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SUMMARY

Microbial and plant cell walls have been selected by the plant immune system as a source of microbe- and

plant damage-associated molecular patterns (MAMPs/DAMPs) that are perceived by extracellular ectodo-

mains (ECDs) of plant pattern recognition receptors (PRRs) triggering immune responses. From the vast

number of ligands that PRRs can bind, those composed of carbohydrate moieties are poorly studied, and

only a handful of PRR/glycan pairs have been determined. Here we present a computational screening

method, based on the first step of molecular dynamics simulation, that is able to predict putative ECD-PRR/

glycan interactions. This method has been developed and optimized with Arabidopsis LysM-PRR members

CERK1 and LYK4, which are involved in the perception of fungal MAMPs, chitohexaose (1,4-b-D-(GlcNAc)6)

and laminarihexaose (1,3-b-D-(Glc)6). Our in silico results predicted CERK1 interactions with 1,4-b-D-(GlcNAc)6
whilst discarding its direct binding by LYK4. In contrast, no direct interaction between CERK1/laminari-

hexaose was predicted by the model despite CERK1 being required for laminarihexaose immune activation,

suggesting that CERK1 may act as a co-receptor for its recognition. These in silico results were validated by

isothermal titration calorimetry binding assays between these MAMPs and recombinant ECDs-LysM-PRRs.

The robustness of the developed computational screening method was further validated by predicting that

CERK1 does not bind the DAMP 1,4-b-D-(Glc)6 (cellohexaose), and then probing that immune responses trig-

gered by this DAMP were not impaired in the Arabidopsis cerk1 mutant. The computational predictive gly-

can/PRR binding method developed here might accelerate the discovery of protein–glycan interactions and

provide information on immune responses activated by glycoligands.

Keywords: Arabidopsis thaliana, glycan, immunity, isothermal titration calorimetry, LysM domain, molecu-

lar dynamics, pattern recognition receptor, technical advance.

INTRODUCTION

Plant terrestrial colonization and diversification was associ-

ated to the evolution of a set of plant protein receptors,

called pattern recognition receptors (PRRs), that confer to

plants the capacities to perceive environmental and devel-

opmental cues. These PRR-based surveillance systems

have allowed plants to modulate their adaptive and physi-

ological responses to environmental conditions and to

activate defense responses against the diversity of patho-

gens that can colonize them (Li et al., 2016; Tang et al.,

2017). Plant PRRs comprise several groups of extracellular,

membrane-anchored proteins that greatly exceed in num-

ber their PRR counterparts in animals (Zipfel, 2014). In

addition, the plant immune system comprises a set of

intracellular protein receptors, mainly resistance (R) pro-

teins, encoded by R genes, that perceive pathogen
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effectors and activate effector-triggered immunity (ETI),

which dampens pathogen colonization (Baltrus et al., 2011;

Li et al., 2016; Sonah et al., 2016). Extracellular and mem-

brane-anchored PRRs include three main classes of pro-

teins: (i) receptor-like kinases (RLKs), which contain an

extracellular ectodomain (ECD), a transmembrane region

(TM) and an intracellular serine/threonine kinase domain

(KD); (ii) receptor-like proteins (RLPs), with ECD and TM

but lacking the KD; and (iii) receptor proteins (RPs), which

either contain an ECD that can be attached to the plasma

membrane by a glycosylphosphatidylinositol (GPI)-anchor

(RPg) or are extracellular proteins (RPes) not attached to

the membrane (Bellande et al., 2017). In Arabidopsis thali-

ana, different subclasses of extracellular RLKs/RLPs/RPs

can be considered based on their predicted ECD structures

or sequence similarities: lectins (G, L and C-lectins), leu-

cine-rich repeats (LRRs), CRinkly-Like (CR4L), pathogenic-

related thaumatin-like (ThaumatinL/PR5), proline-rich

extensin-like receptor kinase (PERK), wall-associated

kinases (WAKs), malectins, Catharanthus roseus receptor-

like kinase 1-like (CrRLK1L), lysin motif (LysM) and

cysteine-rich kinases (CRK/DUF26, also known as

stress-antifungal/salt-response receptors). These RLKs/

RLPs/RPs comprise more than 600 members in Arabidop-

sis, representing approximately 2–3% of Arabidopsis genes

(Shiu and Bleecker, 2003; Gish and Clark, 2011; Franck

et al., 2018).

RLKs/RLPs/RPs are involved in the perception of devel-

opmental cues (e.g., peptide ligands or hormones) (Santi-

ago et al., 2013; Santiago et al., 2016; Stegmann et al.,

2017; Tang et al., 2017) and in high-affinity recognition of

different conserved structures from microbes called

microbe-associated molecular patterns (MAMPs) (Boutrot

and Zipfel, 2017). Additionally, these PRRs can recognize

other types of patterns, like plant self-molecules that are

released or synthesized upon pathogen infection or tissue

damage, which are known as damage-associated molecu-

lar patterns (DAMPs) (Li et al., 2020). Upon MAMP/DAMP

recognition by specific PRRs, formation of protein com-

plexes with other PRRs (co-receptors) takes place and pat-

tern-triggered immunity (PTI) responses are activated

(Greeff et al., 2012; Dangl et al., 2013).

Plant RLKs are very similar to animal receptor tyrosine

kinases (RTKs), but RLKs have generally serine/threonine

kinase specificity instead of the tyrosine specificity of ani-

mal RTKs (Shiu et al., 2004; Greeff et al., 2012). The RLK

class has an ancient origin after the fungus–metazoan split

and is not present in the fungal kingdom. Interestingly,

domain fusion resulted in the creation of novel receptors,

leading to a high diversity and the appearance of different

protein subclasses, and gene duplications contributed to

gene expansion, explaining the high number of RLKs in

plants (Lehti-Shiu et al., 2009; Li et al., 2016). Most of these

RLKs are found in large genomic clusters, supporting the

hypothesis of rapid evolution by duplication and gene

shuffling under diversifying selection (Shiu and Bleecker,

2003; Fritz-Laylin et al., 2005; Lehti-Shiu et al., 2009; Gish

and Clark, 2011; Li et al., 2016). RLPs and RPs have been

shown to be involved in the control of defensive and devel-

opmental processes, playing roles in RLK signaling as RLK

counterparts in co-receptor mechanisms (Jeong et al.,

1999; Fritz-Laylin et al., 2005; Gish and Clark, 2011; Bel-

lande et al., 2017; Tang et al., 2017).

There is an extensive diversity of molecules that can be

bound by PRRs to trigger plant immune responses, but

most of the MAMPs and DAMPs described so far are pep-

tides (Boutrot and Zipfel, 2017; Li et al., 2020). In contrast,

the number of glycan structures characterized as MAMPs/

DAMPs is very low and accordingly the number of PRR/gly-

can pairs identified is very restricted (Bacete et al., 2018; Li

et al., 2020). However, PRR/glycan interaction is a field in

expansion as glycans are cell surface components of major

plant pathogens like fungi, oomycete and bacteria

(MAMPs) and they are also present in the plant cell walls

and can be released as oligosaccharides (DAMPs) (Bacete

et al., 2018; Wanke et al., 2020a). On the other hand, one of

the reasons explaining the slow progress of this field is the

diversity (thus complexity) of glycan ligands in terms of

composition: (i) over 20 different monosaccharides can

form the backbone and/or ramification building blocks of

glycans through a high diversity of glycosidic linkages; (ii)

glycans can differ in the degree of polymerization (DP);

and (iii) monosaccharides can have different biochemical

decorations (e.g., acetylation and methylation) and chemi-

cal modifications (e.g., reduction/oxidation) (Carpita and

McCann, 2000; Latg�e and Calderone, 2006; M�elida et al.,

2013; Srivastava et al., 2017).

The interaction of PRRs with carbohydrate-based ligands

is well studied in mammals, where several receptor/glycan

complexes have been determined such as Dectin-1 (C-lec-

tin ECD)/b-glucans or Galectin-3/b-galactosides (Brown

et al., 2003; Chen et al., 2017; D�ıaz-Alvarez and Ortega,

2017). In contrast, the characterization of PRR–glycoligand
interactions in plants has been mainly restricted to PRRs of

the LysM subclass that harbor ECDs with lysin motifs,

which are promiscuous motifs involved in the recognition

of several ligands like chitin, peptidoglycans, b-1,3-glucans
and lipopolysaccharides (Miya et al., 2007; Willmann et al.,

2011; Desaki et al., 2018; M�elida et al., 2018). In the plasma

membrane, CERK1 (LYK1) and LYK5 together with LYK4

are key components in plant immunity acting as co-recep-

tors in the recognition of chitin, a polymer of 1,4-b-D-
GlcNAc (Liu et al., 2012; Cao et al., 2014). However, in the

plasmodesmata region, LYM2 forms a complex with LYK4

upon chitin perception by a CERK1-independent mecha-

nism (Faulkner et al., 2013; Cheval et al., 2020). In rice

(Oryza sativa), the molecular mechanism of chitin recogni-

tion by the OsCEBiP receptor, a LysM-PRR, has also been
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described (Liu et al., 2016), and it has been shown that

OsCERK1 cooperates with OsCEBiP module chitin-medi-

ated signaling (Shimizu et al., 2010). Interestingly, LysM

domains have also been described in some fungal effector

proteins, like CfAvr4F from Cladosporium fulvum and

Mg1LysM from Zymoseptoria tritici, and their crystal struc-

tures have been obtained (Hurlburt et al., 2018; S�anchez-

Vallet et al., 2020). These fungal proteins bind chitin as a

mechanism of fungal virulence aiming to avoid fungal per-

ception by plant LysM-PRRs.

Recent work has demonstrated that LysM-PRRs are

involved in the perception by plants of 1,3-b-glucans iso-

lated from fungal cell walls (M�elida et al., 2018; Wanke

et al., 2020b). Specifically, the hexasaccharide 1,3-b-D-(Glc)6
(laminarihexaose) is an immune-active structure whose

recognition in Arabidopsis is CERK1-dependent. Moreover,

molecular docking calculations suggested some interac-

tions between 1,3-b-D-(Glc)6 and CERK1-ECD, though these

interactions were not further validated by full molecular

dynamics simulations or in vitro binding assays (M�elida

et al., 2018). CERK1 was also shown to be involved in the

perception of bacterial peptidoglycans, with a contribution

of LysM members LYM1 and LYM3 (Gust et al., 2007; Will-

mann et al., 2011). The bases of these additional roles of

LysM-PRRs in the perception of these glycans structures

are unknown since crystal structures of these ligand/LysM

complexes have not been obtained.

