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SUMMARY

Fungal cell walls, which are essential for environmental adaptation and host colonization by the fungus,
have been evolutionarily selected by plants and animals as a source of microbe-associated molecular pat-
terns (MAMPs) that, upon recognition by host pattern recognition receptors (PRRs), trigger immune
responses conferring disease resistance. Chito-oligosaccharides [p-1,4-N-acetylglucosamine oligomers,
(GlcNAc),,] are the only glycosidic structures from fungal walls that have been well-demonstrated to func-
tion as MAMPs in plants. Perception of (GIcNAc),_g by Arabidopsis involves CERK1, LYK4 and LYKS5, three of
the eight members of the LysM PRR family. We found that a glucan-enriched wall fraction from the patho-
genic fungus Plectosphaerella cucumerina which was devoid of GlcNAc activated immune responses in Ara-
bidopsis wild-type plants but not in the cerk? mutant. Using this differential response, we identified the
non-branched 1,3-p-b-(Glc) hexasaccharide as a major fungal MAMP. Recognition of 1,3-p-p-(Glclg was
impaired in cerk? but not in mutants defective in either each of the LysM PRR family members or in the
PRR-co-receptor BAK1. Transcriptomic analyses of Arabidopsis plants treated with 1,3-f-p-(Glc)g further
demonstrated that this fungal MAMP triggers the expression of immunity-associated genes. In silico dock-
ing analyses with molecular mechanics and solvation energy calculations corroborated that CERK1 can bind
1,3-p-0-(Glc)g at effective concentrations similar to those of (GlcNAc),. These data support that plants, like
animals, have selected as MAMPs the linear 1,3-p-p-glucans present in the walls of fungi and oomycetes.
Our data also suggest that CERK1 functions as an immune co-receptor for linear 1,3-p-b-glucans in a similar
way to its proposed function in the recognition of fungal chito-oligosaccharides and bacterial peptidoglycan
MAMPs.
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INTRODUCTION

Fungi and oomycetes are major plant pathogens that cause
devastating diseases in crops (Fisher et al., 2012). Immune
responses in plants can be triggered by microbe-asso-
ciated molecular patterns (MAMPs) upon extracellular per-
ception by pattern recognition receptors (PRRs) resident in
the plasma membrane; these receptors activate so-called
pattern-triggered immunity (PTl). These PTI responses
mediated by receptors feed into calcium-dependent and
mitogen-activated protein kinase (MAPK) signalling
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cascades. The latter comprise three types of kinases [MAP
kinase kinase kinases (MAP3Ks/MEKKs), MAP kinase
kinases (MAPKKs/MKKs) and MAP kinases (MAPKs/MPKs)]
which are highly conserved in eukaryotes and play pivotal
roles in the activation of transcriptional immune responses
and upregulation of specific defensive genes (Bigeard
et al., 2015).

Immune responses and disease resistance to pathogens
are compromised in plants defective in PRRs perceiving
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microbial MAMPs such as FLS2 (flagellin sensing 2), a
receptor like kinase (RLK) with a leucine-rich-repeat (LRR)
ectodomain (LRR-RLK) which recognizes the bacterial flg22
peptidic MAMP (Gémez-Gomez and Boller, 2000). The
activity of PRRs of the LRR-RLK group depends mainly on
co-receptors of the SERK (somatic embryogenesis receptor
kinase) family, which are also involved in developmental
processes and initiation of cell death (Kemmerling et al.,
2007; Li, 2010). BAK1/SERK3 [brassinosteroid insensitive 1
(BRI1) associated kinase 1] hetero-oligomerizes with FLS2
and other LRR-RLKs upon recognition of MAMPs, forming
dynamic complexes. Based on its multiple interactions,
BAK1 has been suggested to be a co-receptor in plasma
membrane-associated protein complexes comprising LRR-
RLKs, but also some LRR-receptor like proteins (RLPs) that
are required for fungal resistance (Zhang et al.,, 2013;
Albert et al., 2015).

Plants and animals have evolutionarily selected fungal
cell walls as a source of MAMPs. Fungal cell wall is a semi-
rigid and dynamic structure composed primarily of
polysaccharides, like chitin and glucans, and highly glyco-
sylated proteins (Latgé and Calderone, 2006). During the
initial steps of host-fungus interaction in the extracellular
spaces of plant tissues, host-derived toxins and hydrolytic
enzymes, such as chitinases and glucanases, target the
integrity of the fungal cell wall, and wall fragments that
function as MAMPs are released, activating host immune
responses (Rovenich et al., 2016). Fungal chitin, a linear
polymer of B-1,4-linked N-acetylglucosamine (GlcNAc) resi-
dues, has been demonstrated to function as a MAMP in
plants (Kaku et al., 2006). Chitin is present throughout the
whole fungal kingdom and can be considered as the main
criterion for identification of fungal cell walls; plants and
bacteria are devoid of chitin. In Arabidopsis, lysine motif-
(LysM)-RLK CERK1 (chitin elicitor receptor kinase 1) plays a
central role in chitin-triggered immune signalling (Miya
et al., 2007, Wan et al, 2008). AtCERK1 was initially
reported to directly bind chitin oligosaccharides, although
with a low affinity (Liu et al., 2012). Also, the LysM PRR
family members AtLYK4 and LYK5 have been shown to
bind chitin oligosaccharides with much higher affinity than
CERK1 (Cao et al., 2014). However, LYK4 and LYK5 lack an
active kinase domain, and thus the formation of heterodi-
meric complexes such as LYK4/5-CERK1 has been sug-
gested (Cao et al, 2014). More recently it has been
suggested that CERK1, in addition to activating down-
stream components of the chitin signalling cascade
through phosphorylation events, phosphorylates LYK5,
inducing its sequestration into endosomes, while CERK1
itself stays at the plasma membrane (Erwig et al., 2017).
Removal of LYK5 from the chitin receptor complex would
facilitate the assembly of signalling-competent receptor
complexes with newly synthesized LYK5 or other complex
components (Erwig et al., 2017).
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AtCERK1 is also involved in the recognition of the bacte-
rial peptidoglycan glycosidic moiety in another hetero-
meric complex with the LysM receptors LYM1 and LYM3
(Willmann et al., 2011). It is worth highlighting that
although the glycosidic ligand does not bind to CERK1
directly, all three proteins in the heteromeric complex are
required for the activation of peptidoglycan-inducible
defences and immunity to bacterial infection. Thus, CERK1,
analogously to BAK1, seems to act as a co-receptor in
plasma membrane complexes transducing glycan-based
MAMP signals in collaboration with receptors having
higher specificity.

Glucans represent another family of wall polymers that
are widely distributed across the fungal kingdom, which
include mainly structures with B-1,3 and B-1,6 linkages,
although o-1,3- and a-1,4-linked glucans also occur in some
fungal species (Latgé and Calderone, 2006). Glucans are
well-known modulators of the immune system in mam-
mals, but despite the higher abundance of glucans in fun-
gal and oomycete cell walls compared with chitin, little is
known about the capacity of glucans to trigger PTI in
plants (Fesel and Zuccaro, 2016; Rovenich et al., 2016).
Pioneering work in the 1970s demonstrated that glucan
mixtures from filtrates and mycelial extracts of Col-
letotrichum species were able to induce responses in
tomato and bean (Anderson, 1978, 1980). However, the
most investigated glucan molecules in the field are the
B-1,6-glucan heptaglucosides partially purified from the cell
walls of phytopathogenic oomycetes from the orders
Pythiales and Peronosporales (Ayers et al., 1976; Ebel
et al., 1976; Albersheim and Valent, 1978; Sharp et al.,
1984). Later on, Yamaguchi et al. (2000) demonstrated that
B-1,3-glucan oligosaccharides with at least one f-1,6
branch that were purified from Magnaporthe oryzae cell
walls induced phytoalexin biosynthesis in suspension-
cultured rice cells. Until very recently, it was unclear
whether p-glucans are recognized as MAMPs by Arabidop-
sis ecotypes, thus seriously hampering research in the field
(Ménard et al., 2004; Fesel and Zuccaro, 2016; Wawra
et al., 2016). In contrast, p-glucans are well-known mam-
malian MAMPs that are recognized by dectin-1, a bona fide
B-glucan receptor described in mice and humans (Czop,
1986; Williams, 1997; Ariizumi et al., 2000; Brown and Gor-
don, 2003). Dectin-1 consists of an extracellular C-type lec-
tin domain that is connected to the plasma membrane by a
stalk (Brown et al., 2003). The extracellular lectin domain
of dectin-1 binds to B-1,3-glucans and mixed f-1,3/-1,6-glu-
cans, being linear b-1,3-(Glc)10 or a glucan heptasacchar-
ide with one b-1,6-linked glucose side-chain the minimal
structures required for binding (Brown et al., 2003; Palma
et al., 2006; Adams et al., 2008).

