synthesis mediated replen-
ishment of the receptor, preparing them for a new round of
ligand perception (Smith etal., 2014). FLS2 has recently been
shown to interact with two subunits of ENDOSOMAL SORT-
ING COMPLEXES REQUIRED FOR TRANSPORT-I (ESCRT-I;
Spalleketal.,2013). ESCRT complexes are responsible for identify-
ing ubiquitinated vesicular cargoes, sorting them for degradation,
and depositing them in intraluminal vesicles to prevent their

recycling (Raiborg and Stenmark, 2009). Loss of the E3 ligases
or ESCRT-I components affects flg22-triggered immune reactions
underlining the importance of correct endosomal trafficking of
FLS2 in sustaining a sufficient level of immunity (Lu etal., 2011;
Spallek etal., 2013). In addition removal of activated receptors,
trafficking might also play an integrated part in signaling trans-
duction as part of the signaling responses may happen from
endosomal compartments (Geldner and Robatzek, 2008; Beck
etal., 2012a).

LATE PTI RESPONSES

The final consequence of PTI is the induction of resistance
responses that will prevent microbial colonization. Other late
responses are the inhibition of seedling growth inhibition occur-
ring within days of continuous PAMP treatment, and deposition of
callose about 16 h after PAMP treatment (Boller and Felix, 2009).
Callose is found during attempted fungal infections in cell wall for-
tifications termed papillae, structures that are assembled at fungal
penetration sites (Underwood, 2012). The linear $-(1—3)-D-Glcp
homo-polymer is produced by callose synthases; among these
is the Arabidopsis POWDERY MILDEW RESISTANT 4 (PMR4),
the predominant synthase responsible for defense-induced callose
deposition (Vogel and Somerville, 2000; Nishimura etal., 2003;
Ham etal., 2007; Chen and Kim, 2009). All the callose deposited
in response to flg22, and most of the chitosan-induced deposi-
tions are synthesized by PMR4 (Luna etal,, 2011). In addition
to differences in their dependency on PMRA4, callose depositions
induced by these two PAMPs also differ in their requirements
for other signaling components as only the flg22-induced cal-
lose depends on RbohD (Luna etal., 2011). Callose depositions
like the papillae are an important feature of immunity, and are
thought to reinforce the cell wall at fungal penetration sites to
impede infections (Underwood, 2012). In agreement with this,
overexpression of PMR4 in Arabidopsis results in enlarged callose
deposits, and gain of penetration resistance against both virulent
and non-adapted powdery mildew strains (Ellinger etal., 2013;
Naumann etal., 2013). Absence of callose depositions also leads
to susceptibility toward the non-adapted hemibiotrophic bac-
teria Pseudomonas syringae pv. phaseolicola (Ham etal., 2007).
Surprisingly the pmr4 mutant was identified by its increased pow-
dery mildew resistance, a phenotype that is dependent on the
defense phytohormone salicylic acid (Vogel and Somerville, 20005
Nishimura etal., 2003; Huibers etal., 2013). These observations
are counterintuitive both with respect to the pattern of callose
deposition during defense induction, and the recent evidence from
overexpression lines, supporting a role for callose in the plants
defensive strategy (Vogel and Somerville, 2000; Ellinger et al., 2013;
Naumann etal., 2013). One explanation for such a discrepancy
could be that PMR4 is guarded by a resistance gene. Accordingly,
loss of PMR4 might be perceived as a breach on the plants defen-
sive fences and thus set about induction of ETI via elevation of
salicylic acid.

THE ROLE OF PLANT CELL WALLS IN MICROBIAL
INTERACTIONS

Plant cell walls not only provide structure to the plant body
but also act as barriers against biotic and abiotic stresses. The
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cell wall, sometimes covered with a cuticle, is usually the
first obstacle encountered by pathogens, and to penetrate this
barrier microbes have evolved an arsenal of wall degrading
enzymes which are key virulence factors (Figure 3; Nuhse, 2012;
Davidsson etal., 2013).

Most plant cell walls are based on a co-extensive load-bearing
network of cellulose micro-fibrils cross-linked with hemicelluloses
(Figure 3; Fry, 2004; Scheller and Ulvskov, 2010; Pauly etal.,
2013). In the primary walls of the growing parts of plants, this
network is embedded in a matrix of pectic polysaccharides. In
the secondary cell walls of mature, non-growing tissues pectin

is less abundant but walls are reinforced with lignin (Endler
and Persson, 2011). Although most cell walls are based on these
main components they differ considerably in their fine struc-
tures and three dimensional architectures. This heterogeneity
is reflected in the diversity of strategies that pathogens have
evolved to breach them, including the secretion of numerous
glycosyl hydrolases (Annis and Goodwin, 1997). In response
to an attack, plants may deposit certain reinforcing polymers,
notably callose, phenolic complexes, and employ toxic compounds
(Huckelhoven, 2007). However, these physical and chemical
responses are only one part of the cell walls role in defense

Cellulose Pectin

Hemicellulose Pectin with methyl-esterified HGA

"} Mmiddel lamella
-

Primary
— cell wall

Polygalacturonase (PG) A Pectate Lyase (PL) A

FIGURE 3 | The plant cell wall. (A) The primary cell wall is constructed
of a web of cellulose micro-fibrils, hemicellulose polysaccharides, and
the hetero-polysaccharide pectin (Endler and Persson, 2011).

(B) Necotrophic pathogens devour their hosts by degrading the plant
cell wall, and secreting necrosis-inducing proteins and toxins (Davidsson
etal., 2013). The host entry step of such microbes is thought to happen
mainly via secretion of cell wall degrading enzymes such as cellulases,
pectinases, and hemicellulases (Choquer etal., 2007; Davidsson etal.,
2013). Xylanase, degrades the linear backbone of the predominant
hemicellulose xylan into xylose residues (Belien etal., 2006; Scheller and
Ulvskov, 2010). Pectinases such as polygalacturonases (PGs) and pectate
lyases (PLs) degrades the pectic homogalacturonan (HGA) backbone. The

Pectin methyl esterase (PME) ’

WAK

HGA in newly synthesized pectin is methyl-esterified, which protects it
from degradation by pectinases. De-esterification of HGA by the action
of microbial pectin methyl esterases (PMEs) enables access PGs and
PLs (Annis and Goodwin, 1997; Wolf etal., 2009; Lionetti etal., 2012).
Endo-PGs cleave un-esterified regions while concomitantly releasing the
oligogalacturonides (OGAs), oligomeric fragments of the HGA backbone
(Annis and Goodwin, 1997; Ferrari etal., 2013). The wall-associated
kinases (WAKs) are DAMP sensors that monitor the integrity of pectin
by sensing the presence of OGAs (Ferrari etal., 2013). Plants can
counter the cocktail of cell wall degrading enzymes by producing
proteinaceous inhibitors such as the xylanase inhibitors and PG inhibitor
proteins (PGIPs; Belien etal., 2006).
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and the extensive ability of pathogens to degrade cell wall com-
ponent has a cost. Disturbance of cell wall integrity (which
may also cause deformation of adjacent portion of the plasma
membrane) and the release of degradation fragments are mon-
itored by plants and changed cell wall status is an important
trigger for defense mechanisms (Hematy etal., 2009). Despite
the undoubted importance of cell walls in plant defense there
are many aspects that are poorly understood. For example,
most work has focused on a limited set of cell wall poly-
mers (notably callose, extensins, and lignin) and the potential
roles of many other cell wall components are obscure. Another
largely unexplored aspect of cell walls and defense is the evo-
lution of and co-evolution of defense strategies (Sorensen etal.,
2010). Discussed below are the major cell wall components in
the context of pathogenic responses to them, and the prospects
for advancing our understanding using emerging microarray
technologies.

CELLULOSE

Tightly packed crystalline cellulose micro-fibrils serve a primary
structural function in the cell wall (Endler and Persson, 2011;
Nuhse, 2012). The fibrils are composed of hydrogen-bonded f-
(1—4)-D-Glcp chains, and have a condensed nature that makes
them generally resistant to degradation via glycosyl hydrolases.
However, recent work has highlighted the role of another class
of oxidative enzymes, the lytic polysaccharide monoxygenases
that have the capacity to degrade recalcitrant crystalline cell
wall components, including cellulose (Vaaje-Kolstad etal., 2010;
Hemsworth etal., 2014). Cellulose micro-fibrils are synthesized
by large multimeric complexes containing cellulose synthase cat-
alytic subunits (CESAs; Endler and Persson, 2011). It is generally
considered that in Arabidopsis, and probably other angiosperms,
there are two CESA subfamilies with distinct roles. Whilst CESAs 1,
3, and 6 are responsible for the formation of cellulose in primary
walls, CESAs 4, 7, and 8 synthesize cellulose in secondary walls
(Endler and Persson, 2011). However, recent work has demon-
strated that some functional cross over exists across these groups
in vitro although it is not clear if these new CESA pairings are
significant in planta (Carroll etal., 2012).

As in many cases where cell wall integrity is perturbed, compen-
satory mechanisms have evolved to limit the effects of disturbance
to cellulose structure or deposition. Cellulose deficient mutants
typically exhibit increased lignification (Cano-Delgado et al., 2003;
Hamann, 2012). Interestingly, these changes appear to have
effects beyond the purely structural. Such mutants also display
enhanced defense responses (Hamann, 2012) as mutants in the
primary wall CESA3 are more resistant toward powdery mildew
(Ellis and Turner, 2001; Cano-Delgado etal., 2003). Additionally
defects in the secondary wall CESAs; CESA4, CESA7, and CESAS,
also lead to elevated resistance against broad-host necrotrophic
pathogens like the fungus Plectosphaerella cucumerina and the
soil-borne bacterium Ralstonia solanacearum (Hernandez-Blanco
etal., 2007). Consistent with the genetic evidence, similar results
have also been described for treatment with the cellulose biosyn-
thesis inhibitor isoxaben (Hamann etal., 2009; Hamann, 2012).
In Arabidopsis, isoxaben-mediated wall damage and lignin pro-
duction is induced via an RbohD-dependent mechanism, and

fine-tuned through a jasmonic-acid-dependent negative feed-
back loop (Hamann etal, 2009; Denness etal, 2011). The
defense associated cellulose deprivation phenotypes suggest that
the cell wall damage triggers defense responses, and suggest the
presence of a tight cell wall integrity monitoring system. The
RLK THESEUSI (THE1) seems to serve a role in this as it
has been implicated in the response to cell wall damage. The
thel mutant was identified as a suppressor of the cesA6 null
allele procustel-1. Mutations in THEI reduce the ectopic lig-
nification of several cellulose deficient mutants (Hematy etal.,
2007).

HEMICELLULOSES

Hemicelluloses are a diverse group of polysaccharides usually
characterized by having a $-(1—4)-linked backbone of mannose,
glucose, or xylose. The central role of hemicelluloses is to for-
tify the cell wall by interaction with cellulose and sometimes
lignin (Scheller and Ulvskov, 2010; Endler and Persson, 2011).
Xylans are the predominant hemicelluloses in secondary plant
cell walls. The common characteristic of xylans is a backbone
of repeating 3-(1—4)-D-Xylp residues most often substituted by
Araf and GlcpA (Scheller and Ulvskov, 2010). The arabinosyl
residues can in addition contain ferulic acid groups esterified
to the O-5 position of the carboxyl group (Smith and Hart-
ley, 1983). These ferulate esters can be oxidatively cross-linked
to lignin possibly incorporating xylan into the lignin complex
to advance strengthening of the network (Tanner and Morri-
son, 1983; Mcneil etal., 1984; Harris and Stone, 2009). Some
phytopathogenic microbes secrete xylanases, which are enzymes
that can degrade the linear xylan backbone into xylose units
(Belien etal., 2006). Hemicellulose breakdown by xylanases
weakens the cell wall and enables the microbe to breach it
(Belien etal., 2006). Fungi of the Trichoderma spp. produce the
ETHYLENE-INDUCING XYLANASE (EIX) that is recognized
as a PAMP (Furman-Matarasso etal., 1999; Belien etal., 2006).
In tomato (Lycopersicum esculentum), EIX is sensed by the cell
wall-derived RLPs LeEix1 and LeEix2 (Figure 3; Ron and Avni,
2004).

In addition to feruloylation cell wall glycans can also be
subjected to methylation and acetylation. REDUCED WALL
ACETYLATION 2 (RWA2) has been shown to be responsible
for the acetylation of numerous pectic and non-pectic poly-
mers in Arabidopsis, and rwa2 knock-out mutants have (Mcneil
etal.,, 1984) increased resistance toward Botrytis cinerea (Man-
abe etal.,, 2011). Furthermore de-acetylation of xyloglucan and
pectin in transgenic plants exhibit increased accessibility to
degrading enzymes which could be part of a defense strategy
to release oligosaccharides which can act as defense elicitors
(Pogorelko etal., 2013).

PECTIN

The complex hetero-polysaccharide pectin is a major cell wall
matrix component that is abundant in primary cell walls. It
is composed of a series of structurally distinct domains act-
ing as backbones or side chains to the pectic polysaccharides
(Wolf etal., 2009). Back bones are comprised either of contigu-
ous a-(1—4)-D-GalpA residues (homogalacturonan or HGA) or
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repeating dimers of a-(1—4)-D-GalpA-a-(1—2)-L-Rhap residues
(rhamogalacturonan). Within the pectin complex especially HGA
appears to have special significance in the context of defense
responses. HGA can be methyl esterified at C6 and acetylated
at C2—C3 and regulation of these substitutions enable plants
to fine-tune the functionality of HGA to suit prevailing local
requirements. For example non-esterified HGA carrying nega-
tively charged free carboxyl groups may be subject to cross-linking
via calcium leading to the formation of gels that are required for
cell adhesion and other structural roles (Cabrera et al., 2008).

Some of the first enzymes that phytopathogenic fungi secrete
during infections are endo-polygalacturonases (PGs) which cleave
HGA (Figure 3), thereby degrading cell wall integrity and aid-
ing pathogen access (Annis and Goodwin, 1997). Moreover, HGA
degradation releases oligogalacturonide (OGA) fragments from
the backbone, which act as potent defense response elicitors (Gal-
letti etal., 2009). The WALL-ASSOCIATED KINASES (WAKs)
are thought to be DAMP sensors that monitor the integrity
of pectin by detecting the presence of OGAs with a degree of
polymerization between 10 and 15 (Ferrari etal., 2013). In the
context of degradation by microbial enzymes the level of HGA
methyl esterification is critically important. Endo-PGs and pectate
lyases (PLs) preferentially cleave non-esterified HGA and these
enzymes frequently act in concert with pectin methyl esterases
(PMEs) that de-methyl esterify HGA to create endo-PG and PL
cleavage sites (Figure 3). Moreover, another class of microbial
enzymes — the pectin lyases act preferentially on highly methyl
esterified HGA.

Homogalacturonan and the microbial enzymes that degrade
it are good examples of how the high complexity of cell wall
components is countered by sets of highly specific microbial
enzymes. Nevertheless, the role of pectin in plant defense can-
not only be viewed in straightforward terms of polysaccharide
integrity versus enzymatic breakdown. An example is provided
by the elevated activity of certain endogenous Arabidopsis PMEs
in response to infection with the necrotrophic fungus Alternaria
brassicicola, the hemibiotrophic bacterial pathogen P. syringae pv.
maculicola ES4326, or by treatment with PAMPs (Bethke etal.,
2014). The increase in PME activity in such infected plants leads
to a concomitant decrease in methyl esterification of HGA, which
doubtlessly renders the HGA more susceptible toward endo-PGs
(Bethke etal.,2014). It seems counterintuitive to increase the activ-
ity of an endogenous wall degrading enzyme during a pathogen
attack as this could aid microbial entry. One explanation is that
the enhanced production of OGAs — and thereby an associated
potential activation of DAMP signaling — is worth the price of
a decrease in HGA integrity. It is also important to consider the
broader picture of the 66 PMEs in Arabidopsis in terms of redun-
dancy and spatiotemporal regulation. For example, in the case of
A. brassicicola it is worth noting that the observed increase in PME
activity occurred rather late after pathogen challenge. With this in
mind it may be the case that the purpose of enhanced PME activ-
ity is localized HGA de-methyl esterification and the concomitant
formation of gel structures to bolster damaged walls (Bethke et al.,
2014).

Another noteworthy insight into the roles of pectin in defense
is provided by the loss of function mutants of the endogenous

plant enzyme POWDERY MILDEW RESISTANT 6 MUTANT
(PMR6; Vogel etal., 2002). PMR6 has similarity to PLs, and
loss of function leads to enhanced levels of intact pectin and
but also lower levels of potential OGA release. One explanation
for the enhanced resistance to powdery mildew in pmré6 is that
increased levels of inaccessible HGA per se provide more protec-
tion. But, the fact that pmr6 only exhibits this elevated resistance
against certain powdery mildew species (Erysiphe cichoracearum
and E. orontii) implies a less generic and more subtle effect. For
example, it is possible that alterations in pmré6 cell wall composi-
tion make these mutants poor hosts specifically for Erysiphe spp.
It certainly seems highly unlikely that a plant gene would have
evolved to serve the needs of a pathogen, and the pleotropic effects
observed in pmr6 are consistent with a role as a susceptibility fac-
tor. It is plausible that pmr6 resistance is a specialized form of
disease resistance, possibly based on the loss of a host suscepti-
bility gene required by the pathogen for growth and development
(Vogel etal., 2002).

LIGNIN

Lignin is a phenolic polymer mainly deposited in secondary cell
wall during the last stages of cell differentiation. It displaces the
aqueous phase of the cell wall, encasing cellulose and matrix
polysaccharides and providing enhanced mechanical strength and
a water-impermeable barrier (Albersheim etal., 2011). Lignin is
also required for reinforcing vascular cells that transport water
under negative pressure as a result of transpiration. The impor-
tance of lignin in these tissues is demonstrated by vascular collapse
in lignin deficient plants (Piquemal et al., 1998; Jones etal., 2001).
Lignin is built from monolignols, with up to three different types
in higher plants which appear to be incorporated into the lignin
polymer in a non-predictable fashion (Martone etal., 2009; Van-
holme etal., 2010). This apparently random pattern of synthesis
may be significant in relation to microbial enzymes which have
typically evolved to break polymers with structurally consistent
cleavage sites (Sarkar etal., 2009).

Lignin has multiple roles in plant defense and lignin, or lignin-
like phenolic polymers are often rapidly deposited in response to
both biotic and abiotic stresses (Sattler and Funnell-Harris, 2013).
Lignin not only acts as physical barrier to pathogen invasion, but
the phenylpropanoid pathway responsible for lignin biosynthe-
sis may also be recruited for defense purposes. For example, this
pathway underpins the synthesis of other phenolic compounds
including phytoalexins, stilbenes, coumarins, and flavonoids —
some of which have been implicated in plant defense (Weiergang
etal., 1996; Dicko etal., 2005; Lozovaya et al., 2007). Indeed, there
is evidence that in some plants, salicylic acid which is known to
be a key component of some defense pathways, may also be pro-
duced by the phenylpropanoid pathway (Ruuhola et al., 2003; Pan
etal., 2006). Understanding the role of lignin in plant defense
has received considerable attention in the context of engineer-
ing plants for use as bioenergy feedstocks. Lignin contributes
substantially to the recalcitrance of cell walls to deconstruction
into fermentable sugars and for this reason reducing lignin con-
tent has become an important goal for feedstock biotechnology
research. However, since lignin is also required for plant defense
there is probably a lower limit for lignin reduction beyond which
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plant would become unacceptably vulnerable to pathogens (Sat-
tler and Funnell-Harris, 2013). The roles of lignin in defense and
the importance of this for bioenergy feedstocks are reviewed in
(Sattler and Funnell-Harris, 2013).

INHIBITORS OF MICROBIAL WALL DEGRADING ENZYMES
Often, an infection involves a multifaceted strategy. In the case of B.
cinerea the host entry step is thought to happen mainly via secre-
tion of cell wall degrading enzymes such as a PMEs, endo-PGs,
and endo-B-1,4-xylanase often encoded by multi-genic families
(Choquer etal., 2007). Cellulases, pectinases, and hemicellulases
are also secreted from bacteria like the Pectobacterium and Dick-
eya genera necrotrophic soft rot enterobacteria (Davidsson et al.,
2013). At first glance, plants would seem defenseless against such
savage enzyme cocktails, however, they can counter by producing
proteinaceous inhibitors of cell wall degrading enzymes such as
the xylanase inhibitors and PG inhibitor proteins (PGIPs; Belien
etal.,2006). The cunning strategy of making PGIPs is not to inhibit
pectin degradation entirely, but to shift it toward producing longer
OGAs that can be sensed as DAMPs (Federici et al., 2006).

THE CHALLENGES OF MONITORING CELL WALL RESPONSES

TO PATHOGENS

Even from a concise overview such as provided above, it is clear
that analyzing the subtle, complex and often rapid changes that
affect cell walls in response to pathogens is a formidable technical
challenge. In contrast to proteins and nucleotides, the polysac-
charides from which cell walls are primarily made cannot readily
be sequenced, synthesized, or expressed. Although cell walls are
usually physically tough, they are also typically highly plastic and
can undergo rapid modifications in response to specific local
conditions, even within cell wall micro-domains. The analytical
difficulties are compounded by the sheer complexity and multilay-
ered nature of host/pathogen interactions, and the differing nature
of these interactions depending on developmental stage, organ,
or tissue. Conventional biochemical techniques for carbohydrate
analysis, for example methylation analysis and ion exchange chro-
matography, are powerful but low throughput and usually require
large amounts of material. They also involve the complete or par-
tial destruction of cell walls into their component parts — which
inevitably means that information about three dimensional cell
wall architectures is lost. Molecular probes, for example mon-
oclonal antibodies (mAbs) and carbohydrate binding modules
(CBMs) have been invaluable for advancing our understanding of
plant cell walls per se, and have immense potential for providing
insight into host pathogen interactions at the cellular and sub-
cellular levels. There is an extensive repertoire of probes directed
against plant cell wall components (Lee etal., 2011), but this is not
matched by probes for pathogens and their associated effectors.
For example, our understanding of the precise role of chitosan
(the de-acetylated form of chitin) during pathogenesis is ham-
pered by a lack of suitable probes (Sorlier etal., 2003; Hoell etal.,
2010; Baker etal., 2011).

One technique that appears to offer considerable promise for
plant/pathogen interaction research is based on carbohydrate
microarrays (Moller etal., 2007). This technique combines the
specificity of mAbs and CBMs with the multiplexed analysis

capacity of robotically produced microarrays, and simultaneously
provides information about the relative abundance of multiple
epitopes present in large sample sets (Tyler etal., 2014). This
approach has been extensively used for cell wall analysis in numer-
ous contexts (Tronchet etal., 2010; Serensen etal., 2011; Fangel
etal., 2012; Moore etal,, 2014; Zhang etal., 2014), but has
only been used in a very limited way for plant defense research
(Nguema-Onaetal.,2013). Typically, atleast 20 mAbs or CBMs are
used in a single analysis, and several 100 samples can be processed
in 2 days. Analysis starts with the preparation of cell wall material
(although native plant material can also be used) which is then
treated with a series of solvents to release cell wall components.
For example, extraction with 1,2-diaminocyclohexanetetraacetic
acid followed by sodium hydroxide is expected to release pectins
and hemicellulose respectively. These extractions are then printed
onto a suitable surface such as nitrocellulose membrane or modi-
fied glass slides using a microarray robot, and the resultant arrays
probed with mAbs and/or CBMs and then quantified. The fact
that relatively small amounts of cell wall material are needed (0.5—
10 mg) and the ability to rapidly analyze large numbers of samples
are attractive attributes in the context of plant/pathogen interac-
tion research. Currently, the analysis of cell walls in the context of
plant defense is often limited to polymers with well characterized
roles, for example extensins and callose. The described technology
can potentially provide the means to greatly increase the scope of
cell wall analysis, both in terms of the number of cell wall compo-
nents analyzed and the number of variables in an experimental set
up. Our initial experiments indicate that glycan arrays are pow-
erful tools for monitoring the progression of cell wall changes
during defense responses and are well suited to the parallel anal-
ysis of, for example, multiple mutants, elicitors, or conditions.
Furthermore we anticipate that analysis of cell wall glycomes will
be integrated with transcriptomic analysis of defense related genes
using the same material. Moreover, although the technique has
mostly been applied to carbohydrate analysis, the same approach
could be applied to investigate proteins and their conjugates of
relevance to pathogenic interactions. So long as analytes can be
extracted and immobilized, and providing that probes are available
the scope of analysis can be extended.

CONCLUDING REMARKS

Our current knowledge of the interactions between plants and
pathogens at the plant cell wall level, and how this affects down-
stream signaling is still limited. To obtain more insight we need
to expand our understanding of the full repertoire of cell wall
modifications that occurs during microbial interactions. Carbohy-
drate microarrays could be used to monitor the complex interplay
between microbes and plants, and may reveal additional, perhaps
more subtle, cell wall modifications to those documented so far.
This technique enables rapid and multiplexed analysis of multi-
ple changes in wall composition and could be used as a tool to
provide new insight into the dynamic nature of host/pathogen
interactions.
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INTRODUCTION

Emerging devastating diseases, such as Huanglongbing (HLB) and citrus canker, have
caused tremendous losses to the citrus industry worldwide. Genetic engineering is a
powerful approach that could allow us to increase citrus resistance against these diseases.
The key to the success of this approach relies on a thorough understanding of defense
mechanisms of citrus. Studies of Arabidopsis and other plants have provided a framework
for us to better understand defense mechanisms of citrus. Salicylic acid (SA) is a key
signaling molecule involved in basal defense and resistance (R) gene-mediated defense
against broad-spectrum pathogens. The Arabidopsis gene NDR1T (NON-RACE-SPECIFIC
DISEASE RESISTANCE 1) is a positive regulator of SA accumulation and is specifically
required for signaling mediated by a subset of R genes upon recognition of their cognate
pathogen effectors. Our bioinformatic analysis identified an ortholog of NDRT from citrus,
CsNDR1. Overexpression of CsNDR71 complemented susceptibility conferred by the
Arabidopsis ndri-1 mutant to Pseudomonas syringae strains and also led to enhanced
resistance to an oomycete pathogen Hyaloperonospora arabidopsidis. Such heightened
resistance is associated with increased SA production and expression of the defense
marker gene PATHOGENESIS RELATED 1 (PRT). In addition, we found that expression
of PRT and accumulation of SA were induced to modest levels in citrus infected with
Candidatus Liberibacter asiaticus, the bacterial pathogen associated with HLB disease.
Thus, our data suggest that CsNDR1 is a functional ortholog of Arabidopsis NDR1. Since
Ca. L. asiaticus infection only activates modest levels of defense responses in citrus, we
propose that genetically increasing SA/NDR1-mediated pathways could potentially lead to
enhanced resistance against HLB, citrus canker, and other destructive diseases challenging
global citrus production.

Keywords: Pseudomonas syringae, salicylic acid, citrus canker, Huanglongbing, greening disease, Candidatus
Liberibacter asiaticus, genetic engineering

develop strategies to contain and eventually eradicate HLB and

Huanglongbing (HLB; also called citrus greening disease), citrus
canker, and other emerging diseases have imposed serious threats
to the citrus industry worldwide (Bove, 2006; Gottwald, 2007). Cit-
rus canker is caused by the gram negative bacterium Xanthomonas
axonopodis pv. citri. Wind and rain facilitate the dispersal of the
pathogen and spreading of the disease. More than 16 million cit-
rus trees have been destroyed in Florida in an effort to restrict
the disease (Gaskalla, 2006). HLB is even more devastating than
citrus canker since it is highly contagious and lethal to afflicted
plants (Bove, 2006; Brlansky and Rogers, 2007; Gottwald, 2007).
The parasitic bacterium Candidatus Liberibacter that lives in the
phloem tissue of a citrus tree is believed to be the associating
agent of HLB. The disease is transmitted by a small insect vector
of the family Psyllidae. The growth of psyllids cannot yet be reli-
ably controlled by conventional insecticide application (Ichinose
etal., 2010). Without successful measures to control the causal
pathogen and its transmission vector, HLB is endemic to a variety
of citrus species and related plants. Therefore, it is imperative to

other diseases challenging the production of citrus worldwide.

Successful manipulation of citrus disease resistance relies on
a thorough understanding of defense mechanisms of the plant.
Although not well understood yet in citrus, defense mechanisms
are well studied in other plants, in particular the model plant
Arabidopsis thaliana, and have been shown to be relatively con-
served among plants (Nishimura and Dangl, 2010). Therefore,
prior knowledge of defense mechanisms from other plants should
help us to better understand citrus defense and ultimately develop
effective strategies to combat devastating diseases challenging the
citrus industry.

Plant defense can be preformed or induced. The preformed
defense includes some existing physical structures and chemical
compounds produced by plants before infection that can restrict
pathogen invasion. The induced defense can be activated upon
pathogen invasion, involving sophisticated surveillance systems
to recognize general elicitors from pathogens and subsequently
to activate basal defense. Much stronger defense can be induced
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Citrus NDR1 confers resistance

when host resistance (R) proteins specifically recognize their
cognate pathogen effectors; thus such defense is also termed as
R protein-mediated defense. The largest class of R proteins is rep-
resented by a family of proteins that have two conserved domains,
nucleotide binding site (NBS) and leucine-rich repeat (LRR; Mar-
tin etal., 2003; McDowell and Simon, 2006). This class of R
proteins can be further divided into two groups according to
the N-terminal sequence, coiled-coil (CC)-NBS-LRR and Toll-
interleukin-1 receptor (TIR)-NBS-LRR. Some CC-NBS-LRR
type proteins are found to signal through NON-RACE-SPECIFIC
DISEASE RESISTANCE 1 (NDR1). For instance, an ndrl mutation
compromises resistance conferred by the CC-NBS-LRR proteins
RPS2, RPM1, or RPS5 to Pseudomonas syringae expressing the
avirulence effectors avrRpt2, avrB and avrRpml, or avrPph3,
respectively (Century etal., 1995; Aarts etal., 1998). On the other
hand, some TIR-NBS-LRR type proteins functionally require
ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1). For instance,
an eds] mutant is immune-compromised to P. syringae avrRps4,
resistance to which is conferred by the TIR-NBS-LRR protein
RPS4 but not by TIR-NBS-LRR type R proteins (Aarts et al., 1998;
Falk etal., 1999). These observations suggest a general rule that
these two subgroups of R proteins can activate distinct down-
stream signaling pathways. However, exceptions to this rule also
exist for some other NBS—-LRR R proteins (McDowell etal., 20005
Bittner-Eddy and Beynon, 2001; Xiao etal., 2001).

The small phenolic molecule salicylic acid (SA) plays a key
role in signaling both basal and R protein-mediated defense
(Hammond-Kosack and Jones, 1996; Tsuda etal., 2008) and is
involved in resistance against diverse pathogens and in response to
various stress conditions (Malamy etal., 1990; Rassmussen et al.,
1991; Sharma and Davis, 1997; Tsuda et al., 2008). While increased
SA accumulation and/or signaling lead to enhanced disease resis-
tance, disrupting these processes by gene mutations or transgene
expression result in compromised defense against pathogens (Dur-
rant and Dong, 2004; Lu, 2009). Genes involved in SA-mediated
defense can affect SA biosynthesis, accumulation, and/or signaling
(Lu, 2009). For instance, SA INDUCTION-DEFICIENT 2/EDS]16,
encodes isochorismate synthase contributing to the majority of SA
biosynthesis (Wildermuth etal., 2001). Both NDRI and EDSI are
known to act upstream of SA to regulate SA accumulation (Falk
etal., 1999; Shapiro and Zhang, 2001). Downstream of SA signal-
ing, NONEXPRESSOR OF PR GENES 1 (NPRI) acts as a signal
transducer that regulates systemic acquired resistance, a long-
lasting defense against broad-spectrum pathogens at the whole
plant level (Cao etal., 1997; Ryals etal., 1997; Shah etal., 1997;
Dong, 2004). Overexpression of NDRI, EDS1, NPRI, or several
other SA regulators confers enhanced disease resistance to a range
of pathogens in Arabidopsis and/or in other plants (Chern etal,
2001; Fitzgerald et al., 2004; Lin et al., 2004; Makandar et al., 2006;
Malnoy etal., 2007; Pegadaraju etal., 2007; Sandhu etal., 2009;
Gao etal.,2010). Therefore, manipulation of SA-mediated defense
has the potential to introduce broad-spectrum disease resistance
in plants.

NDRI encodes a glycosyl-phosphatidyl inositol-anchored
plasma membrane protein that belongs to a large protein fam-
ily (Dormann etal., 1995; Varet et al., 2002; Coppinger et al., 2004;
Zheng et al.,2004). A recent study implicates the function of NDRI

in mediating plasma membrane-cell wall adhesion (Knepper et al.,
2011). NDRI-like genes widely exist in different plants (Lee etal.,
2006; Chong etal., 2008; Cacas etal., 2011). Besides NDRI, some
Arabidopsis homologs of NDRI were shown to be highly induced
by pathogen infection and/or to confer enhanced disease resis-
tance to P. syringae when overexpressed (Varet etal., 2002, 2003;
Coppinger etal., 2004; Zheng et al., 2004). Thus NDRI and some
members in the family are critical components of plant defense.

In this study, we report the isolation and characterization of
a functional ortholog of NDRI in citrus, named CsNDRI. We
found that overexpression of CsNDRI complements the suscep-
tibility of Arabidopsis ndrl-1 mutant to P. syringae avrRpt2 and
further confers enhanced disease resistance to P. syringae avr-
Rps4, which normally is not affected by the endogenous NDRI.
Overexpression of CsNDRI also led to increased resistance to
the oomycete pathogen Hyaloperonospora arabidopsidis (Hpa) iso-
late Noco2. CsNDRI-induced disease resistance is associated with
increased SA accumulation and expression of the defense marker
gene PATHOGENESIS RELATED 1 (PRI) in the transgenic Ara-
bidopsis plants. In addition, we found that citrus infected with
Candidatus Liberibacter asiaticus, a pathogen associated with the
HLB disease, expressed modestly increased CsNDR1 and SA levels,
compared with mock-treated plants. We propose that genetic engi-
neering to enhance SA/NDRI signaling pathway in citrus could
potentially enhance its resistance to HLB, citrus canker, and other
emerging diseases.

MATERIALS AND METHODS

PLANT MATERIALS

Arabidopsis plants were grown in growth chambers with a 12 h
light/12 h dark cycle, light intensity at 200 pmol m~2 s, 60%
humidity, and 22°C. The ndr1-1 mutant was previously described
(Centuryetal., 1995, 1997). Citrus plants, “Valencia” ( Citrus sinen-
sis [L.] Osbeck), were grown on the greenhouse bench and kept
at 24°C under natural light conditions. Plants were irrigated as
needed and fertilized every 3 weeks using a water-soluble fertil-
izer mix, 20N—10P-20K (Peters Professional, The Scotts Company,
Marysville, OH, USA).

BIOINFORMATIC ANALYSIS

Basic Local Alignment Search Tools (BLAST) was used to search
protein sequence databases for Arabidopsis' and Citrus sinen-
sis>, using appropriate query sequences. Sequence alignment
and phylogenetic analysis were performed with the MEGA pro-
gram (version 5.05). To construct the phylogenetic tree, the
neighbor-joining method with 1000 bootstrap replications was
used.

PATHOGEN INFECTIONS

Pseudomonas syringae strains used in this study were previously
described (Lee etal., 2008; Wang etal., 2011b). Bacteria were cul-
tured at 28°C with King’s B medium (10 g proteose peptone, 1.5 g
K;HPOy, 3.2 ml 1 M MgSOy, and 5 g glycerol/l) containing the
appropriate antibiotics. Freshly cultured bacteria at the optical

Uhttp://blast.ncbi.nlm.nih.gov/Blast.cgi
Zhttp://www.phytozome.net/search.php?method=Org_Csinensis
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density of 0.5-0.8 were harvested, washed once, and resuspended
in 10 mM MgSOy4 to make the infection solution at the desired con-
centrations. The fifth to seventh leaves of 25-day-old Arabidopsis
plants were infected by infiltration with a 1-ml needleless syringe.
For bacterial growth assay, six leaves selected from over 10 plants of
each genotype were collected 3 days post-infiltration, bored with
a core borer (6 mm in diameter), and ground for bacterial growth
measurement as described previously (Lu etal., 2003). For hyper-
sensitive response (HR) test, one-half of a leaf at the fifth, sixth,
or seventh position was infiltrated with P. syringae pv. maculicola
ES4326 avrRpt2 (Pma avrRpt2; ODgoo = 0.1) and scored 16-24 h
post-infiltration for leaf collapse. Leaves infiltrated with 10 mM
MgSOy or the isogenic virulent strain Pma (ODggg = 0.1) were
used as controls. At least 16 leaves from different plants of each
genotype were scored for the HR symptoms. The rate of HR was
expressed by the percentile of the number of leaves that developed
HR symptoms out of the total number of inoculated leaves.

Hyaloperonospora arabidopsidis isolate Noco2 was a kind gift
from S. Xiao at University of Maryland College Park. Strain prop-
agation and preparation were conducted as previously described
(Song etal., 2004; McDowell etal., 2010). Hpa Noco2 spores
(5 x 10* spores/ml in water) were sprayed on 7-day-old soil-
grown seedlings. Sporangiophores on both sides of cotyledons
were counted 7 days post-inoculation. At least 50 cotyledons from
each genotype were counted to derive the average number of
sporangiophores per genotype.

For Ca. L. asiaticus infection, 15-month-old “Valencia” plants
were inoculated by grafting with two bark- or bud-pieces and
two leaf pieces from infected greenhouse-grown “Valencia” plants,
which were tested PCR-positive for Ca. L. asiaticus and demon-
strated symptoms for HLB. Plants similarly inoculated but with
disease-free tissue pieces obtained from healthy greenhouse-grown
“Valencia” plants were used as controls. Plants were pruned imme-
diately after graft-inoculation to promote new leaf growth and
HLB disease development. The inoculated plants were random-
ized periodically on the greenhouse bench to minimize the effect
of environment on their defense responses to Ca. L. asiaticus.

PCR-DETECTION OF Ca. L. asiaticus IN CITRUS

Ca. L. asiaticus-infected “Valencia” plants began to show typical
HLB symptoms, yellowing and blotchy mottling around 11 weeks
after inoculation (wai), which progressed more severely later. The
symptomatic leaves were collected at 11 and 16 wai and extracted
for DNA followed by PCR-detection of Ca. L. asiaticus (Albrecht
and Bowman, 2012). Specifically, 100 mg leaf tissue was ground
for DNA extraction, using the Plant DNeasy Mini Kit (Qiagen,
Valencia, CA, USA) according to the manufacturer’s instructions.
For detection of Ca. L. asiaticus, real-time PCR assays were per-
formed using primers HLBas and HLBr and the probe HLBp as
described (Li et al., 2006). Amplifications were performed over 40
cycles using an ABI 7500 real-time PCR system (Applied Biosys-
tems, Foster City, CA, USA) and the QuantiTect Probe PCR Kit
(Qiagen) according to the manufacturer’s instructions. All reac-
tions were carried out in a 20-pl reaction volume using 5 pul DNA.
Once a branch was confirmed positive for Ca. L. asiaticus, symp-
tomatic leaves on the branch were harvested for further RNA and
SA analyses.

RNA EXTRACTION AND ANALYSIS

Twenty-five-day-old Arabidopsis plants were harvested for RNA
extraction and northern blotting as described (Ng etal., 2011).
Radioactive probes were made by PCR with an antisense primer
specific for a gene fragment in the presence of [32P] dCTP.
Primers used for making the CsNDRI probe were CsNDRI-
F1 (ATGTCAGAAAACGCCGGTG) and CsNDR1-R1 (TTAAG-
CAAAAATCAAGACAAAAAAATAC). Primers for the PRI and
18S rRNA probes were described previously (Ngetal., 2011).

Fully expanded leaves from Ca. L. asiaticus-infected “Valencia”
plants showing HLB symptoms were collected 16 wai. One gram
leaf tissue was ground in liquid nitrogen with a mortar and pes-
tle and resuspended in 10 ml guanidinium isothiocyanate buffer
(Chomczynski and Sacci, 1987). Total RNA was extracted as previ-
ously described (Strommer et al., 1993) with slight modifications.
Phenol/chloroform/isoamyl alcohol (25:24:1) extraction was fol-
lowed by two extractions with chloroform/isoamyl alcohol and
precipitation of RNA with isopropanol at —20°C overnight. RNA
was pelleted by centrifugation at 10,000 g and 4°C for 1 h, resus-
pended in 5 ml water and precipitated overnight at 0°C with an
equal volume of 8 M LiCl. After centrifugation at 10,000 g and 4°C
for 1 h, RNA was washed twice with 70% ethanol, air-dried, and
dissolved in 500 pl of water. RNA was further purified, using the
RNeasy® MinElute Cleanup kit (Qiagen) according to the man-
ufacturer’s instructions. Total RNA was DNase-treated using the
TURBO DNA-free-Kit™ (Ambion, Austin, TX, USA) according
to the manufacturer’s instructions.

Quantitative reverse transcription real-time PCR (qRT-PCR)
was performed using an ABI 7500 real-time PCR system
(Applied Biosystems) and the QuantiTect SYBR Green RT-
PCR Kit (Qiagen) according to the manufacturer’s instruc-
tions. Sixty nanograms of DNase-treated RNA were used in
a total volume of 20 pl. For detection of CsNDRI tran-
scripts, forward primer 5-TGCTGCAGCTTCATCTTCAC-3’
and reverse primer 5-TGTCGTGTTGTTTCGGTTGT-3' were
used. For detection of 18S rRNA transcripts, forward primer
5'-GCTTAGGCCAAGGAAGTTTG-3" and reverse primer 5'-
TCTATCCCCATCACGATGAA-3" were used. Melting curve anal-
ysis was performed to ensure amplification of a single product
and the absence of primer-dimers. For relative quantification of
gene expression, the 272ACT method was applied as previously
described (Livak and Schmittgen, 2001), using cycle threshold (Ct)
values of 18S rRNA for normalization.

cDNA AMPLIFICATION, DNA CONSTRUCTION, AND PLANT
TRANSFORMATION

To obtain the full-length CsNDRI cDNA sequence, we used
the SMARTer™ RACE ¢DNA Amplification Kit (Clontech) to
make a cDNA library from RNA extracted from Ca. L. asiaticus-
infected 15-month-old “Valencia” plants. Nested primers, NDR1-
5R-P1 (CACTTTCTGATCGGTCAGCGCAG) and NDRI-5R-
P2 (CAATCACGGACGTGCCGATG), were used to amplify
the 5 end missing sequence while NDR1-3R-P1 (CATCG-
GCACGTCCGTGATTG) and NDRI-3R-P2 (CTGCGCTGACC-
GATCAGAAAGTG) were used to amplify the 3’ end missing
sequence. The amplified fragments were cloned in the pJET
cloning vector, using the CloneJET™ PCR Cloning Kit (Thermo
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Scientific), and sequenced to obtain the full-length ¢cDNA
sequence. The full-length CsNDR1 cDNA was further amplified
from the library with NDR1-F1 (ATGTCAGAAAACGCCGGTG)
and NDR1-R1 (TTAAGCAAAAATCAAGACAAAAAAATAC) and
cloned into the pJET vector. At least 10 individual colonies were
prepared for DNA and analyzed by sequencing. The sequence with
fewer polymorphisms, compared with the reference sequence, and
a correct open reading frame was used as the template for further
cloning into the binary vector pBINplusARS under the control
of the CAMV 355 promoter. The construct was confirmed by
sequencing and transferred to Agrobacterium tumefaciens for ndrl-
I transformation, using the floral dipping method (Clough and
Bent, 1998). Ty seeds were selected for T} plants on MS plates
containing kanamycin, resistance to which was conferred by the
binary vector. T} transgenic plants were collected for seeds, which
were further selected for homozygous T plants.

ION LEAKAGE MEASUREMENT

Leaves of 25-day-old Arabidopsis plants were infiltrated with a
bacterial suspension Pma avrRpt2 (ODgop = 0.1) with a blunt-
end syringe, using 10 mM MgSO;, treatment as a control. At 0,
4, and 7 h post-inoculation, five leaf disks, cut with a 6-mm core
borer, were collected, washed in de-ionized water, and placed in
a 15-ml tube with 5 ml of de-ionized water. Triplicate tubes for
each sample were gently shaken for 15 min followed by the mea-
surement of solution conductivity, using an electrical conductivity
meter (The London Company, Welwyn International Inc. Cleve-
land, OH, USA). Each tube was measured three times to derive
average conductivity.

SA MEASUREMENT

Free and total SA (glucosylated SA) were extracted from 25-
day-old Arabidopsis plants (Ng etal., 2011; Wang etal., 2011a).
The same protocol was used to extract SA from leaves of Ca.
L. asiaticus-positive “Valencia” plants that demonstrated HLB
symptoms. SA separation and detection were conducted with a
high-performance liquid chromatography (HPLC) instrument as
previously described (Ngetal., 2011; Wang etal., 2011a).

RESULTS

IDENTIFICATION OF A CITRUS NDR1 ORTHOLOG

Since NDRI1 plays a critical role in Arabidopsis defense, we set out
to identify the citrus ortholog and investigate its role in defense
regulation. In Arabidopsis, NDR1 belongs to a large protein family
with over 40 members, named NDRI1/HIN1-like (NHL) pro-
teins (Dormanna etal., 2000). BLAST searching of the sequence
database of Citrus sinensis® with the NDR1 protein sequence
revealed a citrus protein (CsNDR1; orangel.1g028712m) with the
highest similarity to NDR1 (the E-value is 2.4¢7>%) and three
other top hits with E-values below 1.0 e=>. We further used
CsNDR1 as the query to search the Arabidopsis protein database
and retrieved sequences of NDR1 and 14 NHL proteins as the
top hits. To determine the extent of similarity among these pro-
teins, phylogenetic analysis was conducted, using the MEGA
program (version 5.0; Tamura etal., 2011). Figure 1 shows that

Shttp://www.phytozome.net

CsNDR1 is in the same cluster with NDR1 with 99% bootstrap
support. Two other citrus NHL proteins (orangel.1g041808m
and orangel.1g08713m) are also in the same cluster with NDR1
but with lower confidence levels in bootstrap support. Thus,
bioinformatic analysis suggests that CsNDR1 is an ortholog
of NDRI.

ECTOPIC EXPRESSION OF CsNDR1 COMPLEMENTS Arabidopsis ndr1-1

MUTANT

To test if CsNDRI shares conserved function with its Arabidopsis
correspondence, we used a genetic complementation approach.
The full-length CsNDRI cDNA was amplified via RT-PCR from
a ¢cDNA library made from Ca. L. asiaticus-infected “Valencia”
plants and was cloned initially to the pJET vector and then to
the binary vector pBINplusARS under the control of the CAMV
35s promoter. The CsNDR1/pBINplusARS construct was used to
transform ndrl-1 via the standard floral dipping method (Clough
and Bent, 1998). The presence of the transgene was confirmed
by PCR with gene-specific primers. Initial infection of the T,
transgenic plants with a virulent strain P. syringae pv. maculi-
cola ES4326 (Pma) indicated that some of the transgenic plants
were more resistant than ndrl-1 (data not shown). We further
isolated homozygous plants for eight independently transformed
lines (ndri-1 + CsNDRI). Infection of these plants with Pma
showed that all lines were more resistant than ndri-1 and some
were even more resistant than Col-0 (Figure 2A). Total RNA was
isolated from these plants and northern blotting indicated that
the level of disease resistance in some transgenic plants was corre-
lated with the degree of transgene expression (Figure 2B). Thus,
our results suggest that CsNDRI positively regulates Arabidopsis
defense.