Plant cell walls are mainly composed of cellulose, different

types of hemicelluloses and pectins (Carpita and McCann,

2000). Upon pathogen infection, some plant cell wall-derived

compounds can be released acting as DAMPs recognized by

PRRs, activating DAMP-triggered immunity cascades. For

example, cellulose-derived oligomers (1,4-b-glucans) have

been described as a novel group of plant DAMPs which trig-

ger signaling cascades that share many similarities with the

responses activated by the well-characterized plant DAMPs

oligogalacturonides (OGs), derived from homogalacturonan

pectins (Aziz et al., 2007; de Azevedo Souza et al., 2017; John-

son et al., 2018; Locci et al., 2019). No PRR receptor candi-

dates have been proposed for 1,4-b-glucans oligomers,

whereas several PRRs (WAKs, THESEUS and FERONIA) have

been suggested to bind pectins, though crystal structures of

these ligand/PRR complexes have not been obtained

(H�ematy et al., 2007; Boisson-Dernier et al., 2011; Kohorn

and Kohorn, 2012; Duan et al., 2020). There are many open

questions regarding glycan-triggered immunity that could

be solved using biochemical and genetic approaches. How-

ever, these approaches are time consuming and face the

redundant functions of PRR families, as illustrated by the lack

of PTI-defective phenotypes of lyk4 and lyk5 Arabidopsis sin-

gle mutants upon chitin and 1,3-b-D-(Glc)6 treatment (Cao

et al., 2014; M�elida et al., 2018).

In silico prediction tools (computational modeling) could

help in preliminary screening stages to select potential

PRRs for further characterization (Das et al., 2018; Fratev

et al., 2018). However, structural conformations of glycans

are not easy to determine due to their intrinsic mobility

and the scarce capability of some structural techniques,

like X-ray diffraction, to solve their conformations (Fadda

and Woods, 2010; Gimeno et al., 2020). Moreover, protein–
glycan interactions are weak, with affinities ranging from

the µM to the mM range, due to the formation of transient

structural states that result in more dynamic interactions

than protein–peptide ones (Otto et al., 2011; Sapay et al.,

2013; Isaacson and D�ıaz-Moreno, 2019; Mende et al., 2019;

Gimeno et al., 2020; Haab and Klamer, 2020). In silico

approaches, particularly molecular dynamics, can aid to

solve complex protein–glycan interactions, but simulation

of carbohydrate-based structures can also be challenging

since the initial protein–glycan conformation and the force

field employed during the simulation might be critical

steps to obtain reliable results. Moreover, molecular dock-

ing parameters in the simulation programs are not specifi-

cally designed for carbohydrates, but this limitation can be

partially addressed by combining docking and molecular

dynamics methods of structural analysis that proved to

give excellent results when testing protein–ligand interac-

tions (Woods and Tessier, 2010; Das et al., 2018; Fratev

et al., 2018; Kumar et al., 2019).

In this work we introduce an in silico pipeline designed

to predict PRR–glycan interactions avoiding most of the

heavy computing requirements and parameter configura-

tion challenges of molecular dynamics. This method might

help to screen the high number of putative interactions

between plant PRRs and glycoligands, including MAMPs/

DAMPs already identified and those to be discovered. Data

obtained with this method would pave the way to design

biochemical and genetic approaches to confirm the pre-

dicted interactions. Using this pipeline, we have validated

the previously described structural interaction of the LysM-

PRR member CERK1 with chitohexaose (1,4-b-D-(GlcNAc)6),

and we have discarded their direct interaction with lami-

narihexaose (1,3-b-D-(Glc)6) and cellohexaose (1,4-b-D-
(Glc)6), two glycoligands recently described to trigger

immunity. These model predictions were confirmed by

in vitro binding assays with purified ECDs of CERK1 and

LYK4 PRR receptors, further validating the feasibility of the

modeling method presented here to decipher PRR–glycoli-
gand interactions.

RESULTS

PRRs with glycan-binding ECDs are highly represented in

Arabidopsis

Previous studies have predicted different numbers of extra-

cellular PRRs in the Arabidopsis genome (more than 600

members) and considered some of the following sub-

classes: lectins (C-, L- and G-lectins), LRRs, LysMs,
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malectins, CrRLK1Ls, WAKs, CR4Ls, ThaumatinL/PR5, CRKs

(also classified as stress-antifungal/salt-response receptors)

and PERKs (Gish and Clark, 2011; Bellande et al., 2017;

Tang et al., 2017). With this in mind, we decided to per-

form an additional comprehensive analysis of these pro-

teins in order to establish an updated classification of

Arabidopsis extracellular PRRs, comprising RLKs, RLPs and

RPs (both RPgs and RPes; Figure 1). The main aim was the

identification of PRRs containing putative glycan-binding

ECDs among these types of receptor proteins. Classifica-

tion into RLKs, RLPs, RPgs or RPes was performed depend-

ing on the presence of transmembrane regions, serine/

threonine kinase domains or GPI-anchor motifs. This char-

acterization allowed the identification of 617 putative PRRs

with extracellular ECDs (Table S1), of which 329 (53.3%)

have ECDs that putatively could interact with carbohy-

drates, indicating the high number of plant PRRs that

might potentially bind glycoligands (Figure 1a and

Table S2). The remaining 288 PRRs (46.7%) were described

as putatively not related with carbohydrate binding based

on their ECD topology, and comprise PRRs with different

ECDs: LRRs (246 members), PERKs (23 members), CR4L (8

members) and non-structural classified ECDs (11 mem-

bers) (Table S1).

The potential Arabidopsis glycan-binding ECDs were

classified based on their similarity with protein domains

that have been reported to interact with carbohydrates. As

shown in Figure 1(c), the putative glycan-binding PRR

members were divided into 10 subclasses based on their

different ECDs: C-lectin (1 member), G-lectins (51 mem-

bers), L-lectins (55 members), WAKs (38 members), LysM

(10 members), CrRLK1L (with malectin motif; 20 members),

malectins (external malectin motif followed by an LRR; 51

members), LRR-malectins (external LRR domain followed

by a malectin motif; 12 members), ThaumatinL/PR5 (23

members) and CRKs (68 members). All these subclasses

include RLKs, RLPs and RPs, with the exception of C-lectin

and LRR-malectins (which are all RLKs), WAKs (which are

all RLKs except for one RPe) and CrRLK1Ls (which are all

RLKs except for two RLPs) (Table S2). The LysM-PRR sub-

class accounts for 10 members in Arabidopsis, with 5 of

them considered as RLKs (CERK1/LYK1, LYK2, LYK3, LYK4

and LYK5), 2 as RPes (AT5G62150 and AT4G25433) and 3

as RPgs (LYM1, LYM2 and LYM3). Though LYM1 and

LYM2 predictions suggest TM-anchor structures

(Table S2), they have been previously classified as GPI-an-

chored proteins (Faulkner et al., 2013; Bellande et al.,

2017).

Computational prediction method for the identification of

PRR/glycan complexes

In order to perform in silico predictions of PRR/glycan

interactions, we developed and optimized a method that

consisted on several steps (see Figure 2 and Experimental

Procedures). First, the structure of the target glycan (li-

gand) was generated, either by retrieving it from crystal-

lography or NMR experiments through the Protein Data

Bank (PDB; https://www.rcsb.org/) or by generating it from

scratch adding carbon rings and additional atoms and

bonds since just a few crystallography or NMR data are

available for glycans (Figure 2). The structures of 1,4-b-D-
(GlcNac)6 and 1,3-b-D-(Glc)6 were obtained from the PDB

database, whereas 1,4-b-D-(Glc)6 was both retrieved from

crystallized data and built from scratch. In order to provide

Figure 1. Classification of Arabidopsis thaliana

PRRs according to the glycan-binding domain of

their ECDs. (a) Proportion of Arabidopsis PRRs

putatively harboring glycan-binding domains in

their ECDs (53.3% of the total 617 PRRs identified).

(b) Scheme of the main domain structure of PRRs:

receptor-like kinases (RLKs) that contain an extra-

cellular ectodomain (ECD), a transmembrane region

(TM) and an intracellular kinase domain (KD); recep-

tor-like proteins (RLPs) with ECD and TM; and

receptor proteins (RPs), which either contain an

ECD that can be attached to the plasma membrane

by a GPI-anchor (RPg) or are extracellular proteins

(RPe) not attached to the membrane. (c) Graphical

representation of putative glycan-binding PRR-RLK

subclasses. Graph depicting the percentages and

numbers of each subclass (left) and the proportions

of RLKs, RLPs, RPgs and RPes of the putative gly-

can-binding PRRs (right) are shown.
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the ‘most biologically realistic’ glycan conformation, vac-

uum optimization of glycan structures was performed with

Chimera followed by solvent minimization with Visual

Molecular Dynamics (VMD)-AutoIMD. In parallel, the PRR-

ECD structure of interest was obtained from X-ray or NMR

data (e.g., 4EBZ for CERK1-ECD), or it was modeled in sil-

ico generally through homology modeling (Swiss-Model

server; https://swissmodel.expasy.org/). For example, we

modeled LYK4-ECD using the rice chitin elicitor-binding

protein (OsCEBiP, 5JCE) structure (Liu et al., 2016), while

Arabidopsis ANXUR1 (6FIG) (Moussu et al., 2018) was used

as a template for modeling THESEUS1 (THE1), which was

included as a negative control in our analyses. Next, the

initial ECD-PRR/glycan complex was determined by dock-

ing the glycan in the putative binding site(s) of the PRR

(those described or those that we obtained through

sequence homology if they had not been previously identi-

fied). We considered the described putative binding sites

for chitin in CERK1 (amino acids 109–115 and 137–143,
encompassing Q109, E110, E114 and I141 directly involved

in chitin binding) and LYK4 (amino acids 125–131 and 154–
160) (Iizasa et al., 2010; Wan et al., 2012). THE1 binding

sites were obtained by sequence alignment with Xenopus

laevis malectin complexed with nigerose (2K46), as shown

in previous studies (Moussu et al., 2018). Docking was

achieved with AutoDock Vina using a 27-�A padding box,

retrieving a total of five docking complexes as possible dif-

ferent conformations of the glycan in the PRR-binding site

(five initial complexes or replicates). Glycosylation posi-

tions and disulfide bonds in CERK1 were obtained from

manual assertion inferred from a combination of experi-

mental and computational evidence as shown in UniProt

(https://www.uniprot.org/; Liu et al., 2012). LYK4 and THE1

glycosylation patterns and disulfide bonds were identified

by sequence analysis prediction and sequence similarity,

respectively (UniProt). The identification of glycosylation

sites in ECDs is crucial, since they can provoke false posi-

tive binding results and mislead predictions if they are

close to the glycoligand.