As a first step towards a better understanding of the
mechanisms involved in fungal perception by plants and
the identification of fungal carbohydrate based-structures
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that activate PTI, we have characterized the cell wall com-
position of the necrotrophic fungus Plectosphaerella cuc-
umerina, a natural pathogen of Arabidopsis thaliana
(Llorente et al., 2005; Ramos et al., 2013). We obtained sev-
eral PTl-active wall fractions that were biochemically anal-
ysed and tested for their capacity to induce the hallmarks
of PTI (e.g. elevated cytoplasmic Ca?*, phosphorylation of
MAPKs and upregulation of PTI marker genes). Using this
strategy, we identified non-branched p-1,3-glucan oligosac-
charides as novel, active MAMPs in Arabidopsis. More-
over, we found that CERK1 is required for the activation of
B-1,3-glucan-inducible defence responses and disease
resistance to fungal and oomycete infections, further
expanding its previously described functions in the percep-
tion of chitin and peptidoglycan.

RESULTS

Plectosphaerella cucumerina cell walls are primarily
comprising glucans

We studied the cell wall composition of P. cucumerina, an
ascomycete pathogenic fungus that infects Arabidopsis
and other plant species (Llorente et al., 2005; Ramos et al.,
2013). Cell wall carbohydrates were purified from mycelial
and spore cells by sequential extraction of other cellular
components such as lipids, non-covalently bound proteins
and glycogen (Figure S1). Carbohydrate analysis of
polysaccharides in the mycelial cell wall revealed that they
contain glucose (Glc; 61%) and N-acetylglucosamine
(GIcNAc; 20.4%) as the two most abundant monomers,
with lower amounts of galactose (12.3%) and mannose
(6.1%) (Figure 1a). This composition was similar to that of
the majority of filamentous ascomycete fungi that are typi-
cally described as containing p-glucans and chitin [1,4-B-D-
(GIcNAc),,] as their main cell wall carbohydrates (Latgé and
Calderone, 2006). Glycosidic linkage analysis showed that
a large proportion of the glucosyl residues in the mycelial
cell walls of P. cucumerina arises from 1,3-glucans with a
rather low proportion of residues indicative of 1,6-branch-
ing points (e.g. 1,3,6-Glc in Figure S2). Most of the mycelial
glucan polysaccharides were readily hydrolysable by triflu-
oroacetic acid (TFA) (89%; TFA-soluble), which indicates
low supramolecular complexity or a low crystallinity index.
By contrast, almost 90% of the monomeric constituents of
wall chitin were not hydrolysed and solubilized by TFA
(TFA-insoluble fraction) and were only released after
strong sulphuric hydrolysis, indicating that chitin was in a
highly crystalline polymeric structure in the wall of the
mycelium (Figure 1a). Methylation of these chitin polymers
prior to hydrolysis showed that the GIcNAc fraction was
dominated by 1,4-linked residues (about 99.9%) together
with minute amounts of terminal non-reducing sugars (Fig-
ure S2), pointing to the occurrence of chitin chains having
a high degree of polymerization (dp). In addition to
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Figure 1. Monosaccharide composition (mol%) of the total cell walls from
Plectosphaerella cucumerina.

(a) Mycelium.

(b) Spores.

Monosaccharides from purified cell walls were released in a two-step
hydrolysis procedure: first with trifluoroacetic acid (TFA; TFA-soluble) and
in a second instance the remaining TFA-insoluble polysaccharides were
fully hydrolysed with sulphuric acid. Values are means + SD, n = 6. Rha,
rhamnose; Man, mannose; Gal, galactose; Glc, glucose; GIcNAc, N-acetyl-
glucosamine.

glucans and chitin, P. cucumerina mycelial walls also con-
tain other heteropolysaccharides, accounting for 18.6% of
its molar composition (Figure 1a). Our data clearly demon-
strate the presence of complex heteromannan-galactofuro-
nan polymers in the cell wall of this necrotrophic fungus
which also occur in other ascomycetes (Figure S2) (Leal
et al., 2010).

Most of the efforts to characterize fungal cell walls have
been typically focused on mycelial walls and currently
there is little information about spore wall composition.
We determined P. cucumerina spore cell wall composition
and found that it resembles the mycelial composition, but
clear differences can be observed after a detailed analysis
(Figure 1b). Although present in lower amounts, glucose
was still the main component (39.5%) and only 5% of the
glucan-containing polysaccharides remained resistant to
TFA hydrolysis (TFA-insoluble; Figure 1b). The amount of
GlIcNAc was reduced in the cell wall of the spores, and was
actually the least abundant component (7%) of the
five monosaccharides found in measurable amounts.
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Moreover, its structure must be different from the mycelial
polymer, since more than 50% of chitin polymer in the
spore counterpart was soluble after TFA hydrolysis
(Figure 1b). On the other hand, galactose (25.9%) and man-
nose (16.8%) became the second and third most abundant
monosaccharides in spore walls, and rhamnose was also
present (9.4%), in contrast to mycelial walls. Together
these data indicate that the spore walls have a different
structure with a stronger contribution from mannan-
galactofuronan heteropolymers.

Carbohydrate-enriched mycelial wall fractions contain
MAMPs

Upon perception of a MAMP by its counterpart PRR an
early cytoplasmic Ca®* influx (burst) occurs with subse-
quent activation of downstream signalling networks (Ranf
et al., 2011; Seybold et al., 2014). This early immune Ca2*
burst can be detected in Arabidopsis transgenic lines
expressing the aequorin Ca?* sensor (Col-0"E9) upon treat-
ment of the plant with pure MAMPs (Ranf et al., 2011,
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2012) such as chitin (Merck KGaA, Darmstadt, Germany) or
different P. cucumerina cell wall fractions (purified in this
work) (Figure 2). Both mycelial and spore cell walls from
P. cucumerina induce a slight Ca?* influx in their crude
(non-fractionated; AIR) forms, similarly to crude freeze-
dried cells not subjected to any purification (Myc and
Spore prep), or the long linear p-1,3-glucan polysaccharide
(curdlan, Megazyme, Wicklow, Ireland) used as a standard
(Figure 2a, b). Several PTI active wall fractions were
obtained from mycelia and spores of P. cucumerina upon
treatment with hot methanol-KOH solutions (Figure S1).
According to the intensity of the Ca?*-associated burst
induced after incubation with these active alkali soluble
fractions (ASF), we selected mycelial fractions as better
candidates than spore ones for the identification of novel
fungal MAMPs.

Interestingly, carbohydrate analysis of selected P. cuc-
umerina cell wall fractions showed that the most active
wall fraction (ASF-Il) was devoid of chitin but contained
60% Glc, whereas AIF was dominated by glucans and
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Figure 2. Plectosphaerella cucumerina carbohydrate-enriched wall fractions contain microbe-associated molecular patterns (MAMPs).

Elevations of cytoplasmic calcium concentrations over time in Arabidopsis Col-0"® seedlings upon treatment with different P. cucumerina mycelial (a) and
spore (b) cell wall extracts and commercial standards (0.5 ug ul~") measured as relative luminescence units (RLU). Freeze-dried cell preparations (Myc prep and
Spore prep), alcohol insoluble residues (AIR), ethanol-soluble extracts (EtOH-I and -Il), alkali-soluble fractions | and Il (ASF-I and -Il) and the alkali insoluble frac-
tion (AIF) were tested in Col-04€2 seedlings. Data are representative of three independent experiments with similar results (means, n = 8).