The Arabidopsis RPS2 is a CC-NBS-LRR type R protein. When
recognizing the avirulent strain Pma avrRpt2, RPS2 activates
strong defense responses. Such defense activation requires the
function of NDRI and sometimes leads to HR, a rapid pro-
gramed cell death in the infected region (Aarts etal., 1998).
We found that all transgenic plants showed enhanced disease
resistance to Pma avrRpt2 (ODgop = 0.0004), compared with
ndrl-1 (Figure 3A). In addition, the ndrl-1 mutant showed
compromised HR in response to a high dose of Pma avrRpt2
(ODgpo = 0.1), as indicated by the lack of leaf collapse (Figure 3B,
top panel; Century etal., 1995). We found that all transgenic plants
showed partial to full rescue of HR-defect of ndri-1 (Figure 3B,
bottom panel).

Interestingly, line 15 that showed the highest level of CsNDR1
expression, had a low frequency of leaf collapse in the HR assay,
albeit still more than the ndrl-1 mutant. We also noticed that
this line is smaller than other lines (Figure 4A). Thus we sus-
pected that the small leaf size might obscure the HR scoring.
To better quantify the HR cell death, we performed ion leakage
measurement with this line and another line (#9) that showed
medium CsNDRI expression (Figure 2B). When challenged with
Pma avrRpt2 (ODgog = 0.1), ndri-1 had the lowest level of
ion leakage (Figure 4B; Zhang etal., 2004), consistent with its
HR-deficit. The ion leakage level was highest in line 15 and
medium in line 9, compared with Col-0. Together disease resis-
tance and HR assays suggest that CsNDRI functions similarly as
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FIGURE 1 | Neighbor-joining phylogenetic tree to show relationship
among NDR1 homologs from Arabidopsis and citrus. The protein
sequences were retrieved from BLAST search of Citrus sinensis protein
database with NDR1 sequence as a query or from BLAST search of
Arabidopsis protein database with CsSNDR1 sequence as a query, using an
E-value cutoff e=4. The MEGA program (version 5.05) was used to construct

the tree. Protein sequences of the indicated genes were aligned with the
ClustalWw method and the tree was generated with the neighbor-joining
method, using 1000 bootstrap replications. Numbers on the tree indicate
bootstrap support (values <50% not shown). Branch lengths were drawn to
scale; size bar represents number of amino acid substitutions per site. RIN4
protein sequence was used as an outgroup to root the tree.

Arabidopsis NDRI in both basal and resistance protein-mediated
defense.

ECTOPIC EXPRESSION OF CsNDR1 LEADS TO ACTIVATION OF
SA-MEDIATED DEFENSE AND BROAD-SPECTRUM DISEASE
RESISTANCE

Salicylic acid is a key signaling molecule regulating defense path-
ways including basal defense, R gene-mediated resistance, and
systemic acquired resistance (Durrant and Dong, 2004; Lu, 2009).
To test whether SA-mediated defense is activated in the transgenic
plants, we quantified SA levels. We found that line 15 but not
line 9 accumulated much higher levels of both free and total SA
(glucosylated SA; Figure 4C). Consistent with its high SA levels,
line 15 also showed higher expression of the SA marker gene PRI

(Figure 4D). These results suggest that overexpression of CsNDR1
to a certain level activates SA signaling.

To further investigate how overexpressing CsNDRI affects
disease resistance, we challenged line 9 and 15 with additional
P. syringae strains. Ectopic expression of CsNDRI complemented
susceptibility conferred by ndrl1-1 to the virulent strain P. syringae
pv. tomato DC3000 (Pto; Figure 5A, left). Line 15 is also more
resistant to the isogenic avirulent strain Pto avrRps4 (Figure 5A,
right), which is recognized by RPS4 (a TIR-NBS-LRR type of
R protein) independently of NDR1 (Aarts etal., 1998). Thus,
these results indicate that ectopic expression of CsNDRI leads to
activation of resistance to a pathogen that the endogenous gene
otherwise does not have an effect on. In addition, we found that
line 9 and 15 showed increased resistance to the virulent oomycete

www.frontiersin.org

June 2013 | Volume 4 | Article 157 | 54


http://www.frontiersin.org/
http://www.frontiersin.org/Plant-Microbe_Interaction/archive

Lu etal. Citrus NDR1 confers resistance

A 108 - A
£ d 3 d
T 4 c/d <
HERTS e g 24 e c 1074 M cccy
'5-, © 3 c —_ E b b P
™ ] E O ] a a a
T 3 1 b o .2 1 mim ™
o= 106 3 b b o 3
g2 3 D= 105
35 ] T © 1
m 105 = a = 9 :
] (0] 3 3
] I‘LI O = 3
4
10 T 21034
SO N2 4 91011 131516 m 3
& & 1
\\ ndr1-1+ CsNDR1 1
B 10
SOAN 2 4 91011131516
\§
bl '. Rl O " ndr1-1+ CsNDR1
SRR S A 155 A
N B ndr1-1+
Q av
Sy 24 910111815 16 Col-0  ndr1-1 CsNDR1 #9
¢ ndr1-1+ CsNDR1 }
FIGURE 2 | CsNDR1 rescues enhanced disease susceptibility conferred
by Arabidopsis ndr1-1 to a virulent P syringae strain. (A) Bacterial
growth assay. Twenty-five-day-old plants were infected with the virulent
strain P syringae pv. maculicola ESA4326 (Pma; ODgpg = 0.0001). Bacterial
growth was assessed 3 days after infection. Data represent the average of
bacterial numbers in six samples =+ standard error. Statistical analysis was
performed with log transformed data, using one-way analysis of variance
(ANOVA) Fisher's protected least significant difference (PLSD) tests
(StatView 5.0.1). Different letters indicate significant difference among the — 1 20
samples (P < 0.05). (B) Expression analysis of transgenic plants carrying o
CsNDR1.Total RNA was extracted from 25-day-old plants and analyzed by > T
northern blotting. A probe specific to CsSNDR1 was used to detect @© 1 OO {. 'l' 1] 'I' 3
expression of the transgene. The 78S rRNA probe was used to indicate 9 1
equal loading in the samples. These experiments were repeated two "‘6 80
times with similar results. ¥ o I
I 260
= b
c
pathogen Hpa Noco2, compared with ndrI-1 (Figure 5B). Thus, 8 40 1
overexpressing CsNDRI could lead to broad-spectrum disease o
resistance. o 20
N
O .|
SA ACCUMULATION AND EXPRESSION OF CsNDRT ARE MODESTLY 0\9 ,\,’\ 2 4 91011131516
INDUCED BY Ca. L aS|a.t|cu§ INFECTION o . (@) (\6\ ndr1-1+ CsNDR1
To see how SA signaling is affected by HLB in citrus, we infected
15-month-old “Valencia” plants with Ca. L. asiaticus, using mock- ) o
treated plant trol. We began to observe at 11 wai HLB FIGURE 3 | CsNDR1 rescues enhance disease susceptibility and
reated plants as a ?On ToL & . Vi wi . HR-defect conferred by ndr1-1in response to Pma avrRpt2. (A) Bacterial
symptoms, chlorosis and/or blotchy mottling of leaves, which | growth assay. Twenty-five-day-old plants were infected with Pma avrRpt2
increased in severity by 16 wai (Figure 6A). We did qPCR with (ODgpg = 0.0004). Bacterial growth was assessed 3 days after infection.
the s mptomatic and control leaves using primers speciﬁc to Ca Data represent the average of bacterial numbers in six samples + standard
,y . > . : error. Statistical analysis was performed with log transformed data, using
L. asiaticus. The average Ct values of the symptomatic leaves were one-way ANOVA Fisher's PLSD tests (StatView 5.0.1). Different letters
21.8 at 11 wai and 20.7 at 16 wai. No Ca. L. asiaticus was detected indicate significant difference among the samples (P < 0.05). (B) HR test.
in the control. Thus these symptomatic leaves were confirmed to Half leaves of the fourth to seventh leaves of 25-day-old plants were
be Ca. L. asiaticus positive. The symptomatic leaves were further infiltrated with Pma avrfipt2 (ODggo = 0.1) and scored for the HR
R K symptoms 16 h post-infection. At least 16 leaves were infected in each
collected for SA measurement and RNA analysis. Compared with sample. Top panel: picture of infected leaves. The arrowheads indicate
the mock control, the symptomatic leaves from infected plants leaf collapse, a typical HR symptom, in Col-0 and a representative
had about twofold more total SA levels (Figure 6B). Similarly, complemented plant (line 9) but not in ndri-1. Bottom panel: the
. f CsNDR Iso ind d ab fold . percentage of the infected leaves of each genotype that showed HR.
eXpI:eSSIOH Ol L5 X 1 'was also induced about twotold more in These experiments were repeated two times with similar results.
the infected leaves (Figure 6C). These data suggest that SA and/or

Frontiers in Plant Science | Plant-Microbe Interaction June 2013 | Volume 4 | Article 157 | 55


http://www.frontiersin.org/Plant-Microbe_Interaction/
http://www.frontiersin.org/Plant-Microbe_Interaction/archive

Lu etal.

Citrus NDR1 confers resistance

B 160
7) 1))
c g 120 m Col-0
GE) © m ndri-1
9 § 80 nLine9
0 9 .
2o 40 m Line 15
0.
Free SA Total SA
1.6 16
*
*
SA 1.2 12
(ue/eo.8 8
FW)
0.4 4
0 0
Q N\ Q N
O A 9 15 SO A 9 15
¢ & Tams & e
CsNDR1 CsNDR1
D _ b

ETE

S AN 9 15

o N _

o @ ndri-1+
CsNDR1

FIGURE 4 | CsNDR1 overexpression leads to increased ion leakage,
SA accumulation, and PR17 expression. (A) Picture of 25-day-old plants.
Other transgenic lines resemble Col-0 (not shown). (B) lon leakage
measurement. The fourth to seventh leaves of 25-day-old plants were
infiltrated with Pma avrRpt2 (ODggg = 0.1) and collected at the indicated
times post-infection for ion leakage measurement. The data represent
average of triplicate samples, each of which contained five individual leaf
disks of 6 mm in diameter. (C) SA quantitation. Twenty-five-day-old plants
were harvested for SA extraction followed by HPLC analysis. Asterisks
indicate significant difference between the samples and Col-0 (P < 0.05;
n = 3). (D) Northern blotting. DNA fragments specific to PR7 and 18s
rRNA, respectively, were used to probe blots containing RNA samples from
Col-0, ndr1-1, and transgenic lines 9 and 15. These experiments were
repeated two times with similar results.

CsNDRI-mediated signaling are activated modestly upon Ca. L.

asiaticus infection.

DISCUSSION

In this study, we presented bioinformatic and experimental
evidence suggesting that the citrus gene CsNDRI is an Arabidop-
sis NDRI ortholog. Overexpression of CsNDRI in Arabidopsis
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FIGURE 5 | CsNDR1 confers broad-spectrum disease resistance.

(A) Bacterial growth assay. Twenty-five-day-old plants were infected

with Pto (left panel; ODggp = 0.0002) or Pto avrRps4 (right panel;

ODggp = 0.0004). Bacterial growth was assessed 3 days after infection.
Data represent the average of bacterial numbers in six samples + standard
error. (B) Hpa sporangiophore measurement. Seven-day-old seedlings were
spray-infected with Hpa Noco2 (5 x 104 spores/ml in water). Statistical
analysis was performed with one-way ANOVA Fisher's PLSD tests
(StatView 5.0.1). Different letters indicate significant difference among the
samples (P < 0.05). These experiments were repeated twice with similar
results.

rescues ndrl-1-conferred susceptibility to P. syringae infection
and leads to broad-spectrum disease resistance to the oomycete
pathogen Hpa Noco2. We also found that both SA accumula-
tion and CsNDRI expression are induced to modest levels in
citrus upon infection with Ca. L. asiaticus, the agent associated
with HLB. Our data suggest a possibility that manipulation of
SA/CsNDRI-mediated defense may lead to enhanced resistance to
HLB and other devastating diseases in citrus.

SA plays a critical role in regulating plant resistance against
various pathogens. Broad-spectrum disease resistance has been
successfully introduced into several economically important plants
via manipulation of the SA pathway. Much of the previous studies
have been focused on NPRI, a key SA signal transducer. For
instance, overexpression of Arabidopsis NPR1 and/or its homologs
from other plants confers resistance against diverse bacterial and
fungal pathogens in Arabidopsis, apple, citrus, soybean, tomato,
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FIGURE 6 | Ca. L. asiaticus infection induces modest increase of SA
accumulation and CsNDR1 expression in citrus. Fifteen-month-old
“Valencia” plants were infected with Ca. L. asiaticus or mock treated.

(A) Photo of leaves collected at 16 wai. Note the infected leaves showing
chlorosis and blotchy mottling, typical HLB symptoms. (B) SA quantitation.
(C) gRT-PCR analysis. CsNDR1 expression was normalized to the
expression of 78S rRNA and is presented as mean fold differences relative
to control. Results are based on six biological replications. Statistical
analysis was performed with one-way ANOVA Fisher’s PLSD tests
(StatView 5.0.1). Asterisks indicate significant different between the
samples (P < 0.05). These experiments were repeated two times with
similar results.

rice, and/or wheat (Fitzgerald et al., 2004; Li et al., 2004; Makandar
etal,, 2006; Malnoy etal., 2007; Sandhu etal., 2009; Zhang etal,,
2010). These observations suggest that SA-mediated defense is
conserved in monocots and dicots, and can be activated to against
a range of pathogens (Campbell etal., 2002). Consistent with this
notion, reports showed that exogenous application of SA agonists,
such as benzothiadiazole and its commercial forms, acibenzolar-
S-methyl (ASM, Actigard®, Syngenta Crop Protection, Inc.) and
imidacloprid (Imid, Admire®, Bayer Crop Science), to citrus and
other plants could induce defense marker gene expression and/or
activate some protections of plants to a variety of viral, bacterial,
and fungal pathogens (Campbell etal., 2002; Maxson-Stein et al.,
2002; Dekkers et al., 2004; Francis et al., 2009; Graham and Myers,
2009).

Arabidopsis NDRI is a positive SA regulator, which is known
to be specifically required for defense activated by some CC—
NBS-LRR R proteins but not by some TIR-NBS-LRR type of R
proteins (Aarts etal., 1998; Coppinger etal., 2004). Although not
much is known about R-avr recognition in many non-Arabidopsis
plants, the fact that NDRI homologs widely exist in diverse plants

(Lee etal., 2006; Chong etal., 2008; Cacas etal., 2011) suggests
conserved defense signaling involving NDRI homologs. Recently
a coffee NDRI homolog was shown to complement the ndri-I
mutant for its susceptibility to P. syringae strains (Cacas etal.,
2011). Here we also showed a complementation of ndrl-1 by
CsNDRI. The transgenic plants showed varying levels of CsNDR1
expression, which is not uncommon for transgenes (Lu etal,
2003). We noticed that there is a degree of correlation between
the level of transgene expression and the level of disease resistance
in some transgenic plants (Figure 2). One line highly expressing
CsNDRI (line 15) constitutively activates SA-mediated defense,
associated with enhanced disease resistance to Pto avrRps4 (that
is not affected by the endogenous Arabidopsis NDR1) and to
the oomycete isolate Hpa Noco2 (Figure 5). It is known that
signals induced by different R genes upon recognition of their cog-
nate effectors from pathogens can converge at downstream steps,
involving SA-mediated defense (Martin etal., 2003; Chisholm
etal,, 2006). Our data suggest that hyper-activation of one branch
of R-gene pathways, such as the CsNDRI branch, could poten-
tially activate SA signaling, leading to broad-spectrum disease
resistance.

In Arabidopsis, both resistant and susceptible responses to
pathogen infection are characterized by elevated SA accumu-
lation and defense gene induction but with differences in the
speed and amplitude of the responses (Zhou etal., 1998; Maleck
etal., 2000; Tao etal., 2003; Song etal., 2004). Compared with
a resistance response in Arabidopsis, induction of SA levels in
citrus infected with Ca. L. asiaticus is quite small (Figure 6B).
In addition, our gene expression data (Figure 6C) and microar-
ray analyses (Albrecht and Bowman, 2008, 2012) indicate that
the spectrum and intensity of defense genes induced by Ca. L.
asiaticus are also quite limited. These observations suggest that
when infected by Ca. L. asiaticus, citrus plants do not activate
considerable host defense. This can be explained with at least
two possible reasons: (1) a lack of recognition of effector pro-
teins from Ca. L. asiaticus by citrus; and/or (2) a suppression of
host defense by Ca. L. asiaticus. Thus, the interaction between
citrus and Ca. L. asiaticus can be viewed as a compatible inter-
action, leading to disease symptom development in the host.
The relatively low level of host defense in response to Ca. L.
asiaticus also suggests a possibility that HLB resistance can be
achieved if we could manipulate the host to enhance its defense
levels.

Genetic engineering is a particularly attractive approach to
introduce disease resistance traits into citrus because citrus
has long juvenile growth — it typically takes 5-15 years for
a citrus plant to flower. In addition, most commercial citrus
cultivars produce polyembryonic seeds asexually, which com-
plicates the process of introducing novel traits into citrus via
traditional breeding (Koltunow etal., 1996). Recently the Ara-
bidopsis NPR1 gene was shown to increase resistance to the
canker disease when overexpressed in citrus (Zhang etal., 2010).
Thus, CsNDRI, citrus NPRI, and other citrus homologs of
SA regulatory genes are ideal candidates that can be geneti-
cally manipulated to increase their expression in order to test if
these genes confer resistance to HLB in citrus. Engineering such
genes could yield citrus plants with enhanced disease resistance
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that are also more acceptable to the consumers than those engi-
neered with similar genes from other plants. Moreover, the newly
released citrus genome sequence has greatly facilitated the iden-
tification of additional citrus defense genes. We anticipate that
large-scale functional genomic analysis could uncover defense
genes that play critical roles in resistance against HLB, citrus
canker, and/or other emerging diseases challenging the citrus

industry worldwide.
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Cell wall methanol as a signal in plant immunity
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Cell wall pectin forms a matrix around the cellulose—xyloglucan network that is composed of
rhamnogalacturonan I, rhamnogalacturonan I, and homogalacturonan (HG), a major pectic
polymer consisting of a-1,4-linked galacturonic acids. HG is secreted in a highly methyl-
esterified form and selectively de-methyl-esterified by pectin methylesterases (PMEs)
during cell growth and pathogen attack. The mechanical damage that often precedes the
penetration of the leaf by a pathogen promotes the activation of PME, which in turn leads
to the emission of methanol (MeOH), an abundant volatile organic compound, which is
quickly perceived by the intact leaves of the damaged plant, and the neighboring plants. The
exposure to MeOH may resultina “priming” effect onintact leaves, setting the stage for the
within-plant, and neighboring plant immunity. The emission of MeOH by a wounded plant
enhances the resistance of the non-wounded, neighboring “receiver” plants to bacterial
pathogens and promotes cell-to-cell communication that facilitates the spread of viruses

in neighboring plants.
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INTRODUCTION

Plant cells are covered with a dense extracellular matrix that pre-
vents direct contact between adjacent cells and pathogens. Damage
to the plant epidermis caused by abiotic (wind, hail, and rain) and
biotic (insects) factors may allow the penetration of pathogens
(bacteria, fungi, oomycetes, and nematodes) into the intercellu-
lar space of the leaf and virus particles into the cell. Thus, plant
wounding is one of the conditions for pathogen entry. However,
mechanical damage to the leaf promotes the emission of volatile
organic compounds (VOCs), including the green leaf volatiles
(GLVs), and methanol (MeOH), which are quickly perceived by
the intact leaves of the damaged plant and the intact neighbor-
ing plants (Dorokhov etal., 2014). The transport of VOCs is
much faster compared to the transport of infectious viral enti-
ties and bacterial effectors through the phloem. Thus, exposure
to VOCs may result in a “priming” effect on intact leaves, set-
ting the stage for subsequent plant immunity. GLVs are associated
with the smell of a freshly mown lawn and are derived from C18
fatty acids released from damaged membranes. MeOH, quantita-
tively the most important plant volatile after CO,, is a product of
the demethylation of pectin by the pectin methylesterases (PMEs)
during cell wall (CW) formation and modification (Pelloux et al.,
2007).

PME-MEDIATED PLANT IMMUNITY

Cell wall pectin forms a matrix around the cellulose—xyloglucan
network that is composed of three main components called
rhamnogalacturonan I (RGI), rhamnogalacturonan II (RGA II),
and homogalacturonan (HG), a major pectic polymer consist-
ing of a-1,4-linked galacturonic acids (Peaucelle etal., 2012). HG
is secreted in a highly methyl-esterified form and selectively de-
methyl-esterified by PMEs, resulting in MeOH formation. The
PME genes encode a pro-PME precursor with an N-terminal

extension of variable length that is essential for protein targeting
to the endoplasmic reticulum (Dorokhov etal., 1999). PME
maturation requires removal of the PME leader including the
transmembrane domain and spacer sequence (Dorokhov etal,
2006a). It was hypothesized that the spacer sequence plays a role
in subcellular targeting and acts as an intramolecular chaperone
for folding of the mature enzyme or as an autoinhibitor dur-
ing transport through the endomembrane system (Pelloux etal.,
2007). PME participates in CW modulation during general plant
growth as it is involved in cell expansion and CW modification
(Pelletier etal., 2010). The synthesis of PME is one of the aspects
of plant growth that leads to the demethylesterification of the elas-
tic “soft” pectins that accompanies MeOH generation (Komarova
etal., 2014) as part of the natural division and maturation of the
plant cell. After demethylesterification, pectate can form Ca’™-
pectate cross-linked complexes of rigid “hard” pectin, referred to
as “egg boxes” (Peaucelle etal., 2012).

The important role of PME in the resistance of plants to
fungi and bacteria has been demonstrated (Pelloux etal., 2007).
A higher degree of pectin methyl esterification in certain plants
induces resistance to pathogenic fungi (Lionetti etal., 2012). CW
pectin methyl esterification may have an impact on plant resistance
because highly methyl-esterified pectin can be less susceptible
to hydrolysis by pectic enzymes such as fungal endopolygalac-
turonases. This view is supported by experiments performed
with plants that were stably transformed with the PME inhibitor
(PMEI) gene. The PMEI transgenic Arabidopsis (Lionetti etal.,
2007) and durum wheat (Volpi etal., 2011) plants exhibited high
levels of resistance to fungal and bacterial pathogens. More-
over, PME-mediated pectin methyl de-esterification may influence
the polygalacturonase-mediated release of pectin-derived com-
pounds, which in turn elicits a defense response (Pelloux etal.,
2007; Lionetti etal., 2012).
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The role of PME in viral infection is more complicated.
PME interacts with the movement protein (MP) of the Tobacco
mosaic virus (TMV; Dorokhov etal., 1999; Chen etal., 2000),
suggesting that PME may be involved in the cell-to-cell move-
ment of plant viruses (Chen and Citovsky, 2003). Interestingly,
PMEI also interacts with PME to negatively affect viral infec-
tion (Lionetti etal., 2014), most likely by interfering with PME
and TMV MP binding. The complex role of PME in viral
infection is also underscored by the effects of PME on nuclear
protein transport (Komarova etal., 2011) and gene silencing
mediated by the activation of siRNA and miRNA production
(Dorokhov et al., 2006b).

MeOH AND PLANT IMMUNITY

The PME-mediated conversion of HG methoxyl groups into
carboxyl groups results in MeOH release. In humans, MeOH
is considered to be a poison because alcohol dehydrogenase
metabolizes MeOH into toxic formaldehyde. However, recent
data have indicated that MeOH is actually a naturally occur-
ring compound in normal, healthy human individuals. MeOH
is not toxic to plant cells and has long been assumed to be
a metabolic waste product. Recently, it has been shown that
MeOH may regulate plant growth (Komarova etal., 2014) and
serve an alarm function (Dorokhov etal., 2012a). The effects
of PME-generated MeOH emitted from plants (“emitters”) on
the defensive reactions of other plants (“receivers”) were stud-
ied (Dorokhov etal., 2012a). The results of this study led to the
conclusion that MeOH is a signaling molecule that is involved in
within-plant and plant-to-plant communication (Dorokhov etal.,
2012a).

Mechanical damage to plants drastically increases MeOH and
GLVs emission. GLVs that are rapidly released from wounded
leaves may in turn stimulate PME-generated MeOH production
(Dorokhov etal., 2012a). Herbivore attacks also increase MeOH
emission levels: Manduca sexta caterpillars enhance wound-
induced MeOH emission in Nicotiana attenuate (von Dahl etal.,
2006). The over-expression of PME, derived from Arabidop-
sis thaliana and Aspergillus niger, in transgenic tobacco plants
enhances resistance to polyphagous insect pests (Dixit et al.,2013).
Transgenic plants with a silenced PME gene exhibited a 50%
reduction in PME activity in their leaves and a 70% reduction
in herbivore-induced MeOH emissions compared to wild type
plants. This result demonstrates that herbivore-induced MeOH
emissions originate from pectin demethylation by PME (Korner
etal,, 2009). The emission of MeOH is very fast and can be
detected immediately following mechanical damage. Thus, the
MeOH emitted from wounded leaves is produced by two forms
of PME: pre-existing PME deposited in the CW before wound-
ing, which allows rapid MeOH release (Korner etal., 2009), and
PME that is synthesized de novo after wounding (Dorokhov
etal., 2012a), which likely generates MeOH for an extended
period.

Unlike longer-chain alcohols, the MeOH emitted by a wounded
plant attracts insects and bark beetles. Moreover, mice prefer the
odor of MeOH to the odors of other plant volatiles under labora-
tory conditions, and MeOH exposure alters the accumulation of
mRNA in the mouse brain (Dorokhov etal., 2012b). This finding

led to the conclusion that the MeOH emitted by wounded plants
may have a role in plant-animal signaling.

Investigations demonstrated (Dorokhov etal., 2012a) that
increased MeOH emissions from PME-transgenic or mechan-
ically wounded non-transgenic plants retarded the growth of
the bacterial pathogen Ralstonia solanacearum in neighboring
“receiver” plants. The suppression of R. solanacearum growth
observed in the “receiver” plants could be caused by gaseous
MeOH or/and by GLVs. Indeed, cis-3-hexen-1-ol evaporated in
a desiccator also resulted in decreased bacterial growth in the tar-
get plants. However, GLVs rapidly released from wounded leaves
stimulated PME-generated MeOH production (Dorokhov etal.,
2012a), suggesting that their influence on bacterial growth may
be indirect. MeOH-stimulated antibacterial resistance was pre-
ceded by the upregulation of genes that control stress response
and cell-to-cell communication in the “receiver”. Antibacterial
resistance accompanied by MeOH-induced genes (MIGs) upreg-
ulation was most likely related to the transcriptional induction
of the type II proteinase inhibitor (PI-II) gene. PI-IIs are powerful
inhibitors of serine endopeptidases in animals and microorgan-
isms (Turra and Lorito, 2011). The PI-II gene is not expressed
in the leaves of healthy plants, but it is induced in leaves
that have been subjected to different types of stress, includ-
ing wounding and bacterial infection. PME-transgenic tobacco
with high levels of PI-II expression exhibited increased resis-
tance to R. solanacearum (Dorokhov etal., 2012a). This find-
ing supports the role of PI-II in the suppression of bacterial
proteases.

Experiments with gaseous MeOH provided examples of prim-
ing in intact plants (Figure 1), which led to conditions con-
ducive for viral infection (Dorokhov etal., 2012a). This effect
could be explained by the enhancement of cell-to-cell commu-
nication by the MIGs, such as B-1,3-glucanase (BG; Zavaliev
etal.,, 2011) and non-cell-autonomous pathway protein (NCAPP;
Lee etal., 2003).

A model (Figure 1) proposing that MeOH-triggered PD dila-
tion should enhance viral spread within the plant was confirmed
in experiments in which BG and NCAPP activated cell-to-cell
communication and TMV RNA accumulation. Moreover, gaseous
MeOH or the vapors from wounded plants increased TMV
reproduction in the “receivers” (Dorokhov etal., 2012a).

Thus, MeOH has a contradictory effect on the sensitivity of the
leaves of the “receiver” plant to bacteria and viruses. The mecha-
nisms that underlie this phenomenon are not clear; however, we
can consider two factors that may explain this inconsistency in
the MeOH-induced effects. First, there is a fundamental differ-
ence between bacteria and viruses with respect to their modes of
intercellular transport. Bacterial pathogens do not cross the plant
CW boundaries because they inhabit the intercellular spaces. In
contrast, viral pathogens require cell-to-cell movement for local
and systemic spread. Second, the most abundant MIGs can be
divided into two groups according to their ability to participate
in either bacterial or viral pathogenesis. The first, including PI-II
and PME inhibitor, are involved in immunity against non-viral
pathogens. The second group of genes, including NCAPP and
MIG-21 (Dorokhov etal., 2012a), is involved in the PD-mediated
intercellular transport and reproduction of viruses. The most

Frontiers in Plant Science | Plant-Microbe Interaction

March 2014 | Volume 5 | Article 101 | 61


http://www.frontiersin.org/Plant-Microbe_Interaction/
http://www.frontiersin.org/Plant-Microbe_Interaction/archive

Komarova etal.

Cell wall methanol and plant immunity

HO)
Sy £ o

¢

—» PME(QQ)
wounding induction

®
Ot SN

FIGURE 1 | The model of the effects of methanol emitted by the
damaged plant. Mechanical damage to the leaves of the plant (1), leads to
an increase in the expression level of PME (2), and induction of the release
of gaseous MeOH (3). Emitted MeOH causes priming of adjacent leaves

bacteria

\ ! bacteria

and neighboring plants, including activation of the MIGs (4), the emergence
of bacterial immunity (5), the opening of plasmodesmata, and increased
sensitivity to the virus penetration and intercellular distribution of viral
pathogens (6).

abundant MIG, the BG gene, is involved in antibacterial immunity;
however, the BG protein also accelerates PD-mediated intercellular
transport.

CONCLUSION

Based on the available data, we can conclude that wounding-
stimulated MeOH that is released into the air by damaged plants or
plants compromised by herbivorous insects serves as an alarm to
help neighboring plants or adjacent leaves prepare for a defense.
The MeOH provides protection against herbivorous insects and
plant pathogens such as bacteria. However, considering the role
of MeOH in the relationship between viruses and plants, we do
not find a negative, or even a neutral, influence of MeOH on
viruses. On the contrary, the findings described (Dorokhov etal.,
2012a) indicate that MeOH sensitizes the plant to allow the entry
and spread of a virus through the plant and between plants by
insect vectors. Therefore, MeOH promotes viral propagation. The
positive impact of MeOH on viral infection may be explained
by several factors. First, plant viruses differ from other types of
pathogens as they inhabit the symplast. Furthermore, the sur-
vival of a virus depends on its ability to move from cell-to-cell
exploiting PD to accumulate to sufficient levels and in enough tis-
sues to guarantee survival despite using a very limited amount of
genetic material. Thus, a virus, with its small but highly vari-
able genome, spends its entire life in the cell symplast, while
other pathogens occupy the apoplast. Second, the symplast is not
only the space in which viruses reproduce, but it is also the site
of RNA interference mechanisms that serve to eliminate foreign
RNA. The specific degradation of RNA by RNA interference allows
the host plant to effectively control viruses and other pathogens.
It is known that the intracellular and intercellular transport of

silencing factors is necessary for effective RNA interference. There-
fore, a MeOH-mediated increase in viral replication may be
regarded as compensation for the acquisition of antimicrobial
resistance.
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Sucrose is the main form of assimilated carbon which is produced during photosynthesis
and then transported from source to sink tissues via the phloem. This disaccharide is
known to have important roles as signaling molecule and it is involved in many metabolic
processes in plants. Essential for plant growth and development, sucrose is engaged in
plant defense by activating plant immune responses against pathogens. During infection,
pathogens reallocate the plant sugars for their own needs forcing the plants to modify their
sugar content and triggering their defense responses. Among enzymes that hydrolyze
sucrose and alter carbohydrate partitioning, invertases have been reported to be affected
during plant-pathogen interactions. Recent highlights on the role of invertases in the
establishment of plant defense responses suggest a more complex regulation of sugar
signaling in plant-pathogen interaction.
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INTRODUCTION

Cash and subsistence crops are susceptible to a large num-
ber of diseases caused by plant pathogens. Among pathogenic
organisms: fungi, oomycetes, viruses and bacteria are the most
important ones. The direct consequence of pathogen attack is
the decrease of the crop yield. In addition to economic loss,
consumer health may be compromised due to risks in ingesting
toxins produced from secondary metabolites of these pathogens.
Mycotoxins are probably the most known factors produced by
fungi, which are not only poisonous but also carcinogenic for
human (Maresca, 2013).

The plant response is mediated by a sophisticated immune
system divided into two different pathways. The first is microbial-
associated molecular-patterns-triggered immunity (MTI), consti-
tuted by elicitors recognized by the plant innate immune systems
via pattern recognition receptors (PRRs) (Ausubel, 2005; Katagiri
and Tsuda, 2010). The second is the effector-triggered immunity
(ETT) stimulated on the basis of the perception of pathogen effec-
tors by plant disease resistance proteins (Dangl and Jones, 2001;
Jones and Dangl, 2006).

Pathogens modify the host metabolism which results in
an energy increase and production of carbon sources (Thines
et al., 2000) including sucrose and its cleavage products, glu-
cose and fructose (Roitsch and Gonzalez, 2004; Rolland et al.,
2006). Sucrose hydrolysis is catalyzed by invertases, and the
consequence is the shifts of the apoplastic sucrose/hexose

Keywords: sucrose, cell wall invertase, vacuolar invertase, alkaline/neutral invertase, plant defense response

ratio in favor of hexoses. The aim of this paper is to
review recent evidence on the crucial roles of invertases dur-
ing plant pathogen attacks and how the invertase activity is
regulated.

FROM CARBOHYDRATE PARTITIONING TO PLANT DEFENSE
RESPONSE

SUCROSE SIGNAL MOLECULE

In higher plants, sucrose is the major transport form of carbo-
hydrates. Sucrose is produced during photosynthesis in source
tissues (leaves), and then transported via the phloem to the differ-
ent sink tissues (roots, stem, reproductive organs and vegetative
storage organs) to provide the carbon and energy needed for
growth and synthesis of storage reserves.

The role of sucrose as signaling molecule is well established
(for reviews see Koch, 2004; Rolland et al., 2006; Wind et al., 2010;
Tognetti et al., 2013). It affects plant development processes such
as plant growth, regulation of flowering, differentiation of vas-
cular tissue and development of storage organs (for review see
Tognetti et al., 2013). Sucrose cleavage products, glucose and fruc-
tose, also act as signaling molecules. Of the two hexoses, glucose
has been better described in relation with the hexokinase signaling
pathway (Moore et al., 2003; Cho et al., 2009) while for fructose
a specific pathway has been proposed involving the abscisic acid
(ABA)- and ethylene-signaling pathway (Cho and Yoo, 2011; Li
etal., 2011).
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Gomez-Ariza et al. (2007) observed that the pre-treatment of
rice plants with sucrose drastically reduced symptoms of fun-
gal Magnaporthe oryzae infection and they proposed sucrose as
a signal molecule in plant immunity.

PLANT INVERTASES

Invertases (EC.3.2.1.26) hydrolyze irreversibly sucrose into glu-
cose and fructose. Three groups were identified: alkaline/neutral
invertases (A/NInv) localized in the cytosol, mitochondria and/or
in plastids, and two types of acid invertases, insoluble bound to
the cell wall (cell wall invertase, CWI) and soluble found in the
vacuole space (vacuolar invertase, VI), respectively.

ACID INVERTASES AND PROTEINACEOUS INHIBITORS

Acid invertases, CWIs and VIs, belong to the GH32 family.
CWTIs play a key role in sucrose partitioning, plant develop-
ment and cell differentiation while VIs are involved in cell
expansion, sugar storage and regulation of cold induced sweeten-
ing (Roitsch and Gonzalez, 2004). Both are post-translationally
regulated by proteinaceous inhibitors (INHs) which belong,
with pectin methylesterase inhibitors (PMEIs), to the pectin
methylesterase inhibitor related protein (PMEI-RP) family (Pfam
04043) (Hothorn et al., 2004).

During plant infection, the level of VI modulation is poorly
understood with contradictory reports in the literature that leads
to an unclear functional assignment (Table 1). On the one hand,
a reduction of VI expression has been observed during the infec-
tion of Vicia faba by Uromyces fabae and Vitis vinifera by Erysiphe
necator and Plasmopora viticola (Voegele et al., 2006; Hayes et al.,
2010). This down-regulation was attributed to a decrease in
the availability of sucrose in the storage compartment (Voegele
et al., 2006; Hayes et al., 2010). By contrast, a high VI activity
was observed during the first stage of infection of castor beans
by Agrobacterium tumefaciens that might suggest a supportive
function during invasion (Wachter et al., 2003). Moreover, the
expression of a VI (TIV-1) is not affected in tomato infected
by Botrytis cinerea (Hyun et al., 2011). Finally, when Essmann
et al. compared wild type tobacco plants and transgenic plants
silenced for CWI after infection by Phytophthora nicotianae, they
noticed no significant changes in the VI activity (Essmann et al.,
2008a,b) suggesting that the VIis not involved in the plant defense
response. These results reinforce the doubts concerning the exact
role of VIs in plant immunity.

By contrast, the link between plant response against pathogen
and CWI activity has been widely studied (Table1). A com-
mon trend is observed for the rapid increase of the CWI mRNA
level after infection by bacterial, fungal, viruses, oomycetes and
nematodes (for detailed references see Table1). Indeed, the
up-regulation of CWI activity is essential to modulate sugar
partitioning and provide the sugars which are necessary for
the pathogen development. A clear example has been demon-
strated for gall development in A. thaliana (Siemens et al., 2011).
Moreover, it was shown that during infection CWI activity also
triggers plant defense responses such as induction of defense-
related gene expression, callose deposition and reduction of pho-
tosynthesis or cell death. CWI silencing disrupts the ability of
transgenic plants to answer correctly to the pathogen attacks and

impairs the defense induced reaction (Essmann et al., 2008a).
In rice, the loss-of-function mutant of the CWI gene GRAIN
INCOMPLETE FILLING 1 (GIF1) has been demonstrated to
be hypersusceptible to postharvest pathogens while the consti-
tutive expression of GIF1 enhances the resistance to pathogens
by activating the plant defense response (Sun et al., 2013). In
the particular case of symbiosis (such as arbuscular mycorrhiza),
the expression of CWI is finely controlled by the partner to
prevent the induction of pathogenesis-related (PR) genes and
promote “long-term” interaction (Schaarschmidt et al., 2006,
2007).

Invertase activity is potentially modulated by proteinaceous
inhibitors (INHs) in a pH-dependent manner (Tauzin et al.,
2014). Greiner et al. (1998) demonstrated that tobacco INH
didn’t affect invertases purified from two fungi, Candida utilis and
Saccharomyces cerevisiae, supporting the idea that INHs are not
involved in plant defense mechanisms. However, a strong repres-
sion of the expression of one of the three INHs from A. thaliana
after infection by Pseudomonas syringae pv. tomato DC3000 was
documented (Bonfig et al., 2010). The invertase activity was
detectable only in infected plants while the enzyme was present
in infected and uninfected crude extract cells, indicating that the
enzyme activity was repressed by a specific inhibitor. This result
was corroborated by the utilization of the pseudo tetrasaccharide
acarbose which inhibits invertase activity in planta resulting in an
increased susceptibility of the infected plant compared to the wild
type (Bonfig et al., 2010).

ALKALINE/NEUTRAL INVERTASES

A/NInvs are non-glycosylated proteins and they belong to the
GH100 family (Lammens et al., 2009). They have different subcel-
lular localizations such as cytosol, mitochondria, chloroplast and
nuclei (Vargas and Salerno, 2010). A/NInvs are involved in plant
growth and development, flowering and seed germination (Jia
et al., 2008; Barratt et al., 2009; Welham et al., 2009). Xiang et al.
(2011) demonstrated that A/NInvs are part of the antioxidant
system involved in cellular reactive oxygen species homeostasis.
Moreover, exogenous application of gibberellic acid (GA) rescued
the delay of germination in the seeds of the A/NInv mutants sug-
gesting a communication between A/NInv and phytohormones
(Xiang et al., 2011; Martin et al., 2013).

Correlated with the increase of the CWTI activity, an increase of
the A/NInv activity has been observed in Pisum sativum, tobacco
and A. thaliana during infection by powdery mildew (Storr and
Hall, 1992), oomycetes (Essmann et al., 2008a), and the beet
curly top virus (Park et al., 2013), respectively. Interestingly, in
transgenic tobacco plants silenced for CWI, the A/NInv activity
remained unchanged during the interaction with the oomycetic
phytopathogen (Essmann et al., 2008a). The authors suggested
that the CWI activity increased first and by consequence the avail-
ability of carbohydrate changes and triggers the A/NInvs activity
as a secondary phenomenon in the plant immunity (Essmann
etal., 2008a). By contrast, the infections of A. thaliana by two dif-
ferent nematodes Heterodera schachtii and Meloidogyne javanica
led to the down-regulation of A/NInv gene (AtCINV1) reflected
by a decrease of activity (Cabello et al., 2013). Thus, the impor-
tance of A/NInv might vary depending on the pathosystem.
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Table 1 | Summary of plant pathogen interaction studies referring to invertase modulations.

Microorganism Plant Effects on invertase Additional features References

BACTERIA

Erwinia carotovora Carrot CWI (+) Induction of PAL Sturm and Chrispeels,
1990

Agrobacterium Ricinus communis CWI (+) VI (+) Change in sugar content, ABA synthesis Wachter et al., 2003

tumefaciens

Xanthomonas Tomato CWI (+) Change in sugar content, induction of Kocal et al., 2008

campestris pv senescence-associated and PR genes

vesicatoria

Xanthomonas Pepper CWI (+) Induction of defense response PR-Q Sonnewald et al., 2012

campestris pv

vesicatoria

Bois noir Grapevine CWI (+) Callose deposition, modulation of SUC genes Santi et al., 2013a,b

Xanthomonas oryzae Rice CWI (+) Change in sugar content, callose deposition, Sun et al., 2013

pv. oryzae induction of PR genes, ROS accumulation

FUNGI

Biotrophic

Erysiphe pisi Pisum sativum CWINI (+) A/NInv (+) Decrease of starch content Storr and Hall, 1992

Puccinia hordei
Blumeria graminis

Blumeria graminis
Blumeria graminis
Albugo candida

Erysiphe
cichoracearum
Uromyces fabae
Erysiphe necator

Hemibiotrophic
Magnaporthe grisea

Necrotrophic
Fusarium oxysporum
Botrytis cinerea
Symbiotic

Glomus intraradices
Glomus intraradices

OOMYCETES
Phytophthora
nicotianae
Plasmopara viticola

RHIZARIA
Plasmodiophora
brassicae
NEMATODE
Heterodera schachtii
Meloidogyne javanica

VIRUS
Potato virus Y

Beet severe curly top
virus

Barley
Barley

Wheat
Wheat
A. thaliana

A. thaliana

Vicia faba

Vitis vinifera

Rice

Tomato

Tomato

Tomato
Tobacco

Tobacco

Vitis vinifera

A. thaliana

A. thaliana
A. thaliana

Tobacco

A. thaliana

CWINI (+)
CWI (+) VI (+)

CWI (+) VI (+)
CWI (+) VI (+) A/NInv (+)
CWI (+) VI (/)

CWI (+)

CWI (+) VI (=)

CWI (+) VI (=)

CWI (+)

CWI (+)

CWI (+) VI()

CWI (4)
CWI (+)

CWI () VI (/) AINInv (+)

CWI (+)

CWI (+) VI (+)

CWI (=) VI (=) ANNInv (=)
CWI (=) VI (=) A/NInv
(+/-)

CWI (+) VI

CWI (+)

ND

Change in sugar content, down-regulation of
photosynthesis, callose deposition, induction of
defense response PR-1

ND

Change in sugar content

Change in sugar content, decrease of starch
content, down-regulation of photosynthesis,
decrease chloropyll content, induction of
defense proteins

Induction of HXT genes

ND
Induction of HXT and ABA
biosynthesis-associated genes

Change in sugar content, callose deposition,
induction of PR genes, ROS accumulation

ND
ND

ND

Change in sugar content, exchange of nutrients,
decrease chloropyll content, induction of PR
genes

Down-regulation of photosynthesis, callose
deposition, induction of PR and PAL genes
Induction of HXT and ABA
biosynthesis-associated genes

ND

Change in sugar content
Change in sugar content

Down-regulation of photosynthesis, induction of
PR genes, callose deposition

Callus-like structures, induction cell cycle-related
genes

Tetlow and Farrar, 1992
Scholes et al., 1994; Wright
et al., 1995; Swarbrick

et al., 2006

Greenshields et al., 2004
Sutton et al., 2007

Chou et al., 2000

Fotopoulos et al., 2003
Voegele et al., 2006

Hayes et al., 2010

Cho et al., 2005; Sun et al.,

2013

Benhamou et al., 1991
Hyun et al., 2011

Schaarschmidt et al., 2006
Schaarschmidt et al., 2007

Scharte et al., 2005;
Essmann et al., 2008a,b
Hayes et al., 2010

Siemens et al., 2011

Cabello et al., 2013

Herbers et al., 2000

Park et al., 2013

Abbreviations: (+), up-regulation; (—), down-regulation; (/), no change; ABA, abscisic acid; HXT, hexose transporter; PR, pathogenesis-related; ROS, reactive oxygen

species; SUC, sucrose transporter; ND, not described.
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DEFENSE-INDUCED FEATURES AFFECTED BY SUCROSE AND

INVERTASES

CLOCK, PHOTOSYNTHESIS, AND SUGAR CONTENT

The connections between the clock, the sugars and the immunity
have been previously presented (Roden and Ingle, 2009; Bolouri
Moghaddam and Van Den Ende, 2013) and here we discuss the
latest updates on this interconnectivity. Exogenous sucrose is able
to stimulate the circadian clock by inhibiting photosynthesis and
to coordinate answers during the light-dark cycles (Knight et al.,
2008; Dalchau et al., 2011; Haydon et al., 2013). A new metabolic
feedback loop involving the morning-expressed pseudo response
regulator 7 (prr7) gene was proposed by Haydon et al. (2013). At
dawn, the light activates PRR7 and photosynthesis, then the pho-
tosynthetically produced derived sugars accumulate and repress
the PRR7 promoter which causes the de-repression of the molec-
ular oscillator component circadian clock associated 1 (CCAl)
(Haydon et al., 2013). The clock-related genes (ccal and lhy)
affect stomatal aperture after pathogen infection and suggest a
crucial role of circadian clock in plant defense response (Wang
et al., 2011; Zhang et al., 2013). Diurnal rhythm has been shown
to regulate a CWI (LIN6) from tomato and that both CCAl
and LHY activate the Lin6 promoter (Proels and Roitsch, 2009).
During pathogen attack, the increase of CWI activity leading to
an accumulation of hexoses is associated with a down-regulation
of photosynthesis and expression of genes-related to photosyn-
thesis (Table 1). It is noteworthy that transgenic infected plants
silenced for CWI showed a delay in the reduction of photosyn-
thesis (Kocal et al., 2008). Thus, the cross-talk between clock,
sucrose and invertases tends to illustrate that a fine regulation of
the sucrose/hexose ratio is crucial in defense regulation (Haydon
etal., 2013).