Once the initial complexes were established they were

parameterized in the CHARMM force field using CHARMM-

GUI and solved using VMD software in order to prepare

Figure 2. Protocol description of the computational method developed for

glycan–PRR binding prediction. Glycan and PRR structures are retrieved

through the PDB database, or alternatively glycoligands are built from

scratch (with the Chimera Build Structure tool) and/or PRR-ECDs are mod-

eled (see Experimental Procedures). Ligands are optimized in vacuum and

in solvent using a 12-�A padding box (TIP3 water model, 0.15 M NaCl). Then

five minimum different conformations (replicates) of the PRR/glycan com-

plexes are calculated employing AutoDock Vina using a 27-�A padding spa-

tial box. The final complex is then obtained for each replicate applying

molecular dynamics with two minimization procedures (SolBox1 and Sol-

Box2) and one full simulation procedure (Full) using the CHARMM force

field and TIP3 water with 0.15 M NaCl and a 12-�A padding box. The DG ener-

gies are obtained from each of these final complexes.
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them for molecular dynamics with scalable molecular

dynamics (NAMD), following three standardized steps:

minimization, equilibration and simulation (http://www.iit

g.ac.in/tamalb/karp/namd/; https://www.ch.embnet.org/

MD_tutorial/). The protocol to complete these three steps

was optimized with the CHARMM force field at 298 K, pH 7

for 10 ns with canonical NVT ensemble (at temperature

and volume constant allowing for pressure variation; see

Table S3(c–e) for an example of configuration files). As full

simulations with this standard parameterization tended to

crash over time or to produce misleading binding results

due to their high computing requirements, we decided to

carry out only the minimization steps to test LysM-PRR/gly-

can interactions. These minimization procedures were Sol-

Box1, with boundary conditions applied to NVT ensemble

(constant volume and temperature) (Table S3a), and Sol-

Box2, with boundary conditions applied to NPT ensemble

(constant temperature and pressure) having a padding 2 �A

bigger than SolBox1 to compensate for allowing volume

variation (Table S3b). To properly compare, final energies

were retrieved for SolBox1, SolBox2 and a full simulation

of 10 ns (Full) as described above.

Once the final complexes were obtained, either from

minimization or full simulation, we determined their free

energies (DG, kcal mol�1), which are used to predict bind-

ing events, and that depend on the contribution of internal

and solvent energies (DEint and DGsol; Figure S1). Entropy

variations were not calculated since available calculations

are still not reliable enough and they cause the majority of

the computational cost in the energy calculations (Sadiq

et al., 2010; Hou et al., 2011; Genheden and Ryde, 2015).

Energy parameters of the final complexes were calculated

following the MM/PBSA protocol with the steps summa-

rized in Figure S1 (Hou et al., 2011): (i) internal energies

(DEint), which are the sum of the electrostatic and Van der

Waals interactions; (ii) solvent energies (DGsol), which are

the sum of polar and non-polar terms, with the polar terms

being calculated applying the Poisson–Boltzmann potential

to the complex, and then these terms were subtracted sep-

arately from the potential of the ECD-PRR alone in the

complex and the potential of the glycan in the complex;

(iii) DGsol non-polar terms, calculated applying a conver-

sion factor into the SASA values (gSASA+b) of the com-

plex and the PRR alone (Gilson and Zhou, 2007; Genheden

and Ryde, 2015; Das et al., 2018); and then (iv) internal and

solvent energies were summed up to obtain the final DG
energy.

The well-known complex CERK1/1,4-b-D-(GlcNAc)6 was

used as positive control for optimizing the methodology

(Liu et al., 2012; Cao et al., 2014; Cheval et al., 2020). Three

final complexes, two minimization procedures (SolBox1

and SolBox2) and one full simulation procedure (Full) were

obtained for the CERK1/1,4-b-D-(GlcNAc)6 complex, which

were in accordance with the described binding. Based on

the energies obtained with this well-characterized complex,

we established some minimal conditions supporting puta-

tive glycoligand/PRR interaction assessment (Figure 3): (i)

a minimum of five computational replicates were estab-

lished to assess the binding with reliability; (ii) DG energy

average values below �6 kcal mol�1 (standard deviation of

maximum 30%) were considered as evidence of interac-

tion, while higher values may indicate non-specific bind-

ing, no binding or even repulsion; (iii) non-polar (DGnp)

values above 0.6 kcal mol�1 were considered as reliable

and indicative of binding, while conformations with values

below 0.6 kcal mol�1 were discarded even though the final

energy was negative since energy values below 1 kT

(where k is the Boltzmann constant and T is the absolute

temperature) are noisy and irrelevant because kT or ther-

mic energy is around 0.6–0.7 kcal mol�1 at a thermody-

namic T of 298 K; and (iv) Van der Waals energies must be

more negative than the electrostatic ones with a sufficient

difference amongst them of ≥18 kcal mol�1 to consider

binding conformation as reliable as noted in previous stud-

ies (Sadiq et al., 2010; Hou et al., 2011; Kumar et al., 2019;

Saravanan et al., 2020; Peng et al., 2020). As additional

controls of this last parameter established in the model,

we determined the energies of CERK1-, LYK4- and THE1-

ECD against an amount of water molecules similar to the

size of the ligand (box of 10.0 �A; absence of ligands) and

we found that electrostatic terms were more negative than

the Van der Waals ones (Table S4), indicating that when

ECD-PRRs are bound to the glycan, electrostatic interac-

tions lower their energy values below those of Van der

Waals values that become more negative than electrostatic

ones (Table 1).

In silico binding prediction of selected LysM-PRR/glycan

complexes

The above-described pipeline was applied to predict puta-

tive interactions between chitin oligosaccharides of differ-

ent DP and proteins that have been described to bind

chitin oligomers. We first applied the pipeline to determine

the binding of chitin oligomers of DP2 and DP4 to

Figure 3. Decision tree for putative binding assessment for ECD-PRR/glycan

pairs. Three conditions must be sequentially fulfilled to predict trustable

energies and ECD-PRR/glycan putative binding (by using five or more con-

formations of the complex): (i) negative final energy values (< �6

kcal mol�1) with <30% of variation from average, (ii) non-polar term values

higher than 0.6 kcal mol�1 and (iii) electrostatic interaction energy values at

least 18 kcal mol�1 higher than the Van der Waals interaction counterparts.
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Arabidopsis CERK1 (CERK1) and we found that CERK1 was

predicted to bind DP4, but not the DP2 oligomer (Fig-

ure S2), as described previously (Iizasa et al., 2010; Wan

et al., 2012). Then we applied the pipeline to predict bind-

ing of the DP4 oligomer to OsCEBiP, the rice chitin recep-

tor, and its co-receptor OsCERK1, and we found that the

pipeline predicted OsCEBiP binding to the DP4 oligomer,

but not to OsCERK1 (Figure S2), as described previously

(Liu et al., 2016). Next, we applied the pipeline to the fun-

gal effectors CfAvr4F and Mg1LysM, which bind to the DP6

chitin oligomer (Hurlburt et al., 2018; S�anchez-Vallet et al.,

2020), and we found that the model positively predicted

their binding to the DP6 oligomer (Figure S2), further con-

firming the robustness of the pipeline developed (Fig-

ure 3).

We next expanded the application of the pipeline to

obtain predictions of the potential binding of ECDs from

Arabidopsis CERK1 and LYK4 to several hexasaccharides

that have been described to trigger PTI responses: 1,3-b-D-
(Glc)6 and 1,4-b-D-(Glc)6. ECD-THE1 from the CrRLK1L sub-

class was included in the analysis as a negative control

(Table S5). THE1 has been proposed to function as a plant

cell wall integrity hub, though it has been recently demon-

strated to bind Rapid Alkalinization-Like Factor (RALF) pep-

tides rather than glycans (H�ematy et al., 2007; Gonneau

et al., 2018). Three final complexes, two minimization pro-

cedures (SolBox1 and SolBox2) and one full simulation

procedure (Full) were obtained for each PRR–glycan com-

plex. In modeling calculations performed between CERK1

and 1,3-b-D-(Glc)6 we obtained final DG energies and non-

polar term values compatible with binding events, but

electrostatic and Van der Waals energy ratios and the stan-

dard deviation of the final binding DG energy did not fulfill

the established criteria based on CERK1/1,4-b-D-(GlcNAc)6
interaction determinations, which matched all the estab-

lished criteria for binding (Table 1). In the case of LYK4,

the standard deviation obtained for the calculated values

was very high for both ligands, not allowing to predict

direct binding of these ligands to LYK4 (Table 1). We next

determined the potential binding of the cellulose-derived

hexasaccharide DAMP 1,4-b-D-(Glc)6 to ECDs of these PRRs

by obtaining the glycan structure from scratch, and the

obtained data were incompatible with binding based on

the established criteria (Table 1 and Figure 3). Similarly,

modeling of ECD-THE1, included as a negative control, and

of 1,3-b-D-(Glc)6, 1,4-b-D-(Glc)6 and 1,4-b-D-(GlcNAc)6 yielded

parameters that were not compatible with binding of these

three glycans (Table S5). Moreover, full trials of the glycan/

ECD-PRR analyses gave no clear attraction results, proving

that most trajectories were not stable enough, further dis-

carding the Full modeling trials as possible test settings for

standard parameter binding prediction.

To further confirm that glycan structures generated from

scratch did not affect the modeling calculations, we

retrieved the glycan structure of cellohexaose (1,4-b-D-
(Glc)6) from the 3D crystal structure of cellobiohydrolase I

from Trichoderma reesei (PDB: 7CEL; Divne et al., 1998).