(c) Monosaccharide composition (mol%) of ASF-Il and AIF was determined by GC-MS. Values are means + SD, n = 6. Man, mannose; Gal, galactose; Glc, glu-

cose; GIcNAc, N-acetylglucosamine; n.d., not detected.

(d) Mitogen-activated protein kinase phosphorylation upon application of ASF-Il and AIF fractions containing wall MAMPs (0.5 ug pl~"). The phosphorylation of
MPK6, MPK3 and MPK4/MPK11 was determined by Western blot, using the anti-pTEpY antibody, at the indicated time points (min) upon treatment. Amido
black-stained membranes show equal loading. Data are representative of three independent experiments.
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contained a reasonable amount of chitin (17.5%) (Fig-
ure 2c¢). The chitin in AIF must have been partially solubi-
lized (and/or deacetylated) with the hot alkali treatments
used to obtain it, and therefore might be readily perceived
by PRRs in contrast to crude cell wall preparations (AIR),

from P. cucumerina mycelium (Figure 2d). Notably, the
glucan-enriched, ASF-II fraction devoid of chitin activated
MAPK phosphorylation similarly to the chitin-enriched AIF
fraction (Figure 2d), suggesting that linear and branched
1,3/1,6-glucans present in ASF-Il could operate as MAMPs.

which despite displaying similar chitin levels produced a
noticeably lower increase in cytoplasmic Ca®* levels
(Figure 2a, b).

To corroborate the PTI activity of these wall fractions,
we next monitored the phosphorylation of downstream
kinases (MPK3/MPK6/MPK4/MPK11) upon treatment of Ara-
bidopsis plants with the active AIF and ASF-II wall fractions

p-1,3 -Glucan oligosaccharides induce CERK1-mediated PTI
responses

ASF-Il and AIF cell wall fractions were further analysed for
their capacity to induce PTI responses on Columbia-0
(Col-0) wild-type plants and in cerk1-2 and bak71 mutants
(in the Col-0 background) impaired in PRR co-receptors
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Figure 3. Activation of pattern-triggered immunity responses by P. cucumerina AIF and ASF-Il microbe-associated molecular patterns (MAMPs) containing frac-
tions is impaired in the cerk1-2 mutant.

(a), (c) Elevations of cytoplasmic calcium concentrations over time in Arabidopsis Col-0°%%, cerk1-2" % and bak1-4*? seedlings upon treatment (0.25 pg pl~" of
fraction) measured as relative luminescence units (RLU). Water (shown in panel a) was used in all the experiments as a negative control. After recording the elic-
itor-induced Ca?* kinetics, the total calcium was discharged by the addition of CaCl, to the wells. The kinetic areas after both treatments were integrated and
their values used for calculation of the total Ca®*% induced by the treatment compared with the total calcium discharge, which was genotype-dependent.

(b) Mitogen-activated protein kinase activation in 12-day-old Arabidopsis seedlings of the indicated genotypes (0.25 ug pl~" of fraction). The phosphorylation of
MPK6, MPK3 and MPK4/MPK11 was determined by Western blot, using the anti-pTEpY antibody, at the indicated time points (min) after treatment. Amido
black-stained membranes show equal loading.

(d) Quantitative RT-PCR analyses of defence and MAMP-induced genes in Arabidopsis seedlings of the indicated genotypes after treatment with wall fractions
(0.25 pg pl~" for 30 min). Relative expression levels to the UBC21 (At5 g25760) gene are shown. Values are means + SE, n = 4. Asterisks indicate genotypes with
significant differences compared with wild-type plants (Col-0) (Student’s t-test analysis, *P < 0.05). In all cases, data are representative from one out of three
independent experiments with similar results.
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(Figures 3 and S3). Notably, contrasting with the intense
responses observed in Col-0, and bak1 plants, the cerk1-2
plants were defective in the perception of AIF and ASF-II
fractions since they showed, in comparison with Col-0
plants, a weak or almost null activation of early immune
responses such as cytoplasmic CaZ* influxes, phosphoryla-
tion of MPK3/MPK6/MPK4/MPK11 or upregulation of PTI-
reporter genes (e.g. CYP81F2, WRKY53, FRK1, PHI-1 and
NHL10) (Figures 3 and S3).

The clear absence of PTl activation in cerk7-2 upon treat-
ment with the ASF-Il fraction deserved further investigation
to unveil the glycosidic nature of the MAMPs responsible
for the observed CERK1-dependent immune activation,
since this fraction was devoid of chitin (Figure 2c). The
main constituents of ASF-ll fractions are glucans and,
within these, the main type of glycosidic linkages in the
P. cucumerina cell wall are of type 1,3 (Figure S2). We
analysed the purified ASF-Il by matrix-assisted laser des-
orption/ionization time-of-flight tandem mass spectrometry
(MALDI-TOF/TOF MS) and found several hexose oligomers
(dp = 4-7), the hexamer signals being the more intense
ones (Figure S4). Bearing in mind the abundance of 1,3-
glucans in P. cucumerina cell walls (Figure S2) and the
presence of these hexose oligomers in ASF-Il (Figure S4),
we decided to analyse in the first instance the regulation of
PTI by the simplest molecules fulfilling these criteria: short
unbranched 1,3-glucans. Pure 1,3-B-p-(Glc)g (Megazyme)
was tested for its capacity to trigger cytoplasmic CaZ*
influx, phosphorylation of MPK3/MPK6/MPK4/MPK11 and
upregulation of PTl-reporter genes (CYP81F2, WRKY53,
FRK1, PHI-1 and NHL10) on Col-0, cerk1-2 and bak1 lines
(Figures 4 and Sb). The 1,4-B-p-(GIcNAc)g oligosaccharide
(Megazyme) and the bacterial MAMP flg22 (EZBiolab) were
included as controls in most of these experiments (Col-0
background lines). These analyses confirmed that linear
1,3-p-0-(Glc)s, was recognized by Arabidopsis plants and
that this recognition was independent of BAK1 and,
remarkably, dependent on CERK1 (Figures 4 and S5), as it
occurs with chito-oligosaccharide and peptidoglycan per-
ception (Willmann et al., 2011; Liu et al., 2012). To further
corroborate this novel CERK1 function, we tested the
responses to 1,3-p-p-(Glc)g and 1,4-B-p-(GIcNAc)g oligosac-
charides (Megazyme) of cerk1-3 plants, an additional
mutant allele in the Ws-4 background. In these experi-
ments we used the damage-associated molecular patterns
(DAMPs) oligogalacturonides [0OGs (1,4-a-D-(GalA)qg_1s,
Elicityl); Nothnagel et al., 1983) as positive controls, since
some Ws ecotypes do not perceive flg22 (Gomez-Goémez
et al., 1999). As shown in Figure S6 cerk1-3 plants were
also defective in MAPK phosphorylation and activation of
PTI gene expression upon treatment with 1,3--b-(Glc)g and
1,4-B-0-(GIcNAc)s, whereas these PTI hallmarks were
similar in cerk1-3 and Ws-4 plants treated with 1,4-o-p-
(GalA)q9_15. Activation of the reactive oxygen species (ROS)
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production machinery upon 1,3-B-p-(Glc)s treatment was
studied by mean of in vivo quantification of the transcrip-
tional regulation of the RbohD gene, encoding the NADPH-
oxidase RBOHD protein (Morales et al., 2016). RbohD-pro-
moter driven luciferase transgenic lines (pRbohD::LUC)
confirmed the transcriptional activation RbohD by the glu-
can hexasaccharide (Megazyme), but to a much lower
extent than flg22 (Figure S7). Such lower transcriptional
activation might explain the fact that ROS production in
response to this glucan oligosaccharide was not readily
measurable in the Arabidopsis Col-0 ecotype using lumi-
nol-based methodologies (Figure S7), which contrasts with
Ws ecotypes (Wawra et al., 2016).

The glucan hexasaccharide preparation used in our
experiments is certified to be of high purity (> 95%; Mega-
zyme) as further demonstrated by MALDI-TOF/TOF MS
analyses that we performed (Figure S8a). However, in order
to exclude undesired contamination by GIlcNAc of the glu-
can samples [1,3-B-p-(Glc)g and 1,3-B-b-(Glc);.1¢ purified by
Megazyme (see Figure S11)] employed in our experiments,
we performed additional chemical analysis of their compo-
sition. As shown in Figure S8(b), these analyses corrobo-
rated that the glucan samples do not contain amino sugars
(e.g. GlcNAc) in contrast to 1,4-p-b-(GIcNAc)g and peptido-
glycan (Sigma-Aldrich) used in the analysis for comparison.