During the day, both sucrose and starch are produced dur-
ing photosynthesis. During the night, the starch, accumulated
in the chloroplasts, is subsequently degraded to provide sub-
strates for sucrose synthesis. Starch synthesis can be regulated by
sucrose and clock by modulating the expression of starch syn-
thase (Wang et al., 2001). After pathogen infection, a decrease
in the starch content is observed in the infected region suggest-
ing that the degradation of starch provides more substrates to
sucrose synthesis. Interestingly, Engelsdorf et al. tested the sus-
ceptibility of starch-free A. thaliana mutants against biotrophic,
hemibiotrophic and necrotrophic pathogens and pointed out that
depending on the studied pathosystem the diurnal carbon avail-
ability is a susceptibility factor (Engelsdorf et al., 2013). Their
results imply that sugar availability might impact the ability of
plants to trigger defense responses.

One of the other possibilities for changing the sugar content
is the regulation of the expression of the sucrose transporter.
Sucrose acts on carbohydrate partitioning and phloem loading by
modulating the sucrose transporter expression, such as inducing
the expression of SUT2 in tomatoes or repressing the expres-
sion of BvSUT1 in beet (Barker et al., 2000; Vaughn et al., 2002).
Depending on the stage of infection, the expression of sucrose
transporters can be altered and as a consequence the sucrose par-
titioning can be modified. In rice infected by Xanthomonas oryzae
pv. Oryzae, SWEET proteins are upregulated and sucrose accu-
mulates in apoplast ready to be used for the pathogen growth

(Chen et al., 2010, 2012). Santi et al. reported a sequential regu-
lation of sucrose transporter genes which are first downregulated
during infection of grapevine by stolbur to limit the spread and
then upregulated during the recovery stage providing necessary
nutrients (Santi et al., 2013a,b). It is noteworthy that during
fungal infection the expression of CWI and hexose transporters
displayed a correlation enhancing the hexoses supply from the
phloem to the surrounding tissues during the transition from
source to sink (Fotopoulos et al., 2003; Hayes et al., 2010).
Moreover, Hayes et al. reported a relationship between CWI, hex-
ose transporters and ABA biosynthesis during the transition from
source to sink after infection (Hayes et al., 2010).

PHYTOHORMONES

For different phytohormones such as ABA, gibberellins, ethylene
and jasmonate, it was shown that they interact with the sucrose
signaling pathway (Finkelstein et al., 2002; Leon and Sheen, 2003;
Gibson, 2004; Heil et al., 2012). Their implication in plant defense
response and the relationship with sugars have been widely dis-
cussed in various reviews (Bolouri Moghaddam and Van Den
Ende, 2012, 2013).

PATHOGENESIS RELATED PROTEINS

PR proteins are synthesized in response to plant pathogen attack.
Their classification and their properties have been well described
(for reviews see Kitajima and Sato, 1999; Van Loon et al., 2006;
Sels et al., 2008). As reported in several studies, the up-regulation
of CWI due to the infection goes along with the induction of
PR genes (Table 1) such as PR-1a, PR-1b, PR3, PR10, WRKY45,
and NPRI in rice (Sun et al., 2013), PR-1b and PR-Q in tobacco
(Herbers et al., 1996; Schaarschmidt et al., 2007; Essmann et al.,
2008b) and PR-Q, Pin-II and GluB in tomato (Kocal et al.,
2008). During transgenic approaches the overexpression of CWI
in tobacco or in rice presented constitutively high levels of PR
transcripts compared to the wild type plants (Herbers et al., 1996;
Sun etal., 2013). To support this idea, in different cases of infected
transgenic plants silenced for CWI, the induction of PR genes
was abolished (Schaarschmidt et al., 2007; Essmann et al., 2008b;
Kocal et al., 2008). Thus CWI activity is required to enhance
the expression of PR genes mediated by the accumulated hexoses
which act as signal molecules. Besides, exogenous sucrose induced
the expression of PR genes (Thibaud et al., 2004; Gomez-Ariza
etal., 2007) confirming the idea of sucrose as an important signal
molecule for plant defense response.

PHENYLPROPANOID PATHWAY

The phenylalanine ammonia-lyase (PAL), a key enzyme which is
involved in the phenylpropanoid pathway, leads to the biosyn-
thesis of lignin and the production of many other important
compounds such as the flavonoids, coumarins and lignans (for
review see Dixon and Paiva, 1995). During infection of lupine
by Fusarium oxysporum, sucrose induced the phenylpropanoid
metabolism by stimulating the activity of PAL (Morkunas et al.,
2005, 2011). Sturm and Chrispeels showed an accumulation of
PAL mRNA subsequently to the increase of CWI mRNA in car-
rot infected by Erwinia carotovora (Sturm and Chrispeels, 1990).
Moreover when tobacco plants are silenced for CWI, the PAL
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activity is delayed after infection compared with the wild type
plants (Essmann et al., 2008b). Hence, the regulation of PAL is
mediated by the variation of the sucrose/hexose ratio. All in all,
these results demonstrate that the regulation of the expression of
PAL is sugar-related.

Anthocyanin (a flavonoid) has an antimicrobial potential
reducing the spread of the pathogens. The synthesis of antho-
cyanin is regulated by sucrose signaling pathway (Solfanelli et al.,
2006) through the induction of the PAPI/MYB75 transcription
factor (Teng et al., 2005) and ABA and jasmonate pathways have
a synergic effect (Loreti et al., 2008). This induction is repressed
by gibberellins. At concentrations of sucrose higher than 2% the
anthocyanin synthesis is induced independently of the ABA sig-
naling pathway (Dai et al., 2014). Recently, a key positive regulator
in the sucrose signaling pathway controlling the anthocyanin syn-
thesis has been identified as the DELLA protein which targets
PAPI/MYB75 (Lietal., 2014).

In potato tubers, a transcription factor (AN1) was proposed
to up-regulate the phenylpropanoid pathway. The authors sug-
gested that PAL might be induced by ANTI after sucrose feeding.
Moreover they proposed a loop in which sucrose increases ANI
expression while ANT induces sucrolytic enzymes which release
hexoses used by the phenylpropanoid pathway (Payyavula et al.,
2013). By the synthesis of secondary metabolites such as pheno-
lic compounds or later on lignin, plants produce chemical and
physical barriers against pathogens.

CELL WALL REINFORCEMENT

As another physical barrier, there is the deposition of callose, a
B-(1,3)-glucan cell wall polymer, which is a stress related process
limiting invasion by regulating the plasmodesmata and the sieve
plates permeability (Chen and Kim, 2009; Luna et al., 2011). In
tobacco plants overexpressing a yeast invertase in the apoplast or
in the vacuole, the increase of callose deposition was comparable
to that observed in wild type plants infected with potato virus Y
(Herbers et al., 1996). These results were consistent with a posi-
tive regulation of callose deposition by GIF1 in rice after infection
by both, bacterial and fungal pathogens (Sun et al., 2013), leading
to a regulation mediated by CWI activity. Increasing concentra-
tions of the exogenous sucrose repressed the callose deposition
in A. thaliana cells (Luna et al., 2011) suggesting that hexose
cleavage products of sucrose are responsible for the formation of
the physical barrier against invading pathogens through cell wall
reinforcement.

CONCLUSION AND PERSPECTIVES

Due to a high demand in carbohydrates during infection, plants
evolved strategies to modulate their carbohydrate availability and
trigger to defense responses. In most of the studied pathosystems,
sucrose seems to act as a “priming” agent activating a cascade
of signaling pathways such as the modulation of circadian clock
genes, phytohormones, cell wall strength and cellular signaling
pathways.

A rapid induction of CWIs after infection increases the hexose
content and modulates sink strength. It has been demonstrated
that CWIs are essential for triggering an appropriate answer dur-
ing pathogen invasion. The accumulation of hexoses leads to an

induction of the PR genes, a down-regulation of the photosynthe-
sis, and an establishment of the chemical and physical barriers.
A/NInvs, which are induced afterwards, might be involved in
providing more energy during infection. The exact function of
the VIs remains unclear but they might release stored carbohy-
drates and allow reserves mobilization. Moreover, the specificity
of plant response depending on the studied pathosystem might be
interesting points to investigate.

A better understanding of the “sweet immunity” and the
complex network between sucrose, circadian clock and phyto-
hormones might be useful to avoid substantial losses in yield
and quality of crops every year. Recently, these biotic elicitors
were proposed as interesting elements to generate ready-to-
eat cruciferous vegetables and maximize their health-promoting
compounds (Baenas et al., 2014).
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INTRODUCTION

During plant-pathogen co-evolution, plants have evolved a range
of defense mechanisms to prevent ingress and colonization by
potential pathogens, which derive from diverse phyla and include
fungi, oomycetes, animals, bacteria, and viruses. Successful plant
defense depends on an early and rapid perception of the invading
pathogen and subsequent induction and mobilization of bio-
chemical and structural defense-related mechanisms. In most
cases, plant defense to pathogens is successful and infection is the
exception, which reflects the general effectiveness of the plant’s
immune response (Deverall, 1977; Smith, 1978; Bailey, 1983;

Thordal-Christensen, 2003).

The perception of pathogens and the induced plant defense
response generally follows two branches of the active immune sys-
tem. R proteins, which are encoded by plant disease resistance
(R) genes, control plant defense (Flor, 1971) by recognizing the
presence of corresponding avirulence (avr) proteins or effectors
deriving from the pathogen. This can occur through direct binding
of the avr protein or effector, the binding of an effector-modified
target, or recognition of an effector/target complex (Dodds and
Rathjen, 2010). In extension to these binding possibilities, a
current model suggests that R proteins can guard key cellular
hubs, which might be common targets of effectors from differ-
ent pathogen origin (Mukhtar etal., 2011). Even though most
of the R proteins identified contain a nucleotide binding site
(NBS) and leucine-rich repeats (LRRs), and are localized intra-
cellularly, a growing number of R proteins has been discovered
that contain membrane anchorage motifs, e.g., a myristoylation
motif, and an extracellular LRR but lack a NBS (Dangl and
Jones, 2001; Martin etal., 2003; Glowacki etal., 2011). Plant
NBS-LRR- or atypical R protein-mediated pathogen resistance

Plants are exposed to a wide range of potential pathogens, which derive from diverse phyla.
Therefore, plants have developed successful defense mechanisms during co-evolution with
different pathogens. Besides many specialized defense mechanisms, the plant cell wall
represents a first line of defense. It is actively reinforced through the deposition of cell wall
appositions, so-called papillae, at sites of interaction with intruding microbial pathogens.
The papilla is a complex structure that is formed between the plasma membrane and the
inside of the plant cell wall. Even though the specific biochemical composition of papillae
can vary between different plant species, some classes of compounds are commonly
found which include phenolics, reactive oxygen species, cell wall proteins, and cell wall
polymers. Among these polymers, the (1,3)-8-glucan callose is one of the most abundant
and ubiquitous components. Whereas the function of most compounds could be directly
linked with cell wall reinforcement or an anti-microbial effect, the role of callose has
remained unclear. An evaluation of recent studies revealed that the timing of the different
papilla-forming transport processes is a key factor for successful plant defense.

Keywords: callose, defense response, innate immunity, penetration resistance, plant-pathogen interaction

is only effective against obligate biotrophic or hemi-biotrophic
pathogens that require living host tissue for propagation. How-
ever, plant NBS-LRR- or atypical R protein-mediated pathogen
resistance is not effective against necrotrophic pathogens that
macerate and degrade host tissue during colonization (Glaze-
brook, 2005). In the second arm of the active immune system,
transmembrane pattern recognition receptors (PRR) that per-
ceive microbe- or pathogen molecular patterns (MAMPs; Ausubel,
2005) respond to intruding pathogens (Jones and Takemoto, 2004;
Nirnberger etal., 2004). MAMPs are characterized by their gen-
eral occurrence in all members of a pathogen class and their
often requirement for pathogen viability. Prominent examples for
MAMPs are flagellin from bacterial pathogens and chitin from
fungal pathogens, for which the respective PRR have been identi-
fied and characterized (Chinchilla etal., 2006; Kaku etal., 2006;
Chinchilla etal., 2007; Miya etal., 2007). The widely accepted
four phased Zig-Zag model from Jones and Dangl (2006) rep-
resents how these two branches of the plant immune system
interact.

The plant immune system triggers a variety of defense mech-
anisms and include a hypersensitive response (HR) for rapid
collapse of attacked host cells (Coll etal., 2011), production
of anti-microbial phytoalexins (Bednarek and Osbourn, 2009),
biosynthesis of enzymes, which can decompose pathogen cell walls
(Mauch etal., 1988), and plant cell wall modifications; notably the
deposition of papillae, which are enriched with the (1,3)-8-glucan
cell wall polymer callose (Aist, 1976). These cell wall thicken-
ings are formed at sites of microbial attack and are thought to
act as a physical barrier to slow pathogen invasion (Stone and
Clarke, 1992). Compared with many plant defense responses that
can be specific to a phylum or even a species, the formation of
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callose-rich papillae can be regarded as a ubiquitous response
because it appears to be induced in essentially all plants following
pathogen challenge.

THE ROLE OF CALLOSE IN PATHOGEN-INDUCED PAPILLAE
The formation of papillae is one of the earliest observed plant
defense responses that has been analyzed on a cellular level for over
150 years. deBary (1863) discovered papillae at sites of fungal pene-
tration, and Mangin (1895) reported that callose commonly occurs
in papillae. Since then, chemical analyses have identified additional
chemical components, which comprise phenolic compounds and
lignin, an additional cell wall polymer to callose, reactive oxygen
species (ROS), and cell wall proteins like peroxidases and anti-
microbial thionins (Aist and Williams, 1971; Mercer etal., 1974;
McLusky etal., 1999; Mims etal., 2000). Whereas the role of cal-
lose in papillae remained unclear, a function in defense could be
attributed to most of the other components. For instance, hydro-
gen peroxide is a ROS that accumulates in forming papillae and can
be used by peroxidases to promote cross-linking of proteins and
phenolics to reinforce cell wall appositions (Thordal-Christensen
etal., 1997; Brown etal., 1998).

In general, papillae formation is an early defense response and
can contribute to the plant’s innate immunity (Jones and Dang],
2006; Schwessinger and Ronald, 2012). By slowing pathogen inva-
sion in the attacked tissue, papillae formation can gain time for
an induction of additional defense responses that may require
gene activation and expression (Lamb and Dixon, 1997; Brown
etal., 1998; Boller and Felix, 2009). However, the extent to which
papillae and the deposited callose would contribute to the plant’s
innate immunity and penetration resistance has been subject to
an ongoing discussion.

Callose-rich papillae were not only found in cases of suc-
cessful resistance but also at sites of pathogen penetration (Aist,
1976). In this regard, the proposed function of callose in
strengthening cell wall appositions and contributing to penetra-
tion resistance was further challenged by studies using Arabidopsis
(Arabidopsis thaliana) mutants. Disruption mutants that lack
the stress-induced callose synthase PMR4 [POWDERY MILDEW
RESISTANT 4; also known as GSL5 (GLUCAN SYNTHASE-
LIKE 5)] and do not deposit callose at sites of attempted fungal
penetration, showed an unexpected, increased resistance to pow-
dery mildew species (Jacobs etal., 2003; Nishimura etal., 2003).
This result revealed that in Arabidopsis wild-type leaves, cal-
lose levels at penetration sites do not contribute to penetration
resistance to adapted powdery mildews. However, callose depo-
sition is required to maintain the high penetration resistance
to the non-adapted powdery mildew Blumeria graminis f.sp.
hordei, which was challenged in pmr4 mutants (Jacobs et al., 2003;
Ellinger etal.,, 2013). Additional double-mutant and microar-
ray analyses revealed that the hyperactivated salicylic acid (SA)
pathway caused the high resistance to adapted powdery mildews
in pmr4 mutants (Nishimura etal., 2003). The SA-dependent
resistance of pmr4 mutants, however, might not be directly
related to missing callose because the penetration success of an
adapted powdery mildew was not different between wild-type and
pmr4 mutant at early stages of infection (Consonni etal., 2010;
Ellinger etal., 2013).

Contrary results about an active role of callose in forming
papillae derived from studies using mlo (MILDEW RESISTANCE
LOCUS O) disruption mutants. In Arabidopsis, the observed
mlo2-conditioned penetration resistance to powdery mildew did
not require PMR4-dependent callose formation (Consonni etal.,
2010) whereas mlo-resistant barley (Hordeum vulgare) colep-
tiles seemed to be dependent on papillae containing callose to
maintain their penetration resistance to powdery mildew (Bayles
etal.,, 1990). However, it has to be considered that the results
in barley were based on a treatment with a callose synthase
inhibitor that is not specific to stress-induced callose biosynthesis.
Therefore, inhibition of additional callose synthases might have
contributed to increased penetration susceptibility in this experi-
ment. In our recent study, we could directly confirm that callose
deposition in papillae can have an active role in penetration resis-
tance also in Arabidopsis. The overexpression of PMR4 caused an
elevated early callose deposition at sites of attempted fungal pen-
etration, which provided complete penetration resistance to the
adapted powdery mildew Golovinomyces cichoracearum and the
non-adapted powdery mildew B. graminis (Ellinger etal., 2013).
This example reveals that timing and rapid transportation in
papillae formation is important to slow or even stop pathogen
invasion.

The extent to which overexpression of PMR4 could be applied
in crops to induce callose-mediated pathogen resistance is cur-
rently under investigation. First results from increased penetration
resistance to the virulent powdery mildew B. graminis in barley
leaves after transient PMR4 overexpression (Bliimke etal., 2013)
prompted us to generate stable PMR4 expression lines in barley,
wheat (Triticum aestivum), and the model grass Brachypodium dis-
tachyon. To test whether induced penetration resistance would be
dependent on overexpression of the callose synthase gene PMR4
from Arabidopsis, callose synthase genes from the respective plant
of interest could be used for overexpression. In this regard, new
breeding strategies, like non-GMO-considered TAL effector nucle-
ase mutagenesis (Wendt etal., 2013) would open new possibilities
in applying this type of induced resistance in crops, e.g., by site-
directed editing of the promoter region for constitutive expression
of the gene of interest.

REGULATION OF TRANSPORT PROCESSES AT THE FORMING
PAPILLAE

The spatial confinement of papillae to the paramural space
between the cell wall and the plasma membrane at sites of
attempted pathogen penetration suggests a site-directed transport
of papilla components and cell wall-synthesizing enzymes, which
would imply an induction and regulation of cell polarization pro-
cesses (Schmelzer, 2002; Koh etal., 2005). The rearrangement of
the cytoskeleton is an important factor in these processes. Actin fil-
aments might be especially involved in the delivery of vesicles and
transportation of organelles, like the Golgi and the nucleus, to the
infection site and the forming papilla. This was supported in exper-
iments where actin formation and rearrangements were inhibited,
which resulted in increased fungal penetration (Kobayashi etal.,
1997; Yun etal., 2003). Also mlo-mediated penetration resistance
to powdery mildew was shown to be dependent on active actin
reorganization (Opalski etal., 2005; Miklis et al., 2007). However,
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the MLO protein itself accumulated at the forming papillae at
penetration sites in absence of an intact actin cytoskeleton (Bhat
etal., 2005). This suggests that also actin-independent mecha-
nisms for protein recruitment to infection sites may exist. MLO
was also shown to negatively regulate penetration resistance to
powdery mildew because in different plant species, like bar-
ley, tomato (Solanum lycopersicum), and Arabidopsis, mutation
or disruption of the MLO locus conferred increased resistance
(Jorgensen, 1992; Piffanelli etal., 2004; Consonni etal., 2006;
Bai etal., 2008; Consonni etal., 2010). A putative interaction
of MLO and ROR2 (REQUIRED FOR mlo RESISTANCE 2) in
barley and PEN1 (PENETRATION 1) in Arabidopsis (Schulze-
Lefert, 2004; Bhat etal., 2005; Panstruga, 2005) could link MLO
function with the regulation of transport processes to papillae.
However, genetic data suggest that MLO and ROR2/PEN1 func-
tion independently. Therefore, observed effects are likely additive
and would not support a direct functional link on a molecular
level.

PEN1 and ROR2 are functionally homologous members
of the syntaxin family (Collins etal., 2003). Similar to tar-
get SNAP (SOLUBLE NSF ATTACHEMENT PROTEIN) recep-
tors (tSNARE), syntaxins form ternary SNARE complexes with
corresponding VAMPs (VESICLE ASSOCIATED MEMBRANE
PROTEIN), which reflects their direct involvement in vesicle
fusion processes. PEN1 and ROR2 accumulation at the plasma
membrane at sites of attempted fungal penetration allowed a
further specification of their function in targeting vesicle traf-
ficking to the forming papilla (Assaad etal., 2004; Bhat etal.,
2005; Underwood and Somerville, 2008). This possible func-
tion of PEN1 was supported by findings in Arabidopsis penl
disruption mutants where papillae formation was reduced at
early time-points of powdery mildew infection due to a delay
in papilla deposition (Assaad etal., 2004). However, penl dis-
ruption did not change the general morphology of papillae,
which might indicate an involvement of one or more addi-
tional syntaxins that could substitute PEN1 during papilla for-
mation. In contrast to PEN1, PEN2 was found to localize to
peroxisomes. These organelles accumulate at sites of attempted
fungal penetration where they are thought to deliver com-
pounds with a potential antifungal activity to papillae. Because
PEN2 encodes a glycosyl hydrolase, it might directly partici-
pate in compound formation (Lipka etal., 2005; Bednarek etal.,
2009). Similar to PENI, the ATP-binding cassette (ABC) trans-
porter PEN3 localized to the plasma membrane in unchallenged
Arabidopsis leaves and was transported to the site of papilla
formation after pathogen attack where it strongly accumulated
(Stein etal., 2006; Underwood and Somerville, 2008). Inter-
estingly, pen3 disruption mutants revealed a higher resistance
to biotrophic and hemibiotrophic pathogens, which was asso-
ciated with an upregulation of SA biosynthesis or signaling
and induced HR-like cell death (Kobae etal., 2006; Stein etal.,
2006). Based on the transporter function and the observed phe-
notypes of PEN3 mutants, it has been proposed that PEN3
might participate in the export of anti-microbial compounds,
which could derive from PEN2-dependent processing in perox-
isomes. For its recruitment and focal accumulation at sites of
attempted penetration, PEN3 required functional actin filaments

but not microtubules, secretory trafficking or protein biosynthesis.
Hence, an unknown trafficking pathway might be involved in
translocation of existing PEN3 (Underwood and Somerville,
2013).

Regarding one of the most prominent components of the form-
ing papilla, thelocalized deposition of the (1,3)- 8-glucan callose in
response to pathogen attack suggests a precise timing of preceding
transport processes (Zimmerli et al., 2004; Koh et al., 2005; Nielsen
etal., 2012; Ellinger etal., 2013). Our recent results of the overex-
pression of the GFP-tagged callose synthase PMR4 in Arabidopsis
suggested that this enzyme was released from vesicle-like bodies
and reintegrated into the plasma membrane at sites of attempted
penetration where callose deposition started (Ellinger etal., 2013).
Therefore, recruitment from the plasma membrane and transport
in vesicle-like bodies to the site of attempted penetration could
be anticipated after fungal infection. This would also explain why
application of brefeldin A, which is a known inhibitor of vesicle
transport (Sciaky etal., 1997), prevented callose accumulation at
forming papillae (Nielsen etal., 2012). However, a direct proof of
PMR4 transportation to sites of attempted pathogen penetration
in vesicles is still missing.

In the current discussion about vesicles that are required for
transportation and delivery of defense components to the form-
ing papilla, growing evidence of an involvement of multi-vesicular
bodies (MVBs) has been provided. MVBs mediate exocytosis
that would facilitate a delivery of vesicles and their content to
the cell exterior, namely the forming papilla in the paramural
space between the plasma membrane and the cell wall. In bar-
ley, MVBs contained the ADP-ribosylation factor (ARF) GTPase
ARFA1b/1c that was required for callose deposition in papillae
and penetration resistance to the powdery mildew B. graminis;
but absence of this GTPase did not prevent basic papillae for-
mation (Bohlenius etal., 2010). The importance of a timely and
coordinated delivery of components required for proper papillae
formation was further supported in experiments with Arabidop-
sis where mutation of the ARF-GTP exchange factor GNOM
resulted in a 30 min delay of callose deposition in papillae
(Nielsen etal., 2012).

A NEW DIRECTION OF PAPILLA EXPENSION

The currently discussed and presented models of papillae forma-
tion favor a transportation and delivery of papilla components by
vesicles, which are controlled by a complex, underlying network
of regulatory mechanisms. This would ensure a rapid and coor-
dinated assembly of this pathogen-induced cell wall structure to
support penetration resistance.

These models of delivery and transport processes would be
sufficient to explain papillae expansion pointing to the cytosol
(Nishimura etal., 2003) and a lateral expansion in the para-
mural space, which was strongly induced in Arabidopsis PMR4
overexpression lines where an additional field of callose sur-
rounded the dense core region of the papilla (Ellinger etal,
2013; Naumann etal., 2013). Material or cell wall enzymes, like
callose synthases that would be required for a growth of the
papilla in these directions, could be delivered along the plasma
membrane. However, we recently detected an expansion of the
papilla into the pre-existing cellulosic cell wall. Super-resolution
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microscopy at sites of papillae formation, where we stained cal-
lose with aniline blue fluorochrome and the overlying cellulosic
cell wall with pontamine fast scarlet 4B, revealed a migration of
callose fibrils into the cell wall (Eggert etal., 2014). Only sin-
gle callose fibrils, which originated from the dense callosic core
of the papilla, migrated into and penetrated through the cel-
lulosic cell wall in wild-type Arabidopsis leaves. In contrast, a
dense network of callose/cellulose fibrils was established along
the papilla core region and the lateral field of callose in epider-
mal leaf cells of PMR4 overexpression lines at sites of attempted
powdery mildew penetration. In addition to this polymer net-
work, a callose layer was formed on top of the cellulosic cell wall
(Figure 1). We showed that the complex of the callose/cellulose
network and the additional callose layer provided enhanced resis-
tance to cell wall degrading enzymes (Eggert etal., 2014), which
helped to explain the observed complete penetration resistance to
powdery mildew in PMR4 overexpression plants (Ellinger etal.,
2013).

These findings raised the question whether this new direction
of papilla expansion would be a regulated process or the conse-
quence of an ongoing callose production at the plasma membrane

of the forming papilla. Because the expansion of the callosic papilla
into the cellulosic cell wall occurred at sites without contact to the
plasma membrane, the previously discussed transport and delivery
mechanisms would not apply. Our results from super-resolution
microscopy suggest a permeation of callose fibrils through internal
cell wall nanopores (Carles and Scallan, 1973; Hubbe etal., 2007).
This could be facilitated if callose would have a gel-like condi-
tion at these migration sites. In general, a gel-forming property of
callose has been described as being pH-dependent (Harada etal.,
1968; Saito etal., 1979). Hence, either conditions at the interphase
of the callose deposition and the cellulosic cell wall would favor a
gel-formation of callose without active regulation or cellular pro-
cesses might actively regulate pH condition at the interphase. The
apoplastic alkalinization that has been discussed as a general stress
factor caused by abiotic and biotic stress, would not be sufficient to
induce a gel-formation of callose. Even though the apoplastic pH
peaked in short term responses to powdery mildew in barley, the
apoplastic pH remained acidic (Felle et al., 2004) whereas alkaline
condition would be required for gel-formation of callose (Saito
etal., 1979). An active, local regulation of the pH might be possible
through vesicle-like bodies and MVBs that were detected within

extracellular

intracellular

FIGURE 1 | Model of callosic papilla expansion at infection sites. The
presented model highlights similarities and differences of callosic papilla
expansion and callose/cellulose polymer network formation in Arabidopsis
epidermal leaf cells at sites of attempted powdermildew infection in

(A) the pmr4 disruption mutant without pathogen-induced callose
deposition in the papilla, (B) wild-type, and (C) the penetration-resistant
PMR4 overexpression line. Green circles represent possible multi-vesicular
bodies (MVBs) involved in the delivery of non-callosic papilla matrix and/or

papilla-forming enzymes (gray dots) and the callose synthase PMR4 (blue
dots) to the forming papilla. Yellow dots inside the papilla matrix indicate a
putative involvement of vesicles/vesicle-like bodies in regulating the pH at
the interphase of the papilla matrix and the cellulosic cell wall to induce
gel-formation of callose (tpH). Orange arrows indicate the direction and
strength of papilla expansion. Green: plasma membrane, red: cellulose
fibrils of the cell wall, blue: callosic papilla matrix and callose fibrils, gray:
non-callosic papilla matrix.
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the papilla structure (An etal., 2006) and could have access to
the callose/cellulose interphase for regulatory activities. A further
application of super-resolution microscopy combined with spe-
cific and efficient labeling techniques could support the analysis
of papilla expansion in all directions.
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Plant resistance to pathogens relies on a complex network of constitutive and inducible
defensive barriers. The plant cell wall is one of the barriers that pathogens need to overcome
to successfully colonize plant tissues. The traditional view of the plant cell wall as a
passive barrier has evolved to a concept that considers the wall as a dynamic structure
that regulates both constitutive and inducible defense mechanisms, and as a source of
signaling molecules that trigger immune responses. The secondary cell walls of plants
also represent a carbon-neutral feedstock (lignocellulosic biomass) for the production of
biofuels and biomaterials. Therefore, engineering plants with improved secondary cell wall
characteristics is an interesting strategy to ease the processing of lignocellulosic biomass
in the biorefinery. However, modification of the integrity of the cell wall by impairment of
proteins required for its biosynthesis or remodeling may impact the plants resistance to
pathogens. This review summarizes our understanding of the role of the plant cell wall in
pathogen resistance with a focus on the contribution of lignin to this biological process.

Keywords: cell wall, plant pathogen, plant immunity, xylan, cellulose, lignin

INTRODUCTION

In their natural environments, plants are under continuous threat
of biotic stresses caused by pathogenic bacteria, fungi, viruses,
and oomycetes, that compromise plant survival and reproduction
(Panstruga etal., 2009). Given that green plants are the ultimate
source of energy for most other organisms, it is not surprising that
plants have evolved a plethora of resistance mechanisms which
are either constitutively present or induced after pathogen attack
(Glazebrook, 2005; Panstruga etal., 2009). An important defense
element common to all plants is the cell wall.

All the plant cells that are in developmental expansion have
a constantly remodeled primary cell wall that mainly consists
of carbohydrate-based polymers (classified as cellulose, hemi-
celluloses and pectins) and hydroxyproline-rich O-glycoproteins,
such as extensins and arabinogalactan proteins (AGPs; Carpita
and McCann, 2000). In addition, those cells that have completed
their cellular expansion and need to reinforce their structure for
functional reasons (e.g., to form vessel or fiber cells) generate a
secondary cell wall that is mainly composed of cellulose, hemi-
celluloses (mostly xylans) and lignin (Cosgrove, 2005; Sarkar
etal., 2009). Besides having multiple essential functions during
plant development, plant cell walls also play important roles
in preventing pathogen invasion. First, cell walls act as a pas-
sive barrier; local or extensive breakdown of the wall matrix
is typically required for the progression of pathogen infection
(Cantu etal., 2008; Hematy et al., 2009). Second, the cell wall is a
reservoir of antimicrobial compounds, which are released during
cell wall degradation (Garcia-Olmedo etal., 2001; Schulze-Lefert,
2004; Vorwerk etal., 2004). Moreover, plants have a dedicated
cell wall integrity (CWI) maintenance mechanism similar to that

existing in fungi, which initiates responses to regulate CWI dur-
ing plant development and in response to external stimuli (Wolf
etal,, 2012; Engelsdorf and Hamann, 2014). Impairment of CWI
by pathogen attack or wounding results in the release of plant
signaling molecules, the so-called Damage-Associated Molecu-
lar Patterns (DAMPs; Vorwerk etal., 2004; Cantu etal., 2008).
DAMPs can modulate plant innate immune responses upon recog-
nition by plant Pattern Recognition Receptors (PRRs), through
molecular mechanisms that are similar to those regulating the
activation of immune responses by Pathogen-Associated Molecu-
lar Patterns (PAMPs) derived from microbial pathogens (reviewed
by Dodds and Rathjen, 2010; Macho and Zipfel, 2014; Malinovsky
etal.,2014). The recognition of DAMPs and PAMPs by PRRs acti-
vates protein kinase cascades, which regulate downstream immune
responses that can lead, among others, to cell-wall reinforcement
(Ringli, 2010; Ferrari et al., 2013; Engelsdorf and Hamann, 2014;
Malinovsky etal., 2014). Notably, in addition to its role in pro-
tecting plants against infection, the plant cell wall can also act as
a source of nutrients from the pathogen point of view, thereby
promoting pathogen growth and development (Cantu etal., 2008;
Hematy etal., 2009).

Cell walls are also considered as a valuable feedstock for the
production of second generation biofuels and bio-based chemi-
cals. These so-called lignocellulosic feedstocks can either derive
from agricultural and industrial practices, such as maize stover,
straw and sugarcane bagasse, or from dedicated crops, such as
fast growing grasses and trees, grown for the purpose of gen-
erating large volumes of lignocellulosic biomass. In both cases,
engineering cell wall composition is a promising strategy to ease
lignocellulosic biomass conversion toward fuels and chemicals
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in industrial processes (Simmons etal., 2010; Ong etal., 2014).
Importantly, the changes in cell-wall composition needed for
industrial biomass processing should not conflict with the princi-
pal biological roles of the cell wall as a supportive and protective
structure. Indeed, some cell wall modifications result in negative
repercussions on biomass yield (Bonawitz and Chapple, 2013). A
better understanding of the processes underlying the yield-penalty
in plants with modified cell walls has led to successful engineer-
ing strategies to recover the biomass yield, while maintaining
the anticipated cell wall modifications (Petersen etal., 2012; Yang
etal., 2013; Bonawitz etal., 2014). Likewise, cell wall modifica-
tions should not have negative repercussions on crop susceptibility
toward pathogens. Clearly, a better understanding of the pro-
cesses underlying the interactions between pathogens and the cell
wall will support the development of plants with optimized lig-
nocellulosic characteristics, without negatively affecting disease
resistance.

A relatively large number of studies have described the influ-
ence of plant cell-wall modifications on pathogen infection
(Cantu etal., 2008; Bellincampi etal., 2014; Malinovsky etal.,
2014). Contra-intuitively, “weakening” the cell wall by knocking
out essential genes involved in cell-wall biosynthesis sometimes
leads to enhanced resistance toward specific pathogens. In this
review, we summarize the consequences of secondary cell-wall
modifications on pathogenic infection and link them with our
current knowledge on the role of the cell wall in plant resis-
tance to pathogens. Because lignin is both stress-induced and
developmentally deposited in the secondary thickened cell wall
and because it is a major target for lignocellulosic biomass
engineering, we have put special emphasis on the effect of alter-
ing lignin amount and composition on pathogen infection and
spread.

THE EFFECT OF ALTERING CELL WALL POLYSACCHARIDES
ON RESISTANCE TO PATHOGENS

The contribution of the secondary cell wall to plant immunity
has been mainly demonstrated through the characterization of
plant mutants impaired in secondary wall composition (Cantu
etal., 2008; Underwood, 2012). For instance, the resistance
of a set of Arabidopsis thaliana (Arabidopsis herein) mutants
defective in cellulose synthase (CESA) subunits required for sec-
ondary cell wall formation (i.e., CESA4, CESA7, and CESAS)
toward a series of pathogens has been tested. These mutants
make less cellulose, which results in collapsed xylem vessels,
and therefore they are called irregular xylem mutants (irx5,
irx3, and irxI, respectively). These mutants showed enhanced
resistance to different pathogens, including the necrotrophic
fungi Plectosphaerella cucumerina and Botrytis cinerea, the vas-
cular bacterium Ralstonia solanacearum, and the biotrophic bac-
terium Pseudomonas syringae (Table 1; Hernandez-Blanco etal,,
2007). In line with these results, an Arabidopsis mutant defec-
tive in the MYB46 transcription factor that directly regulates
the expression of genes required for secondary cell wall forma-
tion, including lignin and cellulose biosynthesis (among which
CESA4, CESA7, and CESAS8), also showed enhanced resistance
to necrotrophic fungi (Ramirez etal., 2011). The disease resis-
tance phenotype of irxl, irx3, irx5, and myb46 mutants was in

part explained by the constitutive activation of plant immune
responses rather than by alterations of the passive wall barrier.
In these mutants, the abscisic acid signaling pathway was constitu-
tively active and antimicrobial peptides and tryptophan-derived
metabolites accumulated to a higher extent than in wild-type
plants (Herndndez-Blanco et al., 2007; Sdnchez-Vallet et al., 2010).
Plant resistance to pathogens is also altered in Arabidopsis mutants
affected in CESAs subunits required for cellulose biosynthesis
of the primary cell wall, such as the CESA3 defective isox-
aben resistant (ixrl)/constitutive expression of VSP (cevl) mutants
(Ellis etal., 2002). The ixrl/cevl mutant alleles are more resis-
tant than wild-type plants to B. cinerea, P. syringae, and Erysiphe
cichoracearum (Ellis etal., 2002), whereas their resistance to R.
solanacearum and P. cucumerina does not differ from that of
wild-type plants, which contrasts with the resistance pheno-
type of the secondary cell wall cellulose mutants, irxl, irx3 and
irx5 (Hernandez-Blanco etal., 2007). In ixrl/cevl plants, the
ethylene and jasmonic acid, but not the abscisic acid signaling
pathway, are constitutively activated. These results with Arabidop-
sis cesA mutants illustrate that specific immune responses can
be activated by alteration of the CWI of either the primary or
the secondary wall (Ellis etal., 2002; Herndndez-Blanco etal,
2007).

A severe reduction in secondary wall thickness of fibers, but not
that of xylem vessels, as it occurs in the Arabidopsis WALLS ARE
THIN 1 (watl) mutant, also increased resistance to vascular plant
pathogens, such as the bacteria R. solanacearum and Xanthomonas
campestris pv. campestris, the fungi Verticillium dahliae and Ver-
ticillium alboatrum, and the necrotrophic fungus P. cucumerina
(Denancé etal., 2013). WATI encodes a tonoplast localized indole
acetic acid (auxin) transporter (Pesquet et al., 2005; Ranocha etal.,
2010,2013). Auxin content was found to be lower in roots, but not
in leaves of the watl mutant than in those of wild-type plants.
In contrast, salicylic acid content was higher in the roots of the
watl mutant than in those of wild-type plants. Introduction in
watl plants of NahG, the bacterial gene coding for a salicylic acid-
degrading hydroxylase, restored full susceptibility to the bacteria
(Denancé etal., 2013). These data and those obtained by compar-
ative transcriptomic analyses of wat] and wild-type plants suggest
that watl-mediated resistance is again not caused by altering the
strength of the wall as a passive barrier, but that it is dependent on
the activation of immune responses, mainly localized in the vas-
cular system, which are partially dependent on the salicylic acid
pathway. This defense response has been described as “vascular
immunity” (Denancé etal., 2013).

Alteration of glucoronoxylans and xyloglucans or modifica-
tions in the content of wall xylose, which is the major sugar
component of these polysaccharides, also impacts resistance to
pathogens in Arabidopsis. For example, plants with enhanced lev-
els of wall-bound xylose, as it occurs in the de-etiolated3 (det3)
and irx6 mutants (Brown etal., 2005; Rogers etal., 2005) or
with alterations in the structure of xyloglucan, as in the xylI-
2 mutant (Sampedro etal., 2010), show an enhanced resistance
to the necrotrophic fungus P. cucumerina (Delgado-Cerezo etal.,
2012; Table 1). In contrast, impairment of the ERECTA (ER) gene
encoding a PRR resulted in a reduced content of xylose besides
other cell wall alterations in Arabidopsis (Sdnchez-Rodriguez et al.,
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Table 1 | Resistance phenotype of plants with alterations in secondary cell wall structure/composition.

Gene name (mutant/transgenic) Plant species Pathogen tested Phenotype' Reference
CESA4, CESA7 CESAS (irx5, irx3, Arabidopsis thaliana Plectosphaerella R Hernéndez-Blanco etal. (2007)
irx1) cucumerina, Ralstonia
solanacearum, Botrytis
cinerea, Pseudomonas
syringae
WAT (wat1) Arabidopsis thaliana R. solanacearum, R Denancé etal. (2013)
P cucumerina, Xanthomonas
campestris, Verticillium
dahlia, V. alboatrum
DET3 (det3) Arabidopsis thaliana P cucumerina R Delgado-Cerezo etal. (2012)
XYLT (xyl1-2) Arabidopsis thaliana P cucumerina R Delgado-Cerezo etal. (2012)
RWA2 (rwa2) Arabidopsis thaliana B. cinerea R Manabe etal. (2011)
IRXE (irx6) Arabidopsis thaliana P cucumerina R Delgado-Cerezo etal. (2012)
MYB46 (myb46) Arabidopsis thaliana B. cinerea R Ramirez etal. (2011)
PAL (pal1/2/3/4) Arabidopsis thaliana P syringae S Huang etal. (2010)
COMT (comt1) Arabidopsis thaliana X. campestris, P syringae, S Quentin etal. (2009)
B. cinerea, Blumeria
graminis, Alternaria
brassicicola
Hyaloperonospora R? Quentin etal. (2009)
arabidopsidis
F5H1 (f5h1) Arabidopsis thaliana Sclerotinia sclerotiorum S Huang etal. (2009)
F5H1 (fah1-2) Arabidopsis thaliana Verticillium longisporum S Konig etal. (2014)
AXE (35S::AnAXEP Arabidopsis thaliana B. cinerea R Pogorelko etal. (2013)
PAL (35S::PvPAL2 Nicotiana tabacum Cercospora nicotianae R Shadle etal. (2003)
PAL (35S::ShPALJ® Nicotiana tabacum Phytophthora parasitica, R Way etal. (2002, 2011)
C. nicotianae
COMT (comt) Nicotiana tabacum Agrobacterium tumefaciens R Maury etal. (2010)
HCT (HCT antisense) Medicago sativa Colletotrichum trifolii Gallego-Giraldo etal. (2011b)
PAL, CCoOAOMT, COMT, CAD (RNAi*  Triticum monococcum Blumeria graminis f. sp. Bhuiyan etal. (2009)
tritici
CAD (RNAI/* Linum usitatissimum Fusarium oxysporum Wroébel-Kwiatkowska etal. (2007)
CAD (bmr6) Sorghum bicolor Fusarium thapsinum, Funnell-Harris etal. (2010)
£ proliferatum,
F verticillioides, Alternaria
alternata
COMT (bmri12) Sorghum bicolor F thapsinum, F proliferatum, R Funnell-Harris etal. (2010)
F verticillioides, A. alternata
AXE (355::AnAXEPR Brachypodium Bipolaris sorokiniana R Pogorelko etal. (2013)
distachyon

1 R; enhanced resistance compared with wild-type plants; S, enhanced susceptibility compared with wild-type plants.
2Enhanced resistance to downy mildew was not correlated with increased plant defense responses in comt1 mutant, but coincided with a higher frequency of

oomycete sexual reproduction within mutant tissues.
3 Genes from Aspergillus nidulans (An), Phaseolus vulgaris (Pv) and Stylosanthes humilis (Sh).

4RNA interference constructs were made by a combined ligation/recombination (LR) method using plasmid pIPKTA30N as the final GATEWAY destination vector
(Bhuiyan etal., 2009) and a self-complementary hairpin RNA (hpRNA) of CAD gene, under the control of 35S CaMV promoter, was used to silence CAD expression
(Wrébel-Kwiatkowska etal., 2007).
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2009). The er mutant was found to be more susceptible than
wild-type plants to several pathogens, such as the necrotrophic
fungus P. cucumerina, the vascular bacterium R. solanacearum and
the vascular oomycete Pythium irregulare (Table 1; Godiard etal.,
2003; Llorente etal., 2005; Adie etal., 2007). The enhanced sus-
ceptibility to P. cucumerina and the cell wall features of the er
mutant, including its reduced xylose content, were restored to
wild-type levels by mutations in SUPPRESSOR OF ERECTA 1 and
2 (SERI and SER2), further suggesting a link between cell wall
xylose content and resistance to pathogens (Sanchez-Rodriguez
etal., 2009). Although several defense genes are constitutively up-
regulated in the ser] and ser2 mutants, the precise molecular basis
of their resistance has not yet been fully elucidated and the SER
genes have not been characterized yet (Sinchez-Rodriguez etal.,
2009). Arabidopsis mutants in the GB and Gyl/y2 subunits of
the heterotrimeric G protein (i.e., agbl single and aggl agg2 dou-
ble mutants, respectively) also have a reduced content of xylose
in their cell walls and are hypersusceptible to the necrotrophic
fungi P. cucumerina and Alternaria brassicicola, the biotrophic
bacterium P. syringae and the vascular fungus Fusarium oxyspo-
rum (Table 1; Llorente et al., 2005; Trusov et al., 2010; Klopffleisch
etal., 2011; Delgado-Cerezo etal., 2012; Liu etal.,, 2013; Lorek
etal., 2013; Torres etal., 2013). Interestingly, the reduced resis-
tance of agbl single and aggl agg2 double mutants was found to
be independent of defense pathways required for resistance to these
pathogens, such as those regulated by abscisic acid, salicylic acid,
jasmonic acid and ethylene, and those that regulate the biosyn-
thesis of tryptophan-derived metabolites (Delgado-Cerezo etal.,
2012; Lorek etal., 2013; Torres etal., 2013). It has been suggested
that the reduced resistance in the agbl and aggl agg? mutants is
rather the direct consequence of a weakened cell-wall and a defec-
tive production of reactive oxygen species (ROS) upon pathogen
infection (Delgado-Cerezo et al., 2012; Jiang etal., 2012; Liu et al.,
2013; Lorek etal., 2013). Together, these data suggest that shifts
in the xylose content of the cell wall, e.g., by altering the glucoro-
noxylan and xyloglucan content, are responsible, at least in part,
for the altered susceptibility of some Arabidopsis secondary cell
wall mutants to pathogens.