Notably, we found that this structure is essentially identical

to that of in silico modeled cellohexaose (Figure S3a), sup-

porting the method developed to optimize glycan struc-

tures in solution from scratch (Figure 2). Then, we

repeated the modeling calculation with the established

Table 1 Energy values of CERK1/glycan and LYK4/glycan trials obtained with the in silico computational minimization procedure

PRR/glycan Triala DEelec DEvdW DGnp DGpol DG

CERK1/1,4-b-D-(GlcNAc)6 SolBox1 �26.1 � 2.4 �47.2 � 3.5 1.8 � 0.4 49.8 � 8.9 �21.6 � 4.6

SolBox2 �26.2 � 3.2 �46.1 � 3.3 1.7 � 0.3 51.3 � 6.5 �19.3 � 4.2

Full �12.6 � 8.6 �35.1 � 5.6 2.9 � 0.4 41.4 � 14.5 �3.3 � 16.6
CERK1/1,3-b-D-(Glc)6 SolBox1 �23.3 � 7.7 �37.4 � 5.1 1.0 � 0.3 46.8 � 10.8 �12.9 � 10.8

SolBox2 �24.4 � 7.6 �37.4 � 5.3 0.9 � 0.2 49.8 � 24.4 �11.1 � 14.2
Full �4.9 � 9.9 �11.6 � 14.6 1.6 � 1.8 16.1 � 23.0 1.2 � 4.1

CERK1/1,4-b-D-(Glc)6 SolBox1 �21.2 � 2.3 �34.8 � 3.0 1.2 � 0.2 46.2 � 6.0 �8.7 � 7.5
SolBox2 �21.7 � 2.3 �34.7 � 3.5 1.2 � 0.3 42.9 � 9.8 �12.2 � 10.7
Full �5.7 � 6.5 �13.1 � 12.8 1.5 � 1.4 14.3 � 26.2 �3.0 � 22.4

LYK4/1,4-b-D-(GlcNAc)6 SolBox1 �21.9 � 4.1 �41.1 � 11.7 2.3 � 0.3 39.8 � 9.7 �20.8 � 15.5
SolBox2 �21.8 � 3.6 �42.6 � 12.5 2.1 � 0.3 37.8 � 5.1 �24.4 � 11.0
Full �6.9 � 2.5 �22.5 � 5.5 3.7 � 0.5 26.2 � 15.8 0.4 � 14.5

LYK4/1,3-b-D-(Glc)6 SolBox1 �19.7 � 9.0 �26.1 � 5.8 1.8 � 0.2 37.2 � 13.4 �8.2 � 8.9
SolBox2 �20.1 � 8.9 �26.5 � 3.2 1.6 � 0.3 33.8 � 13.3 �11.3 � 11.6
Full �3.5 � 4.5 �12.9 � 12.4 2.5 � 1.5 6.3 � 8.8 �7.5 � 9.5

LYK4/1,4-b-D-(Glc)6 SolBox1 �25.1 � 3.4 �29.1 � 4.0 1.6 � 0.3 46.7 � 5.2 �6.0 � 8.5
SolBox2 �26.5 � 2.1 �32.8 � 3.8 1.2 � 0.3 47.0 � 7.1 �11.4 � 7.8
Full �0.9 � 2.0 �13.4 � 12.1 1.6 � 1.4 12.4 � 10.9 �0.3 � 3.3

aSolBox1, SolBox2 and full trials for every PRR–glycan pair are presented as the average � SD of five replicates. Positive binding parameters
fulfilling the criteria of Figure 3 are highlighted in bold. Only the CERK1/1,4-b-D-(GlcNAc)6 pair was assessed as binding in both SolBox1 and
SolBox2 trials.
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pipeline using this solved structure of cellohexaose and we

confirmed the lack of binding of CERK1, LYK4 and THE1 to

this glycan (Figure S3b), as predicted with the structure

obtained from the in silico pipeline (Table 1).

In vitro binding assays confirmed in silico predictions

The in silico pipeline predicted a clear direct interaction of

1,4-b-D-(GlcNAc)6 with CERK1, but not with the remaining

hexasaccharides tested (Table 1). These data were after-

wards validated by assessing the capacity of these ligands

to trigger an early plant immune event such as Ca2+ influ-

xes by using Arabidopsis wild-type and CERK1-defective

sensor lines (Col-0AEQ and cerk1-2AEQ, respectively; Ranf

et al., 2012). Col-0AEQ and cerk1-2AEQ seedlings were incu-

bated with the different ligands and Ca2+ influxes were

monitored through luminescence measurements (Fig-

ure 4). All three hexasaccharides triggered Ca2+ influxes in

Col-0AEQ lines, confirming that they were active glycan

ligands in Arabidopsis, as described (Cao et al., 2014;

M�elida et al., 2018; Locci et al., 2019): 1,4-b-D-(GlcNAc)6 and

1,3-b-D-(Glc)6 produced a wide peak at about 90 sec after

treatment followed by a maintained decrease in lumines-

cence that lasted about 600 sec. Ca2+ influx kinetics upon

1,4-b-D-(Glc)6 treatment were different, since cellohexaose

triggered a faster response that was followed by a faster

luminescence disappearance (Figure 4c). Notably, Ca2+

influxes obtained with cerk1-2AEQ upon treatment with 1,4-

b-D-(Glc)6 were similar to those observed in Col-0AEQ lines,

indicating that CERK1 was not required for 1,4-b-D-(Glc)6
perception, whereas 1,4-b-D-(GlcNAc)6 did not active any

Ca2+ influxes in cerk1-2AEQ, as predicted by our in silico

models and described previously (Table 1; M�elida et al.,

2018). In contrast cerk1-2AEQ results for 1,3-b-D-(Glc)6
demonstrated a full dependence on CERK1, as described

previously (M�elida et al., 2018), which was not consistent

with the predictions of our molecular dynamics models

(Table 1).

In view of these results and to further clarify this issue,

we expressed CERK1 and LYK4 Arabidopsis ECDs in insect

cells and purified them by affinity chromatography (Fig-

ure S4). Then, isothermal titration calorimetry (ITC) experi-

ments (Sandoval and Santiago, 2020) were carried out to

confirm the in silico binding predictions of both CERK1-de-

pendent ligands 1,4-b-D-(GlcNAc)6 and 1,3-b-D-(Glc)6. Our

ITC results proved direct interactions of CERK1 with 1,4-b-
D-(GlcNac)6 (Kd values of 37.5 � 10.0 µM; Figure 5). The

results obtained with 1,3-b-D-(Glc)6 clearly indicated that

CERK1 did not bind, at least directly, to this glycan (Fig-

ure 5), confirming the in silico predictions (Table 1). Simi-

lar binding experiments were performed with LYK4 and

these two glycans, but no direct binding was detected (Fig-

ure 5), which also supported our in silico prediction

(Table 1). These data suggest that CERK1 takes part of the

sensing complex for 1,3-b-D-(Glc)6 in an indirect manner.

Similarly, LYK4 may be involved as a co-receptor in the

recognition of chitin glycans but may not physically bind

chitin, as recently suggested (Cheval et al., 2020). As pre-

dicted by our model, the THE1 ectodomain did not bind

any of the CERK1-dependent ligands tested (Figure S5).

In silico determination of the binding interface residues of

CERK1/1,4-b-D-(GlcNAc)6

Since the in silico modeling pipeline was found to be

robust, we next tested its capacity to predict the amino

acids of the CERK1 binding pocket involved in chitin bind-

ing. It has been previously shown in the crystal structure

of CERK1 (PDB: 4EBZ; Liu et al., 2012) that residues E110,

E114, Q109 and I141 seem to be essential for 1,4-b-D-
(GlcNAc)4 binding. We carried out an initial comparison of

Figure 4. Elevations of cytoplasmic calcium concentrations over time in 8-

day-old Arabidopsis Col-0AEQ and cerk1-2AEQ seedlings upon treatment with

hesaccharides. (a) Chitohexaose (250 lM 1,4-b-D-(GlcNAc)6). (b) Laminari-

hexaose (250 lM 1,3-b-D-(Glc)6). (c) Cellohexaose (250 lM 1,4-b-D-(Glc)6). Data

are presented as the mean � SD (n = 8). Shown is one of three experiments

that gave similar results.
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the common residues involved in chitin binding of our in

silico replicates of CERK1-1,4-b-D-(GlcNAc)6 and the CERK1-

1,4-b-D-(GlcNAc)4 crystal and we discovered that in our in

silico models E110, E114 and Q109 formed hydrogen

bonds with the ligand in all the replicates and I141 in some

models. Next, we performed in silico mutations of one or

two of these residues by replacing them with alanine in

CERK1 (Q109A, E110A, E114A, I141A, Q109A/E110A,

E110A/E114A, E110A/I141A, Q109A/I141A and E114A/

I141A). These cerk1 in silico mutants were subjected to

modeling tests against 1,4-b-D-(GlcNAc)6 using the SolBox2

procedure with five replicates. Notably, some individual

mutations (e.g., Q109A and I141A) and double mutations

(e.g., Q109A/E110A, E110A/E114A and Q109A/I141A)

resulted in negative binding predictions of cerk1 to 1,4-b-D-
(GlcNAc)6 (Figure S6), further supporting the relevance of

binding of the residues identified in the 4EBZ PDB struc-

ture (Liu et al., 2012). These results also indicate that the

pipeline described here has the potential to predict the

impact on binding of key residues mutations, thus

enabling the generation of testable hypotheses for bio-

chemical validation.

Figure 5. Direct binding assays between the PRR-

ECDs and the corresponding glycans. (a) Isothermal

titration calorimetry (ITC) experiments of CERK1

and LYK4 ECDs vs 1,4-b-D-(GlcNAc)6 and 1,3-b-D-
(Glc)6. (b) ITC table summaries of PRR-ECDs vs 1,4-

b-D-(GlcNAc)6 and 1,3-b-D-(Glc)6. The binding affini-

ties between CERK1 and LYK4 and the correspond-

ing glycans are reported as Kd (dissociation

constant, in micromoles); N indicates the reaction

stoichiometry (N = 1 for a 1:1 interaction); ΔH indi-

cates the enthalpy variation. Values indicated in the

table are means � SD of independent experiments

(n = 2). N.d. indicates no binding detected.
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DISCUSSION

The plant immune and mammal innate immune systems

share a similar conceptual logic, but plants lack the adap-

tive immunity of mammals (N€urnberger et al., 2004; Haney

et al., 2014). Many non-self- (e.g., from microorganisms)

and self-macromolecules (e.g., from plants) harbor molec-

ular patterns, MAMPs and DAMPs, respectively, that have

been selected through evolution by plants to be perceived

by their diverse set of PRRs (617 putative members in Ara-

bidopsis: Figure 1). Modification of these macromolecules,

precursors of MAMPs/DAMPs, by plant enzymes might

mask, but also unmask, their immunogenic epitopes. In

this context, PRRs are essential components for epitope

monitoring, allowing plants to recognize and respond to

the high diversity of signals that they are exposed to.

Moreover, immune signaling upon pattern perception

relies not only on the PRRs themselves, but also on

immune signaling complexes consisting of membrane-

bound and intracellular proteins that are involved in scaf-

folding or signal transduction (Albert et al., 2020).