In order to assess whether other LysM-RLKs might be
also involved in the perception of 1,3-B-b-(Glc)s, MAPK
phosphorylation was monitored in single mutants of all
Arabidopsis LysM-containing proteins (CERK1, LYK2-LYKS5,
LYM1-LYM3). These analyses demonstrated that only
CERK1 was absolutely required for the downstream phos-
phorylation of MAPKs mediated by the 1,3-glucan hexasac-
charide (Figure S9).

CERK1-mediated PTI responses to non-branched §-1,3-
glucan are tightly dependent on the degree of
polymerization of the glucan

To further investigate whether other $-1,3-glucans than the
linear hexasaccharide could trigger PTI responses in Ara-
bidopsis, we tested the capability of different oligo/
polysaccharides as well as the b-glucose monomer to
induce elevations in cytoplasmic Ca*. The 1,3-p-b-(Glc)s
oligosaccharide was the smallest one activating PTI (e.g.
causing an increase in Ca%*; Figure $10) in a CERK1-depen-
dent manner, whereas the 1,3-p-p-(Glc) tetrasaccharide was
not able to activate a Ca®* burst in any of the aequorin
lines tested (Figure S10). Interestingly, Ca®>* elevations
were recovered when the trisaccharide was tested in the
Col-0%E? lines, but these signals might be mediated by an
alternative pathway since this response was similarly
observed in cerk1-2*%9 lines, indicating CERK1 indepen-
dence (Figure $10). Ca** elevations were not due to osmo-
tic stress, since we did not observe any response in
Col-0”E? lines treated with p-glucose (Figure S10).

The Plant Journal © 2017 John Wiley & Sons Ltd, The Plant Journal, (2018), 93, 34-49

85U801 SUOWILIOD A1) 8| (dde 8y Ag peusenob aJe S9(ole O ‘8sn Jo sejni Jo} Akeid8Ul|UO /8|1 UO (SUONIPUD-PUE-SWLB) W00 A8 |1 Afe.djpuluoy//:SAny) SUORIPUOD pue swis | 8yl 8es *[1Z0z/S0/ST] Uo Ariqiauliuo A8|im ‘Uosad pepseAlN -8jong Aq §52€T [dyTTTT 0T/I0p/w00 A8 |1 Akeiqijpul|uo//sdny wouy pepeojumod ‘T ‘8T0Z ‘XETESIET



40 Hugo Mélida et al.

(a) 15 000 1 (b)
" Col-0/EQ
. cerk1-2rEQ <1 [ Col-0 cerk1-2 bak1-5 o
——  baki-4rEQ %ﬂ 010 2030 0 10 20 30 0 10 20 30 (minutes)
o ) - R - \MPK6
_ 10 000 —— Col-pAee = o *M&» -
2 +H,0 £ Y o SR | S MPkan
z = & :
>
% = i
Q
S 5000 Cold cerki-2 baki-4 5 "t ,’- el
IG) ’
VRS GeeeRE R sdee
e 2 Amido black
ol -q-

fig22

It e paac s - MPKE
"o . - B 1000 ' W a3
0 200 400 600 800 1000 1200 PK3
Time (seconds) _ |
_Amldoblack

(c) 40 000 - (d)
CYP81F2 WRKY53
& 40 40
S Scontrol
30 000 1 ‘© Bireated -
5 o 30 - 30 °
z 3 <
x, e 1 | A
+5 20000 20 20 &
T )
O Col0 cerk1-2 bak1-4 10 - 10 - -
10 000 A 1,4-B-D-(GIcNAc), 0 * o *
40 40
c
o o
0 T T T T 1 » ] ] Q
0 200 400 600 800 1000 1200 @ o =0 %
Time (seconds) % 20 | 20 - @
@ o)
(e) 100 000 7 = &
1] o o A
S 10 10 ot
(4
S * *
75 000 o 0- 0-
® 40 40
= 8
4 = 1 |
~ 50 0001 3 30 %
3 Ll =
& I
© 20 - 20 N
o &=
25 000 4 Col0 cerk1-2 bak1-4 x
10 10 A
fig22 *
0 B , 0 0 -
> i - H ¥ Col0 cerk1-2 bak1-5 Col0 k1-2 bak1-5
0 200 400 600 800 1000 1200 s PSS

Time (seconds)

Figure 4. Activation of pattern-triggered immunity responses by 1,3-B-b-(Glc)g, 1,4-p-p-(GIcNAc)g and flg22.

(a), (c), (e) Elevations of cytoplasmic calcium concentrations over time in Arabidopsis Col-0°t%, cerk1-2*59 and bak1-4*%? seedlings upon treatments. Water-trea-
ted plants, shown in panel (a), were used as a negative control.

(b) Mitogen-activated protein kinase activation and (d) gRT-PCR analyses of defence and microbe-associated molecular pattern (MAMP)-induced genes in
MAMP-treated 12-day-old Arabidopsis seedlings of the indicated genotypes. Oligosaccharides were used at 250 um and flg22 at 1 pm. Asterisks indicate geno-
types with significant differences compared with wild-type plants (Col-0) (Student’s t-test analysis, *P < 0.05). In all cases, data are representative from one out
of three independent experiments with similar results. For further details see legend to Figure 3.
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In an attempt to determine whether 1,3-B-glucans of dp
higher than 6 would trigger similar responses to the hexas-
accharide, we tested a mixture of linear 1,3-p-glucans with
dp ranging from 7 to 16 purified ‘ad hoc’ (Megazyme) (Fig-
ure S11), which activated an intense PTI on Col-0 but not in
cerk1-2 (Figure S12). In contrast, a highly insoluble non-
branched f-1,3-glucan (curdlan, Megazyme) lacked PTI-
activity, indicating that insoluble polymers must first be
processed to soluble entities to be recognized as MAMPs
(Figure S13). Remarkably, the soluble laminarin polymer
(B-1,3-glucan 1,6-branched, Thermo Fisher) activated a
slight Ca?* influx that was independent of CERK (Fig-
ure S13). This result indicates that either crude laminarin
preparations contain impurities that are able to trigger
such influxes of Ca®* or that different B-glucan structures
trigger PTI responses through distinct PRR complexes.

Comparative mechanisms between f-1,3-glucan-
oligosaccharides and chito-oligosaccharides

To further characterize the kinetics of perception of 1,3-B-b-
(Glc)g by Arabidopsis, we performed dose-response stud-
ies using Col-0"%? lines (Figure 5a). The results indicated
that the glycosidic MAMPs 1,3-B-p-(Glc)g¢ and 1,4-B-p-
(GlcNAc)s showed estimated effective doses (EED; 50% of
total signal) in the micromolar range, although they have
different kinetics. We performed similar dose-response
analyses with Col-0”E? using flg22 and obtained a clear
sigmoid kinetic with an EED of 10.55 nm, a concentration
that was in the same range as the affinity FLS2-flg22 values
estimated using other methods (Bauer et al., 2001; Chin-
chilla et al., 2006) (Figure S14).