Cell wall polysaccharides such as xylan, (gluco)mannan and
xyloglucan can be acetylated. Four Reduced Wall Acetylation genes
(RWA1-RWA4) are involved in the acetylation of xylan during
secondary wall biosynthesis. The expression of these genes is reg-
ulated by SNDI, a transcriptional master switch of secondary
wall biosynthesis (Lee etal.,, 2011). Remarkably, the Arabidop-
sis rwa2 mutant, that has ~20% lower levels of polysaccharide
O-acetylation but no obvious alteration in growth and develop-
ment, is more resistant than wild-type plants to the necrotrophic
fungus B. cinerea (Manabe etal., 2011). The relevance of the
degree of xylan acetylation in plant resistance to pathogens is fur-
ther supported by the enhanced resistance to the necrotrophic
fungi B. cinera and Bipolaris sorkiniana of transgenic Arabidopsis
and Brachypodium distachyon, respectively, that have a reduced
xylan acetylation due to overexpression of a xylan acetylesterase
from Aspergillus nidulans (AnAXE; Table 1; Pogorelko etal.,2013).
These data indicate that the degree of acetylation of specific sec-
ondary cell wall polymers might be a determinant of susceptibility
to particular pathogens. In addition to RWA proteins, members

of the trichome birefringence (TBR) and TBR-like (TBL) protein
families are also involved in the O-acetylation of wall polysac-
charides (Gille etal., 2011). The Arabidopsis powdery mildew
resistant5 (pmr5) mutant, impaired in a TBL member, has a
decrease in cell-wall esterification as demonstrated by Fourier
transform infrared (FTIR) analysis, but it has yet to be demon-
strated whether pmr5 cell walls have an altered polysaccharide
O-acetylation (Vogel et al., 2004; Gille and Pauly, 2012). The pmr5
mutant is more resistant than wild-type plants to powdery mildew
fungi (i.e., E. cichoracearum and E. orontii), whereas its resistance
to the bacterium P. syringae or the oomycete Peronospora para-
sitica (re-named Hyaloperonospora arabidopsidis) was similar to
that of wild-type plants (Vogel etal., 2004). Taken together, these
data indicate that a decrease in cell wall acetylation in Arabidopsis
resulted in an enhanced resistance to several fungi, but the molec-
ular mechanisms explaining this resistance phenotype have yet to
be elucidated.

Primary cell wall remodeling can also impact pathogen resis-
tance, as exemplified by the enhanced resistance to some pathogens
of mutants defective in the CESA subunits required for primary
cell wall cellulose biosynthesis (i.e., ixrl/cevl; Ellis etal., 2002;
Herndndez-Blanco etal., 2007). Similarly, modification of the
biosynthesis and/or structure (e.g., degree of methylesterifica-
tion or acetylation) of wall pectins can affect pathogen resistance
(Vogel etal., 2002, 2004; Lionetti etal., 2007; Raiola etal., 2011;
Volpi etal., 2011; Bethke etal., 2014). The complex contri-
bution of pectin amount/structure to the regulation of plant
innate immunity has been nicely reviewed in several recent pub-
lications that also describe the different virulence mechanism
used by pathogens to modify or degrade pectins in order to
favor plant colonization (Ferrari etal., 2012; Lionetti etal., 2012;
Bellincampi etal., 2014).

PHENYLPROPANOID AND LIGNIN BIOSYNTHESIS

Lignin is an aromatic polymer that is mainly deposited in
secondary thickened cell walls where it provides strength and
imperviousness. In monocot and dicot plants, lignin is mainly
made from the monolignols coniferyl and sinapyl alcohol that
give rise to the guaiacyl (G) and syringyl (S) units in the lignin
polymer, respectively. p-Coumaryl alcohol, that gives rise to the
p-hydroxyphenyl (H) units in the lignin polymer, is a minor
monolignol that is slightly more abundant in monocot than in
dicot cell walls. Lignin of gymnosperms is typically composed
of G units and low levels of H units, but lacks S units. In sev-
eral plant species, the traditional monomers are incorporated
into the lignin in acylated forms. For instance, kenaf lignin
is rich in sinapyl acetate-derived units, lignin of grasses has a
high content of sinapyl p-coumarate-derived lignin units and
poplar lignin incorporates sinapyl p-hydroxybenzoate (Morreel
etal., 2004; Del Rio etal., 2007; Lu and Ralph, 2008; Hatfield
etal., 2009). In addition, plants do accept a range of other phe-
nolics as lignin monomers. For example, lignin in wheat straw
has relatively high levels of the flavonoid tricin (Del Rio etal,
2012), whereas phenylpropanoid aldehydes and acids are found
in the lignin of a range of wild-type and genetically engineered
plants (Kim et al., 2000; Dauwe et al., 2007; Vanholme et al., 2012a;
Van Acker etal., 2013, 2014).
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The lignin biosynthetic pathway is relatively well described
in many species including Arabidopsis, tobacco, alfalfa and
poplar, and is generally divided in two branches: (i) the gen-
eral phenylpropanoid pathway from Phe to feruloyl-CoA and
(ii) the monolignol-specific pathway from feruloyl-CoA to the
monolignols (Figure 1). At least eleven enzymes are involved
in the biosynthesis of the monolignols from Phe: phenylala-
nine ammonia-lyase (PAL), cinnamate 4-hydroxylase (C4H),
4-coumarate:CoA ligase (4CL), hydroxycinnamoyl-CoA shiki-
mate/quinate hydroxycinnamoyl transferase (HCT), p-coumarate
3-hydroxylase (C3H), caffeoyl shikimate esterase (CSE),
caffeoyl-CoA O-methyltransferase (CCoAOMT), cinnamoyl-CoA
reductase (CCR), ferulate 5-hydroxylase (F5H), caffeic acid O-
methyltransferase (COMT), and cinnamyl alcohol dehydrogenase
(CAD:; Figure 1; Boerjan etal., 2003; Bonawitz and Chapple, 20105
Vanholme etal., 2010, 2013). After their biosynthesis, the mono-
lignols are transported to the cell wall where they are oxidized by
laccases and/or peroxidases to monolignol radicals. Subsequently,
these monolignol radicals couple in a combinatorial fashion with
the formation of various types of chemical bonds of which the
ether (8-O-4), resinol (8-8), and coumaran (8-5) bonds are the
most prominent ones (Boerjan etal., 2003; Ralph etal., 2004;
Vanholme etal., 2012a).

The biosynthesis and deposition of lignin in secondary cell
walls is developmentally programmed and it is generally accepted
that lignin provides a physical barrier against initial pathogen
colonization (Buendgen etal., 1990; Bonello etal., 2003). In addi-
tion, lignin or lignin-like phenolic polymers are synthesized and
rapidly deposited in cell walls in response to biotic and abiotic
stresses and to cell wall structure perturbations (Cano-Delgado
etal.,2003; Tronchet et al., 2010; Sattler and Funnell-Harris, 2013).
The deposition of lignin in infected cells may prevent the spread
of toxins and enzymes of the pathogen into the host and at the
same time also the transfer of water and nutrients from the host
cells to the pathogen (Smith etal., 2007). Both biotic and abiotic
stresses have been shown to induce the expression of genes of
the phenylpropanoid pathway in different tissues and cell cultures
of several plants species, resulting in the enhanced accumulation
of the corresponding enzymes, increased enzymatic activities and
wall lignification (Kliebenstein etal., 2002; Bhuiyan etal., 2007;
Zhao etal., 2009). For example, in Chinese cabbage (Brassica
rapa L. ssp. pekinensis) infected with the necrotrophic bacterium
Erwinia carotovora subsp. carotovora, transcriptomic analyses
revealed that 12 genes putatively encoding enzymes involved in
lignin biosynthesis were up-regulated (Zhang etal., 2007), and
in Camelina sativa the expression of CsCCR2 was induced after
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inoculation with the necrotrophic fungus Sclerotinia sclerotiorum
(Eynck etal., 2012). In cell suspension cultures of Linum usitatis-
simum treated with different fungal PAMPs, the expression of
genes encoding PAL, CCR, and CAD was elevated, PAL activity
was enhanced and monolignol-derived compounds accumulated
(Hano etal., 2006). Similarly, in suspension cultured cells of a
blast-resistant rice genotype (Oryza sativa L. cv. Gigante Ver-
celli) treated with cell wall hydrolysates from the fungal pathogen
Magnaporthe oryzae, up-regulation of PAL genes was observed
(Giberti etal., 2012). Also in wheat lignification acts as a defense
response against pathogens: for example, S-rich lignin was found
to accumulate during the hypersensitive reaction of wheat to Puc-
cinia graminis infection (Menden etal., 2007), and S lignin was
made in wheat sheath epidermal cells infected with F. proliferatum
(Bishop etal., 2002). In contrast, no changes in the lignin content
occurred in wheat leaves infected with Wheat Streak Mosaic Virus
(Kofalvi and Nassuth, 1995).

In addition to its function in the biosynthesis of lignin, the
phenylpropanoid pathway is required for the synthesis of numer-
ous other phenolic compounds, such as stilbenes, coumarins,
(neo-)lignans, phenylpropanoid conjugates, and flavonoids (Lo
and Nicholson, 1998; Yu etal., 2000, 2005; Dixon etal., 2002;
Naoumbkina etal., 2010). Many of these compounds are consid-
ered to be phytoalexins, i.e., antimicrobial compounds implicated
in plant defense (Daayf etal., 2012; Konig etal., 2014). There-
fore, impairing steps of the phenylpropanoid pathway can result in
either accumulation or reduced abundance of these compounds,
often resulting in pleiotropic effects on plant resistance (Weier-
gang etal., 1996; Ruuhola and Julkunen-Tiitto, 2003; Dicko etal.,
2005; Pan etal., 2006; Lozovaya et al., 2007). Phenolic compounds
are also important in plant-pathogen recognition. For example,
the expression of Agrobacterium tumefaciens Virulence (Vir) genes,
needed for infection, is induced by phenolic compounds and infec-
tion of the host plant cannot take place in the absence of these
compounds (Lee etal., 1992, 1995; Maury etal., 2010).

EFFECT OF PHENOLIC CONTENT AND LIGNIN

MODIFICATIONS ON PATHOGEN RESISTANCE

Evidence for a role for lignin and soluble phenolics in plant defense
has been obtained from the analysis of the pathogen resistance of
transgenic plants and mutants with contrasting lignin amount or
composition. For example, in tomato, the total content of solu-
ble phenolics and lignin were significantly higher in varieties that
were resistant to the vascular bacterium R. solanacearum than
in susceptible ones, and this enhanced resistance was associ-
ated to a greater accumulation of lignin in roots upon bacterial
infection, a process that was triggered by salicylic acid (Man-
dal etal.,, 2011, 2013). In tobacco, plants down-regulated for
PAL had reduced levels of chlorogenic acid and exhibited more
rapid and extensive lesion development than wild-type plants
upon infection with the fungal pathogen Cercospora nicotianae
(Maher etal., 1994). The increased disease susceptibility in this
PAL-suppressed line was suggested not to result from the inhi-
bition of the pathogen-induced response, but rather from the
decrease in the developmental accumulation of chlorogenic acid
(Maher etal., 1994). However, the lignin content in this PAL-
suppressed line was not determined and therefore it cannot be

excluded that the enhanced susceptibility was caused by reduced
lignin content or a weaker cell wall (Maher etal., 1994). In
accordance with the latter studies, transgenic tobacco plants con-
stitutively overexpressing PAL genes showed a higher tolerance
toward C. nicotianae and Phytophthora parasitica pv. nicotianae
(Way etal., 2002, 2011; Shadle etal., 2003). Notably, COMT
and CCoAOMT antisense tobacco lines were more resistant to
Agrobacterium tumefaciens infection and showed a reduced tumor
area and mass relative to wild-type plants (Maury etal., 2010).
The phenolic compounds secreted by these antisense plants upon
wounding did not induce the expression of the bacterial Vir
genes equally well as those secreted from wounded wild-type
plants (Maury etal., 2010). In other words, the Agrobacterium
did not recognize its host because of the difference in soluble
phenolics.

In cotton (Gossypium hirsutum), quantitative analysis of resis-
tance to the wilt fungus V. dahliae revealed an association between
increased lignification in the stems upon infection and resistance
against wilt (Xu etal., 2011). In line with these data, overexpres-
sion of the cotton DIRIGENT] gene, which enhances lignification,
blocks the spread of V. dahliae (Shi et al., 2012). In alfalfa (Medicago
sativa), down-regulation of the HCT gene leads to plants with
reduced lignin levels, constitutive defense responses and enhanced
tolerance to the fungal pathogen Colletotrichum trifolii. This acti-
vation of defense responses was hypothesized to be triggered by
bioactive cell wall fragments released from the secondary cell wall
(Gallego-Giraldo etal., 2011b). In melon (Cucumis melo), lignin
accumulation upon infection was found to increase faster and to
a higher level in lines resistant to the powdery mildew fungus
Podosphaera fusca than in susceptible lines, and this differen-
tial accumulation correlated with enhanced PAL levels (Romero
etal., 2008). Lignin composition seems to play an important role
in pathogen resistance in flax, as RNAi-mediated suppression of
a CAD gene increased flax susceptibility to the vascular fungus
E oxysporum (Wrébel-Kwiatkowska etal., 2007).

Also in grasses the effect of modifying lignin biosynthesis
on plant susceptibility has been investigated. For instance, in
wheat (Triticum monococcum), silencing the monolignol biosyn-
thesis genes TmPAL, TmCOMT, TmCCoAOMT, and TimCAD led
to super-susceptibility of leaf tissues to the fungus B. graminis
f. sp. tritici, the causal agent of powdery mildew disease (Bhuiyan
etal., 2009). The increased accumulation of mono- and difer-
ulates in the cell walls of oat and wheat upon infection with
P. coronate sp. avenae and Agrobacterium sp., respectively, has
been associated with resistance toward these pathogens (Ikegawa
etal., 1996; Parrott etal., 2002). In transgenic rice overexpressing
the NPRI HOMOLOG 1 (NHI), a suppressor mutant screening
was performed and a mutation in the SUPPRESSSOR OF NH1-
MEDIATED LESION FORMATION AND RESISTANCE (SNL6)
gene, which encodes a CCR-like protein, was selected. snl6 mutants
had a lower lignin content and a reduced resistance to the bac-
terium X. oryzae pv. oryzae (Bart etal, 2010). Mutations in
BROWN MIDRIB 6 (BMR6) and BMRI2 in sorghum (Sorghum
bicolor L.) allowed the development of forage and grain lines with
areduced lignin content and modified lignin composition (Oliver
etal., 2005). The bmr6 and bmrl2 mutants, that are defective in
CAD and COMT proteins, respectively, restricted the growth of
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different Fusarium spp. (E. thapsinum, F. proliferatum, and F. verti-
cillioides), but not that of Gibberella fujikuroi (Bout and Vermerris,
2003; Sattler et al., 2009; Funnell-Harris et al., 2010). It is unknown
whether the alteration of lignin composition or the accumulation
of phenolic compounds is causative to the enhanced resistance of
these sorghum mutants to Fusarium sp.

In trees, the contribution of lignin amount or composition
on susceptibility to pathogens has been also investigated. For
example, in eucalyptus, the deposition of lignin in necrophy-
latic periderm in the early stages of infection by Mycosphaerella
explains the greater resistance of Eucalyptus nitens as compared
with E. globulus (Smith etal., 2007). Comparative metabolite pro-
filing of xylem tissue of Ulmus minor and Ulmus minor x Ulmus
pumila after inoculation with Ophiostoma novo-ulmi showed that
the hybrid has a faster defense response, which is characterized by
an increase in the amount of lignin (Martin et al., 2007). Similarly,
the infection of Pinus nigra by Sphaeropsis sapinea induces an
increase in the deposition of lignin that was associated to resis-
tance (Bonello and Blodgett, 2003). Interestingly, in hybrid poplar
(Populus tremula x Populus alba) no increased disease incidence
was observed in field-grown antisense COMT and CAD lines
relative to that observed in wild-type trees, nicely showing that
altered lignin biosynthesis does not necessarily negatively impact
resistance to pathogens (Pilate et al., 2002; Halpin etal., 2007).

In summary, a general positive correlation between lignin
amount and pathogen resistance has been observed, in particular
when the plant-pathogen interaction concerns vascular pathogens,
such as Fusarium sp., Xanthomonas sp. or Verticilium sp., that
generally spread through the secondary-thickened xylem. In the
majority of the examples analyzed, the impact of lignin modifi-
cation on the regulation of other defense responses has not been
studied, and it is not yet possible to conclude whether the role of
lignin in resistance is merely passive or active by regulating specific
immune responses.

CONTRIBUTION OF LIGNIN TO PATHOGEN RESISTANCE IN
Arabidopsis
Several lines of evidence support a role for lignin in immunity
of Arabidopsis to pathogens. The expression of some lignin-
biosynthesis genes was induced, and the amount of lignin
increased, by treating Arabidopsis with hormones (i.e., sali-
cylic acid, abscisic acid or jasmonic acid) that regulate plant
defense (Mohr and Cahill, 2007; Chen etal., 2009; Gallego-
Giraldo etal., 2011a). Similarly, infection of Arabidopsis with
particular pathogens, such as the bacteria P. syringae pv. tomato
and X. campestris, resulted in increased expression of lignin-
biosynthesis genes and in higher lignin levels (Mohr and Cahill,
2007; Quentin etal., 2009). Experiments also hinted to spe-
cific stress-related roles for the different gene family members
involved in certain enzymatic conversions. For example, the Ara-
bidopsis CCR2 gene has been suggested to participate in the
hypersensitive response to X. campestris as its expression was
up-regulated after inoculation with this bacterium, in contrast
to CCRI which was preferentially expressed during development
(Lauvergeat etal., 2001).

The analysis of Arabidopsis mutants defective in lignin biosyn-
thesis and of transgenic plants overexpressing lignin biosynthesis

genes has contributed to unravel the role of lignin in plant
immunity. For example, two pall/2/3/4 quadruple mutants with
20% and 25% residual lignin levels and 25% residual salicylic
acid levels, showed a stunted growth and were hypersuscepti-
ble to P. syringae. In addition, the total salicylic acid levels in
the quadruple mutants after infection were about 50% of those
in wild type, suggesting that pathogen-induced, salicylic acid-
mediated resistance might be partially impaired in this mutant
(Huang etal., 2010). The Arabidopsis comt mutant was found to
be slightly more susceptible than wild-type plants to P. syringae
pv. tomato DC3000, but also to B. cinerea, A. brassicicola and
X. campestris pv. campestris, and B. graminis f. sp. hordei, that
is a barley pathogen that does not colonize Arabidopsis plants
(Quentin etal., 2009). Unexpectedly, asexual sporulation of the
oomycete H. arabidopsidis, causing the downy mildew disease,
was impaired in the comt mutant (Quentin etal., 2009). This
phenotype was not correlated with an increased salicylic and
jasmonic acid-dependent defense, but with a higher frequency
of oomycete sexual reproduction within comt mutant tissues
(Quentin etal., 2009). It was further proven that comt mutants
accumulated soluble 5-hydroxyferuloyl-malate and that this com-
pound promoted sexual oomycete reproduction in vitro (Quentin
etal., 2009). Arabidopsis f5h1 mutants showed an increased sus-
ceptibility to the fungal pathogen S. sclerotiorum and to the
vascular fungus Verticillium longisporum (Huang etal., 2009;
Konig etal., 2014). The f5h1 mutants have similar amounts of
lignin as compared to wild type, but lack S units in the lignin
and are sinapate ester deficient (Meyer etal., 1998; Vanholme
etal., 2012b; Konig etal., 2014). Because sinapate esters inhibit
fungal growth in vitro, their absence in f5h1 might explain the
mutant’s increased susceptibility toward fungal pathogens (Konig
etal., 2014). Interestingly, the UGT72E2 over-expressing Ara-
bidopsis line, in which lignin was not altered but the soluble
phenylpropanoid coniferin accumulated, was less susceptible to
V. longisporum (Konig etal., 2014). All together these results
again strongly support that not only the lignin polymer but
also the soluble phenolic pool plays a significant role in the
defense of plants against pathogens. As described above for
crops and other plant species, a general positive correlation
between lignin amount and resistance toward pathogens has been
observed in Arabidopsis too. However, a deeper characterization
of the impact of the lignin alterations on Arabidopsis immune
responses and its relation with the content and profile of pheno-
lics is needed to elucidate the molecular mechanisms explaining
the differential responses of the mutants to pathogen infection
(Table 1).

In Arabidopsis, the plant’s response to the perturbation of lignin
has been studied in a collection of mutants, each mutated in a
single gene of this pathway, by combining transcriptomics and
metabolomics (Vanholme etal., 2012b; Figure 1). These anal-
yses revealed that c4h, 4cll, ccoaomtl, and ccrl mutants, that
produced less lignin, upregulated the shikimate, methyl-donor,
and phenylpropanoid pathways (i.e., the pathways supplying the
monolignols), whereas, f5h1 and comt mutants, that provoked
lignin compositional shifts, downregulated the very same path-
ways (Vanholme etal., 2012b). Moreover, some of these mutant
alleles revealed subtle differences in the metabolic and gene
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FIGURE 2 | Model illustrating lignin and secondary cell wall modifications resulting in enhanced resistance (R) or enhanced susceptibility (S) to
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expression profiles that might contribute to differential resistance
responses to pathogens (Vanholme etal., 2012b). This collection
of mutants represents a unique tool to further characterize the
specific contribution of lignin biosynthesis to resistance against
different types of pathogens in Arabidopsis.

EFFECTS OF MODIFYING LIGNIN AND SECONDARY CELL
WALL STRUCTURE ON PLANT PATHOGEN RESISTANCE:
HYPOTHESES AND OPEN QUESTIONS

Several hypotheses can be formulated to explain the resistance
or the susceptibility observed in mutants and transgenic plants
affected in the amount and/or composition of lignin and, more
broadly, the secondary cell wall (Figure 2): (i) The perturbation
of lignin or secondary cell wall structure modifies the physical
barrier that pathogens must overcome to invade the plant. This
perturbation can lead to enhanced resistance or susceptibility as
these pathogens might lack the enzymes required for a proper
degradation of this novel physical barrier, or wall degradation by
pathogens is now facilitated, respectively; (ii) The reduced amount
of lignin or the modification of lignin or secondary cell wall com-
position impacts the strength of the secondary cell wall resulting
in collapsed xylem. A drop in vascular conduction might neg-
atively contribute to plant colonization by vascular pathogens;
(iii) The reduction of lignin amount and the modification of
the secondary cell wall can loosen the wall, facilitating the con-
stitutive or pathogen-induced release of cell wall DAMPs, which
might trigger immune responses resulting in enhanced resistance
to pathogens; (iv) The perturbation of the lignin pathway could
lead to the accumulation of soluble phenolic compounds that are
either toxic to some pathogens (e.g., resulting in a reduced viru-
lence), or serve as a new carbon or nutrient source for pathogens

that then will grow better (e.g., resulting in enhanced virulence);
(v) Similarly, the perturbation of the lignin pathway could also
lead to the accumulation or decrease of soluble phenolics that
are plant-pathogen recognition compounds, which would result
in an enhanced susceptibility or resistance, respectively. Although
these hypotheses might explain some of the published phenotypes,
other molecular explanations cannot be excluded and a deeper
molecular and biochemical characterization is required for a bet-
ter understanding of the contribution of the secondary cell wall to
pathogen resistance.

PERSPECTIVES

Lignin negatively impacts the conversion of lignocellulosic
biomass into fermentable sugars, making it one of the most impor-
tant limiting factors in the processing of plant biomass to pulp and
biofuels (Chen and Dixon, 2007; Dien et al., 2009; Van Acker et al.,
2013). Hence, modifications of the plant secondary cell wall can
contribute to the improvement of biomass processing in paper
mills and bio-refineries. However, one critical question for lig-
nocellulosic feedstock development is whether engineering the
secondary cell wall, including its lignin content and composition,
will affect plant defense against pathogens. In this review, we have
summarized the role of the cell wall in plant resistance toward
pathogens. We conclude that plants with altered secondary cell
walls may either have an enhanced or a reduced resistance toward
pathogens, or no effect at all, depending on the alterations made
and the pathogens tested. Because our current knowledge on the
role of the cell wall (primary or secondary) in defense against
pathogens is still fragmentary, it is difficult to predict how specific
alterations of the cell wall will influence a plant’s resistance toward
pathogens. A deeper investigation of the role of the plant cell wall
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in pathogen resistance and the biochemical networks underlying
this resistance is required.
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Plant parasitic cyst nematodes (genera Heterodera and Globodera) are serious pests for
many crops. They enter the host roots as migratory second stage juveniles (J2) and
migrate intracellularly toward the vascular cylinder using their stylet and a set of cell wall
degrading enzymes produced in the pharyngeal glands. They select an initial syncytial
cell (ISC) within the vascular cylinder or inner cortex layers to induce the formation of a
multicellular feeding site called a syncytium, which is the only source of nutrients for the
parasite during its entire life. A syncytium can consist of more than hundred cells whose
protoplasts are fused together through local cell wall dissolutions. While the nematode
produces a cocktail of cell wall degrading and modifying enzymes during migration
through the root, the cell wall degradations occurring during syncytium development are
due to the plants own cell wall modifying and degrading proteins. The outer syncytial
cell wall thickens to withstand the increasing osmotic pressure inside the syncytium.
Furthermore, pronounced cell wall ingrowths can be formed on the outer syncytial wall
at the interface with xylem vessels. They increase the surface of the symplast-apoplast
interface, thus enhancing nutrient uptake into the syncytium. Processes of cell wall
degradation, synthesis and modification in the syncytium are facilitated by a variety of
plant proteins and enzymes including expansins, glucanases, pectate lyases and cellulose
synthases, which are produced inside the syncytium or in cells surrounding the syncytium.

Keywords: cell wall ingrowths, cell wall openings, cyst nematodes, feeding site, syncytium

INTRODUCTION

Various species of plant parasitic nematodes attack the roots of
crop plants, leading to serious agricultural losses, which have
been estimated to be between US $ 125 and 157 billion per year
(Chitwood, 2003; Abad et al., 2008). The sedentary cyst nema-
todes can be especially difficult to eradicate because they can
survive in the soil for many years as dormant second stage juve-
niles (J2) in eggs protected by dead female bodies turned into
cysts. Agriculturally the most important cyst nematode species are
the potato cyst nematodes (Globodera rostochiensis and G. pallida
with yellow/golden and white cysts, respectively) and the soy-
bean cyst nematode (Heterodera glycines), which causes serious
losses in soybean. Several other Heterodera species are found on
cereals: H. avenae and H. filipjevi on oat, wheat and barley, and
H. zeae on maize. The beet cyst nematode (H. schachtii) poses
a serious problem for sugar beet production, but interestingly
it is able to infect also species of the family Brassicaceae includ-
ing Arabidopsis thaliana and this interaction is widely accepted
as a model system in plant-nematode research (Sijmons et al.,
1991). Upon stimulation by mostly unknown triggers, the migra-
tory J2s hatch from the eggs and migrate toward roots. They enter
an epidermal cell of host plant roots making numerous perfo-
rations in the cell wall with the aid of their stylet. Afterwards,
they migrate intracellularly through the root cortical cells toward
the vascular cylinder. J2s of Globodera sp. usually select an ISC
among the inner cortex or the endodermal cells (Sobczak et al.,
2005; Lozano-Torres et al., 2012) while H. schachtii selects an ISC
among cambial or procambial cells inside the vascular cylinder

(Golinowski et al., 1996; Sobczak et al., 1999). The cell wall of the
ISC is pierced by the J2 with its stylet and secretions are injected
directly into the plant cell cytoplasm through the hollow stylet
(Wyss and Zunke, 1986; Wyss, 1992; Sobczak et al., 1999). These
secretions are produced in the esophageal glands and although
their nature and composition is still largely unknown, there is
a common agreement that they contain effector proteins, which
modify plant morphogenetic pathways thus facilitating the devel-
opment of the syncytia (Hewezi and Baum, 2013). Neighboring
cells fuse successively with the ISC through local cell wall dissolu-
tions (Grundler et al., 1998) and thus a multinuclear syncytium
composed of a large number of syncytial elements (=former root
cells) is formed (Wyss and Grundler, 1992). The syncytium keeps
expanding centripetally into the vascular cylinder by incorpo-
ration of pro-/cambial cells located between xylem and phloem
bundles (Figures 1A,B; Golinowski et al., 1996; Sobczak et al.,
1997) and acro- and basipetally along the root. The nematodes
remain sedentary during their J2 and J3 developmental stages
(Wyss, 1992). At the short-lasting J4 stage male nematodes cease
food withdrawal and after the next molt they leave the roots as
adult nematodes to search females for mating. The females con-
tinue to feed on syncytia during J4 and adult stages, and they
never leave their feeding site. After insemination, they deposit
hundreds of eggs mainly inside their body, which hardens to form
the protective cyst (Wyss and Grundler, 1992).

The syncytium is the only source of nutrients for the cyst
nematodes during their entire life cycle and thus it constitutes a
severe sink in the plant because it has to be continuously “refilled”
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FIGURE 1 | Structural features of cell walls of syncytia induced by H. (arrows) formed at extensively digested part of internal cell wall. (F) Casparian
hachtii in A. thali roots. (A) Anatomy of root containing syncytium. stripe (between arrows) covered with newly deposited cell wall in untypical

Arrows indicate cell wall openings. (B) Ultrastructure of root containing syncytium induced in the endodermis. (G) Comparison of thickness of outer

syncytium. Arrow indicates cell wall opening. (C) Cell wall openings formed syncytial cell wall (between arrows) and cell wall of non-syncytial cells

by widening of plasmodesmata (arrows). (D) Cell wall openings formed by (between arrowheads). (H) Thin part of outer syncytial cell wall (arrowheads)

local dissolution of cell wall without involvement of plasmodesmata. Arrow facing sieve tube. Arrows indicate plasmodesmata between sieve tubes.

indicates middle lamella covered with plasmalemma. (E) Paramural bodies (Continued)
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FIGURE 1 | Continued

(I) A group of plasmodesmata (arrows) at thin part of outer syncytial cell
wall (between arrowheads) facing non-syncytial parenchymatous cell. (J)
Single cell wall ingrowths (arrows) formed at syncytial wall facing vessels.
(K) Well-developed system of cell wall ingrowths (arrows) formed at
syncytial wall facing vessels. (L) Unusual localization of poorly developed
cell wall ingrowths (arrows) on wall between syncytial elements. (M)
Plasmodesmata (arrows) between syncytial element and sieve tube. (N)
Feeding plug in syncytial cell wall. Secretions emanating from nematode

amphids are marked with arrow. (0) Feeding plug with inserted
cross-sectioned nematode stylet. Callose depositions are indicated with
arrows. (P) Broken feeding plug in syncytial wall. Spilled syncytial
cytoplasm is marked with asterisks. Arrow points to amphidal secretions.
Light microscopy (A) and transmission electron microscopy micrograms
(B-P) of syncytia at 2 (E,0), 5 (A,B,D,EN,P), 10 (G,H,1,J,M), and 13
(C.K,L) days post inoculation. CW, cell wall; FR feeding plug; FT, feeding
tube; N, nematode; NS, non-syncytial cell; S, syncytium; Sl, stylet; ST,
sieve tube; X, xylem vessel. Bars = 20pum (A) and 1pm (B-P).

with nutrients necessary for the developing nematode. The nuclei
of the syncytial elements enlarge and undergo endoreduplica-
tion (De Almeida Engler and Gheysen, 2013). Furthermore, also
other ultrastructural features of the syncytial elements differ
drastically from the ultrastructure of typical pro-/cambial cells.
The large central vacuole is replaced by several small vacuoles
and proliferating syncytial cytoplasm contains numerous plastids,
mitochondria, ribosomes and structures of endoplasmic reticu-
lum (Jones and Northcote, 1972; Bleve-Zacheo and Zacheo, 1987;
Golinowski et al., 1996). In the course of these processes, the
osmotic pressure in syncytia increases and becomes higher than in
adjacent cells (Bockenhoff and Grundler, 1994). The ultrastruc-
tural features of syncytia implicate their high metabolic activity,
which is confirmed by transcriptome analyses indicating up-
regulation of genes related to high metabolic activity (Szakasits
et al., 2009).

THE MIGRATORY PHASE

The invasion of the root and the development of the syncytium
require both, destructive and constructive modifications of plant
cell walls. It was originally believed that during invasion of the
root, the cyst nematodes use only their stylet to make a series
of punctures in the cell wall to break it solely with mechanical
force of its stylet and lips (Wyss and Zunke, 1986; Wyss, 1992).
However, several years ago it was evidenced that in addition to
mechanical force also cell wall degrading enzymes are produced
and secreted by the migratory J2s of cyst nematodes during their
intracellular migration (Smant et al., 1998). The secreted cell wall
degrading enzymes are produced in the two subventral gland
cells, which are highly active in infective ]2s, but atrophy when the
nematodes become sedentary after induction of the ISC (Tytgat
et al., 2002). In sedentary juveniles the dorsal gland cell becomes
enlarged and more active thus it seems to be involved in further
syncytium development and maintenance.

The plant cell wall is primarily composed of a variety of
polysaccharides. Its exact composition is highly variable and
depends on many factors such as the plant species, the cell type,
the cell developmental stage as well as on external biotic and abi-
otic factors (Keegstra, 2010). Its main component is cellulose, a
B-1,4-linked glucan, which forms crystalline microfibrils cross-
linked by hemicelluloses: xyloglucan, glucomannan, xylan, and
mixed-linkage glucans (Scheller and Ulvskov, 2010). These are
embedded in a complex polysaccharide matrix of pectin: homo-
galacturonan and rhamnogalacturonan I and II (Harholt et al.,
2010). In addition, cell walls can be lignified (Li and Chapple,
2010) and they can also contain a variety of different proteins and
glycoproteins (Rose and Lee, 2010).

The plant cell wall is a barrier for many pathogens and
various cell wall polysaccharide degrading enzymes have been
described for many different pathogens (for review see Hematy
et al., 2009). Cyst nematodes also produce a variety of cell wall
polysaccharide degrading enzymes during migration through the
root. However, in contrast to fungal pathogens, which usually
secrete first pectin degrading enzymes, there is no indication that
nematode secreted cell wall degrading enzymes are released in
chronological or sequential order. Rather, it seems that a cock-
tail of various polysaccharide degrading enzymes is produced in
the nematode esophageal glands and secreted through the stylet
orifice (for review see Davis et al., 2011).

Two groups of pectin degrading enzymes are produced
by plant parasitic nematodes, which are specifically active on
unmethylated polysaccharides: polygalacturonases and pectate
lyases (see Table 1 for the genes/proteins from nematodes men-
tioned in this review). The former cleave bonds between galac-
turonic acids in (unmethylated) homogalaturonan and they were
found in secretions of root knot nematodes (Jaubert et al., 2002),
but not in cyst nematodes. The latter have been identified in sev-
eral cyst nematode species, including H. glycines (De Boer et al.,
2002), H. schachtii (Vanholme et al., 2007), and G. rostochiensis
(Popeijus et al., 2000; Kudla et al., 2007). Down-regulation of one
of the two pectate lyase genes present in the H. schachtii genome
by RNAI resulted in a lower number of infecting juveniles, thus
clearly demonstrating the importance of pectate lyases for root
invasion and successive migration of the nematode inside the host
root (Vanholme et al., 2007).

Cellulases (p-1,4-endoglucanases) found in G. rostochien-
sis and H. glycines were the first cell wall degrading enzymes
encoded by animal genomes that were discovered, which was
surprising at that time because it was a general thought that
animals are unable to produce these enzymes themselves but
depended on symbiotic microorganisms for that purpose (Smant
et al., 1998). These proteins are produced in the subventral
gland cells and they are secreted during nematode migra-
tion as indicated by their immunolocalization in plant tis-
sues (Wang et al., 1999). Secreted cellulases can be involved
in the softening and weakening of the cellulose network in
plant cell walls during the root invasion and intracellular
migration phases making mechanical cell wall rupture easier.
Their importance for cyst nematode parasitism was demon-
strated by RNAI silencing of their expression in G. rostochiensis.
Incubation of invasive J2s with dsRNA targeting the mRNA
of secreted cellulases resulted in fewer nematodes that could
invade and induce syncytia in the host roots (Chen et al,
2005).
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Table 1 | Nematode proteins acting on plant cell walls.

Gene/Protein Nematode Class Function References
Hg-pel-1 H. glycines Pectate lyase De Boer et al., 2002
Hspell H. schachtii Pectate lyase Vanholme et al., 2007
Hspel2 Silencing results in low infection efficiency
GrPEL1 G. rostochiensis  Pectate lyase Popeijus et al., 2000
GrPEL2 Transient expression in Nicotiana benthamiana resulted Kudla et al., 2007

in severe malformations of infiltrated tissues
GR-ENG-1 G. rostochiensis  Cellulase Hydrolysis of carboxymethylcellulose Smant et al., 1998
GR-ENG-2 G. rostochiensis
HG-ENG-1 H. glycines
HG-ENG-2 H. glycines
GR-ENG- G. rostochiensis  Cellulase Targeting the mRNAs of secreted cellulases with dsRNA  Chen et al., 2005
1/2/3/4 resulted in lower nematode invasion
GrEXPB1 G. rostochiensis  Expansin Cell-wall-extension activity Qin et al., 2004; Kudla et al., 2005
Hs CBP H. schachtii Cellulose Interacts with a plant pectin methylesterase (PME3) to Hewezi et al., 2008

binding protein

aid cyst nematode parasitism

Genes are shown in italic for those cases where the proteins have not been reported.

Genomes of sedentary plant parasitic nematodes encode also
expansins (Qin et al., 2004; Kudla et al., 2005). Expansins are
widespread in plants, but had not been found outside the plant
kingdom before. They have no enzymatic activity but function
by loosening or weakening of the non-covalent bonds between
cellulose microfibrills and associated hemicelluloses, thus making
the cell wall more accessible for cell wall degrading enzymes, and
more responsive to turgor-driven plant cell growth (McQueen-
Mason and Cosgrove, 1994). Loosening of the plant cell walls by
expansins produced by migratory juveniles would result in better
accessibility for nematode secreted cell wall degrading enzymes
and could also facilitate mechanical disruption with the aid of the
nematode stylet and lips (Qin et al., 2004).

We can conclude that there is a bulk of evidence indicating
that during root invasion and migration through the root tissues
the cyst nematodes use mechanical force in combination with a
sophisticated set of enzymes that soften the rigidity of plant cell
walls through polysaccharide degrading enzymes and cell wall
modifying proteins. Once the ]2 has selected an ISC, it becomes
sedentary and changes its strategy. Now, the dorsal gland cell
becomes more active, indicating that the nematode is producing
a different set of parasitism-related proteins (effectors). The ISC
develops into a syncytium via hypertrophy of affected plant cells
and formation of partial cell wall dissolutions between them lead-
ing to the formation of a confluent protoplast inside the entire
feeding site. This again requires activities of cell wall degrading
enzymes and modifying proteins such as expansins, but now they
are apparently produced by the plant, not by the nematode. There
have been no reports that cell wall degrading enzymes produced
by the nematode are secreted into the syncytium, although, this
cannot be excluded. Instead, the sedentary plant parasitic nema-
todes have developed a sophisticated system of effectors released
into the feeding site, which allow them now to avoid plant defense
responses and to “persuade” the plant to work for parasite benefits
(Quentin et al., 2013).

THE SEDENTARY PHASE

The incorporation of root cells into syncytia requires a local dis-
solution of cell walls (Figures 1A,B; Grundler et al.,, 1998) and
it has been shown that several plant proteins are involved in
this process, including expansins, cellulases, and pectinases. The
expression of these proteins has to be tightly regulated and some
of the genes encoding expansins and cell wall degrading enzymes
are specifically temporally and spatially regulated in syncytia or in
the surrounding cells (Wieczorek et al., 2006, 2008; Szakasits et al.,
2009). Most of the knowledge concerning cell wall modifications
has been gained from the research on the interaction between
H. schachtii and A. thaliana roots; therefore we will concentrate
on this interaction (see Table 2 for the genes mentioned in this
review). Further information on other host plants and other cyst
(and root knot nematodes) can be found in a review by Sobczak
etal. (2011).

The formation of syncytia requires the fusion of root cell pro-
toplasts by partial cell wall dissolution (Figures 1A,B; Grundler
et al., 1998). During early stages of syncytium development it is
achieved by widening of plasmodesmata between the ISC and
neighboring cells (Figure 1C; see also Figures 3, 4 in Grundler
et al., 1998), while at later stages cell wall openings are mostly
formed by dissolution of cell wall fragments without the involve-
ment of plasmodesmata (Figure 1D; see also Figures 8, 9 in
Grundler et al., 1998). However, when a group of cells is incor-
porated into a syncytium, cell wall dissolutions can be formed
among distal cells by widening of plasmodesmata. Expansins are
apparently helper-proteins in this process. As it has been men-
tioned, expansins do not have enzymatic activity, but they are
involved in all processes that require the expansion of plant cells
or the degradation of cell walls. They act by weakening the hydro-
gen bonds between cell wall polysaccharides (McQueen-Mason
and Cosgrove, 1994). The A. thaliana genome contains 26 genes
coding for a-expansins and 5 genes coding for 3-expansins, which
are differentially regulated in different plant organs and in feeding
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Table 2 | Plant genes involved in syncytium formation.

Gene Name Class Function/Expression References

At2g37640  AtEXPA3 Expansin Up-regulated in syncytia, loosening of cell walls Wieczorek et al., 2006

At3955500  AtEXPA16

At1g70710  AtCell Cellulase Expressed in young syncytia. Implicated in cell wall ~ Mitchum et al., 2004
softening during early stages of syncytium Wieczorek et al., 2008
development

At1g02800  AtCel2 Cellulase Degradation of cell walls. Decreased numbers of Wieczorek et al., 2008

Atdg24260  AtKor3 females develops on roots of -DNA mutants

At3974310  Pme3 Pectin methylesterase Interacts with a cellulose binding protein secreted Hewezi et al., 2008
by H. schachtii during early phase of syncytium
development

At3g05970  PAE (DiDi 9C-12)  Pectin acetylesterase Up-regulated in and around young expanding Vercauteren et al., 2002
syncytia induced by H. schachtii

At3g27400 PLL18 Pectate lyase-like Up-regulated in syncytia. Important for proper Wieczorek et al., unpublished

At4g24780  PLL19 development of the cyst nematode H. schachtii

At3954920 PMR6 Pectate lyase-like Up-regulated in syncytia. Known also as powdery Vogel et al., 2002
mildew susceptibility gene Szakasits et al., 2009

Atl1g14520  MIOX1 Myo-inositol oxygenase Strong expression in syncytia. Important for Siddique et al., 2009, 2014

At2919800  MIOX2 syncytium and nematode development, probably

Atdg26260  MIOX4 due to removal of excess myo-inositol to decrease

Atbgb6640  MIOX5 the level of galactinol

Atbg39320  UGD1 UDP-glucose dehydrogenase  Expressed in syncytia Siddique et al., 2012

At3g29360 UGD2 Expressed in syncytia. In mutant plants cell wall

Atbg15490  UGD3 ingrowths are not formed in syncytia

At1926570 UGD4 Expressed in syncytia

sites of the cyst nematode H. schachtii (Wieczorek et al., 2006).
Some expansin genes are expressed in roots and syncytia while
some others are expressed in roots but down-regulated or silenced
in syncytia. Genes, such as AtEXPA3 (At2¢37640) and AtEXPAI6
(At3¢55500), which are expressed in shoots but not in roots
in uninfected plants, are specifically up-regulated in syncytia,
indicating that they are important for syncytium development.
When the texture of plant cell walls is loosened by expansins,
it becomes more accessible for a variety of plant derived enzymes,
which are involved in cell wall degradation. These enzymes
include cellulases (endo-1,4-B-glucanases) and different pectin
degrading enzymes. Goellner et al. (2001) were the first who
showed that plant cellulase genes are expressed in tobacco roots
infected with G. tabacum. A detailed analysis of the cellulase
gene expression pattern in Arabidopsis roots infected with H.
schachtii showed a complex picture resembling the expression
pattern of expansin genes (Wieczorek et al., 2008). The A. thaliana
genome contains 25 genes annotated as cellulases. Seven of them
were up-regulated and seven were down-regulated in syncytia.
GeneChip analysis indicated the AtCell gene (At1g70710) as being
up-regulated in syncytia at 5 days post inoculation (dpi), while
GUS analysis did not detect expression of the AtCell promoter in
10 dpi syncytia (Mitchum et al., 2004). The reason for these diver-
gent results might be that this gene is apparently expressed only in

young syncytia. Other up-regulated genes are AtCel2 (At1g02800)
and AtKor3 (At4g24260). Their importance for feeding site and
nematode development was demonstrated with mutant studies.
Only about half of the number of females developed on roots
of AtCel2 or AtKor3 mutants in comparison to wild type plants
(Wieczorek et al., 2008).

Another important group of enzymes involved in degrada-
tion of cell walls during the development of feeding sites induced
by the cyst nematodes are enzymes taking part in degradation
and modifications of pectins. These enzymes are encoded by
large gene families in the A. thaliana genome (see supplementary
tables). There are 66 genes coding for polygalacturonases (Kim
et al., 2006), 66 genes encoding pectin methylesterases (Louvet
et al., 2006), 12 genes encoding pectin acetylesterases (Gou et al.,
2012), 26 genes annotated as pectate lyases or pectate lyase-like
genes (Palusa et al., 2007; Sun and van Nocker, 2010) and 67
genes coding for pectin lyases (Cao, 2012). However, it has to
be kept in mind that this classification is based at the moment
on in silico analyses and that the enzymatic activity of most pro-
teins has not been tested in vivo or in vitro. During syncytium
development the action of these enzymes seems to be of special
importance to allow intrusive growth of enlarging syncytial ele-
ments among surrounding parenchymatous cells (Figures 1A,B).
Their action seems also necessary for proper formation of cell
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wall openings when neighboring protoplasts become separated by
middle lamella only (Figure 1D; see also Grundler et al., 1998). It
has to be digested to allow formation of confluent syncytial cyto-
plasm. However, during enlargement of syncytial elements the
exposed middle lamella might also be torn apart mechanically.
When the cell wall openings expand numerous paramural bod-
ies of different sizes are formed (Figure 1E; see also Figure 11 in
Golinowski et al., 1996).

Very little is currently known about the expression of genes
coding for pectin-degrading enzymes in feeding sites of H.
schachtii. The transcriptome analysis conducted by Szakasits et al.
(2009) showed that among 67 genes coding for pectin lyases
four were up-regulated and four were down-regulated in syncy-
tia as compared to control root segments (a false discovery rate
at <5% was used). None of these genes was expressed at a high
level, indicating that pectin lyases might be less important for the
degradation of cell walls leading to incorporation of new root cells
into the growing syncytium than pectate lyases (discussed below).

While pectin lyases are able to hydrolyze methylated pectin,
polygalacturonases and pectate lyases are unable to degrade
methylated pectin. These enzymes can only work once the
pectin is demethylated or deacetylated by pectin methylesterases
or acetylesterases. Out of the 66 genes encoding pectin
methylesterases three were up-regulated and 10 were down-
regulated in syncytia induced by H. schachtii according to data
reported by Szakasits et al. (2009). The protein encoded by Pme3
(At3g14310) interacts with a cellulose binding protein secreted
by H. schachtii during early phases of syncytium development.
Transgenic plants overexpressing this pectin methylesterase were
more susceptible to infection with H. schachtii while a knockout
mutant showed the opposite effect, indicating the importance of
Pme3 for nematode parasitism (Hewezi et al., 2008).