The molecular variety of MAMPs/DAMPs requires differ-

ent ECD structures and properties for recognition (e.g.,

binding) and immune activation (Saijo et al., 2018). In this

work we present an updated classification of the 617 puta-

tive Arabidopsis PRRs with extracellular ECDs that com-

prises at least 14 different subclasses of receptors based

on the ECD sequence and conformation (Table S1). LRR-

PRRs is the largest group, and shows some similarities

with some PRRs in animals, most notably Toll-like recep-

tors (TLRs) that have an LRR-ECD, a transmembrane motif

and a cytoplasmic Toll-like domain instead of the kinase

domain of plant RLKs (Ronald and Beutler, 2010). Plant

LRR-PRRs, which have received most attention from

researchers, typically recognize proteinaceous ligands that

trigger developmental and immunogenic processes (Sma-

kowska-Luzan et al., 2018). However, 53.3% of Arabidopsis

PRRs harbor ECDs putatively able to interact with glycan-

based ligands, but these PRRs have not received much

attention. These putative glycan-binding PRRs were classi-

fied as C-, G- and L-lectins, CRK/stress-antifungal, CrRLK1L,

LysM, LRR-malectins, malectins, ThaumatinL/PR5 and

WAKs according to their ECD typology (Figure 1 and

Table S1). CRKs constitute the most abundant subclass (68

members), followed by L- and G-lectins and malectins (55,

51 and 51 members, respectively; Figure 1). Some mem-

bers of these groups have already been demonstrated to

interact with carbohydrates and others have been associ-

ated with the binding of patterns of different nature (Schal-

lus et al., 2008; de Oliveira Figueiroa et al., 2017; Bacete

et al., 2018; Moussu et al., 2018; Cheung et al., 2020).

WAK RLKs, with ECDs containing epidermal growth fac-

tor motifs, are the proposed receptors for OGs (He et al.,

1996; Anderson et al., 2001; Kohorn and Kohorn, 2012).

Indeed, a recombinant peptide containing amino acids 67

to 254 of the extracellular domain of Arabidopsis WAK1

bound polygalacturonic acid, OGs, pectins and structurally

related alginates (Decreux and Messiaen, 2005). However,

a crystal structure of WAK-ECDs is not yet available and

detailed structural work is still necessary in order to fully

demonstrate OG–WAK interaction. On the other hand, con-

sidering that the WAK subclass includes 38 members in

Arabidopsis, it would be expected that some of them could

recognize other carbohydrate-based patterns, like recently

described OG variants (Voxeur et al., 2019), but this

hypothesis requires further investigations.

Malectin-like domains in the ECDs of CrRLK1L members

are known to bind di-glucose in their animal counterparts

(Schallus et al., 2008). Therefore, CrRLK1Ls were suggested

to bind carbohydrates, but this hypothesis has not been

experimentally demonstrated to date (Lindner et al., 2012;

Wolf, 2017). The crystal structures of the CrRLK1Ls ANX1

and ANX2 suggest that they are non-canonical malectins

or carbohydrate-binding modules (CBMs) as they lack the

conserved binding surfaces for carbohydrate ligands (Du

et al., 2018; Moussu et al., 2018). Instead, some CrRLK1L

members have been demonstrated to bind peptides. For

example, FERONIA (FER), one of the best-characterized

members of the CrRLK1L subclass, has been shown to

bind the peptides RALF1 and RALF23 (Haruta et al., 2014;

Stegmann et al., 2017). In spite of this RALF-binding ability,

recent results also support FER’s role as a sensor of cell

wall damage through its interaction with pectins, which

could postulate a dual interacting capacity with both pep-

tides and carbohydrates (Feng et al., 2018; Duan et al.,

2020). Similarly, lectins are proteins with domains that are

well known to bind to carbohydrates and probably have

been co-opted for immunity function from their original

functions (e.g., catalytic) (Goldstein et al., 1980). Plant lec-

tin-PRRs were defined by homology to their mammalian

relatives, and although several non-proteinaceous ligands

are known to be perceived by lectin-type RLKs, no ligands

of glycan nature have been described for these PRRs. The

bulb-type G-lectin LIPOOLIGOSACCHARIDE-SPECIFIC

REDUCED ELICITATION (LORE) was initially reported to

sense bacterial lipopolysaccharides in Arabidopsis, but

later on it was shown that ligands were indeed medium-

chain 3-hydroxy fatty acids that copurify with lipopolysac-

charides (Ranf et al., 2015; Kutschera et al., 2019). Extracel-

lular ATP (eATP) is one of the best-studied DAMPs in

animals. Identification in Arabidopsis of the eATP receptor,

the L-lectin DOES NOT RESPOND TO NUCLEOTIDES1

(DORN1), was a major breakthrough in eATP biology and

provided a key to address many questions about eATP in

plants (Choi et al., 2014). Also, LecRK-I.8 and LecRK-VI.2 L-

lectin RLKs have been associated to extracellular NAD

(eNAD) and NADP (eNADP) coenzyme perception in Ara-

bidopsis (Singh et al., 2012; Wang et al., 2017), and LecRK-
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I.8 has also been shown to be involved in early steps of

egg recognition of the white butterfly (Gouhier-Darimont

et al., 2019).

LysMs PRRs are the only group of plant PRRs of which

all members have been exclusively related to glycan per-

ception, including chitin, peptidoglycans, 1,3-b-glucans
and lipopolysaccharides (Miya et al., 2007; Willmann et al.,

2011; M�elida et al., 2018). In contrast to WAKs, the avail-

ability of crystal structures of several LysM-ECDs (e.g.,

4EBZ, 5JCE, 5BUM, 5K2L) made this subclass amenable for

the optimization of the computational-based pipeline to

study ECD–glycoligand interactions. Until very recently, the

main ‘Achilles heel’ hampering the discovery of PRR–gly-
can pairs was considered to be the very limited number of

identified MAMPs/DAMPs of this nature (Bacete et al.,

2018). However, recent discoveries have considerably

increased the collection of active glycoligands in plants (de

Azevedo Souza et al., 2017; Claverie et al., 2018; Johnson

et al., 2018; M�elida et al., 2018, M�elida et al., 2020; Locci

et al., 2019; Zang et al., 2019; Wanke et al., 2020b). More-

over, the development of tools such as synthetic glycan

collections will soon facilitate growth of the list (Ruprecht

et al., 2020). However, none of these MAMPs/DAMPs,

including cello-, laminari-, xyloglucan-, mannan- and arabi-

noxylo-oligosaccharides, have a single candidate PRR for

their perception, whose elucidation will require the combi-

nation of heavy biochemical and genetic approaches. In

particular, biomolecular interaction assays with pure ECDs

of putative receptors have been shown to be the golden

standard to allow quantification of potential MAMP/DAMP-

ECD binding (Sandoval and Santiago, 2020). However,

these approaches are time consuming and resource

demanding, thus high-throughput screenings based on

these technologies are of high risk and not always afford-

able.

Here we describe a computational minimization proce-

dure that could favor preliminary screenings by narrowing

down ECD candidates to be tested in further biomolecular

assays. Using the proposed computational minimization

procedures, either SolBox1 or SolBox2 determinations

would be enough for a rough binding prediction between

an ECD and a glycan. Both solvation boxes yield similar

results, thus using any of them (or both) would be a user

choice. However, ‘user-friendly’ access to full molecular

dynamics simulations with standard parameters proved

not to be reliable in the prediction results and is therefore

not recommended for the pursued objective of the pipeline

described here. The final purpose of the proposed protocol

would then be to achieve minimization (the first step of

molecular dynamics simulation), which at the end will

allow users to obtain results in a computational time frame

ranging from minutes to hours, while performing full simu-

lations will increase the time frame from hours to days,

depending on computing power and the overall difficulty

of the protocol. Additionally, we have developed an in sil-

ico method to optimize glycan structures in solvent

(‘structures from scratch’), which has been proved here to

generate structures that are similar to glycan crystal struc-

tures (Table 1 and Figure S3), thus expanding the possibil-

ity to test additional glycan structures without reported

crystals, using the computational minimization procedure

described here.

In Arabidopsis, chitin is perceived by a complex of

LysM-RLKs comprising LYK4, LYK5 and CERK1 (Miya et al.,

2007; Cao et al., 2014; Xue et al., 2019). LYK4 and LYK5

interact constitutively (Xue et al., 2019), whereas the LYK5–
CERK1 interaction is ligand-dependent (Cao et al., 2014).

Our in silico computational minimization procedure as well

as our in vitro analyses confirmed the direct interaction of

CERK1 with chitin oligosaccharides of DP4 or DP6 (Fig-

ure S2), whereas we discarded the direct LYK4–chitin inter-

action without the support of other LysM partners (Table 1

and Figure 5). Therefore, it is suggested that LYK4 may

help in the formation of a CERK1–LYK5 complex for the

recognition of chitin at the plasma membrane. This agrees

with recent data that suggested that LYK4 may be in com-

plex with LYK5 at the plasma membrane, and when the

chitin concentration rises, LYK4 would dissociate from

LYK5 to associate with LYM2 in the plasmodesmata region

(Cheval et al., 2020). Our in silico computational minimiza-

tion procedure further supports these recent data. Simi-

larly, the computational calculations performed here with

rice OsCEBiP and OsCERK1 and some fungal effectors

(CfAvr4 and Mg1LysM) that bind chitin (Figure S2) also

confirmed published data (Liu et al., 2016; Hurlburt et al.,

2018; S�anchez-Vallet et al., 2020) and supported the robust-

ness of glycoligand/PRR binding predictions by the in silico

computational minimization procedure described here.

Remarkably, this technical advance might also allow the

identification of key PRR residues involved in binding and

stabilization of glycan structures, as shown here with the

in silico validation of the relevance of Q109 and I141 from

CERK1 in 1,4-b-D-(GlcNAc)6 binding (Figure S6). Moreover,

the methodology described might allow to simulate in sil-

ico point or multiple mutations in PRR binding pockets

prior to their biochemical validation through expression of

mutated ECD proteins.

b-glucans with 1,3-glycosidic linkages have been shown

to be perceived as molecular patterns by different plant

species (Klarzynski et al., 2000; M�elida et al., 2013; Wanke

et al., 2020b). In mammals, 1,3-b-glucans are recognized by

Dectin-1, consisting of an extracellular C-type lectin

domain connected to the plasma membrane by a stalk

(Brown et al., 2003). The extracellular lectin domain of Dec-

tin-1 binds to 1,3-b-glucans and mixed 1,3-/1,6-b-glucans,
with linear b-1,3-(Glc)10 or a glucan heptasaccharide with

one b-1,6-linked glucose side chain being the minimal

structures required for Dectin-1 binding (Brown et al.,
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2003; Palma et al., 2006; Adams et al., 2008). In Arabidop-

sis, the PRR required for 1,3-b-glucan perception is yet

unknown; however, recent works involved CERK1 in its

perception, at least for those with a DP > 5 (Figure 4;

M�elida et al., 2018; Wanke et al., 2020b). However, a direct

CERK1–1,3-b-D-(Glc)6 interaction was fully discarded based

on the molecular dynamics data obtained with the compu-

tational minimization method developed here (Figure 4).