In silico docking analyses were performed using the
structure of the Arabidopsis CERK1-ectodomain (AtCERK1-
ECD) to computationally determine if CERK1 could bind
1,3-p-0-(Glc)g, in addition to the described 1,4-B-p-(GlcNAc),
(Liu etal, 2012, 2016). AtCERK1-ECD-1,4-B-p-(GIcNAc)s
complexes optimized from initial docking geometries
reveal that the orientation of the 1,4-B-0-(GIcNAc)g
oligosaccharide is nearly coincident with that correspond-
ing to the 1,4-pB-o-(GIcNAc), ligand present in the 4EBZ
crystal structure of AtCERK1-ECD, further supporting our in
silico analyses (Figure 5b). We found that CERK1 could
bind 1,3-p-p-(Glc)s, but clear differences in orientation were
noticed in the AtCERK1-ECD-1,3-B-b-(Glc)s structure
compared with that of AtCERK1-ECD-1,4-B-b-(GlcNAc)g
(Figure 5b). However, these structural differences between
1,4-B-0-(GIcNAc)g and 1,3-B-p-(Glc)g were not reflected in
the protein-ligand affinity energies AG,s estimated
from the docking procedure (Table S1). Then, we deter-
mined the protein-glycan interaction energies (see Experi-
mental procedures), and in these optimized structures we
found essential differences (Table S1): the AtCERK1-1,4-p-
D-(GIcNAc)g complex had lower protein-glycan attractive
energies (AEgec + AE,qw) than the AtCERK1-1,3-B-p-(Glc)g
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Figure 5. Comparative kinetics responses and binding to CERK1 of 1,3-f-b-
(Glc)s and 1,4-B-0-(GlcNAc)s microbe-associated molecular patterns
(MAMPs).

(a) Dose-response, determined as increase in total cytoplasmic calcium,
was measured in Arabidopsis Col-0"E@ seedlings treated with increasing
concentrations of 1,3-B-0-(Glc)g or 1,4-p-b-(GIcNAc)e. Values are averages of
at least eight replicates. Calcium saturation curves were adjusted using
Prism 6 Software, and the dashed curves represent the 95% confidence
intervals.

(b) Binding site in the optimized structures of AtCERK1-ECD-1,3-B-o-(Glc),
and AtCERK1-ECD-1,4-B-p-(GIcNAc),, complexes. Glycans are represented as
sticks in green hues for -1,3 glucans and orange hues for -1,4 chito-oligo-
saccharides. Sticks in blue indicate the 1,4-p-p-(GIcNAc), ligand present in
the crystal structure of its complex with AtCERK1 (PDB ID 4EBZ).

complex, particularly the van der Waals interactions which
are about —45 kcal mol™" in B-1,4 systems and about -
24 kcal mol™" in p-1,3 systems. Altogether these in silico
data predict that 1,3-p-p-(Glc)s, as the chitin hexamer,
might bind to AtCERK1. However, given previous data
pointing to the role of CERK1 as a PRR co-receptor, it can
be hypothesized that additional PRRs would bind, with
higher affinity, the 1,3-B-b-(Glc)g ligand and will present it
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to CERK1 to further activate the recognition complex (Cao
et al., 2014).

Global suite of differentially regulated genes after 1,3-p-o-
(Glc)g elicitor treatment

To further characterize the transcriptional responses regu-
lated by 1,3-p-glucan-MAMPs, we performed RNA
sequencing (RNA-seq) analyses of Col-0 and cerk1-2 seed-
lings treated for 30 min with pure 1,3--b-(Glcls, (Mega-
zyme) or water (mock) (Figures 6 and S15, Tables S2 and
S3). The incubation with the glucan induced the misregula-
tion of 1355 genes, most of which (1014) were upregulated
(Figure 6a, Table S2). Interestingly, only 292 of the misreg-
ulated genes were found in cerk1-2, with 159 being exclu-
sively altered in the cerk1-2 plants, indicating that the
expression of the majority of these 1,3-B-b-(Glc)g misregu-
lated genes is dependent on CERK1 (Figure 6a). The genes
regulated in Col-0 by glucan treatment were mainly
grouped into Gene Ontology (GO) terms related to
response to different stimuli, including biotic and abiotic
stresses and phytohormones, and to transcriptional regula-
tion and protein phosphorylation (Figure 6b, Table S3).
Genes exclusively altered in cerk1-2 were mainly related to
abiotic stress responses (Figure S15a, Table S3).

CERK1 is required for plant immunity towards fungal and
oomycete infections

CERK1 has been described to contribute to the resistance
of Arabidopsis to fungi like Alternaria brassicicola and Ery-
siphe cichoracearum (Wan et al., 2008) since the cerk1
mutant shows enhanced susceptibility to these pathogens.
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We tested the contribution of CERK1 to additional disease
resistance responses to fungi and we first analysed the
susceptibility of cerk7-2 mutant plants to P. cucumerina.
Three-week-old wild-type (Col-0) and cerk1-2 plants, and
the agb1-2 and irx1-6 mutants included as hypersuscepti-
ble and resistant controls, respectively (Llorente et al.,
2005; Hernandez-Blanco et al., 2007), were inoculated with
a spore suspension of the fungus. The progression of the
infection was determined by macroscopic evaluation of
disease rating at different days post-inoculation (dpi) and
biomass quantification of P. cucumerina by quantitative
PCR (gPCR) (at 3 and 5 dpi). As shown in Figure 7(a), bio-
mass quantification indicated that cerk7-2 plants were
more susceptible than wild-type plants to the necrotrophic
fungal infection. We have previously demonstrated that
ERECTA(ER)-RLK regulates immune responses and resis-
tance to pathogens such as P. cucumerina and ER has
been suggested to function as a PRR (Llorente et al., 2005;
Jorda et al., 2016). Thus, we tested whether the glycosidic
MAMPs present in the P. cucumerina ASF-Il could be rec-
ognized by ER. However, this possibility was discarded
since MAPK phosphorylation was not altered in er-105,
bak1-5 and er-105 bak1-5 single and double mutants
compared with Col-0 plants (Figure S16).

Previous data on oomycete cell wall composition
demonstrated that they essentially contain f-1,3-glucan
polysaccharides, whereas chitin is absent in the
Peronosporales (Mélida et al., 2013). Thus, we tested the
resistance of cerk7-2 plants to the peronosporal oomycete
Hyaloperonospora arabidopsidis. Col-0 and cerk1-2 geno-
types were inoculated with a conidiospore suspension of

Figure 6. Functional classification of 1,3-p-p-(Glc)g
differentially expressed genes in Arabidopsis.

(a) Venn diagram of shared differentially expressed
genes between Col-0 and cerk1-2 plants treated for
30 min with 250 um 1,3-p-0-(Glc)s compared with
mock-treated seedlings. See Table S2 for further
information on the genes included in each cate-
gory.

(b) Gene Ontology (GO) biological process-term
enrichment network of the 1222 exclusively misreg-
ulated genes in Col-0. Each significantly enriched
GO term is represented with a circle, the contribu-
tion of which (%) is related to its diameter. Signifi-
cant enrichments were determined using the
hypergeometric test and the Benjamini-Hochberg
false discovery rate corrected P-values are repre-
sented using the colour code shown at the bottom
-~ right of the figure. As tightly connected GO terms
| are functionally linked, only the major host
| responses outputs are indicated (dotted line). See
| Table S3 for further information on the genes
s included in each category.

Abiotic stress

Developmental
processes

Protein
phosphorylation

Metabolic processes
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Figure 7. CERK1 is required for resistance of Arabidopsis to necrotrophic
and biotrophic pathogens containing glucans in their wall structures.

(a) Resistance of wild-type plants and cerk1, agh1-2 and irx1-6 mutant plants
to the necrotrophic fungus Plectosphaerella cucumerina determined by
gPCR quantification of fungal biomass (Pc B-tubulin) at 3 and 5 days post-
inoculation (dpi). agh7-2 and irx1-6 were included as susceptible and resis-
tant controls, respectively. Data shown are relative expression levels of Pc
B-tubulin to Arabidopsis UBC21 (At5 g25760). Values are means + SE,
n = 3. Asterisks indicate genotypes with significant differences in their level
of resistance compared with wild-type plants (Col-0) (Student’s t-test analy-
sis, *P < 0.05).

(b) Growth of Hyaloperonospora arabidopsidis isolate Noco2 on plants of
the indicated genotypes, determined by the production of conidiospores
per milligram of leaf fresh weight (FW) at 7 dpi. eds7-2 and La-0 plants were
included as susceptible and resistant controls, respectively. Asterisks indi-
cate genotypes with significant differences in their level of resistance com-
pared with wild-type plants (Col-0) (Student’s t-test analysis, **P < 0.01).