Among 12 putative pectin acetylesterase genes, two were
down-regulated and three were up-regulated in syncytia accord-
ing to data reported by Szakasits et al. (2009). One of the latter
genes (At3g05910) was up-regulated both in young giant cells
induced by the root-knot nematode M. incognita as well as
in syncytia induced by H. schachtii (Vercauteren et al., 2002).
Deacetylation and demethylation makes the pectin accessible
for degradation by polygalacturonases and pectate lyases. Four
out of the 66 genes encoding putative polygalacturonases in the
A. thaliana genome were slightly up-regulated while five were
down-regulated in syncytia induced by H. schachtii. Additionally,
there are also 26 genes in the A. thaliana genome coding for pec-
tate lyase-like (PLL) enzymes (Palusa et al., 2007). Six of them
were up-regulated and four were down-regulated in syncytia
when compared to uninfected Arabidopsis roots according to data
reported by Szakasits et al. (2009). These results, with all due pre-
cautions, indicate that pectate lyases might be more important for
the degradation of cell walls in syncytia than polygalacturonases
and recent work by Wieczorek et al. (pers. comm.) supports this
assumption. They studied two PLL genes (PLL18; At3g27400 and
PLL19; At4¢24780), which are up-regulated in syncytia. Analyses
of T-DNA mutants showed that both genes are important for
proper development of the cyst nematode H. schachtii, but not
for the root knot nematode M. incognita. It should also be stressed
that one pectate lyase-like gene (PMRG6; At3¢54920), which is also

up-regulated in syncytia was identified as a powdery mildew sus-
ceptibility gene in A. thaliana (Vogel et al., 2002). With a few
exceptions, our information about the role of the different pectin
modifying/degrading enzymes for syncytium development is still
very limited and fragmentary.

It seems that plant parasitic nematodes do not have enzymes
degrading suberin as well as they are not able to modify expres-
sion of plant genes coding for enzymes degrading it. The juveniles
of the root knot nematode M. incognita invade plant roots close to
the root tip. They enter the root and migrate toward the vascular
cylinder intercellularly dissolving the middle lamellae. When they
reach the endodermis with developed Casparian stripes (narrow
bands of suberinized cell wall) they turn first toward the root tip
and then turn again toward the center of the vascular cylinder just
above the root tip meristem where the Casparian stripes are not
yet formed (Wyss et al., 1992). In the case of syncytia induced
by Globodera sp., which are induced in the root cortex, the cell
wall openings were never formed at parts of endodermal cell walls
with Casparian stripes. In general, suberinized Casparian stripes
are not a problem for Heterodera sp., which usually induce syncy-
tia among cells of the vascular cylinder and migrate through the
endodermis intracellularly. However, in a very few cases, syncy-
tia induced in young parts of A. thaliana roots incorporated also
endodermal cells with developed Casparian stripes (Figure 1F).
In such cases the suberinized part of the plant cell wall remained
undigested and was covered by thick layers of newly deposited cell
wall material. It indicates that the cyst nematodes are unable to
regulate the expression of plant suberin-digesting enzymes and
do not produce these enzymes themselves.

Concomitantly with processes of cell wall degradation, the
development of syncytia also requires the synthesis of new
cell wall materials. The outer syncytial cell wall is thickened
(Figures 1B,G; see also: Figures 25, 26 in Sobczak et al., 1997;
Figure 10 in Golinowski et al., 1996) to withstand and coun-
teract the high osmotic pressure inside the syncytia, which can
reach 10,000 hPa in syncytia induced by H. schachtii in A. thaliana
roots (Bockenhoff and Grundler, 1994). While the outer cell wall
is generally thickened (Figure 1G; see also: Figures 25, 26 in
Sobczak et al., 1997; Figure 10 in Golinowski et al., 1996), those
parts of the syncytial wall that face sieve tubes (Figure 1H; see
also: Figure 5 in Grundler et al., 1998; Figure 19.1A in Sobczak
et al,, 2011) or cells being incorporated into syncytia (Figure 1I;
see also Figure 19.1B in Sobczak et al., 2011) often remain thin
while the sieve tube wall becomes thickened. This might favor the
uptake of solutes into the syncytium. In syncytia associated with
female nematodes cell wall ingrowths are developed at the inter-
face with xylem vessels (Jones and Northcote, 1972; Golinowski
etal., 1996). The first cell wall ingrowths are formed as dispersed
finger-like protrusions (Figure 1J; see also Figure 5E in Siddique
et al., 2012) in 5-7 dpi syncytia. Later they ramify and expand
forming pronounced cell wall labyrinths imprisoning mitochon-
dria and vesicles (Figure 1K; see also: Figures 5-7, 27 in Jones
and Northcote, 1972; Figure 20 in Golinowski et al., 1996). In
syncytia associated with male juveniles, which have only two
developmental stages of active food uptake and thus lower nutri-
tional demands than female juveniles (Miiller et al., 1981), and in
syncytia induced in plants grown under adverse conditions the
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disperse and single cell wall ingrowths are formed at different
locations, for instance between syncytial elements or on the outer
syncytial wall (Figure 1L; see also Figures 28, 29 in Sobczak et al.,
1997). Cell wall ingrowths are a characteristic feature of transfer
cells differentiating at various locations in plant organs. They are
ubiquitous in plants and are also found in fungi and algae (Talbot
et al., 2002; Offler et al., 2003). It has been proposed that the role
of cell wall ingrowths is to increase the surface of the interface
between symplast and apoplast thus allowing a higher exchange
of solutes. As the cell wall ingrowths in syncytia are formed at
the xylem interface it might be assumed that they enhance the
uptake of water from the vessels because it was calculated that
female juveniles withdraw four times the syncytium volume daily
(Miiller et al., 1981).

Thickening of the outer syncytial wall begins soon after syn-
cytium induction (Sobczak et al., 1999). It usually leads to
occlusion of plasmodesmata, if they have not been widened and
turned into cell wall openings (Figure 1C; see also Figures 3, 4
in Grundler et al., 1998). Thus, for a long time it was gener-
ally accepted that syncytia are symplasmically isolated. However,
recently several papers have been published providing indirect
evidence that plasmodesmata are formed de novo in outer syncy-
tial cell walls and that the syncytium is uploaded simplasmically
(Hoth et al., 2005; Hofmann and Grundler, 2006; Hofmann et al.,
2007). However, there is no ultrastructural support for functional
plasmodesmata in the outer cell wall of syncytia. Plasmodesmata
in the outer syncytial wall can be found only occasionally in cell
walls facing sieve tubes (Figure 1M; see also: Figure 5 in Grundler
et al., 1998; Figures 19.2C,D in Sobczak et al., 2011) or parenchy-
matous cells being incorporated into syncytia (Figure 1I; see also
Figures 19.2E,F in Sobczak et al., 2011). If present, they usu-
ally seem to be occluded by deposited cell wall material from
the syncytial side. However, plasmodesmata are present abun-
dantly between parenchymatous cells surrounding syncytia (see
also Figure 19.3A in Sobczak et al., 2011).

The feeding plug is another structure characteristic for syncy-
tial cell walls, which is not found in giant cells induced by root
knot nematodes. It is embedded into the outer syncytial cell wall
at the place where the nematode stylet is inserted into the syn-
cytium (Figures 1N,O; see also Figures 5, 6, 8 in Sobczak et al.,
1999). Presumably, this structure is important as a seal prevent-
ing leakage of the syncytial cytoplasm along the inserted stylet
(Figure 10; see also Figures 6, 8 in Sobczak et al., 1999). It must
be soft enough to allow stylet insertion, but also strong enough to
prevent cell wall rupture when the cell wall is punctured with the
nematode stylet. If the stylet is inserted outside the feeding plug
it can lead to cell wall rupture and syncytium collapse, although a
callose-based repair mechanism is activated (Figure 1P). The ori-
gin and chemical composition of the feeding plug remain obscure.
A small feeding plug is observed in syncytia already several hours
after ISC selection. It enlarges and often becomes multipartite
during syncytium development. The feeding plug is probably
mostly composed of callose that is abundantly deposited around
the tip (except the canal orifice) of the inserted stylet (Figure 10;
see also Figure 8 in Sobczak et al., 1999). The stylet is with-
drawn in every feeding cycle, approximately every 3—4h (Wyss,
1992), which could lead to leakage from the syncytium. This is

prevented by the callose, which is pulled into the opening in the
cell wall. However, active formation of the feeding plug by the
secretions originating from nematode amphids cannot be ruled
out (Figures IN,P; see also: Figure 3 in Endo, 1978; Figure 7 in
Sobczak et al., 1999).

The major precursor for synthesis of cell wall polysaccharides
in Arabidopsis is UDP-glucuronic acid, which can be produced
through two different pathways. Under normal growth condi-
tions UDP-glucose dehydrogenase (UGD) supplies the majority
of UDP-glucuronic acid from UDP-glucose. A second pathway
involves the enzyme myo-inositol oxygenase (MIOX) convert-
ing myo-inositol to D-glucuronic acid, which is thereafter con-
verted to D-glucuronic acid-1 phosphate by glucuronokinase,
and finally to UDP-glucuronic acid by UDP-sugar pyrophospho-
rylase (Kanter et al., 2005; Klinghammer and Tenhaken, 2007).
Myo-inositol is produced from glucose 6-phosphate through
the rate-limiting conversion to myo-inositol-3-phosphate, which
is catalyzed by the enzyme myo-inositol-phosphate synthase
(MIPS). Myo-inositol-3-phosphate is then dephosphorylated to
myo-inositol by myo-inositol monophosphatases (Loewus and
Murthy, 2000).

MIOX is encoded by 4 genes in the A. thaliana genome. MIOX1
and MIOX2 are expressed preferentially in seedlings while MIOX4
and MIOX5 are highly expressed in pollen grains (Kanter et al.,
2005). Expression of all 4 MIOX genes is strongly elevated in
syncytia induced by H. schachtii (Siddique et al., 2009). Double
mutants of the four MIOX genes supported development of a sig-
nificantly reduced number of H. schachtii females indicating the
importance of this pathway for the proper development of syn-
cytia and associated nematodes (Siddique et al., 2009). However,
no differences could be detected between miox double mutants,
a quadruple mutant and wild type plants in biochemical com-
position and ultrastructure of syncytial cell walls (Siddique et al.,
2009, 2014). The importance of the MIOX pathway for syncytium
development is probably not in the production of cell wall pre-
cursors, but rather in the removal of excess myo-inositol from
syncytia. A high level of myo-inositol would lead to a higher
level of galactinol and there is evidence that the high galactinol
level leads to decreased susceptibility of miox mutants against H.
schachtii (Siddique et al., 2014).

There is also a small gene family in the A. thaliana genome
consisting of four genes that encode UGD (UGD1, UGD2, UGD3,
and UGD4) (Klinghammer and Tenhaken, 2007). UGDI is only
weakly expressed in roots while UGD2, UGD3, and UGD4 are
expressed at high levels in roots. We have studied the expres-
sion pattern of these genes in syncytia using promoter::GUS lines
(Siddique et al., 2012). All four genes are expressed in syncytia;
UGD?2 and UGD3 as early as 1 dpi while expression of UGDI and
UGD4 was detected starting at 2 dpi. A mutant analysis revealed
that single UGD mutants (Augd2 and Augd3) support devel-
opment of fewer and smaller females, which feed from smaller
syncytia as compared to wild type plants. The double mutant
AAugd23 had an even stronger effect than the single mutants.
Ultrastructural examination of syncytia induced in the A Augd23
double mutant revealed that syncytia usually contained an elec-
tron translucent cytoplasm with degenerating organelles and cell
wall ingrowths were absent. These results showed that UGD2 and
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UGD3 are needed for the formation of cell wall ingrowths in
syncytia (Siddique et al., 2012).

Knowledge concerning the chemical composition of syncy-
tial cell walls is very limited. The basic reason for this situa-
tion is the general difficulty to obtain a sufficient amount of
purified material for biochemical analyses. Therefore, immuno-
logical methods are the only reasonable method to study the
chemical composition of syncytial cell walls. Using monoclonal
antibodies, which target specific components of plant cell wall
polysaccharides, cell wall composition was examined in syncy-
tia induced by H. schachtii in A. thaliana roots (Davies et al.,
2012). These analyses demonstrated the presence of cellulose
and hemicelluloses such as xyloglucan and heteromannan. Xylan
was not detected, indicating that syncytia are devoid of sec-
ondary cell walls although outer cell walls of syncytia are strongly
thickened. The pectin in syncytial walls appeared to be heavily
methyl-esterified, which could explain the rather low expres-
sion of pectin lyases in syncytia as these enzymes are able to
degrade only methylated pectin, but not de-esterified one. There
is at the moment no explanation why the higher expression
of AtPme3 was positively correlated with susceptibility because
a higher expression of pectin methylesterases might not only
result in an increased degradation of cell walls between syncy-
tial elements, which might favor syncytium development, but also
should lead to an enhanced degradation of the outer syncytial
cell wall and thus have detrimental effects on the syncytium. One
might therefore speculate that there are certain chemical differ-
ences between inner and outer cell walls of syncytia, however,
the inner cell walls (those between syncytial elements) are also
not completely degraded but only locally dissolved. An expla-
nation for this phenomenon could be that cell wall degrading
enzymes produced in syncytia are very specifically targeted to
only those parts of the cell walls between syncytial elements
that are scheduled to be degraded or that the outer cell walls
of syncytia are protected through the deposition of enzyme
inhibitors.

Examination of the chemical composition of the outer syn-
cytial cell wall (Davies et al., 2012) indicates that it is on the
one hand strong enough to withstand the high internal turgor
pressure of the syncytium and on the other hand it remains flex-
ible (Davies et al., 2012). This flexibility of outer syncytial walls
seems to be especially important when we consider that feed-
ing of the cyst nematodes occurs in cycles (Wyss and Zunke,
1986; Wyss, 1992). During each feeding cycle a substantial part
of the syncytium protoplast is withdrawn by the nematode. It
has been calculated that an adult female of H. schachtii can with-
draw four times the volume of the syncytium through its stylet
per day (Miiller et al., 1981). The flexibility of the outer syncy-
tial cell wall allows the syncytium to contract during the active
food withdrawal stage when the nematode feeds and takes up
a large part of the syncytial volume with solutes and to expand
when no food is withdrawn and the syncytium is “refilled” from
conductive elements.
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Plants engage in mutualistic interactions with microbes that improve their mineral nutrient
supply. The most wide-spread symbiotic association is arbuscular mycorrhiza (AM), in which
fungi of the order Glomeromycota invade roots and colonize the cellular lumen of cortical
cells. The establishment of this interaction requires a dedicated moleculargenetic program
and a cellular machinery of the plant host. This program is partially shared with the root
nodule symbiosis (RNS), which involves prokaryotic partners collectively referred to as
rhizobia. Both, AM and RNS are endosymbioses that involve intracellular accommodation of
the microbial partner in the cells of the plant host. Since plant cells are surrounded by sturdy
cell walls, root penetration and cell invasion requires mechanisms to overcome this barrier
while maintaining the cytoplasm of the two partners separate during development of the
symbiotic association. Here, we discuss the diverse functions of the cell wall compartment
in establishment and functioning of plant symbioses with the emphasis on AM and RNS,
and we describe the stages of the AM association between the model organisms Petunia
hybrida and Rhizophagus irregularis.

Keywords: symbiosis, Petunia, Rhizophagus, Rhizobium, arbuscular mycorrhiza, nodulation, cell wall, symbiotic

interface

INTRODUCTION

The plant cell wall is the outermost border of the plant body, and
therefore the interface for interactions with the biotic and abiotic
environment. Water and nutrients taken up from the soil have to
cross the cell wall of the epidermis and the tissues between the
epidermis and the vascular stele before they can enter the xylem
for transport to the shoot with the transpiration stream (Kim
etal., 2014). Together with the internal turgor pressure, the cell
walls confer to the plant organs their particular shape (Zonia and
Munnik, 2007), and in the case of dead tissues (xylem, wood), the
walls represent the only remnant of the cells.

In interactions with pathogenic microbes, the cell wall is the first
line of defense which provides a high level of general (non-host)
resistance to plants. However, in mutualistic interactions such as
root nodule symbiosis (RNS) and arbuscular mycorrhiza (AM),
the cell walls of the host have to give way to the microbial part-
ner in order to establish the intimate interfaces for developmental
coordination and nutrient exchange. Intracellular accommoda-
tion of microbial symbionts thus involves dedicated pathways that
evolved since the occurrence of the first symbiotic land plants
over 400 Ma ago (Parniske, 2000; Brundrett, 2002). While the
molecular-genetic program involved in mutual recognition and
communication between the partners has recently been elucidated
in considerable detail based on intense genetic and genomic anal-
ysis (Gutjahr and Parniske, 2013; Oldroyd, 2013), the later stages
involving cellular coordination and establishment of the symbiotic
interface are less well understood.

Here, we review recent developments in the domain of plant
symbioses with the emphasis on the role of the cell wall com-
partment during penetration and establishment of the symbiotic

interface. We discuss classical concepts and recent insight from
genetics, genomics, and transcriptomics analysis concerning the
mechanisms involved in symbiotic signaling, cell wall loosening,
and penetration, and in the nutrition of the microbial endosym-
biont. Finally, we provide a detailed description of the infection
process in AM, the oldest and most widespread symbiotic associa-
tion of plants, with the example of the interaction between Petunia
hybrida and Rhizophagus irregularis.

ANATOMY OF PLANT ROOTS

The cell walls of roots have to comply with two very different
tasks. On the one hand, the root is dedicated to the acquisition
of water and mineral nutrients. For this, the epidermis (the epi-
dermis of the root) has to be maximally permeable. On the other
hand, the root surface has to be protected from harmful microbes
(pathogens), toxic solutes, and, under conditions of drought, water
loss. To comply with these two seemingly contradictory require-
ments, the root has specialized cell layers for nutrient absorption
and protection.

With its thin cell walls, and the root hairs as surface extensions
(Figure 1A), the epidermis is optimally suited for efficient nutrient
uptake. In addition, the surface of the root system is increased by
repeated lateral root formation and by the formation of tubular
extensions of the epidermal cells, the root hairs. Further inside the
root, the endodermis with its tight Casparian strip seals the vascu-
lar tissues in the stele from the cortex (Geldner, 2013b; Figure 1A).
Water and solutes therefore have to pass through the endodermal
cell layer exclusively symplastically, allowing this cell layer to con-
trol and filter the nutrient solution before it enters the xylem for
the transfer to the shoot.
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FIGURE 1 | Basic root anatomy and colonization pattern of the
arbuscular mycorrhizal fungus Rhizophagus irregularis in Petunia
hybrida. (A) Schematic representation of a Petunia root with the different
cell types and with an AM fungus (red). Arrows point to the reinforced
outer cell wall of the hypodermis. Lighter coloration of the penetrated cell
signifies a hypodermal passage cell. (B) Cross section of a mycorrhizal
Petunia root. Arrows indicate the thick outer cell walls of the hypodermis.
Asterisks indicate the intercellular air space between cortical cells. Fungal
colonization is visible only in the cortex. ep, epidermis; h, hypodermis; oc,
outer cortex; ic, inner cortex; en, endodermis. Size bar 10 pm.

Many plant species have a second protective cell layer below the
epidermis, referred to as hypodermis, that is often reinforced with
thickened cell walls and hydrophobic impregnations (Figure 1A;
Meyer and Peterson, 2013), and which can have a Casparian strip
like the endodermis (Enstone etal., 2002; Schreiber, 2010), in
which case it is referred to as exodermis (Meyer and Peterson,
2013). Hence, like the endodermis, the hypodermis can contribute
to the filtering of the soil solution, and to protection of the root
from pathogens. Some plants have a so-called dimorphic hypoder-
mis that consists of two cell types, the predominant impregnated
cell type and individual interspersed cells that are characterized
by higher permeability than their neighbors (Shishkoff, 1987).
These are thought to function as dedicated passage cells for water
and solutes, and interestingly, these cells are the preferred entry
points for AM fungi. (Sharda and Koide, 2008). After they have
passed beyond the hypodermis, AM fungi colonize the cortex by
colonizing individual cells with their arbuscules (Figures 1A,B).

Besides the evolutionary differences in root structures between
plant taxa (Shishkoff, 1987), a single species can have a hetero-
geneous root system. For example, rice first forms large crown
roots (CR) from which large lateral roots (LLR) emanate, which in

turn carry small lateral roots (SLR; Gutjahr and Paszkowski, 2013).
AM colonization in rice is restricted to CR and LLR, presumably
because SLRs lack a cortex and therefore cannot host AM fungi
(see The Infection Process: Overcoming the Cell Wall).

STRUCTURE OF CELL WALLS IN ROOTS

In general, plant cell walls are assemblies of polysaccharides
of different composition and properties. The main compo-
nents are cellulose, hemicelluloses, and pectins. The cellulose
component is chemically homogenous and consists of linear f3-
1,4-linked glucose moieties. Individual linear cellulose molecules
are assembled to thicker cellulose microfibrils that represent
the primary load-bearing component of the cell wall (McFar-
lane etal., 2014). The cellulose microfibrils are interlinked with
hemicelluloses that consist of a linear polymer of glucose (like
cellulose), but with heterogeneous side chains made of vari-
ous sugars such as xylose, arabinose, and others (Scheller and
Ulvskov, 2010). This complex three-dimensional network is
embedded in a matrix of pectins, that represent highly acidic
linear polymers of primarily galacturonic acid, which is inter-
linked by complexation with calcium (Caffall and Mohnen,
2009). While cellulose is formed in situ at the plasma mem-
brane by the cellulose synthase complex (McFarlane etal., 2014),
hemicelluloses and pectin are produced in the Golgi apparatus
and transported to the apoplast through vesicular trafficking.
Besides these carbohydrate polymers, cell walls contain vari-
able amounts of structural proteins and secondary modifications
such as impregnation with lignin and suberin for physical rein-
forcement and increased water impermeability. While the aerial
parts of the plant (leaves and stems) have an external cuti-
cle layer as a transpiration barrier and as a protection against
biotic and abiotic agents, many roots have two internal barri-
ers, the endodermis and the hypodermis (see above; Schreiber,
2010).

While the endodermis is a universal feature of the roots of land
plants, the nature of the hypodermis is very variable among the
higher plants. Whereas some xerophytes have highly reinforced
hypodermal cells that serve as a secondary cuticle, the hypodermis
of other species like for example Arabidopsis thaliana represents a
normal cortex layer without specialized cell wall features. Petunia
takes an intermediate position with a distinguished hypodermis
(Figure 1A).

A specialized cell wall feature of roots is the Casparian strip,
a hydrophobically impregnated cell wall band between adjacent
endodermal cells that seals the inside of the root from the out-
side (Geldner, 2013a). This barrier blocks the diffusion of harmful
xenobiotics (exogenous toxic substances) from the soil into the
vasculature and the leakage of nutrients in the reverse direction.
Hence, while a large part of the nutrient and water transport
pathway between the epidermis and the vasculature can proceed
through the apoplast (along and across the cell walls), at the level of
the endodermis, the nutrients have to pass the plasma membrane
by active selective uptake, representing an effective filtering mech-
anism which is exemplified by the polar localization of nutrient
influx and efflux carriers at the outer and inner side of endodermal
cells, respectively (Ma etal., 2007; Alassimone et al., 2010; Takano
etal., 2010).
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While the first description of the Casparian strip dates back
to 1865 (Caspary, 1865), its development has only recently been
addressed at the molecular level in the non-mycorrhizal model
species Arabidopsis thaliana (Geldner, 2013b). Thanks to mutants
affected in the formation of the Casparian strip (Roppolo etal.,
2011; Lee etal., 2013), the physiological significance of this spe-
cialized cell wall domain can now be addressed functionally in
Arabidopsis. Similar mutants in AM-competent plant species will
allow to address the question whether the Casparian strip could
potentially contribute to the restriction of AM fungal colonization
to the cortex.

Although plant cells are surrounded by cell walls, they are by
no means isolated from each other. Thin cytoplasmic connec-
tions, referred to as plasmodesmata, bridge the walls between
neighboring cells and allow for the exchange of signals and nutri-
ents (Lucas etal., 2009). The plasmodesmata play an important
role in root development by transporting the transcription fac-
tor SHORT ROOT from the vascular stele to the endodermal cell
layer (Petricka etal., 2012). Furthermore, the plasmodesmata con-
tribute to symplastic nutrient transport between the epidermis and
the vasculature.

SECONDARY DEVELOPMENT OF THE ROOT

The fine root hairs are restricted to a stretch of a few millimeters
to centimeters behind the root tip. At later stages of development,
and as a result of progressive damage of the delicate epidermal
cells, the entire epidermis (including the root hairs) degenerates
and the hypodermis becomes the new skin of the root (Meyer and
Peterson, 2013). In these older parts of the root, AM can func-
tionally replace the root hairs by the long hyphal extensions of
the fungus (Smith and Read, 2008). In cases of perennial plants,
the root shows secondary lateral growth as in the aerial stem
(Chaffey, 2013). Interestingly, also herbaceous plants like Ara-
bidopsis thaliana exhibit secondary root growth, which involves
the generation of a cambial layer in the vascular stele that will
form xylem to the inside and phloem to the outside, while the
outer cell layers (endodermis, cortex, hypodermis, and epidermis)
are shed (Dolan etal., 1993).

Besides the developmental aspects of secondary root develop-
ment, the root is highly plastic to adapt to various environmental
conditions such as drought anoxia, salinity etc. A distinct develop-
mental program is triggered by anoxia (caused by flooding), when
the roots form longitudinal air channels (aerenchyma) along the
root which allow the transport of oxygen from the aerial parts
of the plant to the root tips (Yamauchi etal., 2013). Formation
of aerenchyma is associated with programmed cell death of cor-
tical cell files, which causes these cell tiers to collapse and give
rise to distinct tubular cavities along the root (Yamauchi etal.,
2013). The root system also responds to nutrient availability in
the soil. If nutrients are distributed heterogeneously, the roots
explore the rich patches with intensely branching lateral roots.
A genetically fixed adaptation of this kind is the formation of
cluster roots, which are designed to the local exploitation of nutri-
ents in the soil (Neumann and Martinoia, 2002). At a finer scale,
the formation of lateral roots is stimulated by microbial signals
(Olah etal., 2005; Maillet etal., 2011), whereas the development
of entire mycorrhizal root systems is rather decreased relative

to the shoot, conceivably as a consequence of the highly effi-
cient role of the AM fungus in nutrient acquisition (Nouri etal.,
2014).

A ROLE FOR CELL WALLS IN SYMBIONT RECOGNITION AND
HOST SPECIFICITY?

Since the cell walls are the outermost boundary of the root, they are
the first interface for interactions with soil-borne microbes. Based
on this notion, it has early been postulated that interactions of
the cell walls between plants and microbes may play an important
role in symbiotic interactions. Indeed, genetic analysis in legumes
and rhizobia have led to the discovery that interactions between
components of the host apoplast and extracellular determinants
of the rhizobial partner can influence host range and symbiotic
compatibility.

Rhizobia produce surface-bound and secreted polysaccha-
rides such as lipopolysaccharides (LPS; consisting of carbohydrate
backbones with lipid side chains; Becker etal., 2005), exopolysac-
charides (EPS), and capsid polysaccharides (KPS) that influence
the development of RNS. Some bacterial mutants in LPS are unable
to infect their host plants, an effect that can be complemented
either with co-inoculation with bacteria that provide the missing
LPS, or with purified LPS (Mathis et al.,2005). Besides the function
of LPS at early stages of the interaction, later phenotypes during
infection indicate that LPS plays a role in suppression of defense
and promotion of compatibility (Margaret et al., 2013). Since bac-
terial polysaccharides can affect the host range of rhizobia, they
have been proposed to contribute to host specificity (Wang etal.,
2012a). Similar functional evidence was obtained with mutants in
EPS (Niehaus and Becker, 1998).

Bacterial polysaccharides can be bound by plant lectins with
a certain degree of specificity (De Hoff etal., 2009). Lectins of
legumes are localized to the tips of root hairs where the rhizo-
bia first attach and are subsequently incorporated (Diaz etal.,
1995; van Rhijn etal., 1998). Lectins were therefore proposed
to play a role as determinants of host specificity (Bohlool and
Schmidt, 1974). Indeed, it was shown that transformation with
heterologous lectins extended the ability of the transgenic host
to interact with the cognate symbiont of the gene donor, thereby
increasing the host range (Diaz et al., 1989; van Rhijn etal., 1998).
Although lectins can influence the host range they are currently
thought to promote the progression of infection and to sustain
compatibility, rather than being involved in early communication
(De Hoff etal., 2009). With their ability to bind bacterial cells to
the root hairs, they perhaps promote the communication with
diffusible molecules and therefore could enhance signaling with
flavonoid/nod factor (see below).

In the case of AM, the epidermal cell walls of the host can
stimulate hyphopodium formation (see The Infection Process:
Overcoming the Cell Wall), however, it is at present not clear
to which degree this effect is relevant for host range determina-
tion and compatibility (see below). The fact that the development
of AM is associated with the induction of lectin genes indicates
that compatibility of the partners may also involve lectins in this
fungal symbiosis (van Rhijn etal., 1998; Frenzel etal., 2005; Valot
etal.,, 2005). Taken together, these examples show that cell wall
interactions can modulate compatibility and therefore affect host
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specificity, although symbiotic communication relies primarily on
diffusible signals (see below).

DIFFUSIBLE SIGNALS IN ROOT SYMBIOSES

Due to their immobility and short range of action, cell wall bound
agents such as LPS can only play a limited role in the soil, in partic-
ular at the early stages of the interaction before the partners have
established a first physical contact with each other. Indeed, early
experiments had shown that the growth and morphogenesis of AM
fungi is influenced by diffusible factors emanating from host roots
(Gianinazzi-Pearson etal., 1989; Giovannetti etal., 1994, 1996).
Partial purification (Buée etal., 2000) and chemical identification
(Akiyama etal., 2005) revealed that the stimulatory agent is rep-
resented by strigolactone (SL) that is exuded from host roots. SLs
comprise a family of chemically related compounds (Xie etal.,
2010) which have originally been identified as stimulants of seed
germination in parasitic weeds such as Striga, and which later
turned out to function as phytohormones in shoot development
(Gomez-Roldan et al., 2008; Umehara et al., 2008).

Strigolactones may be the factor that causes chemotropic
growth of AM fungi toward host roots (Sbrana and Giovannetti,
2005). In Petunia, SL is exuded by the ABC transporter pleiotropic
drug resistance 1 (PDR1) from hypodermal passage cells (Kret-
zschmar etal., 2012), indicating that chemotropism could poten-
tially occur at a short range on the root surface. PDR1 expression is
enhanced by phosphate starvation but remains confined to hypo-
dermal passage cells. SLs stimulate fungal metabolism resulting
in increased hyphal branching (Besserer etal., 2006), conceivably
increasing the chances of interaction with the host. However, the
fact that SL-defective plants are still colonized to a considerable
degree (Gomez-Roldan etal., 2008; Breuillin et al., 2010), and that
fungal development is not affected in an obvious way Kretzschmar
etal. (2012) suggests that SLs are not an absolute requirement for
AM symbiosis. Conceivably, in the absence of SLs, other root-
borne factors such as flavonoids may stimulate AM fungal growth
and infection (Abdel-Lateif et al., 2012).

In the case of RNS, the chemical communication between the
plant host and the bacterial symbiont has been particularly well
studied thanks to the excellent genetic tools in both symbiotic part-
ners (Oldroyd etal.,, 2011). Legume roots release flavonoids, that
attract rhizobia chemotactically. The flavonoids are recognized in
rhizobia by the NodD receptor proteins, which act as transcrip-
tion factors that induce a suite of bacterial nod genes. These encode
enzymes which produce specific symbiotic signals, the nod factors
(NFs), chitin-related oligomers of N-acetylglucosamin of a length
of 4-5 units with a fatty acid chain and various additional substi-
tutions (Oldroyd, 2013). These lipochitooligosaccharides (LCO)
trigger in the plant host the activation of a dedicated symbiosis
signaling pathway, which is referred to as common symbiosis sig-
naling pathway (further referred to as common SYM pathway),
because it is involved in both, nodulation and AM (Oldroyd,
2013). Activating the common SYM pathway induces a rhyth-
mic calcium signal, referred to as calcium spiking, which in turn
triggers symbiosis-related gene expression and a cascade of mor-
phogenetic events which result in the development of a new organ,
the nodule, that hosts the symbiotic bacteria. The specificity in the
interaction between the diffusible signals, flavonoids and NFs, and

their respective receptors, NodD proteins and NF receptors (NFR),
are thought to represent the basis of host specificity in RNS (Wang
etal., 2012a).

Recently, AM fungal signals where discovered that are remark-
ably similar to NFs and are therefore further referred to as myc
factors. They consist of LCO (Maillet etal., 2011), or even of bare
short-chain chitin oligomers that can trigger signaling through
the common SYM pathway (Genre etal., 2013). The latter finding
could potentially resolve a long-standing conundrum of AM, their
very low host specificity, since chitin-derived signals are unspecific.
However, this mode of action would require additional signals
from AM fungi that allows the host to distinguish them from other
fungi with chitinous cell walls.

Two recent reports on the AM mutants reduced arbuscular myc-
orrhizal (raml), and ram?2 in Medicago truncatula shed new light
on an interesting aspect of AM development. RAM]I encodes a
GRAS-type transcription factor that is highly induced in myc-
orrhizal roots (Gobbato etal., 2012). One of the functions of
RAMI is to activate RAM?2, which in turn encodes a glycerol-
3-phosphate acyl transferase (GPAT) that is also highly induced
during AM symbiosis (Wang etal., 2012b). The similarity of the
phenotypes of raml and ram2 indicates that the main function
of RAMI is to induce RAM2. GPATs catalyze the addition of
a fatty acid moiety onto glycerol-3-phosphate, thereby generat-
ing an intermediate for lipid biosynthesis (both for storage and
as membrane constituents) and for cutin/suberin biosynthesis.
Whereas lipid biosynthesis is quite well characterized, the pro-
duction of the extracellular cutin or suberin layer is still only
partially understood (Pollard etal., 2008; Yeats and Rose, 2013).
The following questions remain to be answered: Which are the
intermediates secreted from the cytoplasm and how do they pass
the plasma membrane? How are the intermediates linked to a
3-dimensional network in the apoplast and what is the exact
structure of this network? Based on the similarity to GPATs of
Arabidopsis thaliana it has been hypothesized that RAM2 con-
tributes to the production of unknown cutin precursors (C16
and CI18 hydroxy fatty acids) that are essential for AM (Wang
etal., 2012b). Since the number of hyphopodia is reduced in
ram2 mutants, one of the potential interpretations has been
that ram2 mutants are defective in the production of a signaling
compound that stimulates hyphopodium formation (Wang et al.,
2012b). Surprisingly, appressorium formation by the oomycete
pathogen Phytophthora palmivora was affected as well, suggesting
that despite their very far phylogenetic distance the mycorrhizal
fungus and the oomycete are stimulated by similar mechanisms
(Wang et al., 2012b).

Interestingly, GPAT6 from Arabidopsis thaliana was able to
complement the Medicago ram2 mutant. GPAT6 is involved in
cutin biosynthesis in Arabidopsis petals, suggesting that ram2 func-
tion in M. truncatula could also be related to cutin biosynthesis.
Indeed, the increase of GPAT activity by overexpression of RAM2
in Arabidopsis leaves caused an increase in the cutin content of
some C16 and C18 components in the leaf cutin layer. How-
ever, the fact that roots do not have a cutin layer suggests that
an intermediate of cutin biosynthesis could regulate the interac-
tion between AM fungi and plants. Indeed, roots contain several
hydroxy fatty acids that normally constitute the cutin layer (Wang
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etal., 2012b), and the levels of some of these are reduced in
ram2. A resulting conundrum is the fact that the mutation in
the RAM?2 gene causes the substrate of the reaction (fatty acids)
to decrease rather than the product (acyl glycerol). Along the
same lines, the ram2 mutant was complemented chemically with
the substrate of the GPAT reaction rather than with its product
(Wang etal., 2012b). In this context, it is interesting to note that
hydroxy fatty acids can stimulate hyphal branching of AM fungi
(Nagahashi and Douds, 2011). Taken together, some components
of the cutin biosynthetic pathway are involved in the establish-
ment of AM, however, further research is required to establish
the exact nature of the molecules involved, and their function in
symbiosis.

THE INFECTION PROCESS: OVERCOMING THE CELL WALL
After legumes have established the first physical contact with the
rhizobial partner, the root hairs undergo a characteristic morpho-
genetic change referred to as root hair curling, which results in the
formation of a coil in which a bacterial micro-colony is trapped.
This phenomenon represents a specific growth response of the root
hair cell, brought about by reorientation of tip growth (Gage and
Margolin, 2000). The orientation of root hair tip growth is thought
to be controlled primarily by the direction of vesicle trafficking
at the tip, which in turn is regulated by the actin cytoskeleton
(Ketelaar, 2013). An active role of the plant cell in this process is
evident from the fact that progression of the infection thread pre-
cedes bacterial migration (Fournier etal., 2008). Similarly, a signal
from the epidermis triggers organogenesis in the cortex before the
bacterial endosymbiont has reached these region of the root (Rival
etal., 2012).

In the case of AM development, the fungus forms infection
structures, from which penetration of the epidermis is initiated.
These infection structures were initially termed appressoria in
analogy to the infection structures of leaf pathogens that force
their way through the cuticle and the outer cell wall by a combi-
nation of lytic enzymes and physical force (Deising etal., 2000).
However, in the absence of evidence for the generation of physi-
cal force, they have recently been renamed to hyphopodia (hyphal
foot). Indeed, based on the active role of the plant in infection,
they function as “a foot in the door” rather than as a strong tool to
force the door open. Experiments with isolated cell walls showed
that the outer epidermal cell walls of the host Daucus carota (car-
rot) elicited hyphopodium formation in AM fungi, whereas cell
walls of its vasculature, or epidermal cell walls of the non-host
Beta vulgaris (sugar beet) did not (Nagahashi and Douds, 1997).
Similar results were obtained by analysis of AM fungal growth
patterns on intact roots of the non-host lupin (Giovannetti etal.,
1993). Hence, the formation of hyphopodia requires stimulation
by the host, which in this case involves specific physico-chemical
stimulation. However, a purely physical (thigmotropic) stimulus
as in the case of the appressoria of some pathogens (Deising et al.,
2000) was excluded based on the fact that AM fungi do not form
hyphopodia on artificial surfaces (Giovannetti etal., 1993).

The fact that AM fungi can form hyphopodia on isolated cell
walls of host plants suggests that the fungus can recognize specific
cell wall features (Nagahashi and Douds, 1997). Consistent with
a central role for cell wall features in hyphopodium formation,

SL-deficient plants can be colonized by AM fungi and appear
morphologically normal, although the degree of colonization is
significantly reduced (Gomez-Roldan etal., 2008; Breuillin etal.,
2010; Kretzschmar etal., 2012). Hence, SLs are not an indis-
pensable prerequisite for AM infection. Similarly, mutants in the
common SYM pathway induce hyphopodium formation in the
fungus, sometimes even at higher rates than in the wild type,
although the hyphopodia often exhibit an aberrant morphol-
ogy (Novero etal., 2002; Demchenko etal., 2004). In rice, which
forms three root types (see Structure of Cell Walls in Roots),
hyphopodium formation is restricted to the CR and large lateral
roots, indicating that the SLRs lack a stimulating signal. Taken
together, these observations indicate that features of the cell wall
play an important role in hyphopodium formation.

Hyphopodia are often formed in the groove between neigh-
boring epidermal cells (Figures 1A and 2C), from where the
fungus either invades the neighboring epidermal cells or proceeds
to penetrate the hypodermis. Evidence from in vivo imaging with
fluorescently labeled cellular markers has shown that root cells
actively prepare for infection and dictate the spatio-temporal pro-
gression of AM fungi infection through a structure referred to
as prepenetration apparatus (PPA; Genre etal., 2005, 2008). The
PPA is formed exactly below the hyphopodium, indicating that the
plant cell can precisely locate the position of the hyphopodium. In
plants that have a dimorphic hypodermis (see Anatomy of Plant
Roots) penetration proceeds preferentially through hypodermal
passage cells (Sharda and Koide, 2008). Conceivably, this is because
of their greater permeability and weaker cell wall impregnation rel-
ative to the remaining hypodermal cells, and due to their release of
SL (Kretzschmar etal., 2012). The mechanisms by which the cell
walls are prepared to allow microbial penetration remain largely
elusive, but are likely to involve cell wall softening agents (see
below).

In apparent contrast to the evidence discussed above, a
recent study reported the colonization of the non-host plant
Arabidopsis thaliana by the AM fungus Rhizophagus irregularis
(Veiga etal., 2013). This is surprising, in view of the fact that
Arabidopsis misses many of the genes required for symbiotic
signaling, and has not been reported to be colonized by AM
fungi before. However, several characteristics of the interaction
suggest that it does not represent a bona fide functional mycor-
rhizal interaction (Veiga etal., 2013). In general, colonized cells
of Arabidopsis appeared to be dead or degenerating based on
electron microscopic analysis, and the growth of colonized Ara-
bidopsis plants was strongly inhibited (Veiga etal., 2013). The
fact that the non-host Arabidopsis was invaded at all is proba-
bly due to the inoculum type, namely fungal hyphae emanating
from mycorrhizal clover, which represents a very strong inocu-
lum potential. Taken together, these aspects suggest that under
the conditions of this study, the AM fungus acts like an oppor-
tunistic pathogen of Arabidopsis, rather than like a mutualistic
symbiont.

THE INTERACTION BETWEEN Petunia hybrida AND
Rhizophagus irregularis — AN ANATOMICAL CASE STUDY
Petunia hybrida is a powerful experimental model system for for-
ward and reverse genetic analysis (Gerats and Vandenbussche,
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FIGURE 2 | Penetration of the outer root cell layers of Petunia hybrida by
Rhizophagus irregularis. Serial sections of an infection site at the level of
the hypodermis. (A) Section through the hyphopodium (surrounded by a dark
cell wall), that has entered between two adjacent epidermal cells (ep), and
attached to a hypodermal cell (h). Note the alterations of the cell wall at the
penetration site. The primary wall (light staining) is perforated (white arrow),
whereas the secondary wall invaginates into the cellular lumen. In between,
an interstitial matrix has been formed (asterisk). (B) Section close to the

penetration hypha. The fungus has penetrated the primary wall (white arrow),
whereas the secondary (inner) layers of the wall yield to the fungal
penetration hypha (white asterisk). A thick layer of interstitial matrix material
(black asterisks) has accumulated between the penetrated outer wall and the
invaginated inner wall. (C) Median section through the penetration hypha.
Note the inward deformation of the primary cell wall. The secondary wall has
invaginated and is continuous with the original secondary wall (black arrows).
ep, epidermal cell; h, hypodermal cell. Size bar 2 um in (A,B) and 5 pm in (C).

2005), and has been used successfully for the analysis of genetic and
nutritional regulation of AM (Breuillin etal., 2010; Feddermann
etal.,,2010; Nourietal.,2014). Here, we describe the infection pro-
cess of the AM fungus Rhizophagus irregularis (formerly Glomus
intraradices) in Petunia hybrida with the focus on the events at the
level of the cell wall during penetration of the hypodermis and
in the established symbiosis (Figures 2 and 3). Since transmis-
sion electron microscopic (TEM) technology is destructive and
can therefore not represent serial time course stages as in confocal
microscopy (Genre etal., 2005, 2008), we provide a spatial gra-
dient of cell wall modification at three different distances from a
successful fungal entry point (Figure 2).

Usually, fungal hyphopodia insert between the adjacent anti-
clinal walls of two neighboring epidermal cells (Figure 2).

Subsequently, the fungus invades the subtending hypodermal
cell. In Petunia, the hypodermal cell layer is particularly thick-
walled, with two clearly distinguished layers, an outer (pri-
mary) layer that is weakly stained by osmium tetroxide, and
a thicker inner (secondary) layer that appears more electron-
dense (Figures 2A,B). Penetration of this thick multilayer cell
wall involves two mechanisms: firstly, the primary cell wall is
dissolved locally, and secondly, the secondary cell wall invagi-
nates to give way to the fungal penetration hypha. During hyphal
growth, the secondary wall retains its original thickness around
the entire hyphal coil indicating that the cell wall is continu-
ously remodeled and extended (Figure 2C). The thick mass of
interstitial matrix material (Figures 2A,B; black asterisks) may
be involved in the softening of the cell wall, or may represent

Frontiers in Plant Science | Plant-Microbe Interaction

June 2014 | Volume 5 | Article 238 | 106


http://www.frontiersin.org/Plant-Microbe_Interaction/
http://www.frontiersin.org/Plant-Microbe_Interaction/archive

Rich etal.

Role of the cell wall in plant symbioses

remnants of the dissolved cell wall. Hence, the outer part of
the wall is degraded whereas the inner part is softened, remod-
eled, and extended, indicating that large amounts of new cell
wall material are produced. Based on the fact that Rhizophagus
irregularis does not have any cell wall lytic enzymes (Tisserant
etal,, 2013), and that penetration depends on recognition by the
host (Parniske, 2008), it can be assumed that the cell wall alter-
ations associated with fungal entry are orchestrated by the plant
host.

Establishment of the intracellular symbiotic interface for nutri-
ent exchange involves the colonization of the cellular lumen
by arbuscules. These finely branched hyphal structures can
occupy almost the entire cellular lumen, resulting in inva-
sion and fragmentation of the central vacuole (Figures 3A,B).
The fungal branches are surrounded by a thin layer of matrix
material (red in Figure 3A). The finest hyphal branches
are surrounded by a very thin layer of interfacial material
and are embedded in cytoplasmic pockets rich in ER and
organelles, indicative of strong metabolic and biosynthetic activity
(Figure 3C).

SYMBIOTIC INTERFACES

Nutrient exchange between the symbionts is regulated at the level
of the plasma membrane of the microbe on the one side, and at
the level of the host membrane that surrounds it on the other
side, the peri-arbuscular membrane in AM, and the symbio-
some membrane in RNS (Bapaume and Reinhardt, 2012). In
between lies the periarbuscular space (in the case of AM), and
the peribacteroid space (in the case of RNS), across which the
nutrients are transferred, respectively. Collectively, this repre-
sents the symbiotic interface that controls communication and the
exchange of nutrients between the cytoplasms of the two symbiotic
partners.

In the case of RNS, the host membrane and all its contents
(bacteroid and interface) are referred to as the symbiosome, hence
representing functional units like the organelles with prokaryotic
origin, the chloroplasts and the mitochondria (Kereszt et al.,2011).
Based on the invaginated infection thread, which is related to the
apoplast, the interface of the symbiosome could be compared
topologically with the plant cell wall compartment, although,
the symbiosomes represent rather specialized minivacuoles that
harbor bacteroids and control their activities.