Notably, this in silico prediction of non-direct CERK1–1,3-b-
D-(Glc)6 binding was fully confirmed by ITC experiments

(Table 1 and Figure 5), further suggesting a co-receptor

function of CERK1 in the perception of 1,3-b-D-(Glc)6. This

mechanism of 1,3-b-D-(Glc)6 perception by CERK1 has simi-

larities to that described for the perception of chitin by

OsCERK1 in rice through its interaction with the OsCEBiP

receptor (Liu et al., 2012), which has been also validated in

silico here by demonstrating that OsCEBiP, but not

OsCERK1, binds this ligand (Figure S2). Structural analyses

have revealed a common activation mechanism for RLKs,

in which the ECD domains of receptors (e.g., LRR and

LysM subclasses) and shape complementary co-receptors

heterodimerize in the presence of ligand (Albert et al.,

2020). Ligands promote dimerization either by binding

both proteins directly as ‘molecular glue’ or allosterically

through stabilization of an RLK island (Liu et al., 2012; Sun

et al., 2013; Wang et al., 2015; Hohmann et al., 2017). It is

known that such activation mechanism exists for LysM-

RLKs upon chitin binding (Liu et al., 2012), and our data

and previous published data would lead to the hypothesis

that CERK1 and maybe also its co-receptor partner LYK5

are involved in the recognition pathway as true receptors,

or alternatively as co-receptors together with a bona fide,

unknown receptor. Cellodextrins, oligosaccharides derived

from cellulose, have recently emerged as a group of plant

DAMPs showing a great potential for future investigations

since they are in high abundance in all plant species and

are active at low concentrations, at least in Arabidopsis

(Aziz et al., 2007; de Azevedo Souza et al., 2017; Johnson

et al., 2018; Locci et al., 2019). In spite of the interest gener-

ated by these DAMPs, little is known about their perception

by plants and the PRRs involved. Our results clearly show

that the main LysM-RLKs CERK1 and LYK4 are not involved

in cello-oligosaccharide perception (Table 1).

The study of signal transduction in plants has expanded

dramatically from the early efforts to define the basic com-

ponents of signaling for most known hormones and envi-

ronmental stresses to the current search for PRR/ligand

pairs (Cheung et al., 2020). Different types of ECD-PRRs

mediate the perception of distinct MAMPs/DAMPs trigger-

ing immunity; however, the identification of receptor PRRs

for a given ligand is only the tip of the iceberg. How ligand

binding induces complex formation with co-receptors that

are required for the activation of downstream immune sig-

naling is really challenging (Wang and Chai, 2020). High-

throughput technologies are thus required to accelerate

the identification of PRR–ligand pairs. The computational

prediction method of glycan/PRR binding presented here

might accelerate the discovery of protein–glycan interac-

tions and provide information on immune and/or develop-

mental responses activated by glycoligands. Future work

will include (i) the optimization of the method to the speci-

ficities of different ECD subclasses and (ii) genetic and bio-

chemical functional validations of wild-type and in silico

predicted mutant versions of PRRs.

EXPERIMENTAL PROCEDURES

Classification of PRRs with putative glycan-binding ECDs

Bioinformatic classification of PRR-ECDs was performed using
public databases at UniProt (https://www.uniprot.org/; Bateman,
2019), ScanProsite (https://prosite.expasy.org/scanprosite/; de Cas-
tro et al., 2006) and NCBI (https://www.ncbi.nlm.nih.gov/; Agar-
wala et al., 2017). Extracellular domains were screened and
checked with PFAM (https://pfam.xfam.org/; El-Gebali et al., 2019)
and InterPro (http://www.ebi.ac.uk/interpro/search/sequence/;
Mitchell et al., 2019) online servers. Transmembrane prediction
was done with TMHMM (http://www.cbs.dtu.dk/services/TMHMM/;
Krogh et al., 2001), TMPred (https://embnet.vital-it.ch/software/
TMPRED_form.html; Hofmann and Stoffel, 1993) and Das-TMFilter
(http://www.enzim.hu/DAS/DAS.html; Cserzo et al., 2004). GPI-an-
chored prediction was carried out with predGPI (http://gpcr.bioc
omp.unibo.it/predgpi/; Pierleoni et al., 2008) and the presence of
signal peptides was determined with SignalP (http://www.cbs.d
tu.dk/services/SignalP/; Almagro Armenteros et al., 2019) and Pre-
diSi (http://www.predisi.de/; Hiller et al., 2004). Curated transmem-
brane and signal peptide prediction was made for all sugar-
binding PRRs with Phobius (https://www.ebi.ac.uk/Tools/pfa/phob
ius/; K€all et al., 2007).

Theoretical protocol development

Glycan conformation was analyzed using the Build Structure tool
of Chimera (Pettersen et al., 2004), where carbohydrate struc-
tures were generated by adding atom by atom. A primary opti-
mization in vacuum was performed with Chimera software and
the Minimize Structure tool employing several rounds of a com-
bined method of steepest descend (approximately 2000 steps
per round) and conjugate gradient algorithms (approximately
300 steps per round). Hydrogen atoms were added considering
hydrogen bonds and charges were computed with AMBER
ff14SB and the Gasteiger algorithm. PSF and PDB glycan files
were obtained from the CHARMM-GUI PDB-Reader Tool (Jo
et al., 2008; Lee et al., 2016) and they were introduced into VMD
1.9.3 (Humphrey et al., 1996) to create the solvent box with the
Add Solvation Box tool (the maximum and minimum coordi-
nates of the molecule are obtained with the ‘measure minmax
[atomselect top all]’ command adding a 12-�A padding with TIP3
water). The models were neutralized and an NaCl concentration
of 0.15 M was set with the Add Ions tool of VMD. Minimization
was achieved with the AutoIMD tool from VMD treating all
atoms in the system as mobile.

PRRs were modeled through Swiss-Model (https://swissmode
l.expasy.org/; Waterhouse et al., 2018) and Phyre2 (http://www.
sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index; Kelley et al.,
2015). All models and crystal structures were checked with
MolProbity (http://molprobity.biochem.duke.edu/; Williams et al.,
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2018). Binding sites that were not described were obtained
with sequence alignment of different templates using Clustal
Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/; Madeira
et al., 2019).

AutoDock Vina (Trot and Olsson, 2010) from Chimera was used
to create the initial complexes, usually padding with 27 �A in the
binding site. Docked PRR–glycan complexes were introduced into
CHARMM-GUI PDB-Reader to retrieve the coordinate PSF file and
its corresponding PDB, and were then introduced into VMD to get
the solvation box as stated above. Molecular dynamics analysis
was performed using NAMD2 2.13v software (Phillips et al., 2005).
For minimization, 5000 steps were used, and 5 000 000 steps were
used for the full simulations. Full simulations were computed with
a temperature of 298 K, neutral pH and NVT ensemble.

Parameter information and configuration files employed in the
analyses are presented in Table S3.

Energy calculations and binding assessment

Energies were calculated following a molecular mechanics
approach with Poisson–Boltzmann and a surface area solvation
MM/PBSA approach. PSF and corresponding DCD files were intro-
duced into VMD to calculate electrostatic and Van der Waals inter-
actions through the tool NAMD energy. Final coordinates were
saved in a PDB file for further calculations. The PDB file was intro-
duced in CHARMM-GUI PBEQ Solver to calculate the electrostatic
potentials of the PRR–glycan complex and of the PRR and glycan
alone. SASA calculations were retrieved for the PRR–glycan com-
plex and for the PRR using SPDBV (http://www.expasy.org/spdbv/;
Guex and Peitsch, 1997). Afterwards, a conversion was made to
obtain gSASA + b (where g = 0.00526 kcal mol�1 �A�2,
b = 0.918 kcal mol�1).

In silico carbohydrates and PRRs

The 1,4-b-D-(GlcNAc)6 and 1,3-b-D-(Glc)6 structures were obtained
from the 2PI8 and 1W9W PDB structures, respectively. The 1,4-b-D-
(Glc)6 structure was built from scratch as described above and
was additionally retrieved from the 7CEL crystal. The 1,4-b-D-
(GlcNAc)2 and 1,4-b-D-(GlcNAc)4 structures were built in silico and
retrieved from 5JCE, respectively. The CERK1-ECD structure corre-
sponds to crystal code 4EBZ, while LYK4 was modeled by homol-
ogy using Swiss-Model and 5JCE as template. THE1 was modeled
with Swiss-Model using 6FIG as template. Mg1LysM, CfAvr4 and
OsCEBiP correspond to 6Q40, 6BN0 and 5JCE, respectively.
OsCERK1 was modeled using 4EBZ as template.

Comparison of ligand structures and study of the binding

interface of CERK1

Comparison of the in silico 1,4-b-D-(Glc)6 structure and the crystal
1,4-b-D-(Glc)6 structure was made possible with LigPlot+ (Las-
kowski and Swindells, 2011). LigPlot+ was also used to check
CERK1 residues involved in chitin recognition. Each in silico muta-
tion study was performed by changing the residues of interest to
alanine in the amino acid sequence of CERK1. Then, those
sequences were modeled with Swiss-Model against the CERK1
template (4EBZ) to check for binding alterations.

Calcium influx assays

Eight-day-old, liquid-grown transgenic Arabidopsis thaliana
seedlings of ecotype Col-0 carrying the calcium reporter aequorin
(Col-0AEQ; Ranf et al., 2012) were used for cytoplasmic calcium
(Ca2+cyt) measurements using a previously described method
(Bacete et al., 2017). The high-purity oligosaccharides used in

these assays (1,4-b-D-(GlcNAc)6, 1,3-b-D-(Glc)6 and 1,4-b-D-(Glc)6)
were purchased from Megazyme Ltd., Bray, Ireland.

Protein expression and purification

Codon-optimized synthetic genes coding for Arabidopsis CERK1
(residues 1–232), LYK4 (residues 1–275) and THE1 (residues 1–415)
ectodomains were cloned into a modified pFastBac (Geneva Bio-
tec) vector, providing a tobacco etch virus protease cleavable C-
terminal StrepII-9xHis tag, for expression in Spodoptera frugi-
perda (Invitro GeneArt, Germany). For protein expression, Tri-
choplusia ni Tnao38 cells (Hashimoto et al., 2012) were infected
with a multiplicity of infection of 3 and incubated at 28°C for 1 day
and at 22°C for another 2 days, at 110 rpm. The secreted ectodo-
mains were purified from the supernatant by sequential nickel
affinity chromatography (HisTrap excel; GE Healthcare, Boston,
MA, USA); equilibrated in phosphate K buffer, which contains
50 mM K2HPO4 and 500 mM NaCl, pH 7.8) and StrepII purification
(Strep-Tactin Superflow high capacity; IBA; equilibrated in 25 mM

Tris, pH 8.0, 250 mM NaCl, 1 mM EDTA). The proteins were further
purified by size-exclusion chromatography on a Superdex 200
increase 10/300 GL column (GE Healthcare) or HiLoad 16/600
superdex 200 (GE Healthcare) equilibrated in 20 mM MES buffer
pH 6.5, 150 mM NaCl. Peak fractions were analyzed by SDS-PAGE
and then concentrated using Amicon Ultra concentrators (Milli-
pore, MWCO 10 000) to reach a protein concentration of 50 µM.