H. arabidopsidis and disease was estimated at 7 dpi in the
inoculated plants. The La-0 plants, harbouring the resis-
tance gene for the Noco2 isolate (RPP5), and the eds?
mutant (in La-0 background), defective in effector triggered
immunity (ETI) and salicylic acid signalling, were included
as susceptible and resistance controls, respectively (Hei-
drich et al., 2011). Notably, we found that cerk7-2 plants
were more susceptible to this biotrophic oomycete than
wild-type plants (Figure 7b). This enhanced growth of the
oomycete on cerk1-2 plants was confirmed by trypan blue
staining of the inoculated leaves that revealed enhanced
mycelial growth in cerk1-2 compared with that in Col-0
plants (Figure S17).
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DISCUSSION

Cell walls are the first microbe structures to enter into con-
tact with a host in a pathogenic interaction. Fungal cell
walls are made up of polysaccharides, some of which are
not encountered in plants and animals; thus, these glyco-
sidic structures represent ‘non-self’, specific targets recog-
nized by the hosts (Geoghegan et al., 2017). These hosts
have developed enzymatic machineries that hydrolyse the
invader’'s extracellular polysaccharides, releasing soluble
MAMP oligostructures that can reach the outer plasma
membrane space where they are ultimately recognized by
the ectodomains of host PRRs, triggering immunity (PTI)
and activating disease resistance responses (Rovenich
et al., 2016). Since this initial recognition of fungal MAMPs
makes a significant contribution to onset of host immune
response and the effectiveness of disease resistance, a bet-
ter knowledge of the types of cell wall structures of patho-
genic fungi that are recognized by hosts is needed for a
rational understanding of plant-pathogen interactions. For
this purpose we have performed an in-depth analysis of
the cell wall polysaccharide composition of the necro-
trophic fungus P. cucumerina, a natural pathogen of
Arabidopsis (Llorente et al., 2005; Ramos et al., 2013).
Some cell walls within the kingdom Fungi have been
biochemically characterized in detail (Latgé and Calderone,
2006; Mélida et al., 2015), but there are few examples of
plant-pathogenic fungi whose cell walls have been anal-
ysed in detail. Bearing in mind that cell wall composition is
known to change under different growth conditions, com-
parisons are even more difficult unless similar growth con-
ditions and analytical procedures are used. Thus, we
collected the P. cucumerina mycelium after in vitro growth
of the fungus in comparable conditions to that used for the
characterization of cell wall composition of the necrotroph
B. cinerea and the hemibiotrophic rice pathogen Magna-
porthe oryzae (Cantu et al., 2009; Samalova et al., 2017).
We found that glucose is the main monosaccharide in the
cell wall of P. cucumerina, representing 61% of monosac-
charides, but the contribution of glucose to wall composi-
tion is lower than that in B. cinerea and M. oryzae walls,
where it reaches 90% and 75%, respectively (Cantu et al.,
2009; Samalova et al., 2017). On the other hand, the contri-
bution of chitin to wall composition is higher in P. cuc-
umerina (GlcNAc represents 20.4% of monosaccharides)
than in B. cinerea and M. oryzae (5 and 7%, respectively;
Cantu et al., 2009; Samalova et al., 2017). The contribution
of polysaccharides other than glucans and chitin in the
P. cucumerina cell wall is about 18% (galactose 12.4%,
mannose 6.2%), a value similar to that of the hemibio-
trophic rice pathogen M. oryzae (17%), whereas in the
necrotrophic fungus B. cinerea the proportion of galac-
tomannans is notably lower (about 5%; Cantu et al., 2009).
The characterization of the P. cucumerina cell wall
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provided here illustrates the complexity and variability of
wall structures of plant pathogens, suggesting that addi-
tional mechanisms to those described for chitin recogni-
tion might exist in plants to perceive fungal MAMPs
derived from cell walls, as occurs in mammals (Latgé,
2017).

Despite of its strong PTI-triggering activity, chitin repre-
sents a smaller proportion of the fungal cell walls than do
glucans. In the case of P. cucumerina mycelial cell walls,
the glucan to chitin ratio is 3:1, which is lower than
described in other fungi (Latgé and Calderone, 2006).
B-Glucans are well characterized MAMPs in fungus-animal
systems and their receptors have also been well character-
ized (Brown and Gordon, 2003). However, the contribution
of B-glucans to fungal perception by plants is still poorly
understood (Fesel and Zuccaro, 2016). In this work, we
have produced P. cucumerina wall fractions that are able
to activate Arabidopsis PTI responses, such as cytoplasmic
Ca®* influxes, MAPK phosphorylation and upregulation of
PTI marker genes, in Col-0 wild-type plants but not in the
cerk1 mutant. Using this differential plant response we
identified linear 1,3-p-p-(Glc) molecules as fungal MAMPs
modulating PTl in Arabidopsis.

The most investigated glucan molecules in the field of
plant-pathogen interaction have been the f-1,6-glucan
heptaglucosides isolated from the cell walls of phy-
topathogenic oomycetes from the orders Pythiales and
Peronosporales (Ayers et al., 1976; Ebel et al., 1976; Alber-
sheim and Valent, 1978; Sharp et al, 1984). However,
B-1,6-glucan backbones have not been reported in fungal
walls other than yeasts, and even there they are scarce
compared with oomycetes (Latgé and Calderone, 2006). On
the other hand, p-1,3-glucans have been clearly understud-
ied. Enzymatically produced p-1,3-glucan pentasaccharides
with at least one 1,6-branch induced phytoalexin biosyn-
thesis in suspension-cultured rice cells but not in soybean,
which remains intriguing (Yamaguchi et al., 2000). To our
knowledge non-branched f-1,3-glucan oligosaccharides
had only been reported previously as defence elicitors in
tobacco (Klarzynski et al., 2000). Despite these early stud-
ies, and recently regained momentum (Wawra et al., 2016),
plant-specific knowledge about the mechanisms of f-glu-
can perception and their role in activation or suppression
of defence clearly lags behind the animal field. Our data
clearly show that Arabidopsis can perceive non-branched
1,3-p-glucans of various dp and that this recognition is at
least partially mediated by CERK1, but it does not involve
BAK1, the co-receptor of other PRRs. In line with these
molecular data, in silico docking analyses indicated that
CERK1 would be able to bind 6-mer 1,3-p-glucans, but with
clear differences in orientation compared with the binding
structure described for chitin (Figure 5b; Liu et al., 2012).
Notably, recognition of 1,3-B-0-(Glc)s was not impaired in
mutants defective in Arabidopsis LysM family (LYM1-

LYM3 and LYK2-LYK5) members other than CERK1. These
data, together with the fact that CERK1 is also required for
the perception of MAMP-containing glycan structures such
as chitin and bacterial peptidoglycan (Miya et al., 2007;
Willmann et al., 2011), suggest that CERK1 might act as a
co-receptor, mediating PTI responses induced by several
carbohydrate-based MAMPs.

In line with the function of CERK1 in 1,3-p-p-(Glc) percep-
tion and PTI activation, we have demonstrated that cerk?
plants are more susceptible to P. cucumerina, which is in
line with the previously described role of CERK1 in resis-
tance to other plant pathogenic fungi containing 1,3-p-b-
glucans in their cell walls (Wan et al., 2008). In addition to
fungi, our data expand the role of CERK1 to the resistance
of Arabidopsis to oomycetes, as CERK1 is also required for
resistance to the oomycete H. arabidopsidis that also has
glucan-rich cell walls (Bartnicki-Garcia, 1968; Mélida et al.,
2013). Arabidopsis has several hundred potential PRRs,
some of them with predicted glycan-binding ectodomains
(Wu and Zhou, 2013), that might cooperate with CERK1 in
the perception of 1,3-B-p-glucans. Here, we show that ER
LRR-RLK, which is required for the resistance of Arabidop-
sis to P. cucumerina and other pathogens, does not play a
role in 1,3-p-p-glucan recognition. Though CERK1 is
required for immune responses towards different patho-
gens (e.g. P. cucumerina) with glucan-enriched cell walls,
cerk1-2 plants are not as susceptible as other immune-defi-
cient mutants like agb7-2, which is impaired in the B sub-
unit of heterotrimeric G protein required for the activation
of immune responses modulated by different MAMPs
(Liang et al, 2016). Thus, additional fungal cell wall
MAMPs to 1,4-p-p-(GIcNAc), and 1,3-p-p-(Glc),, might exist
that would not be recognized by the receptor complex har-
bouring CERK1.