The feeding structures of AM fungi, the arbuscules, can be
regarded as inverse haustoria that releases nutrients to the plant
host. Haustoria are highly specialized feeding structures of para-
sitic fungi and oomycetes that serve to take up nutrients from the
host (Deising et al., 2000; Panstruga, 2003; Yi and Valent, 2013).
Active arbuscules are surrounded by an acidic compartment, as
revealed by the accumulation of Neutral Red in the periarbuscular
space (Figure 3D). Notably, the arbuscular trunk shows only light
NR staining, whereas extracellular hypha are completely devoid of
it. This indicates that the periarbuscular space may be sealed at the
level of the trunk (Pumplin and Harrison, 2009), in order to avoid
the loss of nutrients, and to maintain the acidic pH required to
energize nutrient uptake from the interface (Gianinazzi-Pearson
etal., 2000; Guttenberger, 2000). Similarly, the peribacteroid space
represents an acidic compartment from which the plant host and

FIGURE 3 | Anatomy of Rhizophagus irregularis arbuscules and acidic
nature of the periarbuscular space. (A) Cortex cell of Petunia hybrida
colonized by a fully developed arbuscule with hyphal branches of variable
diameters. Remnants of the fragmented central vacuole are colored green,
plant mitochondria are blue, fungal vacuoles are light brown, and the
periarbuscular space is red (modified from Bapaume and Reinhardt, 2012).
(B) Host nucleus (n) of a colonized cell between three fungal hyphae. Note
the close association of the fungus with the host cytoplasm resulting in no
distinguishable periarbuscular space between the fungal wall (dark layer),
and the thin cytoplasmic layer (arrows) between the fungus and the host
vacuole (v). (C) Close up of an individual fungal fine branch of an arbuscule.
The fine branch is embedded in organelle-rich host cytoplasm with
endoplasmatic reticulum and plastids. (D) A pair of mature arbuscules (a)
sharing a joined trunk hypha (arrows). Staining with Neutral Red reveals the
acidic nature of the periarbuscular space, whereas the trunk hypha shows
only weak staining, and a longitudinal intercellular hypha (asterisks) is
completely devoid of staining. a, arbuscule; h, hypodermal cell; n, host
nucleus; v, host vacuole. Size bar 2 um in (A,B), 1 um in (C), and 50 pm

in (D).

the bacteroid can take up nutrients using the proton gradient as
motive force (Pierre etal., 2013).

The periarbuscular space consists of loosely assembled
cell wall polymers including cellulose, hemicellulose, pectin,
and arabinogalactan/hydroxyprolin-rich proteins (Gianinazzi-
Pearson, 1996; Balestrini and Bonfante, 2005). In addition, the
symbiotic interface may contain some of the predicted extracel-
lular proteins that are induced in AM and often restricted to cells
with arbuscules (e.g., van Buuren et al., 1999; Journet etal., 2001).
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Notably, cells with arbuscules express specific cell wall remodeling
proteins that may help establish the interface during the complex
morphogenesis of the two symbiotic partners (Balestrini etal.,
2005; Dermatsev et al., 2010; see below).

In functional nodules, the rhizobia undergo fundamental
reprogramming, which often results in terminal differentiation
of the prokaryote, i.e., it loses vital functions and becomes entirely
dedicated to its symbiotic function, namely N-fixation. At this
stage, they are referred to as bacteroids, and they are confined
by a host-derived membrane that controls nutrient exchange
and the fate of the endosymbiont. While the nature of the
arbuscular interface has been studied primarily by immunocyto-
chemistry and gene expression analysis (Balestrini and Bonfante,
2005), the composition of the interface in symbiosomes has
been addressed by proteomics, based on the fact that symbio-
somes can be easily enriched and purified (Saalbach etal., 2002).
However, a problem of this technique is that the interface
and the symbiosome membrane tend to be contaminated from
cytoplasmic bacteroid proteins. Nevertheless, this approach con-
firmed that the peribacteroid space in pea nodules contains a
lectin that has earlier been recognized as a resident protein of
the peribacteroid space (Kardailsky etal., 1996). An interest-
ing case of secreted peptides that accumulate in the peribac-
teroid space are the nodule-specific cysteine-rich (NCR) peptides.
NCR peptides cause terminal differentiation in bacteroids, indi-
cating that the host uses them as a tools to manipulate the
development of the endosymbiont (Van de Velde etal., 2010),
in order to prevent it from overproliferation (Kereszt etal.,
2011).

TRAFFICKING AT THE SYMBIOTIC INTERFACE

The primary function of the symbiotic interface is nutrient
exchange. The specialized function of the interface in AM is
exemplified by the expression of transporters for phosphate
(Rausch etal., 2001; Harrison etal., 2002; Yang etal., 2012), and
ammonium (Guether etal., 2009b; Kobae etal., 2010; Koegel
etal, 2013) in colonized cells. A pair of ABC transporters in
the periarbuscular membrane, STUNTED ARBUSCULE (STR),
and STR2, that are functionally conserved between the legume
M. truncatula and the cereal rice (Zhang etal., 2010; Gut-
jahr etal., 2012), may be involved either in the transport of
a metabolically relevant substrate, or in signaling between the
partners, however, until the identification of its substrate the
function of STR and STR2 remains elusive. Furthermore, peri-
arbuscular membranes carry ATPases for acidification of the
symbiotic interface (Marx etal., 1982; Gianinazzi-Pearson etal.,
2000).

Among the AM-related genes with high induction ratios in
various plant species are proteases that are predicted to carry a
secretion signal peptide (Takeda etal., 2007). These proteins are
therefore expected to enter the protein trafficking pathway and
to be delivered to the vacuole, the apoplast, or, potentially, to
the symbiotic interface. The signal peptide of an AM-associated
protease of the subtilase type has indeed been shown to con-
fer localization to the periarbuscular space (Takeda etal., 2009).
Silencing of this protease hampers AM development, indicating
that it is involved in fungal growth or in symbiotic signaling

(Takeda etal., 2009). However, its precise function in AM remains
elusive.

Many genes induced during nodulation (nodulins) encode
secreted proteins, for example the early nodulins (ENOD pro-
teins) among which there are many prolin-rich extracellular
proteins (Brewin, 2004). A detailed study of ENODS localiza-
tion showed that it has multiple independent determinants of
symbiosome localization, including the N-terminal signal pep-
tide (Meckfessel etal., 2012). Interestingly, in non-symbiotic cells,
ENODS is delivered to the vacuole. This suggests that either the
symbiosome has vacuolar features, or that protein trafficking is
rerouted to the symbiosome in symbiotic cells. Interestingly, a
general rerouting of protein trafficking has been documented in
AM symbiosis, where all membrane proteins expressed from the
symbiosis-specific PT4 promoter were localized to the periarbus-
cular membrane (Pumplin etal., 2012). The surprising conclusion
of these experiments is that protein trafficking in mycorrhizal
cells is not based on the peptide sequence but on the timing of
gene expression. Taken together, these results indicate that pro-
tein trafficking toward the symbiotic interface may be proceed
by default in symbiotic cells. Components with a potential role in
secretion to the symbiotic interface include the symbiosis-induced
SNARE proteins VAMP72d and VAMP72e which are localized
to the host membrane at the symbiotic interface (Ivanov etal.,
2012).

CELL WALL REMODELING IN SYMBIOSIS

Invasion of host cells by microbes requires local softening of the
cell wall at the point of penetration. Cell wall softening can be
achieved either by partial degradation of the wall polymers, or by
weakening of the intermolecular interactions between the cell wall
polymers (Cosgrove, 2000a). Evidence from TEM analysis of the
interaction between Petunia hybrida and Rhizophagus irregularis
suggests that both mechanisms may be involved simultaneously
(Figure 2).

Conceptually, the cell wall lytic or loosening agents could
be encoded by genes of the host or the microbe. Rhizobium
leguminosarum possesses a cell-wall-bound p-1,4 endoglucanase
(cellulase CelC2), required for formation of infection threads
and for successful bacterial infection, suggesting that the bacte-
rial endosymbiont uses the cellulase to breach the cell wall of root
hair tips (Robledo etal., 2008). However, early work has shown
that local cell wall loosening can also occur in the absence of the
microbial partner during the formation of pre-infection threads,
indicating that in this case the loosening agent is encoded by the
host (van Brussel etal., 1992; van Spronsen etal., 1994). Indeed,
Lotus japonicus has an inducible pectate lyase gene that is required
for rhizobial infection (Xie etal., 2012).

In contrast to rhizobia, the AM fungal model species Rhi-
zophagus irregularis appears to lack genes with a predicted cell
wall degrading, modifying or remodeling activity (Tisserant etal.,
2012,2013). The same is true for the obligate biotrophic pathogen
Blumeria graminis (Spanu etal., 2010). Along the same lines,
the genomes of the ectomycorrhizal fungi Laccaria bicolor and
Amanita bisporigera have greatly reduced numbers of potential
cell wall degrading genes compared to saprophytic fungi (Martin
and Selosse, 2008; Martin et al., 2008; Nagendran et al., 2009). The
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reduction or elimination of genes encoding cell wall-modifying
proteins in biotrophic microbes may represent a selective advan-
tage given the fact that plants have extremely sensitive detection
mechanisms for such microbial activities and react with a defense
response (see below). Hence, in the case of AM fungi, the wall
loosening activity appears to be encoded primarily or entirely by
the host.

In contrast to lytic enzymes, expansins act by loosening
cell walls non-enzymatically, presumably by allowing cellulose
microfibrils to creep relative to the surrounding wall matrix in
a fashion analogous to a lubricant. (Cosgrove, 2000b). Expansin
is induced during RNS (Giordano and Hirsch, 2004) as well as
in AM (Balestrini etal., 2005; Dermatsev etal., 2010). Indeed,
the silencing of tomato expansin interferes with AM, indicat-
ing that expansin activity may be required for proper arbuscule
development (Dermatsev etal., 2010).

Apart from the expansins, several symbiosis-related transcripts
encode host genes with a potential role in cell wall remodeling, for
example xyloglucan endotransglycosidase induced in colonized
cells of AM (van Buuren et al., 1999). In AM, the formation of the
PPA is characterized by high vesicular activity (Genre etal., 2008)
and by induction of cell wall modifying proteins such as cellulose
synthase and expansin-like proteins (Siciliano etal., 2007). Con-
ceivably, these proteins are targeted to the PPA and released to
prepare the cell wall for penetration.

DEFENSE RESPONSES IN SYMBIOSIS

Plants have very sensitive perception mechanisms to detect micro-
bial infection and to react with a defense response to inhibit
microbial growth (Jones and Dangl, 2006). The signal molecules
derived from pathogens are referred to as pathogen-associated
molecular patterns (PAMPs) and in cases where rather unspecific
signals from a wide range of microbes (e.g., chitin) are concerned,
the signals are referred to as microbe-associated molecular pat-
terns (MAMPs; Boller and Felix, 2009). Often, the microbe is
detected via its direct or indirect effects on the host cell wall.
Many pathogens release hydrolytic enzymes that weaken the cell
wall by degrading the polymers in the cuticle (cutinase) or the
cell wall (xylanase, glucanase etc.), thereby releasing monomers
that are perceived by plants at concentrations in the nanomo-
lar range (Boller and Felix, 2009). In addition, plants can detect
metabolites that emanate from damaged tissues and therefore
serve as indicators of damage [damage-associated molecular pat-
terns (DAMPs)]. Some MAMPs can be produced as a result of
defense-related hydrolytic enzymes of the host (chitinase, glu-
canase) that release oligomers from the microbial cell wall (Boller
and Felix, 2009).

It has long been suggested that mutualistic microbes also
release or induce MAMPs and DAMPs, and indeed, symbiosis is
often associated with the induction of defense markers (Blee and
Anderson, 2000; Lambais, 2000; Shaul etal., 2000; Gianinazzi-
Pearson and Smith, 2003; Lopez-Gomez etal., 2012; Zamioudis
and Pieterse, 2012). Although it has often been observed that
defense responses in AM are only transient (Gianinazzi-Pearson
etal,, 1996), some homolog of defense marker genes remain
strongly induced during symbiosis raising the question whether
they can be regarded as defense markers (see below). Cellular and

biochemical defense responses, such as the production of reactive
oxygen species or the hypersensitive response, could potentially
interfere with symbiosis. A possible mechanisms to counteract
such defense responses and to promote compatibility in symbiosis
would be to remove the signals that trigger them. Such a function
has been proposed for host-derived chitinase that could poten-
tially degrade fungal chitin oligomers in mycorrhizal associations
(Salzer and Boller, 2000), or even transform them into short chain
chitin oligosaccharides that serve as symbiotic signals (Genre et al.,
2013).

Pathogens have evolved efficient tools, collectively referred to
as effectors, to suppress defense responses. Effectors are deliv-
ered to the host to inhibit defense at various levels from signal
perception to the induction of the defense response (Stergiopou-
los and de Wit, 2009; Deslandes and Rivas, 2012). Several recent
studies have revealed similar mechanisms in mycorrhizal fungi
and rhizobia (Kloppholz etal., 2011; Plett etal., 2011; Zhang
etal, 2011; Xin etal., 2012; Okazaki etal.,, 2013). The large
number of symbiosis-induced predicted secreted proteins in the
genomes of the ectomycorrhizal fungus Laccaria bicolor (Mar-
tin and Selosse, 2008; Martin etal., 2008) and the AM fungus
Rhizophagus irregularis (Tisserant etal., 2012, 2013) indicates
that still many mycorrhizal effectors remain to be discovered.
Interestingly, NF-defective rhizobia can establish symbiosis using
effectors delivered by the type-three secretion system (Okazaki
etal.,, 2013). This suggests that NFs and myc factors could be
regarded as specialized effector-like tools to promote compat-
ibility during nodulation and AM development, respectively,
a concept that has received recent support from Arabidopsis
thaliana (Liang etal., 2013). In this context, it is interesting
to note that legume mutants with a defect in the common
SYM pathway, which is required for NF/myc factor signal-
ing, mount a distinct defense response upon inoculation with
AM fungi (Gollotte etal., 1993, 1994). Hence, one function of
the common SYM pathway is to suppress defense in symbiotic
interactions.

ROLE OF PR PROTEINS IN SYMBIOSIS
Plant defense is often accompanied by the induction of
pathogenesis-related (PR) proteins that are thought to have
antimicrobial activity for instance by hydrolyzing components of
microbial cell walls (van Loon etal., 2006). Many PR proteins
are secreted and reside in the apoplast (van Loon etal., 2006).
Interestingly, homolog of PR proteins are also induced during
AM (Liu etal., 2003; Manthey etal., 2004; Giiimil etal., 2005;
Hohnjec etal., 2005; Grunwald et al., 2009; Guether etal., 2009a;
Breuillin etal., 2010). Transcriptomic analysis in Petunia hybrida
revealed that numerous PR protein homolog were undetectable
in non-mycorrhizal roots, whereas others showed strong induc-
tion ratios over their constitutive basal expression levels (Breuillin
etal., 2010). Notably, they were induced not just transiently at the
onset of the interaction, but in fully developed mycorrhizal roots,
indicating that they are more than markers of a transient initial
defense response.

Based on the observation that AM fungi appear to be gener-
ally insensitive to high constitutive PR gene expression in plants
(Vierheilig et al., 1993; Gianinazzi-Pearson et al., 1996), it could be
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FIGURE 4 | Phylogenetic analysis of type lll chitinase in higher plants.
Unrooted phylogenetic tree of chitinase type Il of various angiosperm
species. Protein sequences were retrieved by pblast from NCBI using
Medicago truncatula chitinase I11-3 (AY238969.1) as query. For each species,
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the first hit was taken for phylogenetic analysis. Non-mycorrhizal species are
marked with an asterisk. Note that the non-mycorrhizal Brassicacea and
spinach (Spinacia oleracea) form an outgroup relative to the more conserved
chitinases of the mycorrhizal monocot and dicot species.

argued that the induction of PR genes contributes to a generally
induced disease resistance status in mycorrhizal plants (Pozo and
Azcon-Aguilar, 2007). Alternatively, AM-specific PR gene isoforms
could play specific roles in symbiosis. Indeed, it has been shown
for the example of Chitinase III in M. truncatula that individual
isoforms are expressed specifically during defense and mutualism,
respectively (Salzer etal., 2000). Although a role for AM-related
chitinase III has been suggested based on its stimulatory effect on
spore germination (Elfstrand etal., 2005), its role in established
mycorrhizal roots remains to be explained.

A symbiosis-specific role of symbiosis-related PR protein
homolog is conceivable in cases, where they are encoded by genes
that are conserved to a higher degree in AM-competent plant taxa
than in non-symbiotic species. For example, the AM-specific chiti-
nase IIl isoform of M. truncatulahas close homolog in mycorrhizal
dicots as well as monocots, whereas the AM-incompetent Brassi-
caceae and the Chenopodiacae species spinach have more distant
homolog (Figure 4). The fact that this chitinase isoform is particu-
larly well conserved among AM-competent taxa indicates that it is
under selective pressure for a function in AM. For example, chiti-
nase could act by generating chitin oligomers that are involved in

AM signaling (Genre etal., 2013). In this context, it is interesting
to note that nodulation also involves chitinases that are thought
to influence NF signaling (Goormachtig etal., 1998; Tian etal.,
2013).

FOOD FOR THOUGHT: THE INVOLVEMENT OF THE CELL WALL
COMPARTMENT IN NUTRITION OF SYMBIOTIC MICROBES
Arbuscular mycorrhiza fungi are obligate biotrophs, i.e., they rely
on living root tissues for survival, implying that they depend on
the supply of some plant metabolites that cannot be provided in
the form of plant extracts. Whether this concerns the acquisi-
tion of reduced carbon or of some other vital factor is unknown.
Also, it is not clear whether AM fungi acquire their nutrients over
the arbuscules or along their intercellular hyphae. The fact that
ectomycorrhizal fungi can live without intracellular feeding struc-
tures indicates that the apoplast of roots can provide sufficient
extracellular resources to sustain a mycorrhizal network, although
the formation of the dense Hartig net indicates that the efficient
acquisition of these resources requires an extended hyphal surface.
Photoassimilates are transported through the phloem in the
form of sucrose. In order to become available to fungal symbionts
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in the root cortex, the sucrose (or a derived carbohydrate) has
to cross the endodermis symplastically and to be released to the
apoplast or the symbiotic interface in the cortex. Based on cir-
cumstantial evidence, it has been suggested that AM fungi use
hexoses as carbon source (Solaiman and Saito, 1997; Pfeffer et al.,
1999; Douds etal., 2000). The fact that the genome of the AM
fungal model species Rhizophagus irregularis does not contain any
secreted invertases or sucrose transporters is compatible with the
idea that this fungus relies entirely on the supply of hexoses from
the plant (Tisserant etal., 2013), and the recent discovery of a
versatile monosaccharide transporter (MST2) from Rhizophagus
irregularis support this view (Helber etal., 2011). In the absence
of efficient transformation protocols for AM fungi (Helber and
Requena, 2008), the function of MST2 was addressed by expres-
sion of a silencing construct against the fungal gene in the host.
The intimate interaction of the symbiotic partners over the symbi-
otic interface allows for efficient silencing of the fungal target gene,
amethod referred to as host-induced gene silencing (HIGS; Helber
etal, 2011). The fact that MST2 is expressed both in arbuscules
and in intercellular hypha suggests that hexose uptake could poten-
tially proceed anywhere along the extended intraradical fungal
network.

While the induction of an invertase in mycorrhizal cells
of tomato is consistent with the model discussed above
(Schaarschmidt etal., 2006), AM colonization could not be
stimulated by increased invertase activity in transgenic tobacco,
suggesting that under the conditions examined, hexose supply to
the fungus is not limiting (Schaarschmidt etal., 2007). On the
other hand, silencing of a cytoplasmic sucrose synthase (a sucrose
cleaving enzyme) of M. truncatula interferred with both AM col-
onization and nodulation (Baier etal., 2007, 2010), pointing to
a connection of sink strength and symbiosis. However, due to
the pleiotropic phenotype of SucSI silencing, these results have
to be interpreted with caution. Taken together, the nutrition of
AM fungi remains far from clear, whereas it is commonly accepted
that in RNS the prokaryotic endosymbiont is fed primarily by
dicarboxylic acids (Yurgel and Kahn, 2004).

CONCLUSION

As the outermost border of the plant body, the cell wall mediates
many interactions with the environment of plants. Besides the
multiple roles of the cell wall in basic plant life (growth, nutri-
ent exchange etc.), the cell wall plays a central role in interactions
with the biotic environment. While it represents the primary bar-
rier against pathogens, it has to yield to permit the invasion of
mutualistic microbes such as rhizobia and AM fungi. The cumu-
lative evidence suggests that the plant itself plays a central role in
the softening and remodeling of the cell wall during symbioses.
Future work should address the molecular components involved
in cell wall remodeling during endosymbiont infection, and fur-
ther characterize the nature of the symbiotic interface during the
different stages of the interaction.
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Cell walls are deeply involved in the molecular talk between partners during plant
and microbe interactions, and their role in mycorrhizae, i.e., the widespread symbiotic
associations established between plant roots and soil fungi, has been investigated
extensively. All mycorrhizal interactions achieve full symbiotic functionality through the
development of an extensive contact surface between the plant and fungal cells, where
signals and nutrients are exchanged. The exchange of molecules between the fungal and
the plant cytoplasm takes place both through their plasma membranes and their cell walls;
a functional compartment, known as the symbiotic interface, is thus defined. Among all
the symbiotic interfaces, the complex intracellular interface of arbuscular mycorrhizal (AM)
symbiosis has received a great deal of attention since its first description. Here, in fact, the
host plasma membrane invaginates and proliferates around all the developing intracellular
fungal structures, and cell wall material is laid down between this membrane and the fungal
cell surface. By contrast, in ectomycorrhizae (ECM), where the fungus grows outside and
between the root cells, plant and fungal cell walls are always in direct contact and form
the interface between the two partners. The organization and composition of cell walls
within the interface compartment is a topic that has attracted widespread attention, both
in ecto- and endomycorrhizae. The aim of this review is to provide a general overview of
the current knowledge on this topic by integrating morphological observations, which have
illustrated cell wall features during mycorrhizal interactions, with the current data produced

by genomic and transcriptomic approaches.

Keywords: cell wall, mycorrhizal interactions, fungal genomes, interface, gene expression

INTRODUCTION

Plant cell walls form a dynamic extracellular matrix that actively
controls growth and development, and are essential for the func-
tionality of plants (Keegstra, 2010). Cell walls provide shape to
the many different cell types needed to form tissues and organs
and, forming the interface between neighboring cells, they control
intercellular communication. Therefore, cell walls mediate most
plant—microbe interactions. However, cell walls are not exclusive
to photosynthetic organisms: fungi also have walls that deter-
mine hyphal growth, shape and responses (Durdn and Nombela,
2004).

Unlike pathogenic interactions, where the fungal pathogen may
be effective even with a limited presence in the plant tissues, in
mycorrhizae, i.e., the widespread symbiotic associations estab-
lished between plant roots and soil fungi (Bonfante and Genre,
2010), fungal colonization may involve as much as 80% of the
secondary roots (Smith and Read, 2008). Irrespectively of their
typology and their partner’s identity, mycorrhizal interactions
achieve their functionality through the development of an exten-
sive contact surface between plant and fungal cells, allowing signals
and nutrients to be exchanged. In other words, the transfer of
molecules from the fungus to the plant cytoplasm and viceversa
takes place through both partners’ plasma membranes and cell
walls, defining an apoplastic compartment known as the symbiotic

interface on the basis of the first ultra-structural morphological
observations (Scannerini and Bonfante-Fasolo, 1983).

In spite of the impressive biodiversity that is hidden behind the
word “mycorrhiza” (Smith and Read, 2008), the interface has been
considered a useful unifying concept to describe these plant-fungal
interactions and to deal with both morphological (Bonfante, 2001;
Peterson and Massicotte, 2004; Balestrini and Bonfante, 2005;
Genre and Bonfante, 2012), molecular and genetic aspects (Har-
rison, 1999; Biicking etal., 2007; Reinhardt, 2007; Parniske, 2008;
Gutjahr and Parniske, 2013).

The aim of this review is to provide an overview of the current
knowledge on the dynamics of plant and fungal walls in myc-
orrhizae, as well as on their symbiotic interfaces, which — not
surprisingly — have attracted a great deal of attention from the
scientific community. Attention will mostly be focused on ectomy-
corrhizae (ECM) and arbuscular-mycorrhizae (AM). In ECMs the
fungus covers the root tips, forming a mantle, and grows between
the root cells, while in AM symbiosis the fungus develops inter-
and intra-cellularly all along the root. Once the cortical layers are
reached, fungal hyphae branch, leading to unique structures called
arbuscules (Bonfante and Genre, 2010). The structural issues
that result from morphological observations, and the biosynthetic
aspects that stem from genomic and transcriptomic approaches,
will be considered in this review.
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THE SYMBIOTIC INTERFACE: HOW TO INCREASE THE
PARTNERS' CONTACTS WHILE MAINTAINING BIOTROPHY
Among all the mycorrhizal interfaces, the complex intracellular
interface of AM symbiosis has received considerable attention
since its first descriptions in the seventies. Following the findings
on fungal pathogens (Bracker and Littlefield, 1973; Scannerini
and Bonfante, 1976) observed that the AM fungus is always
surrounded by a plant-derived membrane, which leads to an
interfacial zone consisting of a fungal plasma membrane, a spe-
cialized interfacial matrix, and a plant membrane, which was
called the periarbuscular membrane (Figure 1). At that time,
observations were mostly made on the cortical cells that host
branched fungal arbuscules. The presence of this interface com-
partment is a typical feature of all endomycorrhizae (Scannerini
and Bonfante-Fasolo, 1983; Peterson and Massicotte, 2004). In
orchid, ericoid and arbutoid interactions, the intracellular fungus
resulted to be confined within this compartment, that provides
the structural basis of biotrophic interactions, since both partners

maintain their individuality and remain alive. In the mean-
time, it causes a huge increase in the contact surface between
the two partners, and the plant membrane increases in length
several-fold during arbuscule development (Cox and Sanders,
1974).

The improved knowledge on the AM colonization process has
allowed to demonstrate that the symbiotic interface is not lim-
ited to the arbusculated stage (Gutjahr and Parniske, 2013). When
the AM germ-tube comes into contact with the epidermal cells,
forming hyphopodia (Genre and Bonfante, 2007), these cells
generate a colonization structure, the prepenetration apparatus
(PPA), which is a transient formation that comprises cytoskele-
tal and endoplasmic reticulum (ER) components (Genre etal.,
2005, 2008). Following this event, the hypha enters and crosses
the epidermal cell, but prevents direct contact with the host cyto-
plasm thanks to a newly synthesized membrane of host origin.
The biosynthesis of this novel perifungal membrane is the result
of a process which involves exocytosis of the Golgi vesicles at

FIGURE 1 | In AM symbiosis, once the fungus overcomes the epidermal
layer, it grows inter- and intracellularly all along the root in order to
spread fungal structures. Only when the fungus reaches the cortical
layers, does a peculiar branching process that leads to the highly branched
structures, called arbuscules, which are the main site for nutrient
exchanges. (A) R. irregularis arbuscule (a) after staining with wheat germ
agglutinin-FITC, on paraffin section of M. truncatula root, to detect chitin in
the fungal cell wall. Arrow points to an intercellular hypha. Bar, 7 pm.

(B) At the electron microscope level, a new apoplastic space, based on

membrane proliferation (arrow), is evident around the intracellular hyphae
(F). The picture shows the morphology of the interface material (asterisk),
with respect to the plant cell walls (W), where neatly arranged fibers are
evident. w, fungal cell wall. Bar, 0.17 um. (C) The host membrane
surrounding the fungus (F) is smooth (arrows) in a clover root prepared
through high pressure/freeze substitution. The interface material is
electron-dense after PATAg treatment, and the fungal wall (arrowheads) is
very thin. Bar, 0.3 um. Inset: High magnification of the interface
compartment. F, fungus; H, host cell. Bar, 0.25 um.
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the growing tips of the AM fungus. Using different GFP Med-
icago contructs, Genre etal. (2012) and Ivanov etal. (2012) have
demonstrated that two VAMPs (vesicle-associated membrane pro-
teins), belonging to R-SNAREs, are required to assemble the
perifungal membrane. Interestingly, these proteins have also been
detected at the cell plate of dividing meristematic root cells
(Ivanov etal,, 2012), thus offering the first molecular demon-
stration of the similarities between cell division leading to the
construction of a new cell wall and development of the symbiotic
interface.

Detailed electron microscope observations had already shown
that the interfacial compartment contains cell-wall like material
(Scannerini and Bonfante-Fasolo, 1983; Balestrini and Bonfante,
2005), and this has led to the question about whether the peri-
fungal membrane maintains the capacity to synthesize and deliver
cell wall-related molecules, like the peripheral membrane, (i.e.,
the plasma membrane of the host cell), but directed towards
the interface space. The development of many in situ tech-
niques (enzymes, lectins, and antibodies) has made it possible to
validate this hypothesis: p-1,4-glucans, nonesterified homogalac-
turonans, xyloglucans, proteins rich in hydroxyproline (HRGPs),
and arabinogalactan proteins (AGPs) have been located at the
interface in many different plant/AM fungus combinations, as
on peripheral cell wall, i.e., the cell wall of host cells contain-
ing the fungal structures (Bonfante etal., 1990a; Bonfante-Fasolo
etal,, 1991; Balestrini etal., 1994, 1996b; Gollotte etal., 1995;
Balestrini and Bonfante, 2005). Expansins, which are extracel-
lular proteins involved in cell wall-loosening and in the growth
of plant cells (Cosgrove etal., 2002), have also been located in
AM roots: they are present both in the cell walls of the host
cells and in the interface, suggesting that this class of proteins,
involved in cell wall loosening, may be crucial in the accommoda-
tion process of the fungus inside the cortical cells (Balestrini et al.,
2005).

Although the molecular content of the interface reflects the
composition of the host cell wall, the morphology of the interface
material indicates that its components are assembled differently,
and this leads to a more amorphous structure (Figures 2 and 3). In
addition, this cell wall-like material changes in morphology during
the arbuscule’s life cycle: it is very thick and compact around the
arbuscule trunk, it becomes very thin around the fungal branches,
and it again becomes thicker when the arbuscule collapses. Such
dynamics probably mirror the uneven distribution of plant mem-
brane proteins along the perifungal membrane (see Gutjahr and
Parniske, 2013 for a review). Expansins and/or secreted proteins
of fungal origin (see below) could also play a role in keeping the
interfacial material loose.

In liverworts, the disappearance of cell wall autofluorescence,
which is a normal feature of non-colonized parenchyma cells, has
been observed in the fungus-colonized areas, suggesting changes
in cell wall composition upon fungal colonization, and a localized
decrease in cell wall-bound phenolic compounds (Ligrone etal.,
2007).

Compared to AM symbiosis, the symbiotic interface in ECM
appears much simpler, at least on a morphological level: the
plant and fungal cell walls are always in direct contact, since
the ECM fungus remains apoplastic (Balestrini etal., 1996a;

Peterson etal., 2004; Figures 2 and 3). When the hyphae pen-
etrate between the root cells, only subtle alterations can be
observed in the PCW, although a localized loosening has been
reported in several ECMs (Balestrini et al., 1996a). Ultra-structural
observations of ECMs formed by Hebeloma cylindrosporum IAA-
overproducing mutants suggest that fungal IAA may play a role in
Hartig net development by affecting PCW loosening (Gea etal.,
1994). Components specific to both plant (e.g., cellulose and
pectins) and fungal (e.g., SRAPs and hydrophobins) cell walls
have been identified in the cell walls at the symbiotic interface
(Balestrini etal., 1996a; Laurent etal., 1999; Tagu etal., 2001;
Figure 3).

In conclusion, functioning mycorrhizal symbiosis requires both
partners to be alive in order to exchange nutrients in a bal-
anced way (Kiers etal., 2011). From a structural point of view,
this requires the partners to maintain their individuality: this is
guaranteed by a simple wall-to-wall contact during intercellular
interactions and by a more sophisticated interface when the fun-
gus becomes intracellular. Interestingly, the development of such
a complex interface is also characteristic of biotrophic pathogenic
interactions (Yi and Valent, 2013), suggesting that some plant
responses reflect ancient mechanisms which are independent of
the outcome of the interaction. Quoting Yi and Valent (2013)
“...the interface is the site of active secretion by both players.
This cross-talk at the interface determines the winner in adver-
sarial relationships and establishes the partnership in mutualistic
relationships.”

FROM STRUCTURE TO BIOSYNTHESIS: PLANT CELL WALL
RELATED GENES RESPOND TO SYMBIOSIS

Starting from in situ localization data, attention has been focused
on the genesis of the interfacial material, and in particular on the
plant genes involved in the cell wall metabolism. Using targeted
approaches, it was found that genes encoding a putative AGP and
an HRGP were induced in mycorrhizal roots of Medicago truncat-
ula and maize, respectively, and the transcripts were specifically
localized in arbusculated cells (Balestrini etal., 1997; van Buuren
etal,, 1999). An endotransglucosylase/hydrolase gene, Mt-XHT1,
induced in M. truncatula roots during AM symbiosis, was identi-
fied (Maldonado-Mendoza et al., 2005). The analysis of transgenic
roots expressing an Mt-XHT1 fusion promoter has shown that
expression is enhanced not only in the root regions colonized by
the fungus, but also at distal sites. On the basis of this expression
pattern, it was suggested that Mt-XHT might be involved in the
systemic modification of a cell wall structure in order to enable
fungal penetration.

Coming to the availability of sequenced genomes for several
plants that are AM hosts, and the possibility of obtaining global
transcriptional profiling of mycorrhizal roots, the regulation of
cell-wall related genes has been studied at a larger scale. On the
basis of localization data, an expansin gene has been found among
the most up-regulated genes in M. truncatula mycorrhizal roots
(Liuetal., 2003). Similarly, expansin/expansin-like genes were up-
regulated during the early symbiotic stages in both M. truncatula
(Weidmann etal., 2004; Siciliano etal., 2007) and tomato roots
(EXLBI; Dermatsev etal., 2009), suggesting that an increase in
PCW plasticity is a prerequisite to the accommodation of the
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FIGURE 2 | During the symbiotic phase, ECM fungi form a fungal sheath
(the mantle), which consists of aggregated hyphae that surround the
root surface. This mycelium is linked to extramatrical hyphae that explore the
substrate and are responsible for the mineral nutrition and water uptake of
the symbiotic tissues. Some hyphae from the inner zone of the mantle
penetrate between the root cells to form the Hartig net, an intercellular
hyphal network inside the root tissues where metabolites are exchanged
between the symbiotic partners. The hyphae always remain apoplastic and
can colonize epidermal and cortical cell layers. (A) Confocal micrograph

showing a section of hazelnut — Tuber melanosporum ectomycorrhizal root.
The mantle (m), formed by packed hyphae, and the Hartig net (arrows), which
surrounds the epidermal and outer cortical cells, show a green signal after
treatment with WGA-FITC. Bar, 15 um. (B) Hartig net (Hn) in a fully truffle
developed mycorrhiza. Hyphae develop among plant cells, and their cell walls
are in direct contact with the plant cell walls, showing a simple interface
structure. H, host cell; Hn, Hartig net. Bar, 0.6 um. (C) Magnification of the
contact zone between plant (asterisk) and fungal cell wall (arrows). F, fungus;
H, host cell. Bar, 0.4 pm.

fungus in the plant. In situ hybridization experiments on Med-
icago roots have in fact revealed that an expansin-like protein
was preferentially expressed in epidermal cells in contact with
the hyphopodium (Siciliano etal., 2007). A cellulose synthase-
like gene was also shown to be up-regulated at the same stage
(Siciliano etal., 2007). In agreement with the proposed role played
by the PPA, the up-regulation of genes involved in cell wall syn-
thesis/remodeling, during hyphopodium development, suggests
that the building of the interface starts prior to fungal coloniza-
tion. The symbiosis-dependent expression of an early nodulation
gene (ENODI1), induced during the early stages of root nodula-
tion and coding for a putative proline-rich protein (PRP), has
also been detected in epidermal and cortical cells during root
colonization by AM fungi (Journet etal., 2001; Chabaud etal,
2002). However, the role of these PRP proteins remains purely
hypothetical. Thanks to a cDNA microarray experiment on Lotus
japonicus, Guether etal. (2009) have demonstrated that a large
number of genes related to membrane dynamics and cell wall
metabolism are induced in mycorrhizal roots. These data support
the hypothesis of plant cells having an active role in fungus accom-
modation via membrane proliferation and cell wall construction.
Among the up-regulated genes related to cell wall metabolism,
transcripts encoding for an endo-f-1,4-beta-glucanase (LjCell)
and a putative cellulose synthase (LjCesA) were detected exclu-
sively in arbusculated cells, using a microdissection approach.
These data are in agreement with those previously observed for
M. truncatula, where the homologous gene MtCell was found
to be specifically expressed during symbiosis and, more specifi-
cally, within arbusculated cells (Liu etal., 2003). Considering the
membrane domain, it was suggested that MtCell was located in
the periarbuscular membrane and that it was directly involved
in the assembly of the cellulose/hemicellulose matrix detected
at the interface through in situ methods. Similarly, transcripts

of a putative cellulose synthase, LjCesA, were also found to
accumulate in arbusculated cells. CesA proteins are part of the
cellulose synthase complex in higher plants (Taylor, 2008), which
is a membrane-located enzymatic system that is responsible for
cellulose synthesis.

Morphometric analyses have suggested an increase in the
size of cells containing arbuscules (Balestrini etal., 2005). The
authors hypothesized that LjCesA plays a role in cell expan-
sion during arbuscule development, in conjunction with other
proteins involved in cell wall remodeling (Balestrini and Bon-
fante, 2005). The role of two apoplastic plant proteases of
the subtilase family (LjSbtM1 and LjSbtM3) during AM fun-
gal colonization was also reported (Takeda etal., 2009). The
members inside this protease family, as extracellular enzymes,
are expressed during organ development and may be involved
in the modification of cell wall structure, thus contributing
to cell wall dynamics (Schaller etal., 2012). It has been pro-
posed that these two Lotus genes, which are specifically expressed
during the symbiosis, could play a role in cell wall modifica-
tions: they could facilitate fungal growth, or communication
between the symbiotic partners, e.g., through the generation
of peptides with a signaling role. Localization data have also
shown that LjSbtM1, which is targeted for secretion, is local-
ized in the apoplastic compartments, including the PCWs of the
colonized cells, the intercellular spaces and the periarbuscular
space.

Considering these data, it is tempting to suggest that the AM
fungus not only leads to the construction of the interface compart-
ment, but may also have the peripheral cell wall as an additional
target. This has also been suggested for an ascorbate oxidase gene
(LjAO1), which is up-regulated during AM symbiosis, where it
shows a double location: in the apoplast and in the interface.
This suggests that AO is possibly involved in the accommodation
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A
Fungal plasma membrane
FUNGUS
chitin B-1,3-glucans FUNGAL CELL WALL
cellulose expansins xyloglucans
. . ) INTERFACE
arabinogalactanproteins HRGPs pectins
HOST CELL
Periarbuscular membrane
B
Fungal plasma membrane
FUNGUS
chitin -1,3-glucans hydrophobins SRAPs FUNGAL CELL WALL
cellulose . xyloglucans PLANT CELL WALL
pectins
\ HOST CELL
Plant plasma membrane
FIGURE 3 | Schematic view of the interface zone in AM (A) and ECM (B) symbiosis, in which several of the molecules so far determined through in
situ labeling experiments (Balestrini etal., 1996a,b; Laurent etal., 1999; Tagu etal., 2001; Balestrini and Bonfante, 2005) are listed. HRGPs,
hydroxyproline-rich glycoprotein; SRAPs, symbiosis-regulated acidic polypeptides.

of fungal structures, with the role of maintaining the structure
of the interface compartment, as well as in cell wall loosening
and extension, as observed in arbusculated cells (Balestrini etal.,
2012a).

The activation of a B-xylosidase a-I-arabinosidase (which can
contribute to the turnover of cell wall xylose and arabinose)
has also been shown to be induced in tomato mycorrhizal roots
(Fiorilli etal., 2009); the corresponding transcripts were local-
ized exclusively in the arbuscule-containing cells, suggesting its
involvement during the formation of the periarbuscular matrix,
although involvement in the remodeling of the peripheral wall
cannot be excluded. A monosaccharide transporter, MST2, which

has been identified in an AM fungus (Helber et al., 2011), has been
shown to transport not only glucose, but also cell wall monosac-
charides, i.e., xylose. This result is in agreement with the fact
that the plant-fungal interface in AM symbiosis contains primary
PCW components (Balestrini and Bonfante, 2005). The authors
have suggested that a versatile sugar transporter — capable of
transporting monosaccharides from the apoplast — might be an
optimal adaptation to the biotrophic life style of AMF (Helber
etal., 2011).

Changes in the plant transcriptomic profiles of ECM roots have
been well documented (Voiblet et al., 2001; Johansson et al., 2004;
Duplessis etal., 2005; Le Quéré etal., 2005; Tuskan etal., 2006;
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Heller etal., 2008), although poplar is the only ECM-forming
plant whose genome has been sequenced so far. As a consequence,
the regulation of PCW genes has only been investigated poorly,
while more information is available on the fungal side (see next
section).

The regulation of some PCW-related genes, e.g., the down-
regulation of a pectin methylesterase gene and the up-regulation
of genes coding for an expansin and a cellulose-synthase-like,
has been reported in Paxillus involutus-poplar ECMs (Luo etal.,
2009). The peripheral root cells of these ECM plants are swollen
in comparison to non-ECM root cells, suggesting a role of these
genes in cell wall expansion that mirrors cell enlargement. Genes
coding for PCW proteins, mainly PRP, have been found to be
up-regulated during the ECM association between oak and Pilo-
derma croceum (Tarkka etal., 2013). This result is in agreement
with previous observations where one PRP transcript was over-
expressed in pre-mycorrhizal and mature roots (Frettinger etal.,
2007). Using an oak contig assembly, Tarkka etal. (2013) also
revealed that two extensins and several peroxidase genes were
down-regulated, suggesting a reduced potential for cross-linking
of the cell wall components in ECMs, while an expansin con-
tig, with a putative role in cell wall relaxation also resulted to be
up-regulated.

In conclusion, the development of genomics and transcrip-
tomics tools has made it possible to demonstrate that symbiotic
interface construction leads to a consistent variation in the
expression profile of many cell-wall related genes. In AMs, the up-
regulation of genes linked to the synthesis of cellulose and other
polysaccharides is in line with the presence of cell wall polysac-
charides in the interfacial matrix. However, it is interesting to
note that relevant transcriptomic changes are also detectable in
the ECMs, where no conspicuous morphological modifications
have been described. Finally, the impact of mycorrhizal fungi on
the cell wall metabolism does not seem to be limited to the sym-
biotic interfaces, since a still not fully acknowledged aspect is the
increase in size of the colonized cells, which likely results from
cell wall relaxation. Interestingly, it has recently been demon-
strated that a loss in function mutation in a mycorrhiza-specific
maize Pi transporter gene (Pht1;6) leads to a down-regulation
of cell wall-related genes in AM roots (Willmann etal., 2013),
although the mechanisms at the base of this response still have to be
investigated.

DECIPHERING THE GENOMES OF MYCORRHIZAL FUNGI
SHEDS LIGHT ON CELL WALL DYNAMICS

The sequenced genomes of mycorrhizal fungi are crucial tools
to obtain a deeper understanding of the molecular mecha-
nisms that underlie the symbiotic lifestyle. Focusing on cell
wall genes, the so far sequenced fungi have allowed new infor-
mation to be obtained on the fungal cell wall machinery,
including genes that potentially code for fungal cell wall pro-
teins involved in the interaction with plants, and those that
may code for enzymes which act on PCW. This is a great
step forward, since unlike for pathogenic fungi, a biochem-
ical characterization of the main cell wall components, (i.e.,
polysaccharides and proteins) is not yet available for mycorrhizal
fungi.

The involvement of fungal cell wall proteins, mainly small
secreted proteins, (e.g., SRAPs and hydrophobins), has been well
studied during the development of the symbiotic interface in ECM
associations (Martin etal., 1999; Laurent etal., 1999; Tagu etal,,
2001). Hydrophobins are morphogenetic small-secreted and mod-
erately hydrophobic proteins that are typically present in fungi and
which are involved in several aspects of fungal biology (Wosten,
2001). They are also thought to play important roles during ECM
establishment (Tagu etal., 2001; Voiblet etal., 2001; Plett etal.,
2012). They have been localized on the fungal cell wall in the sym-
biotic structures formed by Pisolithus tinctorius and Eucalyptus
globulus (Tagu et al.,2001), and several hydrophobins are currently
considered to belong to apoplastic MiSSPs (Mycorrhizal-induced
Small Secreted Proteins; Plett etal., 2012). A genome-wide inven-
tory of hydrophobin genes from two different genomes of the
ECM fungus L. bicolor (Martin etal., 2008) has recently been
obtained. This inventory shows a complex diversity and a range of
expression profiles inside this multi-gene family (Plett etal.,2012).
The authors suggest that, during evolution, some hydrophobin
proteins might have acquired new roles that are specific of the
mutualistic lifestyle. Hydrophobin genes have been identified in
the Tuber melanosporum genome (Martin etal., 2010; Balestrini
etal., 2012b), and, among these genes, TmelHYD3, seems to
be slightly up-regulated in ECMs vs the free-living mycelium.
However, these proteins seem to be absent in Rhizophagus irregu-
laris, as in mildews where hydrophobins are lacking (Spanu etal.,
2010).

The main carbohydrate components of fungal cell walls are
chitin and glucans, and these have been localized in the cell walls
of different mycorrhizal fungi (Bonfante etal., 1990b; Balestrini
etal., 1994, 1996a, 2012b; Lemoine etal., 1995; Figures 1 and 2).

Taking advantage of the genome sequence, a genome-wide
inventory of the proteins involved in cell wall synthesis and remod-
eling has been obtained for the T. melanosporum black truffle,
while expression results have revealed that cell wall-related genes
can be involved in the morphogenetic transition from mycelium
growth to the ectomycorrhizal branched hyphae (Balestrini etal.,
2012b).

In addition to their structural role, chitin-derived molecules
are widespread microbial signals that trigger various defense
responses in plant cells (Shimizu etal., 2010; Hayafune etal,
2014). In Rhizobium-legume symbiosis, the nitrogen-fixing bacte-
ria produce lipochitooligosaccharides (LCOs), which are termed
Nod factors (Dénarié and Cullimore, 1993). It has long been
proposed that AM fungi also release signal molecules (Myc
factors), which are essential for the recognition of the fungal
partner (Catoira etal., 2000; Parniske, 2008). These molecular
signals have recently been characterized as a mixture of sul-
fated and non-sulfated LCOs (Maillet etal., 2011). Myc-LCOs,
which are present at very low concentrations in the exudates of
mycorrhizal carrot roots and R. irregularis germinated spores,
stimulate AM symbiosis formation, and increase root branch-
ing in M. truncatula (Maillet etal., 2011). Fungal orthologs of
bacterial genes coding for enzymes involved in symbiotic LCO
factors synthesis have not been identified so far in the genome
of R. irregularis, the first AM fungus to be sequenced (Tis-
serant etal., 2013). Additionally, it has recently been observed
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that short-chain chitin oligomers (COs) of AM fungus ori-
gin activate a response (Ca’* spiking) in root epidermal cells,
with the maximum activity being observed for CO4 and CO5
(Genre etal., 2013). Short-chain COs are therefore part of the
molecular dialog with the host plant, that leads to the activa-
tion of the common symbiosis signaling pathway: these data
reveal that AM fungi may produce different chitin-based sig-
nals (Genre etal., 2013). The R. irregularis genome (Tisserant
etal, 2013; Lin etal., 2014) has revealed many genes involved
in the chitin metabolism. In addition, transcriptomic data have
shown that several of these genes, including, e.g., chitin synthases
and putative chitin deacetylases, are expressed during the differ-
ent stages of the fungal life cycle, including the pre-symbiotic
stage (Tisserant etal., 2012). Further investigation on the regu-
lation of specific members inside these gene families, will provide
new information on the relationships between the generation of
chitin-derived signals by AM fungi and their life cycle. It is inter-
esting to note that, until now, the production of chitin-related
molecules with a signaling meaning has not been described in
ECM fungi.