Isothermal titration calorimetry

Experiments were performed at 25°C using a MicroCal PEAQ-ITC
(Malvern Instruments, UK) with a 200-µl standard cell and a 40-ll
titration syringe (Moussu et al., 2020). Proteins were gel filtrated
into ITC buffer (20 mM MES buffer, pH 6.5, 150 mM NaCl) and car-
bohydrates (1,4-b-D-(GlcNAc)6 and 1,3-b-D-(Glc)6) were dissolved in
the same buffer. Each experiment was performed using an injec-
tion pattern of 2 µl of the carbohydrate ligand, at 500 µM or 1 mM,
into 50 µM protein in the cell at 150-sec intervals. ITC data were
corrected for the heat of dilution by subtracting the mixing enthal-
pies for titrant solution injections into protein-free ITC buffer.
Experiments were done at least in duplicate and data were ana-
lyzed using the MicroCal PEAQ-ITC Analysis Software provided by
the manufacturer.

Size-exclusion chromatography

Analytical gel filtration experiments were performed using a
Superdex 200 increase 10/300 GL column (GE Healthcare) pre-
equilibrated in 20 mM MES (pH 6.5) and 150 mM NaCl. Next, 100 ll
of the isolated CERK1, LYK4 and THE1 ectodomains was loaded
sequentially onto the column and elution at 0.7 ml min�1 was
monitored by ultraviolet absorbance at 280 nm. The column was
calibrated with a mixture of the high-molecular weight (HMW) and
low-molecular weight (LMW) kits from GE Healthcare. Peak frac-
tions were analyzed by SDS-PAGE.
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SUMMARY

Pattern-triggered immunity (PTI) is activated in plants upon recognition by pattern recognition receptors

(PRRs) of damage- and microbe-associated molecular patterns (DAMPs and MAMPs) derived from plants or

microorganisms, respectively. To understand better the plant mechanisms involved in the perception of car-

bohydrate-based structures recognized as DAMPs/MAMPs, we have studied the ability of mixed-linked b-
1,3/1,4-glucans (MLGs), present in some plant and microbial cell walls, to trigger immune responses and

disease resistance in plants. A range of MLG structures were tested for their capacity to induce PTI hall-

marks, such as cytoplasmic Ca2+ elevations, reactive oxygen species production, phosphorylation of mito-

gen-activated protein kinases and gene transcriptional reprogramming. These analyses revealed that MLG

oligosaccharides are perceived by Arabidopsis thaliana and identified a trisaccharide, b-D-cellobiosyl-(1,3)-b-
D-glucose (MLG43), as the smallest MLG structure triggering strong PTI responses. These MLG43-mediated

PTI responses are partially dependent on LysM PRRs CERK1, LYK4 and LYK5, as they were weaker in cerk1

and lyk4 lyk5 mutants than in wild-type plants. Cross-elicitation experiments between MLG43 and the car-

bohydrate MAMP chitohexaose [b-1,4-D-(GlcNAc)6], which is also perceived by these LysM PRRs, indicated

that the mechanism of MLG43 recognition could differ from that of chitohexaose, which is fully impaired in

cerk1 and lyk4 lyk5 plants. MLG43 treatment confers enhanced disease resistance in A. thaliana to the

oomycete Hyaloperonospora arabidopsidis and in tomato and pepper to different bacterial and fungal

pathogens. Our data support the classification of MLGs as a group of carbohydrate-based molecular pat-

terns that are perceived by plants and trigger immune responses and disease resistance.

Keywords: Arabidopsis thaliana, Capsicum annuum, cell wall, disease resistance, mixed-linked glucan,

Hyaloperonospora arabidopsidis, pattern triggered immunity, plant immunity, Solanum lycopersicum.

INTRODUCTION

As sessile organisms, plants have evolved a complex

immune system comprised by several defence layers. One

of them is known as pattern-triggered immunity (PTI),

which is based on the recognition of damage- and

microbe-associated molecular patterns (DAMPs and

MAMPs) derived from plants or microorganisms, respec-

tively, by plasma membrane-resident pattern recognition

receptors (PRRs). Upon DAMP/MAMP recognition, PRRs

activate protein kinase signalling cascades that trigger

© 2021 The Authors.
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gene reprogramming processes, which ultimately result in

plant surveillance to pathogen/pest attack (Bigeard et al.,

2015; Boutrot and Zipfel, 2017). PTI relevance is well-illus-

trated by the fact that immune responses and disease

resistance to pathogens are compromised in plants defec-

tive in PRRs perceiving DAMPs or MAMPs of a peptidic

nature, such as PEPR1 and FLS2 Receptor Like Kinases that

recognize Arabidopsis AtPep1 DAMP and bacterial flg22

MAMP peptides, respectively (G�omez-G�omez and Boller,

2000; Yamaguchi et al., 2006). Many PRR/peptidic DAMP or

MAMP pairs triggering PTI have been elucidated (Boutrot

and Zipfel, 2017; Tang et al., 2017). However, the specific

mechanisms of plant defence activation by carbohydrate-

based DAMPs and MAMPs, which are highly abundant in

plant and microbial extracellular layers, clearly lags behind

our knowledge of peptide ligand recognition (Bacete et al.,

2018). The first bottleneck in the identification of carbohy-

drate-based ligand-PRR pairs is the relatively low number

of carbohydrates known to trigger plant immune

responses in contrast to the mammal counterpart (Bacete

et al., 2018). Among the carbohydrates recognized by the

plant immune system are chitin and b-1,3-glucan from fun-

gal/oomycete cell walls, peptidoglycan from bacterial

walls, and cellulose (b-1,4-glucan), xyloglucan, mannan,

xylan and homogalacturonan from plant cell walls (Aziz

et al., 2007; Claverie et al., 2018; Galletti et al., 2008; Gust

et al., 2007; Kaku et al., 2006; Klarzynski et al., 2000; M�elida

et al., 2018, 2020; Wanke et al., 2020; Zang et al., 2019).

In plants, PRR/carbohydrate-based ligand characteriza-

tion at the structural level has been mainly limited to PRRs

of the LysM family, which are involved in the recognition

of several glycoligands such as chitin, peptidoglycans and

lipopolysaccharides (Cao et al., 2014; Desaki et al., 2018;

Liu et al., 2012; Miya et al., 2007; Willmann et al., 2011).

Recent work demonstrated that LysM-PRRs are also impli-

cated in the perception by plants of b-1,3-glucans (M�elida

et al., 2018; Wanke et al., 2020). Specifically, a b-1,3-glucan
hexasaccharide (laminarihexaose or Lam6) is an immune-

active structure whose recognition is dependent in Ara-

bidopsis on the LysM-PRR CERK1 (Chitin Elicitor Receptor

Kinase 1) (M�elida et al., 2018). However, a direct binding of

laminarihexaose to CERK1 extracellular ectodomain (ECD)

has not been either observed in isothermal titration

calorimetry binding assays performed with purified ECD-

CERK1 nor predicted using recently developed in silico

structural molecular dynamics simulations (del Hierro

et al., 2020). These data suggest that CERK1 function as co-

receptor rather than a receptor in b-1,3-glucan hexasaccha-

ride perception. Other plant species, such as rice and

tobacco, have been shown to also recognize b-1,3-glucans
with a higher degree of polymerization (DP) than 6 and this

recognition has been demonstrated to be CERK1-indepen-

dent, suggesting that b-glucan recognition may be medi-

ated by multiple receptor/co-receptor proteins (Wanke

et al., 2020). CERK1 does not seem to be involved in the

perception of b-1,4-glucans (e.g. cellohexaose) in Ara-

bidopsis as immune responses triggered by this DAMP

were not impaired in cerk1 mutant, as predicted by in silico

structural molecular dynamics simulations (del Hierro

et al., 2020).

Glucans represent a group of widely distributed polysac-

charides, mainly found in the extracellular layers of numer-

ous phylogenetic groups across the tree of life (Latg�e and

Calderone, 2006; McIntosh et al., 2005; M�elida et al., 2013;

Srivastava et al., 2017). These include a wide variety of

structures, mainly with b-linkages, although a-linked glu-

cans also occur in many species. Mixed-linked glucans

[MLGs; b-1,3/1,4-glucans; (1,3;1,4)-b-D-glucans] consist of

unbranched and unsubstituted chains of b-1,4-glucosyl
residues interspersed by b-1,3 linkages (Burton and

Fincher, 2009). MLGs are widely distributed as matrix

polysaccharides in cell walls of the plants from the Poa-

ceae group, but have also been reported in other species

such as in the walls of Equisetum spp. and other vascular

plants outside the Poaceae (Fincher and Stone, 2004; Fry

et al., 2008; Smith and Harris, 1999; Sørensen et al., 2008;

Trethewey et al., 2005), bryophytes and algae (Popper and

Fry, 2003; Salme�an et al., 2017). MLGs have been also

described in lichen-forming ascomycete symbionts (Perlin

and Suzuki, 1962; Gorin et al., 1988; Stone and Clarke,

1992), in fungi and oomycetes (Fontaine et al., 2000; Pet-

tolino et al., 2009; Samar et al., 2015) and bacteria (Lee and

Hollingsworth, 1997; P�erez-Mendoza et al., 2015). b-Glu-

cans are well-known modulators of the immune system in

mammals, but less is known about their roles in the plant

counterpart (Fesel and Zuccaro, 2016; M�elida et al., 2018;

Rovenich et al., 2016; Sharp et al., 1984; Wanke et al.,

2020). Interestingly, this field of b-glucan perception by

plants has regained momentum due to recent discoveries

demonstrating that glucans containing either b-1,3 or b-1,4
glycosidic linkages in their main backbones trigger PTI

responses in plants (Claverie et al., 2018; del Hierro et al.,

2020; Johnson et al., 2018; M�elida et al., 2018; Souza et al.,

2017; Wanke et al., 2020; Wawra et al., 2016). However, it

remained elusive whether glucans containing both types

of linkages (MLGs) can be perceived by plant cells as well

(Aziz et al., 2007; Johnson et al., 2018; Klarzynski et al.,

2000; Locci et al., 2019; M�elida et al., 2018; M�enard et al.,

2004; Souza et al., 2017).