MAMPs are usually slowly evolving components of
microbes with crucial biological functions that are not pre-
sent in the host (Nurnberger et al., 2004). However, this is
not completely the case for p-1,3-glucan MAMPs. Plant
cells can accumulate callose, a linear B-1,3-glucan with
hundreds of glucose units, under specific conditions such
as pathogen infection (Stone and Clarke, 1992). Therefore,
we cannot exclude the possibility that plant cell walls
accumulate B-1,3-glucans as a source of DAMPs able to
self-induce PTI responses. This speculation is especially
attractive in the case of papillae formation, callose-
enriched dome-shaped appositions between the epidermal
wall and the plasma membrane synthesized as a plant cell
wall reinforcement near the site of pathogen penetration
(Huckelhoven, 2007; Albersheim et al., 2011; Chowdhury
et al., 2014). Thus, an interesting question that arises is
whether Arabidopsis discriminates between self-(DAMP)
and non-self-(MAMP) B-1,3-glucans. It has been recently
shown that p-1,4-glucan-oligosaccharides (the main com-
ponent of cellulose) function as DAMPs in Arabidopsis,
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and that the signalling cascade triggered by these DAMPs
shares some similarities with chito-oligosaccharides (de
Azevedo Souza et al., 2017). In this scenario, ligand avail-
ability and proximity to the PRR complexes will be the
determining factors, as has been recently proposed
(Blcherl et al., 2017). Whether plant callose accumulation
and PRR enrichment near infection sites is related to
MAMP-DAMP innate immune machinery remains to be
elucidated, but it seems quite an attractive strategy for
plants to regulate the threshold and amplitude of the plant
immune response. Such mechanism would explain the dif-
ferential kinetics of saturation between chitin and glucans,
since small changes in glucan concentration should not
activate a PTI response that might result in trade-off effects
(Lozano-Duran et al., 2013; Denancé et al., 2013).

EXPERIMENTAL PROCEDURES
Biological material and growth conditions

Plectosphaerella cucumerina (BMM isolate) cells were grown as
previously described (Berrocal-Lobo et al., 2002). After 7 days at
28°C mycelia were harvested by filtration on sterile cellulose-free
filters (FP Vericel, Pall Corporation, https://www.pall.com/), exten-
sively washed with distilled water to remove the excess of culture
medium and stored at —20°C.

All Arabidopsis mutants used in this study were in the Col-0
background, except the cerk1-3 mutant which was in the Ws-4
background. Details of all mutant lines are provided in Table S4.
Arabidopsis plants used for Caz*cyt, MAPKs and gRT-PCR analyses
were grown in 24-well plates (about 10 seedlings per well) under
long-day conditions (16 h of light) at 20-22°C in liquid MS med-
ium [0.5 x Murashige and Skoog basal salt medium (Duchefa,
https://www.duchefa-biochemie.com/), 0.25% sucrose, 1 mm 2-(N-
morpholine)-ethanesulphonic acid (MES), pH 5.7].

Carbohydrates

Curdlan, 1,3-B-p-(Glc),, and 1,4-B-b-(GlcNAc)s were purchased from
Megazyme (https://www.megazyme.com/). The mixture of linear
1,3-B-glucans with a dp ranging from 7 to 16 was also purchased
from Megazyme. It was prepared by controlled acid hydrolysis
from curdlan from the bacterium Alcaligenes faecalis (as well as
shorter oligosaccharides), but kept as a batch of high dp instead
of further purification to single oligosaccharides. Chitin from crab
shells (#C9752) and peptidoglycan from Bacillus subtilis (#69554)
were obtained from Sigma-Aldrich (http://www.sigmaaldrich.com/
). Laminarin was purchased from Thermo Fisher (https://www.ther
mofisher.com/). 1,4-0-D-(GalA)1p.15 (#GAT114) were kindly
provided by Elicityl (http://www.elicityl-oligotech.com/).

Preparation and chemical fractionation of cell walls

Frozen fungal cells were disrupted firstly using a kitchen blender
cooled with liquid nitrogen followed by homogenization with mor-
tar and pestle until a fine powder was obtained. Powders were
treated with 70% (v/v) ethanol twice (1 h and overnight) at 4°C and
the supernatants recovered by centrifugation at 1500 g (10 min).
Supernatants were pooled, and the rotaevaporated pellet was the
EtOH-I fraction. The mycelial pellet was then treated 70% ethanol
twice (1 h each) at 90°C, and the rotaevaporated supernatants
were the EtOH-Il fractions. The resulting pellet after ethanol
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treatments was sequentially extracted in order to obtain the puri-
fied cell walls and chemical fractions as previously described
(Mélida et al., 2013, 2015) (Figure S1).

Carbohydrate analysis

The dried purified cell wall preparations were hydrolysed in the
presence of 2 m TFA at 121°C for 3 h. The resulting monosaccha-
rides were converted to alditol acetates (Albersheim et al., 1967).
TFA-resistant materials were fully hydrolysed with 72% sulphuric
acid at room temperature (25°C) for 3 h followed by 3 h at 100°C
after diluting the acid to 1 m (Pettolino et al., 2012). Monosaccha-
rides released by sulphuric acid hydrolysis were converted to aldi-
tol acetates as described previously (Blakeney et al., 1983). Myo-
inositol was used as an internal standard in all cases. Derivatized
monosaccharides were separated and analysed by gas chro-
matography (GC) on a SP-2380 capillary column (30 m x 0.25 mm
i.d.; Merck) using a Scion 450-GC system equipped with an EVOQ
triple quadrupole (TQ). The temperature programme increased
from 165°C to 270°C at a rate of 2°C min~". Glycosidic linkage
analysis was performed as previously described (Mélida et al.,
2013). Aminosugars were quantified as previously described
(Popolo et al., 1997).

MALDI-TOF MS analyses were performed using a 4800 Plus Pro-
teomics Analyzer MALDI-TOF/TOF mass spectrometer (Applied
Biosystems, http://www6.appliedbiosystems.com/).

Aequorin luminescence measurements

Eight-day-old liquid-grown transgenic Arabidopsis seedlings of
ecotype Col-0 carrying the calcium reporter aequorin (Col-0°F9,
bak1-4"5% and cerk1-2*%; Ranf et al., 2011, 2012) were used for
cytoplasmic calcium (Caz*cy,) measurements using the method
previously described (Bacete et al., 2017). Negative controls
(water) were included in all the experiments. Aequorin lumines-
cence was recorded with a Varioskan Lux Reader (Thermo Scien-
tific, https://www.thermofisher.com/). Thereafter, the total calcium
was discharged by adding CaCl, (1.5 m final concentration) to the
wells. The kinetic areas after both treatments were integrated and
their values used for the calculations. The dose-response curves
and estimated effective dose (EED) values were calculated via
non-linear regression considering a variable slope model (four-
parameter dose-response curve) using Prism 6 Software (Graph-
Pad Software, https://www.graphpad.com/).

Immunoblot analysis of MAPK activation

Twelve-day-old seedlings grown on liquid MS medium in 24-well
plates were treated with P. cucumerina fractions, commercial
polysaccharides and oligosaccharides for 0, 10, 20 and 30 min,
and then harvested in liquid nitrogen. Protein extraction and
detection of activated MAPKs using the Phospho-p44/42 MAPK
(Erk1/2) (Thr202/Tyr204) antibody (Cell Signaling Technology,
https://www.cellsignal.com/) were performed as described (Ranf
et al., 2011).

Gene expression analyses

For gene expression analysis (qRT-PCR and RNA sequencing), 12-
day-old seedlings grown on liquid MS medium were treated with
the MAMPs or water (mock) solutions for 0 and 30 min. Total RNA
was purified with the RNeasy Plant Mini Kit (Qiagen, http://www.qi
agen.com/) according to the manufacturer’s protocol. Quantitative
RT-PCR analyses were performed as previously reported (Delgado-
Cerezo et al., 2012). UBC21 (At5 g25760) expression was used to
normalize the transcript level in each reaction. Oligonucleotides
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used for the detection of gene expression are detailed in Table S5.
Analysis of mock-treated seedlings showed no alterations in the
expression levels of the marker genes used in this study.