Fungal cell wall-related signals therefore seem to play an
important role in pre-symbiotic communication between the AM
symbiosis partners. This also seems to be true for the plant side:
cutin monomers, which are hydrophobic components of the cell
walls that are mostly present in epidermal cells, have been identi-
fied as signal molecules that induce hyphopodium differentiation
(Wang etal., 2012; Murray etal., 2013).

Several fungal genes encoding enzymes involved in cell wall
metabolism are expressed during AM fungal colonization, sug-
gesting a role in the remodeling of the fungal cell wall during
intracellular colonization (Lanfranco etal., 1999; Tisserant etal.,
2012, 2013). AM fungal cell walls undergo a conspicuous change
in their organization during their life cycle: the spore wall is
thick and layered with a highly fibrillar chitin, while the hyphal
wall becomes progressively thinner during the intracellular phase,
reaching a thin amorphous structure in the thinner arbuscular
branches (Bonfante et al., 1990b). This would seem to suggest that
fungal growth inside the root cells requires a strict regulation of
the genes related to both cell wall synthesis and degradation. Addi-
tionally, the expression of plant chitinase genes has been reported
in arbuscule-containing cells, suggesting a putative role in fungal
cell wall modification, during the development of the arbuscule
branches, as well as in reducing the amount of chitin-derived elici-
tors, during the intracellular colonization and the development of
the symbiotic interface (Bonanomi etal., 2001; Hogekamp etal.,
2011).

As far as the R. irregularis genome is concerned, a surpris-
ing observation is the loss of glycosyl hydrolase (GH) genes
and — among them — genes known to be involved in degrading
PCW polysaccharides (Tisserant etal., 2013). PCW degradation
requires the production of different enzymes that are regulated
by the type and complexity of the plant material, and fungi can
produce these enzymes (Tian etal., 2009). A decreased reper-
toire of PCW degrading enzymes, compared to saprotrophic and
pathogenic fungi, has also been reported for the ECM fungi L.
bicolor and T. melanosporum (Martin et al., 2008, 2010). Although
both genomes have shown a reduced set of enzymes that target

PCW components, subtle differences have been observed in the
enzyme repertoire between the two fungi and in their expression
(Martin et al., 2010; Plett and Martin, 2011). Despite the similarity
of the symbiotic structures that they form, the expression results
suggest differences in the mode of interaction with the respective
host plants. For example, a limited number of PCW degrading
enzymes are expressed in truffle symbiotic tissues, while L. bicolor
expresses very few PCW degrading enzymes, and mainly secretes
expansin-like proteins that may play a role in cell wall remodeling
during hyphal penetration (Plett and Martin, 2011). Similarly,
the ECM fungus Amanita bisporigena (Nagendran etal., 2009)
lacks genes that code for extracellular enzymes which are active
on cell wall linkages. A reduced set of PCW-degrading enzymes
has also been found in some obligate biotrophic pathogens, i.e.,
Blumeria graminis (Spanu et al., 2010). Unlike the enzymatic arse-
nal observed in other pathogenic fungi, the great reduction in
PCW-degrading enzymes in fungi that are phylogenetically and
functionally diverse suggests that this feature is related to their
biotrophic life style. This could be one of the strategies that
biotrophic fungi adopt to lower the defense reactions of their
hosts.

In conclusion, genome sequence projects have, for the first time,
allowed hypotheses to be formulated on the meaning of biotrophy
in mycorrhizal fungi. They may use chitin-related molecules to
dialog with their plant partners, but in spite of their deep intra-root
habit, they do not possess PCW-degrading enzymes that can act on
the PCW. It can be hypothesized that the signal molecules released
by mycorrhizal fungi are perceived by the plant cells, which — in
turn — elicit the activation of their own PCW-degrading enzymes.
This indirect mechanism should prevent the activation of strong
defense reactions.

CONCLUSION

Genome/transcriptome approaches applied to mycorrhizal fungi,
and not only to the green partners, have had a profound
effect on our knowledge of the biology of mycorrhizal sym-
biosis. As expected, the formation of the complex intra-
cellular interface present in AMs is accompanied by a pro-
found modulation of the PCW related genes (as well as the
membrane-related ones). Surprisingly, important transcrip-
tional changes have been detected in ECMs, where cell wall
remodeling does not lead to evident morphological changes.
The production of signaling molecules (Maillet etal., 2011;
Genre etal., 2013), whose composition is related to the fun-
gal cell wall, is probably a key element in the understand-
ing of biotrophism. The mechanisms thanks to which the
plant releases PCW enzymes, which allow fungal coloniza-
tion, merit further detailed investigation. New genome data
sets from several mycorrhizal fungi (ECM and AM), which
are currently being sequenced (see http://genome.jgi.doe.gov/,
http://mycor.nancy.inra.fr/genomeResources.html web sites), and
from other non-AM endomycorrhizal fungi, e.g., Oidiodendron
maius (ericoid symbiont) and Tulasnella calospora (orchid sym-
biont), will increase the knowledge on how different mycorrhizal
fungi have an impact on PCW remodeling, and, consequently, on
how the different mycorrhizal strategies have developed during
the evolution.
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INTRODUCTION

The plant cell wall is a complex network consisting of diverse
polysaccharides, lignin, and proteins (Mutwil et al., 2008). It
provides physical strength, maintains cell shape, resists internal
turgor pressure, regulates cell differentiation and growth, medi-
ates bio-molecule transit, and serves as the first barrier of defense
against biotic and abiotic stress (Knox, 2008; Collinge, 2009;
Endler and Persson, 2011). Cell walls are highly dynamic and
are capable of modifying their structural and chemical compo-
sitions to maintain functionality during developmental growth
(Brewin, 2004; Somerville et al., 2004; Gorshkova et al., 2013;
Bellincampi et al., 2014). In addition to its structural roles, plant
cell walls serve an important function in connecting extracellu-
lar and intracellular environments by sensing and transducing
signals, and activating cellular responses (Pogorelko et al., 2013)
to environmental change and pathogen attack (Aziz et al., 2004;
Vorwerk et al., 2004; Hématy et al., 2009). At pathogen infection
sites plants generally accumulate callose, phenolic compounds,
and lignin (Underwood, 2012), and in some cases metabolites
and proteins that can directly inhibit the growth of pathogens
(Vorwerk et al., 2004; Haas et al., 2009). The importance of
plant cell wall integrity and cell wall-mediated resistance dur-
ing plant-microbial interaction has been demonstrated, but the
related components and signaling pathways have not been fully
elucidated (Mellersh and Heath, 2001; Collinge, 2009; Hématy
et al., 2009).

This mini review will summarize current experimental
approaches that may be used as tools to study the cell wall with
a focus on techniques that could be applied during the interac-
tion between a plant and an interacting microbe. In particular,
focus will be given to techniques for assessing changes in metabo-
lites during plant-microbe interaction as well as techniques for
imaging the cell wall. We are particularly interested in how the
phytobiome, including mutualistic endophytes, pathogens and

Plant cell walls provide physical strength, regulate the passage of bio-molecules, and act
as the first barrier of defense against biotic and abiotic stress. In addition to providing
structural integrity, plant cell walls serve an important function in connecting cells to
their extracellular environment by sensing and transducing signals to activate cellular
responses, such as those that occur during pathogen infection. This mini review will
summarize current experimental approaches used to study cell wall functions during
plant-pathogen interactions. Focus will be paid to cell imaging, spectroscopic analyses,
and metabolic profiling techniques.

Keywords: cell imaging, metabolic profiling, phytobiome, plant-microbe interaction, cell wall

symbionts alike interact with the plants central architectural
framework, the cell wall, and how this information could be har-
nessed for isolation of new herbicides (Xia et al., 2014) and/or
plant defense systems.

METABOLIC PROFILING FOCUSED ON INTERACTIONS
BETWEEN PLANT AND MICROBE

Metabolic profiling is the characterization and quantification of
low-molecular weight metabolites and their intermediates in bio-
logical systems (Roessner and Bowne, 2009). This profiling aims
to capture metabolites involved in the dynamic plant response
to genetic modification, growth and developmental manipula-
tion, and biotic/abiotic stresses (Clarke and Haselden, 2008).
During plant-pathogen interaction, pathogens attempt to utilize
the metabolism of host plants to suppress plant defense and to
obtain nutrients (Dangl and Jones, 2001; Chisholm et al., 2006;
Collinge, 2009). Metabolites that are synthesized by a host plant
during a plant-microbe interaction can serve as signals, seda-
tives, or toxins to either aid the association with the microbe, or
to attempt to limit the proliferation of the microbe (Thomma
et al., 2002; Krishnan et al., 2005; Allwood et al., 2010, 2011;
Schwessinger et al., 2012). Ultimately, most metabolic profil-
ing will aim to capture in situ changes in cellular output in a
spatially or temporal discrete region (Sumner, 2006; Timischl
et al., 2008; Sumner et al., 2011; Khakimov et al., 2012). In the
case of plant-pathogen interactions, profiling generally focuses
on the plants metabolic response. Assaying microbial metabolites
that are involved in plant-microbe interaction remains challeng-
ing. Assigning signals produced by a microbe requires separating
them from those of the host plant and when grown in isola-
tion, their metabolic output may not reflect a pathogenic state.
When considering the plant cell wall, the relative predictability of
metabolites in specific tissues provides an excellent starting point
for looking at metabolic shifts associated with microbial ingress.
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ANALYSIS OF PLANT CELL WALL POLYSACCHARIDES THROUGH
METABOLIC PROFILING

At a broad scale, measurement of cell wall metabolites has
been well-defined for decades. Neutral and acidic polysaccha-
rides (Blakeney et al., 1983), acid insoluble and soluble glu-
cose (Updegraff, 1969), soluble and insoluble lignin fractions
(NREL, 2000) and the linkages between glycosyl units (Tong
and Gross, 1988) can be examined with spectrophotometric,
high performance liquid chromatography (HPLC), or gas chro-
matography (GC) coupled to mass spectroscopy (GC MS) to
obtain a snapshot of the cell wall composition (Kopka, 2006).
Similarly, at a much higher resolution, the structure of cell wall
polysaccharides can be examined by uniformly feeding the plant
with a isotope trace (}3C-glucose and '>N-ammonia) and then
employing 13C-magic angle spinning solid state nuclear mag-
netic resonance spectroscopy (SS-NMR) (Dick-Pérez et al., 2011;
Fernandes et al., 2011; Harris et al., 2012). However, the capac-
ity to look at spatially discrete regions of cell wall composition,
which are linked to microbial association, can be difficult due
to the relatively large amount of material needed for many of
these techniques. To get around this limitation, combining sys-
tematic metabolite profiling with immunological approaches can
be effective. For example, immunological approaches have been
used to investigate the glycome profiling of wide array of plant
cell wall polysaccharides (Pattathil et al., 2010, 2012; DeMartini
etal., 2011; Fangel et al., 2012). Currently, around 150 antibodies
that can recognize diverse epitopes present on each of the major
classes of plant polysaccharides exist and are continuing to be
developed. These antibodies have been used for in situ localization
of epitopes to further our understanding of cell wall composi-
tion (Pattathil et al., 2012). Carbohydrate Microarray Polymer
Profiling (CoMPP) has been streamlined as a screening platform
to analyze cell wall polysaccharides by combining the specificity of
monoclonal antibodies with a high-throughput microarray sys-
tem (Alonso-Simon et al., 2009; Moller et al., 2012). In the context
of microbial ingress, antibody based polysaccharide visualiza-
tion has been utilized to observe altered xyloglucan arising from
infection by the fungal pathogen Botrytis cinerea (Nguema-Ona
et al., 2012, 2013). While difficulties arise in assigning quanti-
tative data for localized metabolite profiles via immunological
techniques, the capacity to gain unparalleled qualitative data is
emerging. Additionally, a versatile high-resolution oligosaccha-
ride microarray has been developed for cell wall analysis, which
aids in the validation and characterization of target oligosac-
charides produced via hydrolysis of polysaccharides or de novo
synthesis (Pedersen et al., 2012). This library of cell wall oligosac-
charides has been created by coupling target oligosaccharides with
cognate proteins to form neoglycoconjugates, which in turn can
be printed onto a microarray format (Pedersen et al., 2012).
One can imagine the importance of such techniques to iden-
tify and characterize oligosaccharides identified during metabolic
profiling.

Other techniques for assessing metabolites on a screening
scale include Oligosaccharide Mass Profiling (OLIMP) coupled
with Matrix-Assisted Laser Desorption/Ionization Time Of Flight
(MALDI-TOF)-MS (Obel et al., 2009), or using of a suite of 74
polysaccharide degrading enzymes (Bauer et al., 2006). Both tech-
niques were developed for the small-scale assessment of plant

cell wall polysaccharides and to examine the oligosaccharides
formed from polysaccharides that are digested by specific degrad-
ing enzymes (Bauer et al., 2006; Obel et al., 2009). OLIMP has
particularly high sensitivity, thus making it ideal for small sam-
ples. It needs short preparation time and is suitable for in situ
wall analysis at the cellular level. Importantly, OLIMP enables
the comparative analysis of the wall polymers in a Golgi-enriched
fraction vs. the apoplast fraction based on matrix polysaccharides,
which may extend information about cellular functions during
plant-pathogen interaction. OLIMP has been used to examine
microbial alterations of the cell wall (Lionetti et al., 2007; Manabe
et al., 2011), and allowed researchers to pinpoint that the alter-
ation in esterification of pectin and xylan influenced the outcome
of B. cinerea infection.

CELL IMAGING AND SPETROSCOPIC TECHNIQUES

Advanced cellular imaging can be useful to investigate phenotypes
linked to plant-microbe associations. Cellular imaging can be par-
ticularly important when applying a quantitative methodology
to imaging techniques. Many microscopic techniques are avail-
able, including light (Wilt et al., 2009), fluorescence (Lichtman
and Conchello, 2005), and confocal microscopy (Nwaneshiudu
et al., 2012). However, the outcomes of cell imaging can be influ-
enced by many factors, such as microscope resolution, the rate at
which images can be acquired, cell type being examined and the
abundance/size of the tagged protein or structure being observed
(Stephens and Allan, 2003; Shaw, 2006; Table 1 for more details).
Live cell imaging techniques (Table 1) have facilitated our under-
standing of plant cell wall dynamics in several different applica-
tions (Lee et al., 2011; Sappl and Heisler, 2013), and have been
broadly applied when studying specific aspects of cell wall alter-
ation during the interaction between a host plant and microbe.

ANALYSIS OF CELL WALL STRUCTURE AND FUNCTION WITH CELL
IMAGING TECHNIQUES

There are several techniques that may be used to investigate
structural and functional changes of plant cell walls during
plant-microbe interactions. Aside from examining the pheno-
type, actually pinpointing defects in the cell wall often requires
the merger to two or more techniques, including profiling cell wall
structure as described above. Electron microscopy, both scan-
ning (SEM) and transmission (TEM), along with fluorescence
microscopy (FM) in the form of laser scanning or spinning disk
confocal microscopy are of particularly interest. These techniques
have been used together to examine plant-microbe interaction
through alterations in the cell wall. Here, FM and TEM (Table 1)
revealed that multi-vesicular bodies participated in cell wall-
associated defense to powdery mildew in barley (An et al., 2006).
As individual techniques, neither could ascertain mechanistic
association, but together these techniques allowed a snapshot
of inter and intracellular occurrences. Further, the relevance
of plasma membrane—cell wall adhesion for cowpea resistance
to rust fungi penetration was pinpointed by an integrated use
of light and confocal microscopy (Mellersh and Heath, 2001).
Laser scanning confocal microscopy can be used to track both
plant and microbial proteins in live tissue. For example, confo-
cal microscopy was used to track the dynamics of a Xanthomonas
outer protein J (Xop]) in tobacco plants (Table 1), and revealed
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its interference (alteration of intracellular vesicle trafficking and
polarized protein secretion) with cell wall-associated defense
responses (Bartetzko et al., 2009). Similarly, but for a plant pro-
tein, the application of spinning disk confocal microscopy allowed
the visualization of the CELLULOSE SYNTHASE (CeSA) com-
plexes after exposure to the dinitrite-peptide Thaxtomin-A, which
is a phytotoxin produced by Streptomyces scabies and S. eubacte-
ria (Bischoff et al., 2009). Confocal microscopy allows the user to
observe the microbial effector while it influences the target plant
protein or cellular process. We recently utilized a screen of micro-
bial endophytes (Xia et al., 2013) to identify microbial factors that
induce cellulose inhibition and identified the compound aceto-
bixan from a Bacillus sp. (Xia et al., 2014). Confocal microscopy
allowed us to validate that the target process that the microbe
was altering in the host plant was cellulose biosynthesis, which
revealed a specific mechanism for this association.

The mechanisms of plant cell wall organization and dynamics
have been extensively studied, and the use of suitable chemi-
cal probes to examine cell wall polysaccharide organization is
expanding (Vorwerk et al., 2004; Lee et al., 2011). Recently, small
molecule probes that bind to polysaccharides with high resolu-
tion and sensitivity have been developed (Knox, 2008; Pattathil
et al., 2010; Lee et al., 2011), particularly in the form of click
chemistry (Wallace and Anderson, 2012). An example of this
approach was the utilization of an alkynylated fucose analog
(FucAl) incorporated into the cell wall pectin fraction to eluci-
date pectin delivery, architecture, and dynamics in Arabidopsis
(Anderson et al., 2012). Ultimately, the development of small
molecule probes compatible with live-cell imaging can further
enhance the understanding of fundamental biological questions
pertinent to the cell wall during plant-microbe interaction, and
can even be targeted to specific events.

ADDITIONAL IMAGING TECHNIQUES OF NOTE

Atomic force microscopy (AFM) is a technique with expanding
use and potential. The extremely high resolution of AFM can
allow the examination of events occurring within the nm scale.
AFM has recently been used to detect the interaction of a synthetic
carbohydrate-binding module with plant cellulose, and the struc-
tural changes of crystalline cellulose at a cell-wall surface (Zhang
et al., 2012, 2013). In terms of plant microbe interactions, AFM
recently provided nanoscale imaging of cell surfaces in their native
state and revealed cell wall dynamics and modification during
Arabidopsis and Fusarium oxysporum interaction (Adams et al.,
2012). These selected studies underline the necessity to utilize the
ever-expanding technological advances in imaging systems, often
in concert with metabolic profiling, to maximize the detail of the
investigation.

Localization microscopy, which is a form of super-resolution
microscopy, focuses on the localization of single fluorescent
molecule. Such super-resolution microscopy has been used to
analyze the infection site of the fungal pathogen powdery mildew
on Arabidopsis plants at a nanoscale level (Eggert et al., 2014).
The technique was sensitive enough to show that the micro-
bial pathogen induced the synthesis of the (1,3)-B-glucan cell
wall polymer callose, which interacted with the (1,4)-B-glucan
cellulose to form a three-dimensional network for preventing
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pathogen infection. The formation of callose associated with
pathogen ingress has been well-studied, but such inter-polymer
associations could not have been proven without technical break-
throughs. It will be interesting to see whether such techniques are
combined with click-chemistry to observe an increasing number
of interactions simultaneously.

The combined approaches of microscopy with spectroscopy
can also facilitate the investigation of wall associated ultra-
structure modifications, and the chemical compositions of the
plant cell wall during plant-pathogen interaction (Table1 for
more details). Fourier Transform Infrared (FT-IR) spectromi-
croscopy has been used to determine the presence and orientation
of functional groups of cellulose and pectin in plant cell walls for
well over a decade (Chen et al., 1997a,b; Kacurakova et al., 2000;
Wilson et al., 2000). This technique was used to show that a muta-
tion in Arabidopsis PMR6, which encodes a pectate lyase-like
protein and is required for the growth and reproduction of plant
fungal powdery mildew pathogen-Erysiphe cichoracearum, altered
plant cell wall composition by increasing pectin accumulation.
Both absorbance peaks attributed to cellulose and xyloglucan
shifted down in energy and broadened in the spectra of pmr6-1
cell walls, which indicated that either the -CH20OH group or the
hydrogen bond of cellulose in pmr6-1 had been changed (Vogel
et al., 2002).

Raman microscopy (Inelastic scattering with a photon from
a laser light source) combined with FT-IR spectromicroscopy
(Photon absorption) can facilitate the observation of ultra-
structure, such as cellulosic crystals on the micro-scale (<0.5 pm)
level (Agarwal et al., 2010), as well as the alignment and ori-
entation of cellulose microfibrils with respect to the fiber axis
between different cell wall layers (Gierlinger et al., 2012). This
combined approach also improves our ability to visualize and
analyze the chemical composition of plant cell walls. For instance,
the spectra of the two wall-matrix polymers: lignin and pectin
display discernable marker bands, which do not overlap with the
cellulose signature, so their distribution in the plant cell wall
can be easily visualized, imaged, and analyzed using these tech-
niques (Gierlinger and Schwanninger, 2006; Richter et al., 2011;
Gierlinger et al., 2012).

PROSPECTS

Recent technical breakthroughs in combining higher resolution
imaging and metabolic profiling techniques have yielded numer-
ous discoveries in how plant cell wall function is modulated
during microbial interaction. Although much effort was spent
to be inclusive in this mini-review, due to space constraints we
apologize for excluding numerous developing techniques not
limited to but including those associated with biochemical pull
downs, protein-protein interaction arrays and more. Although
advanced cell imaging and spectroscopic techniques have facil-
itated such studies, the recent identification of the enormously
complex phytobiome (Bulgarelli et al., 2012; Lundberg et al,
2012, 2013) reveals an outstanding question of the function of
the phytobiome in plant-microbe associations. The use of next
generation sequencing has revealed that many more microbes
are present within plant tissue than those previously identified
as obligate endophytes. It remains unclear how these microbial
mutualists are associating with (or avoiding) the plant cell wall

and associated defense pathways, and whether under pathogen
interaction, they matter?
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Plant pathogens have evolved by developing different strategies to infect their host,
which in turn have elaborated immune responses to counter the pathogen invasion. The
apoplast, including the cell wall and extracellular space outside the plasma membrane,
is one of the first compartments where pathogen-host interaction occurs. The plant cell
wall is composed of a complex network of polysaccharides polymers and glycoproteins
and serves as a natural physical barrier against pathogen invasion. The apoplastic fluid,
circulating through the cell wall and intercellular spaces, provides a means for delivering
molecules and facilitating intercellular coommunications. Some plant-pathogen interactions
lead to plant cell wall degradation allowing pathogens to penetrate into the cells. In
turn, the plant immune system recognizes microbial- or damage-associated molecular
patterns (MAMPs or DAMPs) and initiates a set of basal immune responses, including
the strengthening of the plant cell wall. The establishment of defense requires the
regulation of a wide variety of proteins that are involved at different levels, from receptor
perception of the pathogen via signaling mechanisms to the strengthening of the cell wall
or degradation of the pathogen itself. A fine regulation of apoplastic proteins is therefore
essential for rapid and effective pathogen perception and for maintaining cell wall integrity.
This review aims to provide insight into analyses using proteomic approaches of the
apoplast to highlight the modulation of the apoplastic protein patterns during pathogen

infection and to unravel the key players involved in plant-pathogen interaction.

Keywords: apoplast, cell wall, proteomics, secretome, pathogen, defense, MAMP

INTRODUCTION

Higher plants interact continuously with microbes such as
viruses, bacteria, oomycetes or fungi, some of which are phy-
topathogens, leading to plant diseases. The lifestyle of the
pathogen determines the nature of this interaction (Doehlemann
and Hemetsberger, 2013). Biotrophic pathogens have developed
specific strategies to interact with the cell wall and keep plant cells
alive during their life cycles. In contrast, necrotrophic pathogens
feed on dead plant cells. Plants naturally display preformed
defenses, which include the cell wall and cuticle acting as a physi-
cal barrier. However, these preformed defenses are sometimes not
strong enough to stop the invading pathogen. Successful resis-
tance then comes from a rapid activation of the plant’s innate
immune system (Boller and Felix, 2009). Plant perception of
conserved molecules characteristic of many microbes is the first
step in this innate immune response. These molecules, more
commonly called general elicitors, are also referred to microbe-
associated molecular patterns (MAMPs) (Jones and Dangl, 2006;
Pel and Pieterse, 2013). MAMPs are recognized by pattern recog-
nition receptors (PRRs), which are generally localized at the
level of the plasma membrane. MAMP perception leads to the
establishment of the so-called MAMP-triggered immunity (MTI)
(Boller and Felix, 2009). The small peptide flg22 derived from
bacterial flagellin and the elongation-factor Tu peptide elf18 are

the most extensively studied MAMPs (Felix and Boller, 2003;
Zipfel, 2009; Trda et al., 2013). Many other MAMPs have been
identified (reviewed in Newman et al., 2013) such as eicos-
apolyenoic acids (Bostock et al., 1981; Savchenko et al., 2010),
B-glucans (Umemoto et al., 1997; Klarzynski et al., 2000), pepti-
doglycans (Willmann et al., 2011), lipopolysaccharides (Newman
et al., 2002; Erbs and Newman, 2012), rhamnolipids (Varnier
etal., 2009; Sanchez et al., 2012), or chitin oligomers (Kaku et al.,
2006; Miya et al., 2007). Pathogens can suppress MTI by secret-
ing effector proteins that act either by inhibiting the MAMP-PRR
interaction or downstream signaling. The direct or indirect recog-
nition of effectors (previously called specific elicitors) by plant
resistance gene products results in the so-called effector-triggered
immunity (ETI) (Pel and Pieterse, 2013). ETI is usually quanti-
tatively stronger than MTI and associated with more sustained
and robust immune responses including localized cell death (HR,
hypersensitive response) (Tsuda and Katagiri, 2010). Some plant-
derived molecules called damage-associated molecular patterns
(DAMPs) are also recognized by the plant itself and can trigger
an immune response (Boller and Felix, 2009). The well-known
systemin or oligogalacturonides released upon cell wall damage
were shown to act as DAMPs (Pearce et al., 1991; Schweizer
et al., 1996; Denoux et al.,, 2008; Brutus et al., 2010; Ferrari
et al.,, 2013). Recently, the plant endogenous peptides AtPeps
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have also been characterized as powerful DAMPs (Yamaguchi and
Huffaker, 2011).

Induction of defenses by MAMPs, DAMPS or effectors starts
within minutes after signal perception with ion fluxes, MAPK
kinase activation, the production of reactive oxygen species (ROS)
and reactive nitrogen species (RNS) such as nitric oxide (NO)
(Garcia-Brugger et al., 2006; Scheler et al., 2013). ROS and NO
can act in signaling and have direct antimicrobial effects. ROS
are also involved in plant cell wall strengthening by oxidative
cross-linking of polymers. During the plant immune response,
the phytohormones salicylic acid (SA), jasmonic acid (JA), and
ethylene (ET) play a key role in signal transduction (Robert-
Seilaniantz et al., 2011). The importance of JA and SA as primary
signals in the regulation of plant immune responses has been well
established (Robert-Seilaniantz et al., 2011; Pieterse et al., 2012).
The JA pathway is primarily induced by and effective in mediating
resistance against necrotrophic pathogens, whereas the SA path-
way is primarily induced by and effective in mediating resistance
against biotrophic pathogens (Glazebrook, 2005). Nonetheless,
this is an over-simplistic view of disease resistance mechanisms
as there are complex repertoires of plant hormones that play a
role in defense signaling pathways. Indeed, other hormones such
as auxin, abscisic acid, cytokinins, and brassinosteroids function
as modulators of the plant immune signaling network (Robert-
Seilaniantz et al., 2011; Pieterse et al., 2012). Not surprisingly,
pathogenic microbes have developed strategies to manipulate
plant hormonal pathways in order to divert the immune sig-
naling mechanism for their own benefit. Recent studies suggest
that these pathogen-induced modulations of signaling pathways
via hormones contribute to virulence (Pieterse et al., 2012).
Therefore, the complex crosstalk and induced hormonal changes
modulate disease and resistance with the outcomes dependent
on pathogen lifestyles and the genetic constitution of the host
(Robert-Seilaniantz et al., 2011; Gimenez-Ibanez and Solano,
2013). Thus, pathogens have adapted different types of complex
interactions. Biotrophs depend on the living plant metabolism
as their nutritional source, and therefore interact intimately with
the host cells to modify metabolic processes (Glazebrook, 2005;
Horbach et al., 2011). Necrotrophs, on the other hand, invade
and kill the plant tissue, feeding on the dead tissue debris. To
this end, they usually macerate plant tissues by secreting toxins
and abundant hydrolytic enzymes that degrade cell wall polymers
(Laluk and Mengiste, 2010). As for the plant, defense responses
occur upon pathogen recognition through reinforcement of the
plant cell wall to counter pathogen invasion, while produc-
tion of antimicrobial compounds such as phytoalexins (Jeandet
et al., 2013) and synthesis of pathogenesis-related (PR) proteins
including hydrolytic enzymes like -1,3-glucanases and chitinases
(Van Loon et al., 2006) contribute to the alteration of pathogen
integrity.

Studies of plant-pathogen interactions are numerous in the
literature and include a wide range of physiological, molec-
ular and biochemical approaches. Proteomics has become an
important tool for large-scale analysis of the proteins involved
in the complex plant-pathogen interactions in the post-genomic
area (for review see Quirino et al, 2010; Jayaraman et al,
2012). Characterization of a set of proteins under specific

plant-pathogen interactions provides a more direct view of cel-
lular processes than DNA or RNA analysis. Proteomics provides
insight into protein localization, protein—protein interactions,
enzymatic complexes or post-translational modifications that are
essential to a better understanding of plant-pathogen interac-
tions. Proteomic approaches have been used in recent years to
further characterize plant interactions with viruses (Casado-Vela
et al., 2006; Giribaldi et al., 2011; Li et al., 2011; Di Carli et al.,
2012), bacteria (Jones et al., 2006; Afroz et al., 2009, 2013; Li et al.,
2012), or fungi (Kim et al., 2004a; Geddes et al., 2008; Bhadauria
etal., 2010; Mukherjee et al., 2010; Shah et al., 2012). The general
picture of changes occurring in the plant-host proteome high-
lights common features among the broad range of interaction
analyzed. A common response, observed in almost all studies, is
related to plant photosynthetic activity, which is negatively regu-
lated by pathogen infection, most probably reflecting allocation of
energy resources to a general plant defense regulatory mechanism.
In parallel, plants counteract to pathogen infection by modulat-
ing the accumulation of defense- or stress-associated proteins and
proteins involved in ROS metabolism. However, most of the key
proteins involved in the plant-pathogen interaction are probably
produced at low levels and the majority of studies only detected
the most abundant pathogen protein, such as coat protein for
virus. These global approaches also present significant technical
challenges, as they generally need to differentiate between plant
and pathogen proteins (Mathesius, 2009). Simplified models have
been developed to circumvent these technical challenges. In some
studies, the plant was treated with a MAMP from a pathogen
(Chivasa et al., 2006; Liao et al., 2009) or with a signal molecule
(Rajjou et al., 2006; Macarisin et al., 2009) to characterize the pro-
teomic changes within the plant. Other studies focused on the
pathogen secretome alone (Brown et al., 2012; Girard et al., 2013)
or in the presence of plant extracts (Phalip et al., 2005; Fernandez
Acero et al., 2009). However, the absence of one of the actors
in these simplified models underestimates the complexity of the
events occurring during the plant-pathogen crosstalk. The large
dynamic range of protein abundance present in plant-pathogen
samples, such as pathogen-infected leaves represents an addi-
tional difficulty (Bindschedler and Cramer, 2011). In fact, many
important proteins are present at low level and are thus difficult
to isolate from complex mixtures containing more highly abun-
dant proteins. As the resolution of analytical separation methods
is too limited to dissect the total proteome of a cell or a tissue, less
abundant proteins are often masked by those produced at higher
levels. Sub-cellular proteomics has the advantage not only of relat-
ing proteins to a functional compartment of eukaryotic cells, but
also of reducing the complexity of the whole cell or tissue protein
extracts (Brunet et al., 2003). However, the isolation of sub-
cellular proteins typically requires a series of labor-intensive steps.
Thus, efficient protocols for sub-cellular fractionation, purifica-
tion, and enrichment are necessary for each cellular compartment
(Lee et al., 2013).

Important processes such as development, intercellular com-
munications or defense mechanisms take place in the apoplast
(Sakurai, 1998). The apoplastic proteins are involved in dif-
ferent physiological and biological processes related to growth
regulation, biotic and abiotic stresses and cell wall maintenance
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(Ellis et al., 2007; Tseng et al., 2009). The apoplast or apoplastic
space is one of the first physiological compartments of pathogen-
host exchanges and the key processes that occur there during
microbial infections therefore determine the fate of the inter-
action (Doehlemann and Hemetsberger, 2013). The apoplast
is defined as the extracellular matrix or plant cell wall and
the intercellular spaces where the apoplastic fluid circulates
(Agrawal et al., 2010). The apoplastic fluid plays a key role
in intercellular and intracellular communications and is com-
posed of many substances, notably nutrients, polysaccharides,
secondary metabolites and secreted proteins. Lohaus et al. (2001)
showed low metabolite concentrations in the apoplastic solution
from Vicia faba, Spinacia oleracea, Hordeum vulgare, and Zea
mays. The sucrose concentration was about 1-2 mM in all plant
species, whereas the concentration of hexoses differed strongly
between the species. Similarly, the highest concentration of amino
acids in the apoplastic solution was found in Vicia faba (about
10 mM), the lowest in Zea mays (about 2mM). It is also well
known that the redox and pH control in the apoplast serves as
a mechanism to respond to environmental signals. The main
cation in the apoplastic solution of the analyzed plant species
was potassium, representing about 70-80% of the total cation
concentration when the main anions were nitrate and chlo-
ride. In Spinacia oleracea, oxalate was also an important anion,
while apoplast from Hordeum vulgare contained high amounts of
malate. The charge balance was equal and total contents of cations
and anions were between 10 and 20 mM, respectively. The activity
of plasma membrane-bound H*-ATPase and membrane trans-
port of solutes determine the pH condition of apoplast but pectic
substances in the cell walls also affect the ion concentrations and
pH in apoplast. The measured pH range of apoplast by pH elec-
trode in apoplast of different plants varies from 4.5 to 7 (Sakurai,
1998).

The plant cell wall is mainly composed of polysaccharides such
as celluloses, hemicelluloses and pectins, which interlock to form
a dense and complex network. Additional compounds such as
lignins, waxes or cutins are synthesized to form the secondary wall
in specific differentiated cells (Carpita and Gibeaut, 1993). The
cell wall acts as a passive barrier limiting the access of pathogens
to plant cells and in turn, pathogens, especially necrotrophs,
actively synthesize cell wall-degrading enzymes to penetrate or
kill the plant cell (Laluk and Mengiste, 2010). The plant cell
wall is actively remodeled and reinforced specifically at discrete
sites of interaction with pathogens (Hamann, 2012; Underwood,
2012). This active reinforcement through the deposition of cell
wall appositions, referred to as papillae, is one of the earliest
responses to pathogen attacks (Micali et al., 2011). However, the
cell wall proteome under a biotic stress is still poorly charac-
terized. Identifying the proteins present in the apoplast during
a pathogen infection is therefore essential to understanding the
perception and regulation processes occurring between the two
protagonists. A proteomic analysis that provides an overview of
the protein pool at a given time is thereby an appropriate tool to
address this issue and identify the actors involved in the interac-
tion. Through this review, we will begin by pointing out the tech-
nical constraints to recovering apoplastic samples for proteomic
analyses. We will then highlight the major findings obtained

from the apoplastic proteome patterns during plant-pathogen
interactions. In perspective, we will suggest future approaches to
characterize early protein interconnections taking place between
the pathogen and its host in the apoplast.

SECRETOME AND APOPLASTIC PROTEOME ISOLATION

Despite the importance of apoplastic proteome during a given
plant-pathogen interaction, it remains poorly characterized com-
pared to the intracellular proteome. This is especially due to the
difficulty in obtaining sufficient apoplastic material without dam-
aging the plant cell and in avoiding potential contamination of
the sample with cytoplasmic proteins. The proteins secreted in
the apoplast are either soluble in the apoplastic fluid or ionically
bonded to the plant cell wall (Soares et al., 2007). The litera-
ture uses different terms for the extracellular proteome present
in the apoplast, the most common being “secretome” and plant
“cell wall proteome.” For clarity and convenience, in this review,
we will use the term “secretome” to designate secreted pro-
teome obtained from in vitro cell suspension cultures, “apoplastic
proteome” for soluble proteins present in the apoplastic fluid
(generally extracted by the VIC method discussed below) and
“cell wall proteome” for the secreted proteins that are loosely
ionically bonded to the cell wall. The cell wall proteome is gen-
erally obtained from purified cell walls produced by disruptive
methods. The cell wall proteome has been well investigated and
excellent reviews have been published recently (Jamet et al., 2008;
Rose and Lee, 2010; Albenne et al., 2013; Komatsu and Yanagawa,
2013).

Several studies have used suspension cell cultures such as
in vitro-simplified models to develop practical, simple and non-
destructive methods to isolate secreted proteins. The suspension
cell cultures are easy to maintain, handle and scale up/down and
the secreted proteins in the culture medium can be easily sepa-
rated from suspended cells by filtration without cell disruption.
Therefore, this system facilitates the extraction of freely solu-
ble secreted proteins by the plant cells in suspension cultures
and greatly limits potential contamination by cytoplasmic pro-
teins. This simplified approach has been used to characterize basal
secretomes of different species like Arabidopsis (Oh et al., 2005),
alfalfa (Kusumawati et al., 2008), tobacco (Okushima et al., 2000),
or rice (Cho et al., 2009). These in vitro systems have been used
to assess cell responses more easily following signal molecules
or fungal-derived elicitor treatments (Table 1). The effect of the
well-known signal molecules SA and JA was characterized on
Arabidopsis and grapevine cell suspension secretomes, respec-
tively (Oh et al., 2005; Cheng et al., 2009; Martinez-Esteso et al.,
2009). Comparative secretome studies have been performed with
chitosan and Fusarium-based elicitors on Arabidopsis and maize
(Ndimba et al., 2003; Chivasa et al., 2005). These studies revealed
proteome changes in response to individual MAMPs but without
taking into account the complexity of the responses triggered dur-
ing a typical plant-microorganism interaction. To our knowledge,
only two studies have directly used the pathogen itself, demon-
strating that the study of plant-pathogen interactions has proven
to be very difficult in these in vitro systems (Kaffarnik et al.,
2009; Kim et al., 2009). Even then, the in vitro secretome anal-
ysis only provides partial identification of the secreted proteins
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in comparison to the in planta apoplastic proteome analysis as
demonstrated by the comparative analysis of in vitro secretome
and leaf apoplastic proteomes in rice (Jung et al., 2008). Analyses
of whole secreted proteins identified 222 protein spots with only 6
protein spots common to both in planta and in vitro samples. The
proteins involved in cell wall metabolism in relation with plant
defense mechanisms represent 18% of the total proteins identified
in planta compared to 64% in vitro.

Since the in vitro approach does not provide a natural environ-
ment for the cells and because physiologically relevant treatments
are difficult to apply, recent studies were instead carried out in
planta. In this case, when a plant organ such as a leaf is required
for study, apoplastic fluid is most commonly isolated using the
vacuum infiltration centrifugation (VIC) method, well described
by Lohaus et al. (2001) and Agrawal et al. (2010). In short,
the plant leaves are thoroughly rinsed with a buffer to reduce
the leaf surface tension and facilitate the vacuum infiltration.
After infiltration with the adapted extraction buffer, the leaf sur-
faces are quickly dried to avoid sample dilution and the carefully
rolled leaves are transferred to 50 ml polypropylene tubes with
a washer at the bottom to avoid immersion of leaves into the
collected apoplastic fluid. The gentle centrifugation allows the
recovery of the apoplastic fluid from which apoplastic proteins
are extracted by precipitation. The VIC method has been used
to characterize the apoplastic proteome of different plant species
such as Arabidopsis (Casasoli et al., 2008), rice (Cho et al., 2009),
tobacco (Delannoy et al., 2008), maize (Witzel et al., 2011), alfalfa
(Soares et al., 2007), pea (Wen et al., 2007), tomato (Konozy et al.,
2012), or grapevine (Delaunois et al., 2013). This VIC method has
also been used to assess the apoplastic proteome changes occur-
ring after an elicitor, a pathogenic or non-pathogenic treatment
(Table 2). Casasoli et al. (2008) have used oligogalacturonides
on Arabidopsis to identify apoplastic candidate proteins involved
in the response to this elicitor and the proteins associated with
H,0; response was investigated in the rice root apoplast (Zhou
et al., 2011). Apoplastic proteome changes were studied during
plant interactions with pathogenic bacteria (Agrobacterium tume-
faciens and Pseudomonas syringae) and fungal pathogens, mainly
Verticillium longisporum and Magnaporthae oryzae (Table?2).
However, methodological adaptations might be necessary for
efficient sample preparation. For instance, a water-displacement
method was developed to obtain apoplast fluids from stem tis-
sues in the poplar/Melampsora medusa interaction (Pechanova
et al., 2010). The VIC technique allows the apoplastic proteome
extraction without much cell damage. However, at times, the
fragility of the samples leads to the rupture of the cytoplas-
mic membrane, triggering varying contamination by cytoplasmic
proteins. The apoplastic fluid sample requires more stringent
assessment of intracellular contamination to ensure apoplastic
fraction purity. To estimate cytoplasmic contamination, enzyme
activity, immunoblotting or electrolyte leakage can be used.
Malate dehydrogenase activity is the most commonly used mea-
sure to estimate the level of membrane damage caused by the
VIC method. Antibodies directed against malate dehydrogenase,
RuBisCo or ATPase are also frequently used to determine the con-
tamination level (Delaunois et al., 2013). Electrolyte leakage and
concentration of malondialdehyde, which is a breakdown product

of membrane lipid peroxidation, can also be used (Zhou et al,,
2011).

PROTEIN SEPARATION,IDENTIFICATION, AND
QUANTIFICATION TECHNIQUES
The main problem with the VIC technique is the extremely
low yield implying that either very large volume of samples
have to be produced and concentrated or very sensitive meth-
ods have to be used for proteomic analysis. A significant amount
of information has been gained from proteomic studies using
classical gel-based separation, as resolved proteins can often be
identified and further characterized by mass spectrometry (MS).
Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE)
involves resolving proteins by isoelectric point (pI) and molec-
ular weight (Gorg et al., 2004; Kav et al., 2007). The 2D-PAGE
has mainly been used for identifying plant protein abundance
alterations in secretome or apoplastic proteomes in response
to biotic stresses and still remains a viable technique (Shenton
et al., 2012). Fluorescence difference gel electrophoresis (DIGE)
was developed as a more quantitative form of 2D-PAGE. Here,
samples are differentially covalently labeled with fluorophores,
allowing for distinction between proteins resolved on the same gel
(Casasoli et al., 2008). Casasoli et al. (2008) used this technique in
Arabidopsis to identify the differential expression of 62 proteins
in the same gel between control and oligogalaturonide-treated
apoplastic proteomes. Both 2D-PAGE and DIGE approaches con-
trol for gel-to-gel variation, but do not overcome the issues of spot
overlap (Campostrini et al., 2005). The gel-free methods utilizing
liquid chromatography (LC) techniques for separating peptides
after sequence-specific digestion can overcome this issue and sig-
nificantly increase proteome coverage (Roe and Griffin, 2006).
For example, multidimensional protein identification technology
(MudPIT), which combines strong cation exchange with reversed
phase chromatography, has been used on rice leaves infected
with the fungus Magnaporthe oryzae (Kim et al., 2013). During
this interaction, over 730 secretory proteins were identified in
the apoplast by combining 2D-PAGE and MudPIT techniques,
40% and 60% of these corresponding to rice and Magnaporthe
oryzae, respectively. Increasingly, gel-based, and gel-free separa-
tion methods are used together as complementary techniques to
increase the number of identified proteins (De-La-Pena et al.,
2008; Cheng et al., 2009; Pechanova et al., 2010; Kim et al., 2013).
Protein identification is performed by mass spectrometry
(MS) analysis. The three main steps are protein or peptide ioniza-
tion, ion separation and detection. Matrix assisted laser desorp-
tion/ionization (MALDI) and electrospray ionization (ESI) are
the two main ionization techniques that are applied in apoplastic
proteome studies while ion separation and detection uses mainly
time-of-flight (TOF) or quadrupole mass analyzer. Tandem MS
(MS/MS) is now commonly used to improve the sensitivity and
accuracy of peptides/proteins identification and the different
techniques are very often combined (like MALDI-TOF/MS or
ESI-MS/MS, Tables 1, 2). The identification of proteins present
in the apoplast in a given plant-pathogen interaction implies an
access to a proteome and/or a genome database of the two organ-
isms, which is not always the case. Alexandersson et al. (2013)
suggest the use of a combined plant-pathogen protein database

www.frontiersin.org

June 2014 | Volume 5 | Article 249 | 137


http://www.frontiersin.org
http://www.frontiersin.org/Plant-Microbe_Interaction/archive

Uncovering apoplastic plant-pathogen crosstalk

Delaunois et al.

(penunuo)

uisijogelaw a1eipAyoqied pue ‘aousiep
|80 ‘uoioNPSURI} [BUBIS ‘UOIIEDILIPOW ||BAA
|80 Ul PBAJOAUI J8Y10 pue uonenbel a1eis
XOpal 0} Pale|al jley punoIe Ylim ‘paiiuspl

SIN/S pue 401/40L-IdTVIN

uoneudioald )| pue
UOI1BJ1USOU0D [eBNJLIIUSD
‘uoiiely|ly ‘uonebnyiued

(CO%H)
apixotad usboipAy

110Z “|e 18 noyz sule10.4d passeidxe Ajjennusieylp G pue 39v4-Adz uoleJ}|Iful wnnoep JO INW Q0 pUe €0 dv eAles ezAip
1US1U09 U19104d [B10} BY} JO %G| SIuasaldal uoneudioaid
saWAzUa BUIAJIPOW-|[BM [|8D puB BWN|OA |ouBY18W-8UWI0}010|Yd
0102 10ds 8y} JO %G Bunnueseidal uonosul pue uoniebnyiued susioejewin} eueiweyiusq
"“|e 18 18|N0N) uodn AjpealB pasealoul suielold Hd SIN/SIN-DT PUB 39Vd-AZ UOIIBIY|1JUI WUNNDBA wnle1oeqoiby dv eueooIN
(peuaseidal alow 8y} ale sawAzus
1uepAxonue pue ‘esepixolad ‘saseueon|b ysem
‘S9SBUINYD) UOIOUNY BAIRBPIXOIIUE 9U0}82E PUE UOI1OBIIXS
pue ‘wsijogelsw ||lem ||89 ‘suisiold pale|al WiNIUOWWIE-|ouRYloW eulndod-1o1ie|
0102 90U8}ep/sSa11S Ajulew Ylim pazAjeue SIN/SIN-IST D1-az pue -louayd pue ainssa.id eliosdwejsjy pue
"“|e 18 BAOUBYOSd a1oM sauloalo.d 1sejdode wals pue jes SIN/SINHOLIATVIN 39vd-adz Japun uoiepnxa pinj4 sesnpaw eiosduwelsy dv seploy/ep snindod
asepixolad
pue aseuiyoopus dIseq ‘eseueon|b-g’ | -g uoneudioaid
8002 ‘oseueon|B oI1seq :paijuspl VDL pue uonebniused $1001 UO saiods
"“|e 18 |1e0|4 sulelold passaldxe Ajelrusiayip Ino4 SIN/SIN-DT-1ST PUe 39vd-aZ UOI1BJ}{1JUI WUNNDBA winiodsibuoy wnijjioiien dv sndeu eoisseig
uonoelaul
9|gnedwod sisdopigely/000sDQ eebuLiAsy
Bunnp pesealoul suieloid pajejel-asusiep
1ue|d suIu pue UOIIOBISIUI BYje)e/ilojBW S
Bunnp pasealoul suielold el181oeq IN0) pue uoneudioaid LzoLwy nojaw
sulelo.d 1ue|d ueneS uoIlOBIS1UI 8FOIOIW VD1 pue syl wnigozAylouis pue eAljes obeojipajy
300Z "B 10 1ue|d Bulnp pale|nuINdoe Ajlelnualayip SIN/SIN-DTdHoueu |ebnyruaselin ybnoldyl 000£D(Q 01ewo] ‘Ad pue eueijeyl
euad-e1-eQ aJe sulg10.d paiyiuspl 00 Ueyl I0|A pue 39vd-az UOI1BIIUSOUO0D ‘Uoliell|l4 sebulIAS seuouopnasd 434 sisdopiqesyy
UOI1eDIHIPOW ||EM
||99 pue ‘asusyap’(%8l) sesesrold (% |2)
SUOI}ONPBIOPIXO ‘(% GZ) SUOIIRDIHIPOW
$81eJPAYOQIED Ul UOIOUNS UBIA “(E4TD
uiglold ayji-uiwileb | pue ‘asepisoloe|eb-o uoneydiosaid
| ‘esepiidedAxoqied aules | ‘sesepixolad VDL pue uoiebnjiusd eueljeyl
Z10Z "Ie 18 ieol4 €) suieloid 9 ul eseauoul olj10ads SIN/SIN-OT-1S3 pue 3Dvd-dc uones iUl tnnoep wniodsiBuoj wnijjiole dv sisdopiqesy
SO Ag paieinbal A 14 uteroid
pue uonidediad usboyied ui paAjoAul
Ajanaiieind suieloud paijizusp| o3| Joydedsl
9z4NQ ‘uierold Yy ‘esepisoon|B-o uoneydioaid
800¢ Jolqiyur sseuo.inioejebAjod e paiuep SIN/SIN-OT 10 VOL pue uonebnyiiiued (Tw/Bw ooL) eueleyl
"“|e 18 l|0sese) sulelold passalidxa Ajlerusioyip 9| SIN/HOL-IQTIVIN Pue 391a-az UOI1RJ1{1JUl WNNDBA sapluoinioeebobl|O dv sisdopigesyy
adAy
saouaiajey sbuipuiy Aoy) poyiaw sisAjeuy uonesedasd sjdweg juawijeas oijolg  dwo09loid jue|d

Juawieas) uaboyled 10 10319113 ue J3)e saipnys awoajoid snsejdode urepy | z ajqer

June 2014 | Volume 5 | Article 249 | 138

Frontiers in Plant Science | Plant-Microbe Interaction


http://www.frontiersin.org/Plant-Microbe_Interaction
http://www.frontiersin.org/Plant-Microbe_Interaction
http://www.frontiersin.org/Plant-Microbe_Interaction/archive

Delaunois et al.

Uncovering apoplastic plant-pathogen crosstalk

" ‘©
Q @
c C
° e
H c
-.g o &
< o
o ”w
°
o 2
S N ©
T L. ©
e D T
o0 3
gL
U)C
- 20
o £ =
n 09
f 2 O
0 2 0
2o
© <
O N ®©
> & =
= S
© O C
825
[&]
» $ S =
(=2 = 3 =
c @H—(U
5 £ c o
e 5 20
= o O 5
o £ €
> = X
Q cc 9
¥ = 33
%)
>
=
%)
=
(@]
pa
-] o
=] wn
£ 0l
8 2
£ ©
2 L
[ Q
= b
s e
)
< ~
<
c @)
o Cl—
- ©
© .gc
N
® £ 85
s €& 2
D ©
2 E D=
o SE S
£ 5 55
[ 8o O
(7] > O a
8
N
- AN
c - =
] S o
£ 2
= £t 2
[ So &
- %(\IIQ
2 ey E
e S L o
g 258
£
[=]
3
o
S
a2 | <
-]
1]
S .
£ <
€ »
o o S
(&) -éof
—_ S @ B
N w0 g
© © <
2 | E N & @
-g ] EQ%U
E | O 8y

proteins at 72 hpi

Ina186-137 (compatible)
Magnaporthe oryzae

2013

Kim et al.,

More than 730 identified proteins with

2D-PAGE/MudPIT and
MALDI-TOF/MS or
nESI-LC-MS/MS

Vacuum infiltration
centrifugation and

AP

Oryza sativa ssp.
Japonica cv
Jinheung

40% and 60% derived from rice and M

KJ401 (incompatible) or

KJ301 (compatible)

oryzae, respectively, mainly stress and
ROS-related function for rice and

phenol-methanol-

ammonium extraction
and acetone wash

metabolism and cell wall hydrolysis for M

oryzae. Differential expression under

compatible/incompatible interaction was

confirmed by RT-PCR

AR apoplastic proteome; REF, root exudates proteome.

extended with a random sequence database to avoid false positive
hits from host peptides when matching pathogen peptides.

Plant-pathogen interaction mechanisms involve the fine mod-
ulation of protein amount. Precise and sensitive quantification
methods of proteins become essential. Staining on polyacry-
lamide gels with Coomassie blue or silver nitrate is generally
performed for spot quantification. However, quantifications on
stained spots are difficult to interpret for several reasons: over-
lapping spots can occur, different proteins can be present in the
same spot or some proteins can be present in different spots due
to post-translational modifications (PTM), and degradation or
maturation of proteins. The labeling of proteins with fluores-
cent dyes prior to electrophoresis (DIGE) can partially overcome
some of these issues (Casasoli et al., 2008). More recently, protein
quantification was significantly improved in proteomics using in
vitro chemical (ICAT or iTRAQ) or in vivo metabolic (SILAC
or 'SN-labeling) isotope-assisted quantification methods. For in
vivo metabolic stable isotope labeling, cell suspension cultures or
plants are grown on media supplemented with heavy isotope-
containing amino acids or >N-labelled nutrients, allowing for
the labeling of proteins as they are synthesized (Jayaraman et al.,
2012). However, this approach is not always easy to implement
in planta and requires long and powerful bioinformatics analy-
sis. Kaffarnik et al. (2009) analyzed the secretome of Arabidopsis
in response to infection by Pseudomonas syringae using a recently
developed technique known as isobaric tag for relative and abso-
lute quantification (iTRAQ). In this method, labeling is chemi-
cally performed in vitro on amines of digested peptide samples
with commercially available iTRAQ (isobaric tags) reagents. The
major advantage is that this strategy can be applied to directly
compare up to eight separate samples in one experiment. With
this technique Kaffarnik et al. (2009) compared apoplastic pro-
teomes of Arabidopsis infected with three different strains of
Pseudomonas syringae p.v. tomato, strain DC3000 (virulent),
strain DC3000 carrying AvrRpm1 (avirulent) and strain DC3000
knocked-out for HrpA (non-pathogenic), suggesting a pathogen-
mediated manipulation of apoplastic proteins. The development
and the more systematic application of these isotope-assisted
quantification and gel-free methods should allow the identifica-
tion of low-abundance apoplastic proteins or small variations in
their level of expression in the near future.

LEADERLESS SECRETION PROTEINS

Plant proteins are secreted to the apoplast mainly via the classical
ER-Golgi route. SignalP or TargetP software is widely used to pre-
dict signal peptides from the sequences (Emanuelsson et al., 2007;
Petersen et al., 2011) and to identify proteins that are secreted
through the classical ER-Golgi. However, there is increasing evi-
dence that a subset of apoplastic proteins is likely to be secreted
by non-classical pathways. Non-classical or leaderless secretion is
common to all eukaryotes, including plants. Computational anal-
ysis using different algorithms have been developed to assist in
the identification of unexpected secreted proteins. SecretomeP
allows secretion prediction based on sequence features conserved
or frequently observed in secreted bacterial and mammalian pro-
teins (Bendtsen et al., 2004). Cheng et al. (2009) found that
60% of the Leaderless Secreted Proteins (LSPs) identified in
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the Arabidopsis secretome were predicted to be secreted with
SecretomeP. Among these predicted LSPs actually found in the
apoplast, we can mention calmodulin, jacalin, or superoxide dis-
mutase. Although no identified plant superoxide dismutase has
a signal peptide, extracellular superoxide dismutase activity in
stressed or pathogen-infected plants has been previously reported
(Herndndez et al., 2001; Karpinska et al.,, 2001). In the same
way, calmodulin is known to be an intracellular calcium sensor,
but it has recently been suggested that calmodulin could serve
as a dual messenger with roles either inside or outside the cell
depending on stress factors (Cui et al., 2005). However, it should
be noted that SecretomeP software may not be well-adapted to
plant proteins since it has been designed for mammalian pro-
teins. In addition, only a small proportion of the LSPs identified in
apoplastic proteome studies gave a score above threshold (Cheng
et al., 2009; Fernandez et al., 2012). The difficulties in preserving
membrane integrity and extracting non-contaminated apoplastic
fluids combined with the limitations of the bioinformatics pro-
grams in predicting sub-cellular localization have to be taken into
account to understand the contrasting variations of LSPs content
between experiments. New computational tools such as software
or databases are emerging and should help to predict more pre-
cisely and with greater certainty the proteins produced through
alternative secretion pathways. LocTree3 is a new software pro-
gram that predicts protein subcellular localization through a
consistent new framework with a high prediction success espe-
cially for secreted proteins (https://rostlab.org/services/loctree3)
(Goldberg et al., 2012). The comparative platform OrysPSSP is
composed of a core “small secreted protein” (SSP) database and a
dynamic web interface that integrates a variety of user tools and
resources and allows the screening of SSP on the genome scale and
across the phylogeny of plant species (http://www.genoportal.
org/PSSP/index.do) (Pan et al., 2013).

The existence of these alternative secretory routes could be
explained by the need of rapid and effective regulation of secre-
tion to provide a selective advantage to the plant cell. There is
growing evidence of complex and highly coordinated spatiotem-
poral protein secretion in plants. Kaffarnik et al. (2009) showed
that most of the proteins induced in Arabidopsis by the viru-
lent Pseudomonas syringae DC3000 or the avirulent AvrRpml
strains had no secretion signals as compared to non-pathogenic
HrpA strains. Cheng et al. (2009) showed in Arabidopsis cell-
suspensions treated with SA that 65%, 50%, and 35% of the
secreted proteins lack a peptide signal after 1, 2, and 6 h, respec-
tively. These results suggest that external stresses rapidly induce
enhanced protein secretion. Other explanations could be the
accumulation of inactive pre-proteins prior elicitation or post-
translational modifications made by the ER environment, which
may not be required for specific activity of apoplastic proteins
(Rose and Lee, 2010).

POST-TRANSLATIONAL MODIFICATIONS

Proteomic studies lead very often to the identification of the same
protein in different spots suggesting different post-translational
modifications (PTMs) of the same protein (Chivasa et al., 2005).
Indeed, PTMs are known to control many physiological processes
by affecting protein structure, activity, and stability. Proteins can

undergo different PTMs such as glycosylation, phosphorylation,
carbonylation, or nitrosylation (Jayaraman et al., 2012; Albenne
et al., 2013). The secretome analysis of Arabidopsis cell sus-
pensions in response to oligogalacturonides highlighted several
protein isoforms, such as an alpha xylosidase and a receptor-like
kinase, showing differential PTMs (Casasoli et al., 2008). This
observation may suggest a role for PTMs in the plant response to
pathogens. Glycosylation is one of the most common and com-
plex PTM. There are two main types of glycosylation, namely N-
and O-glycosylation, but plant glycoproteins still remain poorly
characterized. Glycoproteomics are currently applied to plants
(Albenne et al., 2013). ConA lectin chromatography approaches
were used to specifically isolate N-glycoproteins from Arabidopsis
(Minic et al., 2007) and tomato (Catala et al., 2011). The use
of a multi-dimensional lectin chromatography system increased
the coverage of the Arabidopsis cell wall glycoproteome leading
mainly to the identification of N-glycosylated proteins (Zhang
et al., 2011). The regulation of enzymes putatively involved in
glycosylation, such as the disappearance of a f — N— acetylglu-
cosaminidase in the elicitor-treated maize secretome (Chivasa
et al., 2005), suggests that glycosylation might also occur in
the apoplast. The modulation of post-translational glycosylation
would quickly regulate the activity and/or structure of targeted
proteins, potentially strengthening the cell wall through stronger
cross-linking.

Phosphorylation plays a key role in signal transduction and
is based on the reversible regulation of the transfer of a phos-
phoryl group bonded to an aminoacid by protein kinases
or removed by phosphatases. Although different phosphospe-
cific staining techniques were developed for phosphoproteomic
studies, LC-MS/MS analysis following gel-free separation and
phosphopeptide enrichment is often the method of choice
(Grimsrud et al., 2010). Upon perception of microbial signals,
kinases and phosphatases target specific proteins, often modi-
fying complex signaling cascades that allow for rapid defense
responses. Ndimba et al. (2003) have shown that chitosan treat-
ment of Arabidopsis cell-suspensions induce phosphorylation of
a receptor-like kinase, endochitinases and glucanases. Similarly,
Chivasa et al. (2005) have positively identified in the maize
secretome phosphotyrosine protein spots that are rapidly dephos-
phorylated in response to Fusarium-elicitor treatment. The pres-
ence of elicitor-induced changes in the phosphorylation status of
extracellular proteins suggests the existence of pathogen-induced,
phosphorylation/dephosphorylation-regulated intercellular sig-
naling via the extracellular matrix. Moreover the presence of
phosphatases in the extracellular proteome of Arabidopsis infected
by Pseudomonas syringae suggests that potential phosphoryla-
tion/dephosphorylation reversible regulation could occur in the
apoplast (Kaffarnik et al., 2009). A recent comparison of Lotus
japonicus roots elicited with symbiotic-(Nod factors) and the
MAMP flg22 revealed differential phosphorylated protein pat-
terns between symbiotic and defense responses (Serna-Sanz et al.,
2011).

Carbonylation is considered as a marker of protein oxidation,
which results from the direct oxidation of various aminoacids.
This PTM is involved in the control of the protein function and
can lead to their degradation (Lounifi et al., 2013). The early
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oxidative burst in response to pathogen attacks is leading to an
increase of protein carbonylation (Zhang et al., 2007). Although
there is a strong link between ROS and pathogen attack on one
side and the ROS and protein carbonylation on the other side,
so far no large-scale study has been conducted on the regulation
of protein carbonylation during a given plant-pathogen interac-
tion. As mentioned before, analysis of the apoplastic proteome
under biotic stress has revealed an important part of the proteome
changes involved in the ROS metabolism. This correlation sug-
gests that large changes in ROS metabolism-related proteome in
the apoplast would influence the redox balance and consequently
the protein carbonylation level. The resulting rapid PTM activates
other defense-related proteins.

Protein nitrosylation is considered as one of the key mech-
anism regulating protein function (Lounifi et al., 2013). Since
nitrosylation refers to the covalent bonding of a NO molecule
to the cysteine amninoacid it becomes apparent that NO species
produced upon plant pathogen interactions can exert their sig-
naling action through nitrosylation of specific proteins (Corpas
etal., 2008; Spoel and Loake, 2011). A large-scale proteomic study
conducted on Arabidopsis leaves treated with gaseous NO led to
the identification of 25 nitrosylated proteins which are involved
in stress response, redox status, signaling, and cytoskeleton func-
tional categories. Pseudomonas syringae infection of Arabidopsis
seedlings leads to a hypersensitive response accompanied by an
NO burst and triggers an increase of nitrosylated proteins. Most
of the identified nitrosylated proteins were enzymes involved
in intermediary metabolism, signaling, and antioxidant defenses
(Romero-Puertas et al., 2008). Therefore the extent of protein
nitrosylation could be expected to change in response to NO-
originated stimuli governed by pathogen infection. Moreover,
the occurrence of a biological connection between protein oxi-
dation and nitrosylation in plants appears to be increasingly
documented (Lin et al., 2012). Since the ROS-based protein car-
bonylation and the NO-based protein nitrosylation, as well as
their interactions, seem to act as major regulatory systems in
stress responses, the characterization of protein oxidation and
nitrosylation in plant-pathogen interactions becomes crucial to
the understanding of the various physiological processes occur-
ring in the apoplast. Plant PTM proteomics is still in its early
stages and is undoubtedly a promising approach to gain new
insights into the structure and function of apoplastic proteins
during pathogen infection.

MAIN FINDINGS FROM APOPLASTIC PROTEOMICS CASE
STUDIES

PERCEPTION AND SIGNAL TRANSDUCTION

As mentioned before, early perception of the pathogen occurs
in the apoplastic compartment and several proteomic studies
have highlighted the regulation of apoplastic proteins potentially
involved in pathogen perception and signal transduction. These
apoplastic proteins generally feature LRR-type motifs suggesting
a potential receptor role for these proteins and they sometimes
undergo PTM like phosphorylation suggesting an involvement
in signal transduction cascades. In the secretome of Arabidopsis
suspension cultures elicited with chitosan, the phosphorylation
of a cell wall bound putative receptor-like protein suggests that

elicitor-treatment involves signal transduction cascades initiated
in the apoplast through accumulation of phosphorylated extracel-
lular receptor-like proteins (Ndimba et al., 2003). In the apoplast
of Arabidopsis leaves elicited by oligogalacturonides, Casasoli et al.
(2008) observed the accumulation of a disease resistance related
LRR protein, characterized by a LRR domain composed of 13
repeats of the extracytoplasmic type (eLRRs), and previously
localized in the plant cell wall (Borderies et al., 2003; Bayer et al.,
2006) (Figure 1). The correlation of this LRR protein accumu-
lation with the induction of its corresponding transcript as well
as the reported induction of its gene during the incompatible
interaction with Alfernaria brassicicola suggest a role in pathogen
perception (Schenk et al., 2003).

Receptor-like kinases with DUF26 domains are another class
of interesting proteins related to biotic stress, regulated at both
the protein and the transcript level, but with still unknown func-
tions. DUF26 genes were previously found to be up-regulated
upon pathogen infection, JA treatment (Kim et al., 2003, 2004b)
and wounding (Shen et al., 2003). Recent studies have identified
DUF26 proteins regulated upon pathogen infection or elicitor
treatment (Kim et al., 2009, 2013; Zhou et al., 2011; Shenton
et al., 2012). Several lines of evidence support the fact that these
proteins could be involved in the perception of the pathogen
or the transduction of the signal after perception. The proteins
containing DUF26 domains, which are usually found in ser-
ine/threonine kinases, are annotated as small secretory proteins
and are associated with plant receptor protein kinase domains
in databases. These proteins accumulate earlier in incompat-
ible rice/Magnaporthe grisae interactions than in compatible
ones (Kim et al, 2009). Their extremely rapid accumulation
was also demonstrated in the rice apoplast 12h after infection
withMagnaporthe oryzea (Shenton et al., 2012; Kim et al., 2013).
Time-course profiling at the transcript level confirmed that their
inductions were stronger and earlier in incompatible interactions.

Fine study of the apoplastic proteome during the early
phase of the pathogen infection may also lead to the identi-
fication of proteins specifically produced by the pathogen and
involved in the perception. For instance, a flagellin B homolog
from Agrobacterium tumefaciens was shown to accumulate in
the apoplast of tobacco agro-infiltrated leaves (Goulet et al.,
2010) and the putative virulence factor cyclophilin CYP1 from
Magnaporthe was found in the rice apoplast (Shenton et al., 2012).
Similarly, De-La-Pena et al. (2008) showed evidence that bacteria
are also able to change the proteins they secrete, depending on
the identity of the plant partner. The elongation factor Tu was
only secreted in the interaction between Pseudomonas syringae
DC3000 and alfalfa but not with Arabidopsis, suggesting that stim-
ulation of innate immunity by this bacterial protein could be
plant-microbe dependent (De-La-Pena et al., 2008).

Kim et al. (2013) recently developed an interesting screen-
ing approach to identify putative apoplastic effectors secreted by
Magnaporthe oryzae in rice leaves showing that some proteins
activate the PBZ1 cell death related promoter only when they are
expressed in the apoplast, acting putatively as apoplastic effec-
tors. Therefore, apoplastic proteomic approaches may prove to be
an interesting tool to discover or unravel key players involved in
pathogen perception and signal transduction.
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FIGURE 1 | Schematic overview of some events occurring in apoplast
during plant pathogen interactions. This illustration, based on studies
described in this paper, presents some examples of apoplastic proteins
regulated during biotic stresses. These proteins are secreted by the plant cell
(green square) and/or pathogen (brown square). Some proteins, modulated in
the apoplast after DAMP or MAMP perception, are involved in pathogen
perception and signal transduction, leading to the activation of intracellular
plant defense signaling pathways (blue arrows). The regulation of a large
amount of proteins involved in redox homeostasis modulates the ROS
signaling pathway leading to activation of extra- and intracellular plant

defense responses (blue arrows). These proteins, such as peroxidases or
oxalate oxidases participate also to the plant cell defense through plant cell
wall reinforcement or direct pathogen attack (gray arrow). Plant cell wall is
actively remodeled and/or reinforced through the regulation of numerous
enzymes, such as polyglacturonases or glucanases, which are secreted by
the pathogen or its host. Some of the cell wall degradation products can act
as DAMP (green arrow) to stimulate plant defense signaling pathways. Most
of the defense-related proteins, such as chitinases or glucanases, act directly
against the pathogen (gray arrow), releasing degradation products that can be
perceived as MAMP by the plant cell (brown arrow).

ROS AND REDOX REGULATION

Secretome or apoplastic proteome studies under biotic stress
conditions generally reveal changes of proteins involved in ROS
metabolism, representing 10-30% of the secreted proteome
(Tables 1, 2). Members of most of these protein families, such as
peroxidases, oxalate oxidases or superoxide dismutases, are gen-
erally present in the unstressed leaf apoplast (Delaunois et al.,
2013). Unsurprisingly, the H,O, treatment of rice seedlings trig-
gers protein changes in the apoplast, 30% of which are involved in
redox homeostasis. These proteins are involved in adjusting redox
plant cell status, either triggering defense reactions or overcoming
the deleterious effects of oxidative stress (Figure 1). It is note-
worthy that a number of redox-associated enzymes such as some
peroxidases are repressed at protein levels, which might modu-
late the H,O; concentration to an appropriate level. At the same
time, peroxidase accumulation in apoplast has been observed
during the Brassica napus/Verticillium longisporum interaction
(Floerl et al., 2008), in the secretome of grapevine cell suspension
treated with MeJA (Martinez-Esteso et al., 2009) or in the secre-
tome of Arabidopsis cell suspension treated with SA (Cheng et al.,
2009), revealing that either the pathogen or a related molecule
signal is able to modulate the level of peroxidases in the apoplast.
Moreover, the peroxidase accumulation was correlated with their
transcript accumulation in the Populus/Melampsora interaction
(Pechanova et al., 2010) and the Arabidopsis/Verticillium inter-
action (Floerl et al., 2012). However, the time-course and the
degree of transcript accumulation could be different from the
corresponding protein levels. Finally, in maize secretome, some

peroxidases do not change in quantity but are dephosphorylated
after Fusarium-elicitor treatment (Chivasa et al., 2005) suggesting
a precise regulation of peroxidases in the apoplast itself through
PTM. Plants respond to bacterial challenge through quantitative
and qualitative changes in peroxidase secretion leading to sym-
biotic or defense responses. During the rice-Magnaporthe oryzae
interaction, Kim et al. (2013) have observed the modulation of 20
different peroxidases suggesting an intracellular ROS homeosta-
sis to maintain a delicate equilibrium. Similarly, the root exudate
proteome analyzed during the interaction between alfalfa and the
bacterial symbiont Sinorhizobium meliloti or between Arabidopsis
plants and an opportunistic bacterial pathogen Pseudomonas
syringae revealed a complex and fine-tuned regulation of perox-
idase amount depending on the plant-bacterium combinations
(De-La-Pena et al,, 2008). The existence of large multigenic
families of peroxidases in plants (with 138 members in rice
and 73 members in Arabidopsis) with a high number of enzy-
matic isoforms warrants their complex and fine-tuned regulation.
Peroxidases were especially involved in a broad range of plant
defense mechanisms such as lignin and suberin formation, cross-
linking of cell wall components, phytoalexin synthesis, and the
metabolism of ROS and RNS (Almagro et al., 2009). It should
be noted that during most biotic stress responses, the major
sources of ROS seem to be due to cell wall localized peroxi-
dases that generate hydrogen peroxide, or plasma membrane-
localized NADPH/NADH oxidases that generate superoxide, or
both systems operating in tandem (Bolwell, 1999; Daudi et al.,
2012). Since the NADPH oxidases are plasma membrane localized
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(Lherminier et al., 2009), unsurprisingly, they are not found in
the apoplast of pathogen infected plants, whereas the amount of
numerous peroxidases is finely modulated. The absence of these
proteins in the apoplastic fluid could even be used as a marker of
the plasma membrane integrity as well as HT -ATPases.

Among all the proteins identified in the apoplastic proteome
and involved in the regulation of ROS, we can also mention
two oxalate oxidases (or germins) that highly accumulate in rice
suspension-cultured cells treated with a rice blast fungus elicitor
(Kim et al., 2009). The oxalate oxidases are involved in responses
to biotic or abiotic stresses by producing H,O; from oxalic acid.
Since certain fungal pathogens produce oxalic acid, the oxalate
oxidases present in apoplast could degrade the oxalic acid pro-
duced upon fungal infection to generate H,O,, which in turn may
functions as a signal for plant defenses (Figure 1).

The antioxidant enzymes superoxide dismutases are also
involved in ROS signaling and significantly accumulate in the
secretome of Arabidopsis cell suspensions treated with SA (Cheng
et al., 2009) or inoculated with Pseudomonas syringae (Kaffarnik
et al., 2009). They also accumulated in the apoplastic poplar pro-
teome infected by Melampsora medusae (Pechanova et al., 2010).
Superoxide dismutase produce H,O; from superoxides (O} ),
which is further degraded to H,O by ascorbate peroxidase. The
superoxide dismutase could favor the transient nature of the
oxidative burst and prevent accumulation of toxic superoxides,
limiting the duration of the oxidative burst to an early event
in plant defense (Scheler et al., 2013). Similarly, Sinorhizobium
meliloti secretes higher amounts of superoxide dismutase in alfalfa
than Arabidopsis roots, suggesting that the bacteria specifically
recognize alfalfa to initiate the symbiosis (De-La-Pena et al,
2008).

Opverall, these proteomic approaches reveal a strong implica-
tion of the apoplastic proteins involved in ROS homeostasis. They
also highlight the fine regulation of these proteins requiring the
control of their secretion as well as their activation through post-
translational modifications depending on the plant-pathogen
interaction.

CELL WALL MODIFICATION

As mentioned before, the cell wall is one of the most important
barriers to counter pathogen invasion and it is not surprising to
find in the unstressed apoplast numerous enzymes involved in cell
wall modification or maintenance (Albenne et al., 2013; Komatsu
and Yanagawa, 2013). It has already been described how the cell
wall is actively remodeled and reinforced during infection specif-
ically at discrete sites of interaction with pathogens (Figure 1)
(Hamann, 2012; Underwood, 2012). However, a global view of
the regulation of the enzymes specifically involved in the cell
wall remodeling following a pathogen invasion is still incomplete.
Apoplastic proteomic approaches definitely help to decipher
the regulation of this complex metabolism involving numerous
enzymes. Indeed, in most of the studies listed in Tables 1, 2, biotic
stresses modulate the accumulation of secreted proteins involved
in cell wall modification or maintenance like polygalacturonases,
a-galactosidases, a-glucosidases, xylanases, xyloglucanases, and
B-1,3-endoglucanases. Peroxidases (see above) also participate in
cell wall reinforcement by modifying carbohydrate and structural

protein polymer networks (Albenne et al., 2013) or through lig-
nification or suberisation (Ndimba et al., 2003). Enzymes that
breach the plant cell wall have also been shown to be important
for fungal pathogens that lack specialized penetration structures
and for necrotrophic pathogens. For example, the polygalactur-
onases are among the most extensively studied enzymes. They
cleave the linkages between a-1,4 D-galacturonic acid residues,
which are the major component of pectin, to produce non-
methylated homogalacturonan. Polygalacturonases cause cell sep-
aration, tissue maceration, and release of mono- di- and three-
saccharides used as nutrients by the pathogen (De Lorenzo et al,,
2001). Some of these released fragments, such as oligogalactur-
onides, are typical DAMPs that elicit defense responses in many
plants (Ridley et al., 2001; Sanabria et al., 2008; Ferrari et al.,
2013) (Figure 1).

In the rice seedling apoplast, 45% of the proteins affected by
H,0, are involved in the carbohydrate and cell wall metabolism
(Zhou et al,, 2011). In this study, the abundance of most
of the glycosylhydrolases such as a-galactosidases and p-1,3-
glucanases, is found to be down-regulated. The authors sug-
gested that the suppression of these polysaccharide hydrolases
under H,O, stress might reduce the hydrolysis of glucan and
other polysaccharides altering the dynamic of remodeling of the
polysaccharides to withstand the deleterious effects of oxidative
stress. In comparison, the activities of a-L-arabinofuranosidases,
UDP-glucose pyrophosphorylases and pectinesterases were up-
regulated under H,O, treatment suggesting that these enzymes
might strengthen the cell wall by modulating polysaccharide
degradation and synthesis, and increasing pectin demethylesteri-
fication. SA-treatment of Arabidopsis cell suspensions induces the
accumulation of a large number of the proteins involved in gen-
eral metabolism (34%) within the 6 first hours. Among them,
a-galactosidase, a-1,4-glucan-protein synthase, pectinesterase, or
B-fructofuranosidase are putatively involved in cell wall remod-
eling (Cheng et al., 2009). The fact that half of the identified
secreted proteins are LSPs could partially explain the rapid extra-
cellular accumulation of these proteins, which allows a rapid cell
wall remodeling in response to defense signaling.

The agroinfiltration of tobacco leaves leads to the accumu-
lation of a number of cell wall-modifying enzymes including
galactosidases, a-L-arabinofuranosidases, p-D-xylosidases, per-
oxidases and proteases accounting for around 15% of the apoplas-
tic proteins. These proteins are likely to be accumulated for
cell wall maintenance and to complement constitutive defenses
against bacterial pathogens (Goulet et al., 2010). Verticillium
longisporum infection of Arabidopsis results in a specific increase
of six extracellular proteins with overlapping functions in defense,
development and cell wall metabolism (three peroxidases, ger-
min, serine carboxypeptidase, a-galactosidase) (Floerl et al,
2012). The authors have correlated these changes in infected
plants with a new synthesis of cell wall material with enhanced
lignification and with a modification of metabolite contents.

Comparison of the apoplastic proteomes of Arabidopsis
infected with virulent, avirulent or non-pathogenic strains of
Pseudomonas syringae pv tomato revealed a strain-specific regu-
lation of cell wall-modifying enzymes. For example, a-xylosidase
accumulation is increased by MAMPs from the non-pathogenic
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mutant strain HrpA. By contrast, amount of the enzyme is
decreased by an effector of the virulent strain DC3000, suggest-
ing that this a-xylosidase could be important for Pseudomonas
syringae resistance (Kaffarnik et al., 2009). In the same way,
quantity of two glycosylhydrolases is specifically increased during
the compatible Arabidopsis/ Pseudomonas syringae interaction but
not in the incompatible interaction with Sinorhizobium meliloti,
demonstrating a microorganism-dependent regulation of these
cell wall enzymes (De-La-Pena et al., 2008).

Out of the 700 proteins identified in the rice apoplast infected
by Magnaporthe oryzae, 29 proteins from rice and 54 proteins
from Magnaporthe oryzae were glycosylhydrolases (Kim et al.,
2013). Moreover, 17 rice glycosylhydrolase genes were strongly
activated at the transcriptional level after infection. Among these
17 genes, 4 glycosylhydrolases were expressed earlier or at a higher
level in the incompatible interactions compared to the compati-
ble ones. From the pathogen side, RT-PCR analysis revealed that
the transcripts of 6 glycosylhydrolases families from Magnaporthe
oryzae were differentially expressed in compatible interactions.
Therefore, this study demonstrated that the extracellular modu-
lation of both the pathogen and the host glycosylhydrolases have
an important role in either promoting successful infection via the
degradation of the host cell wall, or restricting the pathogen inva-
sion through the reinforcement of the host defenses via the cell
wall maintenance during early stages of infection.

PR AND OTHER DEFENSE-RELATED PROTEINS

The defense-related proteins have various functions and are gen-
erally involved in different metabolisms other than defense. It
is therefore relatively difficult to classify these proteins only in
terms of their defense function. Some of these proteins such
as peroxidases or oxalate oxidases have already been mentioned
above. The defense-related proteins represent a large part of the
basal apoplastic proteome including pathogenesis-related (PR)
proteins, which are the most abundant (Delaunois et al., 2013).
Unsurprisingly, the amount of the PR proteins is modulated in
response to biotic stress in nearly all the secretome or apoplas-
tic proteome studies listed in Tables 1, 2. However, despite the
importance of PR proteins in plant defense, they generally only
represent 10-15% of the proteins that are regulated in the
apoplast following biotic stresses (Cheng et al., 2009; Kaffarnik
et al., 2009; Zhou et al., 2011). The well-characterized chitinases
degrade the cell walls of pathogen releasing PAMP-derived cell
wall fragments that trigger MTI, thereby reinforcing the host
defenses (Figure 1). Indeed, Kim et al. (2009) have identified
up to nine chitinases induced by the rice blast fungus in the
rice secretome. While chitinases are largely represented in the
apoplast, not all of them are regulated in response to defense sig-
naling. The analysis of the apoplastic proteomes of Arabidopsis
infected with virulent or non-virulent strains of Pseudomonas
syringae revealed that the effector of the virulent strain repressed
two chitinases but only one is induced by MAMPs from the non-
pathogenic strain (Kaffarnik et al., 2009). Similarly, two chitinases
were identified in the Arabidopsis secretome in response to SA
but only one was accumulated within the 2 first hours after
treatment (Cheng et al., 2009). In response to H,O,, the rice
apoplastic proteome analysis revealed the up-regulation of one

chitinase and the down-regulation of two others (Zhou et al,,
2011). All together, these results clearly indicate a pathogen- or
signal-specific regulation of the chitinase pool in the apoplast.

Glucanases represent another large apoplastic protein fam-
ily often co-induced with chitinases (Figure 1). Glucanases are
known to limit fungal growth via the degradation of the glu-
cans from fungal cell walls. Verticillum longisporum infection of
Brassica napus induces the accumulation of one endochitinase
and two P-1,3-glucanases (Floerl et al., 2008). Agrobacterium
infiltration of tobacco leaves modulates the quantity of several
chitinases and glucanases (Goulet et al., 2010). Moreover, the
changes in the phosphorylation status of an endochitinase and
an endo-1,4-B-glucanase revealed by the chitosan treatment of
Arabidopsis cells (Ndimba et al., 2003) and the correlation of
the transcript accumulation with the increase of acidic chitinases
and B-1,3-glucanases in Melampsora larici/ Populus deltoides inter-
action suggest a close regulation of these PR protein families
(Pechanova et al., 2010). It should also be mentioned that glu-
canases could be involved in host cell wall remodeling putatively
leading to the release of DAMPs molecules and thereby rein-
forcing the host defenses (Casasoli et al., 2008; Martinez-Esteso
et al., 2009). Besides direct modifications that glucanases can
produce in the cell wall, Finiti et al. (2013) suggested that they
might interfere in the signaling network that operates during the
defense response. Their enzymatic products, the $-1,3 glucans,
can be considered as DAMPs and are known to be general elic-
itors of plant defense responses. The -1,3 glucans were shown to
induce variety of defense reactions in tobacco (Klarzynski et al.,
2000), Arabidopsis (Ménard et al., 2004), or grapevine (Aziz et al.,
2003, 2007), conferring resistance to viral, bacterial, and fungal
pathogens. Moreover previous studies have demonstrated that the
absence of the endoglucanases TomCell and TomCel2 in tomato
and Arabidopsis alters the jasmonic acid signaling network lim-
iting the necrotrophic pathogen Botrytis cinerea invasion and
increasing the susceptibility to the hemibiotrophic Pseudomonas
syringae DC3000 (Flors et al., 2007; Finiti et al., 2013). These
results provide support for the contribution of endoglucanases
in the establishment of the appropriate signaling response to
pathogens by modifying the properties of the cell wall and/or
interfering with signaling pathways.

Other PR proteins are regulated in the apoplast following
biotic stress. The PR1 protein is accumulated in the apoplast of
agroinfiltrated tobacco or H,O,-treated rice and the thaumatin-
like protein accumulates in Melampsora larici infected poplar
(Goulet et al., 2010; Zhou et al., 2011). Some lipases were also
thought to act like PR proteins (Jakab et al., 2003). A lipase
with a GDSL-like motif was identified in the grapevine secre-
tome in response to JA (Martinez-Esteso et al., 2009) and in the
Arabidopsis secretome in response to SA (Oh et al., 2005). The
Arabidopsis lipase (GLIP1) was further characterized for its func-
tion in disease resistance and results suggest that GLIP1 may be
a critical component in plant resistance. Indeed, the GLIP1 lipase
disrupts the fungal spore integrity and triggers systemic resistance
signaling in Alternaria brassicicola infected plants through the ET
pathway (Oh et al., 2005).

Proteolytic enzymes in plants are directly or indirectly involved
in most plant cellular processes including disease resistance (Xia
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et al., 2004). The induction of the amount of three subtilisin-
like proteases, two aspartyl proteases, and one peptidase in the
rice apoplast during Magnaporthe oryzae infection supports the
view that secreted proteolytic enzymes might act as hydrolytic
enzymes or mediators of signal transduction in the apoplast dur-
ing pathogen attack (Kim et al., 2013). In this study, a total of
25 proteases/peptidase proteins from Magnaporthe oryzae were
identified. These proteins are believed to play roles as pathogenic-
ity factors required to circumvent the host defense responses.
Therefore, the study of protease secretion in the apoplast is
a promising resource for understanding some facets of plant-
pathogen interactions.

Lectins are characterized by the presence of at least one jacalin-
like domain that reversibly binds specific mono- or oligosaccha-
rides. According to their carbohydrate specificities, plant lectins
are important for a variety of biological processes including host—
pathogen interactions. Specifically, they are believed to play a role
in pathogen recognition and in plant defense responses (De Hoff
et al., 2009). Several studies have shown their accumulation in
the apoplast in response to SA treatment, chitosan or oligogalac-
turonides in Arabidopsis (Ndimba et al., 2003; Casasoli et al.,
2008; Cheng et al., 2009) or in the rice-Magnaporthe interaction
(Kim et al., 2009). Their regular identification in the apoplast
under biotic-stress conditions reinforces their putative role in
plant defense mechanisms.

In the rice-Magnaporthe interaction, the accumulation of sev-
eral PR proteins is induced 72h after infection in both the
compatible and incompatible interactions but with a higher
level in the incompatible interaction (Shenton et al., 2012). In
the same plant-pathogen interaction, Kim et al. (2013) corre-
lated the PR protein accumulation with upregulation of gene
expression in both types of interactions and showed that three
chitinase genes were expressed earlier or at a higher level in
the incompatible interactions. Six proteins related to defense,
such as peroxidases and basic chitinases were highly secreted in
Arabidopsis 6 h after initial contact with Pseudomonas syringae but
not in the incompatible interaction with Sinorhizobium meliloti,
suggesting that Arabidopsis can selectively secrete defense pro-
teins at an early stage of compatible interactions (De-La-Pena
et al., 2008). Moreover, in the interaction between alfalfa with
Sinorhizobium meliloti or Pseudomonas syringae, three chitinases,
a thaumatin-like protein PR-5b, and a PR10-1 protein were
secreted in abundance by alfalfa inoculated with Sinorhizobium
meliloti at 6 h but were not secreted as much when it was inocu-
lated with Pseudomonas syringae. The fact that alfalfa responds
faster by secreting proteins in the presence of Sinorhizobium
meliloti, but not in the presence of Pseudomonas syringae, suggests
that an efficient signaling process similar to that operating during
pathogenic interactions takes place during the early interaction
with Sinorhizobium meliloti.

CONCLUSIONS AND FUTURE PERSPECTIVES

Interest in the plant defense responses occurring in the apoplast
is growing as the importance of this dynamic compartment
becomes more apparent. The small number of studies indicates
the limited availability of information on the potential role of
the apoplastic proteome in plant-pathogen interactions. The first

secretome analyses were reported using isolated MAMPs or signal
molecule onto cell suspension cultures and, to our knowledge,
only two secretome studies have been performed using intact
pathogens (Table 1). A shift from cell-suspensions to in planta
systems has taken place, but comparative disease-resistance stud-
ies are still scarce and little is known about the changes in the
secretome during biotic stresses (Table 2). Based on the results of
the proteomic studies reviewed here, our current understanding
of biological processes occurring in the apoplast during plant—
pathogen interactions is still rudimentary. Most of the proteins
present in the apoplast are involved in the establishment of a
basal defense in unstressed plants. Only a small number of these
proteins are specifically modulated following the perception of a
biotic stress.

Most of the studies listed in this review highlighted the regu-
lation of the same families of proteins occurring in the apoplast
during a biotic stress. The regulated proteins potentially involved
in the mechanisms of perception and signal transduction such
as DUF26 or LRR-like proteins appear to be less identified
and/or characterized. The regulation of peroxidases, glucanases
and chitinases is also emphasized since these large families of pro-
teins are involved in the regulation of the cell redox status, the
cell wall reorganization and the establishment of specific defenses
(Figure 1). The general consensus suggests that accurate control
of the speed and intensity of the protein secretion determines the
establishment of effective resistance against a given pathogen.

The LSPs identified in most of the apoplastic proteomes in
response to pathogen attacks may be one of the solutions used
to increase the speed of protein secretion. Indeed, this secre-
tory mechanism, independent of the classical ER-Golgi secretory
pathway, could allow the rapid and efficient secretion of specific
proteins providing a selective advantage in response to pathogen
infection (Rose and Lee, 2010). Since most of the non-classically
secreted proteins have established intracellular functions, it was
suggested that they had dual roles with still unknown extracellu-
lar functions. There is growing evidence about the role of LSPs in
plant defenses and the precise identification and characterization
of these secreted proteins remain an exciting and challenging area
of research.

Another way to increase the speed and specificity of the defense
response in the apoplast may be the modulation of the PTMs of
a pool of pre-proteins already present or the existence of several
alternative PTMs affecting the final destination of the protein.
Most of the apoplastic proteome studies in response to pathogen
attacks suggested modulation of PTMs. Modification of PTMs
could rapidly activate or repress the specific proteins involved in
pathogen perception (like glycosylation) or signal transduction
(like phosphorylation). It was demonstrated that the phosphory-
lation status of extracellular proteins rapidly changes in response
to elicitor treatment, suggesting a possible role for the apoplas-
tic proteins in early signal transmission of pathogen defenses
through the activation of pathways regulated by external kinases
and phosphatases (Casasoli et al., 2008). The establishment of
plant phosphoproteomes has made remarkable progress and is
now moving from qualitative to quantitative. However, more
work needs to be done to investigate the precise phosphoryla-
tion nature and phosphorylation patterns. Moreover, there has
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been no global study of the glycosylation of apoplastic proteins
upon pathogen infection. Plant glycoproteomics is only in its
early stages but is a very promising approach toward an integrated
study of both sugars and protein moities to gain new insight into
the function of glycoproteins in plant defenses. Similarly, little is
known about the oxidation of apoplastic proteins even if ROS
and NO are important molecules playing key roles in apoplas-
tic plant defenses. The study of PTM:s is still in its initial phases,
and although instrumentation and separation techniques can be
improved, for many PTMs there are some existing methods avail-
able that can be adapted to plant disease proteomics research.
Undoubtedly, future work needs to be directed toward a better
understanding of the possible extracellular PTM events since the
ability to define the dynamic proteome is crucial for unraveling
novel mechanisms of plant-pathogen signaling.

It was suggested that secreted proteins might be a critical
component in the process of signaling and recognition occur-
ring between compatible and incompatible interactions. Infection
of rice or Arabidopsis with an incompatible pathogen leads to a
much earlier induction of genes and proteins than for a com-
patible interaction (Kaffarnik et al., 2009; Kim et al., 2013).
These results highlight the importance of the early stages in the
infection process and demonstrate the need for kinetic studies
addressing complex organism interactions. More in-depth analy-
ses of the spatial and temporal distribution of responding proteins
will improve the understanding of pathogen invasion strate-
gies and the complex interplay between hosts and pathogens.
Future studies should focus on differential approaches based on
compatible/incompatible interactions by using virulent/avirulent
pathogen strains or sensitive/resistant host species. However,
these studies should also include kinetics of apoplastic proteome
and cell wall proteome at the early steps of the infection pro-
cess to obtain an dynamic view of identified soluble and ionically
bonded proteins from both the plant and the pathogen. Since a
down-regulation of a protein upon pathogen attack might indi-
cate regulation by pathogen effectors, functional analysis of a
subset of identified secretory proteins from the pathogen implies
that a number of them are likely to act as apoplastic effectors that
can be recognized by receptors (Kim et al., 2013). As more and
more evidence points to the biological role of the fungal effectors
that manipulate plant immunity in favor of fungal virulence, the
development of reliable quantitative proteomics will indeed be
crucial to identifying putative effector targeting in the apoplastic
proteome.

Thus, it is important to build a comprehensive inventory of
the experimentally identified plant—pathogen secretome to pre-
dict secreted proteins more accurately, and then to address the
question of their biological role. Apoplastic proteome analyses of
plant—pathogen interactions have provided a better understand-
ing of plant defense responses. However, the lack of published
studies using quantitative and in vivo proteomic techniques is
still striking. The improvement of peptide resolution sensitivity
based on gel-free technology and the precise and absolute pep-
tide quantification based on isotopic labeling approaches, such as
iTRAQ technology, should greatly increase the number of iden-
tified apoplastic proteins upon pathogen challenge. The utility of
absolute quantification of individual secreted proteins was clearly

demonstrated in application to complex, time- and dose depen-
dent experimental designs. There is also a need for performing
more biological conditions rather than just technical replicates
in experiments for quantification. Moreover, combining pro-
teomic analyses with genetics and other omic approaches would
strengthen the biological significance of many studies. A more
systematic integration of these complementary approaches will
provide useful information that will allow for better prediction
and manipulation of plant responses to pathogens. Nevertheless,
one of the main challenges in the near future will be to validate
and explore the roles of individual secreted proteins involved in
plant-pathogen interactions. While most proteomic studies pro-
vide protein identification and functional predictions, most of
them do not test their hypotheses using genetics. Further stud-
ies will then be needed to assign functional roles to these secreted
proteins in plant-pathogen interactions.
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