For RNA-seq analyses samples from three biological replicates
for each treatment were selected. The quality of these samples was
tested for a minimum RNA integrity number (RIN) score of 7 using
a 2100 Bioanalyzer (Agilent, http://www.agilent.com/).RNA-seq
libraries were prepared from an input of 500 ng total RNA using the
TruSeq Stranded mRNA Library Prep Kit (Illumina, https://www.illu
mina.com/) according to the manufacturer's protocol. Libraries
were sequenced with the lllumina HiSeq2500 sequencing platform
with single reads of 50 bp. More than 20 million reads were gener-
ated per sample. RNA-seq reads were mapped to the Arabidopsis
genome (Araport11) using the TopHat 2.1.0 algorithm (Kim et al.,
2013). The CuffDiff 2.2.1.3 algorithm (Trapnell et al., 2013) was
employed to find significant changes in transcript expression,
using geometric normalization to obtain FPKM (fragments per kilo-
base of transcript per million mapped reads) values for each tran-
script and gene. A statistical ttest was used to compute the
significance of the change in FPKM for each gene in the compared
conditions. Resulting P-values were corrected using Benjamini-—
Hochberg false discovery rate (FDR) correction for multiple testing.
Genes with a FDR-adjusted P-value < 0.05 were identified as mis-
regulated for the given comparison. The BiNGO 3.0.3 app (Maere
et al., 2005) for Cytoscape 3.5.1 (Smoot et al., 2011) was used to
determine which GO categories were statistically overrepresented
in the differentially expressed set of genes. Significant enrichments
were determined using the hypergeometric test and Benjamini-
Hochberg FDR-corrected P-values are represented. Cytoscape data
represented in Figures 6(b) and S15 are shown in Table S2.

Reactive oxygen species

Three-week-old Arabidopsis plants were used to determine pro-
duction of ROS after treatments using the luminol assay (Escud-
ero etal, 2017) and a VariosKan Lux luminescence reader
(Thermo Scientific). In vivo quantification of RbohD promoter-dri-
ven luciferase was performed using Arabidopsis transgenic lines
pRbohD::LUC (Morales et al., 2016). Seven-day-old seedlings
grown in liquid MS were transferred to 96-well plates containing
75 ul of distilled water. Then, 25 pl of p-luciferin was added to a
final concentration of 0.5 mwm and incubated overnight in the dark.
Luminescence was recorded with a Varioskan Lux Reader for
240 min after the treatments.

Modelling of AtCERK1-ECD-glycan complex structures

Geometries for AtCERK1-ECD-1,3-B-0-(Glc)s and AtCERK1-ECD-
1,4-B-0-(GlcNAc)s complexes were first obtained with docking cal-
culations using the crystal structure of AtCERK1-ECD (PDB code
4EBZ). Hexamer crystal structures: 1,3-p-b-(Glc)e, PDB code TW9W;
1,4-B-0-(GlcNAc)s, PDB code 2PI8. Docking calculations were per-
formed with AutoDock Vina (Trott and Olson, 2010). Cubic spatial
grids of side 25 A centred at 3D coordinates that correspond to a
central atom in chitotetraose (O3 atom of the NAG814 subunit)
present in the 4EBZ crystal structure were used for a pose search
in Vina calculations. In all cases the best docking geometry was
selected as the initial structure for subsequent modelling. The Ky
dissociation constants for docked complexes were then estimated
from AG,s; values as Ky = exp(—AG,q/RT) at T=298.15 K.

Each AtCERK1-ECD-glycan docking complex was then
immersed in a solvation box with 12 A padding in the three
dimensions using the TIP3P water model (Jorgensen et al., 1983)
adding Na* and CI~ ions to neutralize the system while setting the
salt concentration to 0.150 m with VMD 1.9.3 (Humphrey et al.

1996). The geometries of the molecular systems thus constructed
were optimized at 5000 steps of a conjugate gradient algorithm
with NAMD 2.10 (Phillips et al., 2005) in molecular mechanics cal-
culations using the CHARMM force field.

Energy terms contributing to protein-ligand binding free ener-
gies AGping Were computed using the molecular mechanics (MM)
with Poisson-Boltzmann (PB) and surface area (SA) solvation MM/
PBSA approach applied to AtCERK1-ECD-glycan CHARMM-opti-
mized geometries (see Table S1 for details).

Pathogenicity assays

Inoculations with P. cucumerina BMM isolate were performed by
spraying 18-day-old plants (n > 10) grown on soil as described in
Delgado-Cerezo et al. (2012) with a suspension of 4 x 10° spores
ml~" of the fungus. Disease progression in the inoculated plants
was estimated by means of qPCR as previously described (Del-
gado-Cerezo et al., 2012). Hyaloperonospora arabidopsidis isolate
Noco2 (2 x 10* spores mI~") was spray-inoculated onto 2-week-
old plants (n > 20) and spore numbers determined at 7 dpi (Llor-
ente et al., 2005). Hyaloperonospora arabidopsidis hyphae were
detected by trypan blue staining of leaves at 7 dpi (Llorente et al.,
2005). Triplicates were done for all the pathogenicity experiments.

ACCESSION NUMBERS

RNA-seq read data have been submitted to the NCBI
Sequence Read Archive (SRA) under accession SRP111065.
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Figure S1. Preparation and fractionation of Plectosphaerella cuc-
umerina cell wall carbohydrates.

Figure S2. Glycosidic linkage analysis (mol%) of Plectosphaerella
cucumerina mycelium and spore cell walls.

Figure S3. Quantitative RT-PCR analyses of microbe-associated
molecular pattern (MAMP)-inducible genes in Arabidopsis seed-
lings of the indicated genotypes treated with cell wall MAMPs
Figure S4. Matrix-assisted laser desorption ionization-time of flight
mass spectra of Plectosphaerella cucumerina mycelial ASF-II.
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Figure S5. Quantitative RT-PCR analyses of of microbe-associated
molecular pattern (MAMP)-inducible genes in Arabidopsis seed-
lings of the indicated genotypes treated with MAMPs.

Figure S6. Mitogen-activated protein kinase activation and qRT-
PCR analyses of defence and microbe-associated molecular pat-
tern-induced genes in Arabidopsis cerk1-3 seedlings.

Figure S7. Production of reactive oxygen species.

Figure S8. Purity analyses of 1,3-B-0-(Glc)g samples.

Figure S9. Mitogen-activated protein kinase activation in 12-day-
old Arabidopsis seedlings of the indicated genotypes.

Figure S10. Elevations of cytoplasmic calcium concentrations over
time in Arabidopsis Col-0°€%, cerk1-2°t2 and bak1-4°F seedlings.
Figure S11. Matrix-assisted laser desorption ionization-time of
flight mass spectra of 1,3-p-p-glucans with a high degree of poly-
merization.

Figure S12. Activation of pattern-triggered immunity responses by
1,3'B'D'(G|C)7,16.

Figure S13. Elevations of cytoplasmic calcium concentrations over
time in Arabidopsis Col-0°E2 and cerk1-2*9 seedlings upon treat-
ment with 0.25 mg ml~" of glucan polysaccharides.

Figure S14. Dose dependence of the total cytoplasmic calcium ele-
vations in Arabidopsis Col-0"2 seedlings upon treatments with
increasing concentrations of flg22.

Figure S15. Gene Ontology biological process-term enrichment
network of the misregulated genes in cerk1-2 upon treatment.
Figure S16. Mitogen-activated protein kinase activation in 12-day-
old Arabidopsis seedlings of the indicated genotypes upon appli-
cation of Plectosphaerella cucumerina ASF-II.

Figure S17. Trypan blue staining of leaves the indicated genotypes
at 7 days post-inoculation with Hyaloperonospora arabidopsidis
Noco2.

Table S1. AtCERK1-ECD-glycan energies.

Table S2. Differentially expressed genes in Col-0 and cerk1-2 seed-
lings treated during 30 min with 250 uwm 1,3-B-0-(Glc)s.

Table S3. Gene Ontology categories statistically overrepresented
in the differentially expressed set of genes.

Table S4. Arabidopsis genotypes used in this study.

Table S5. Primers used for gene expression analyses.
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