In an effort to characterize additional carbohydrate-

based structures (MAMPs or DAMPs) that are able to acti-

vate the plant immune system, we have determined the

ability of different MLG structures to trigger early immune

responses in Arabidopsis. We tested the capacity to induce

PTI hallmarks (Boudsocq et al., 2010; Ranf et al., 2011) of

several MLG-enriched fractions and purified MLGs. Our

results demonstrate that MLGs are a group of glycoli-

gands that activate plant immunity and we characterized b-
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D-cellobiosyl-(1,3)-b-D-glucose (MLG43) as the smallest

active structure triggering immune responses in Arabidop-

sis and boosting Arabidopsis and crops (e.g. tomato and

pepper) disease resistance to different pathogens.

RESULTS

MLG oligosaccharides trigger Ca2+ influxes in Arabidopsis

Aequorin-based Ca2+ Columbia-0 (Col-0AEQ) sensor Ara-

bidopsis system (Ranf et al., 2011) was used to monitor

whether early cytoplasmic Ca2+ influxes (burst) occurred

upon treatment of seedlings with cell wall fractions

enriched in MLGs, such as b-1,3/1,4-glucans from barley

(B-GLU), an alkali-extracted fraction isolated from Equise-

tum arvense cell wall (E-KOH) and lichenan (a mixture of b-
1,3/1,4-glucans) from Cetraria islandica (C-LICH). None of

these polymeric fractions induced Ca2+ influxes in compar-

ison with pure MAMPs, such as the chitin hexasaccharide

chitohexaose [b-1,4-D-(GlcNAc)6] (Figure 1a). To generate

MLG oligosaccharides with lower DP than these polymeric

fractions, MLGs were treated with lichenase from Bacillus

subtilis (EC 3.2.1.73), a glucan endohydrolase that cataly-

ses the hydrolysis of b-1,4 bonds immediately following

b-1,3 bonds, but does not catalyse the hydrolysis of purely

b-1,3- or b-1,4-linked glucans (Henrissat and Bairoch, 1993;

Planas, 2000). MLG polysaccharides digested with liche-

nase released MLGs with a single b-1,3 linkage placed next

to the reducing end. Interestingly, products from lichenase

digestions of these MLG polysaccharides activated plant

Ca2+ influxes (B-GLU + L, E-KOH + L or C-LICH + L; Fig-

ure 1a), indicating that lichenase-released MLG oligosac-

charides can trigger early immune responses in

Arabidopsis.

To confirm, that lichenase-released oligosaccharides

were plant immune-active structures, we screened the

activity of MLG oligosaccharides from commercial sources

obtained by the purification of B-GLU after enzymatic

digestions with lichenase and cellulase (Figure 1b). Results

from the commercial source clearly demonstrated that, at

least, the shortest MLG oligosaccharides with DP 3 (e.g.

MLG43 and MLG34) and some with DP 4

(MLG434 + MLG344 mixture and MLG443 in a lesser

extent) were able to trigger Ca2+ influxes (Figure 1b). As

MLGs consist of unbranched and unsubstituted chains of

b-1,4-glucosyl residues interspersed by b-1,3 linkages, the

minimal MLGs structures containing both types of linkages

would be MLG43 and MLG34 (DP 3; Figure 1c). We decided

to compare Ca2+ influxes triggered by MLG43 and MLG34

trisaccharides and by their constituent disaccharides in the

Col-0AEQ sensor lines, and we observed that while cel-

lobiose (b-1,4-linked disaccharide) triggered a slight Ca2+

influx, the b-1,3-linked glucan disaccharide did not (Lam2;

Figure S1). In contrast, cellotriose (Cello3), a well charac-

terized DAMP (Johnson et al., 2018; Locci et al., 2019),

triggered Ca2+ influxes that were slightly higher than those

activated by MLG43 and MLG34, whereas the b-1,3-linked
trisaccharide (Lam3) was not active at the concentration

Figure 1. Mixed-linked glucans (MLG) oligosaccharides trigger cytoplasmic

Ca2+ elevations in Arabidopsis.

Ca2+ influxes were measured as relative luminescence units (RLU) over time

in 8-day-old Arabidopsis Col-0AEQ seedlings after treatment with (a) b-1,3/
1,4-glucans of barley (b-glucan; B-GLU), 4% KOH fraction of Equisetum

arvense cell wall (E-KOH) and lichenan from Cetraria islandica (C-LICH)

(0.25 mg ml�1 final concentration) untreated or treated with lichenase

enzyme (+L). Chitohexaose 50 lM was used as positive control. Undigested

materials (0.25 mg ml�1), lichenase suspension (L) and distilled water

(mock) were used as negative controls.

(b) Ca2+ influx after treatment with commercial MLGs (50 lM) purified from

barley (Megazyme). Data represent mean � r (n = 8) in all panels.

(c) Structural scheme of the different MLG oligosaccharides used in the

experiments. A b-D-cellobiosyl-(1,3)-b-D-glucose (MLG43) structure is high-

lighted over the different structures. These data are from one representative

experiment of at least three performed that gave similar results.
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tested, as reported previously (M�elida et al. 2018; Fig-

ure S1). MLG43 used in these studies can be obtained after

MLG (e.g. B-GLU) digestion with different enzymes, such

as lichenases, whereas MLG34 must be obtained through

cellulase digestion, which cleave b-1,4 bonds within the

inner cello-oligosaccharide backbone of the MLG. As illus-

trated in the thin-layer chromatography (TLC) at Figure S2,

while lichenase digestion products follow a pattern

(MLG43, MLG443, MLG4443, etc.), more randomized

oligosaccharide structures are released by cellulases,

including b-1,4-linked (Cello2–Cello6) glucans, which have

been described to trigger immune responses (Johnson

et al., 2018). Based on these results, we selected the trisac-

charide MLG43 as the minimal active MLG oligosaccharide

(Figure 1b,c) and lichenase as the best enzyme to release

this structure from MLG polymers.

Aiming to support the results obtained with oligosaccha-

rides from commercial sources, we also purified MLG43

from C-LICH + L, B-GLU + L and E-KOH + L by size exclu-

sion chromatography (SEC) (Figure 2; Figure S3). While B-

GLU digestion yielded MLG43 and MLG443, the highest

yield of MLG43 was obtained from C. islandica lichenan

digestion as revealed by TLC analyses (MLG43-L in Fig-

ure 2a,c). MLG43-L clearly co-eluted with the respective

commercial compound in a high-pressure anion exchange

(HPAE) chromatogram (Figure 2b,d,e). HPAE chromatogra-

phy (HPAEC) data also corroborated that, while lichenase

hydrolysis of B-GLU released a clearly noticeable amount

of MLG443 tetrasaccharide in addition to the trisaccharide,

lichenan structure clearly favoured the release of the trisac-

charide (Figure 2c). In Equisetum fractions, according to

SEC profiles, oligosaccharides of higher DP than the

tetrasaccharide were released (Figure S3). These high DP

oligosaccharides are compatible with hexasaccharides and

nonasaccharides, previously described for this species

(Simmons et al., 2013). Cross-elicitation experiments in

Col-0AEQ seedlings, by subsequent application of two

ligands in 600 sec interval, evidenced that MLG43-L and

commercial MLG43 had a refractory period of Ca2+ influx,

indicating that both MLGs have equivalent activity (Fig-

ure S4). Dose-dependence and estimated effective dose

(EED; 50% of total signal) of 265 lM were determined for

MLG43 on Arabidopsis seedlings using a concentration

range between 200 nM and 5 mM (Figure S5). All these con-

centrations activated a Ca2+ burst to a different extent, and

based on Ca2+ kinetics and EED value, 50 lM was selected

as an adequate final concentration for further experiments.

In addition, we decided to synthesize chemically the

pure MLG structures to characterize the PTI activity of addi-

tional structures further. The analysis of Ca2+ influxes

Figure 2. Purification of mixed-linked glucans (MLG) oligosaccharides from lichenase (L)-digested polysaccharides.

(a,c) Size exclusion chromatography elution profiles of 5 mg of lichenase digestion products from different b-1,3/1,4-glucans sources. (a) Barley (b-glucan; B-
GLU) and (c) lichenan from Cetraria islandica (C-LICH). Thin-layer chromatography profiles of each of the fractions are shown overlaid. Markers indicate the

migration of laminarin-oligosaccharides (Lam), cello-oligosaccharides (Cell) and MLG oligosaccharides (MLG).

(b,d,e) High pressure anion exchange chromatography profiles of 5 mg of lichenase (L)-digested polysaccharides and commercial MLG oligosaccharides. (b) B-

GLU + L and C-LICH + L; (d) MLG43 and MLG443. (e) Overlaid chromatograms comparing commercial MLG43 and purified MLG43 from lichenan (MLG43-L;

pooled fractions 38–44 of the elution profile shown in c). Data shown in all panels are representative chromatograms from one experiment of at least 10 per-

formed that gave similar results.
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triggered by these pure, synthetic structures indicated that

MLG oligosaccharides with DP3 and DP4 were not active

(Figure S6a), probably due to the presence of an ami-

noalkyl linker at their reducing end, which is required for

the synthesis process (Figure S6c; Bartetzko and Pfrengle,

2019; Dallabernardina et al., 2017) and that would affect

the tri-dimensional structures of these synthetic

oligosaccharides and may interfere with their perception

by PRRs. However, MLG oligosaccharides of higher DP (6

and 8) were active in triggering Ca2+ influxes (Figure S6b;

MLG443430, MLG444340, MLG433440, MLG34344430). Some

of the immune active synthetic MLG structures tested can-

not be generated through lichenase digestions, that gener-

ate MLGs with a single b-1,3 linkage placed next to the

Figure 3. Pattern-triggered immunity hallmarks activation by mixed-linked glucans, b-D-cellobiosyl-(1,3)-b-D-glucose (MLG43 50 lM) in Arabidopsis.

Chitohexaose (5 lM (a,b) and 50 lM for gene expression (c,d) and distilled water (mock) were used as controls in all the experiments.

(a) Reactive oxygen species (ROS) production in Arabidopsis leaf-discs of 5-week-old Col-0 plants by Luminol reaction measured as relative luminescence units

(RLU) over time. Data represent mean � r (n = 8) from one experiment of three performed that produced similar results.

(b) Mitogen-activated protein kinases (MAPK) phosphorylation in 12-day-old seedlings determined by western blot using anti-pTEpY antibody for phosphory-

lated MAPK moieties at different time points (5, 10 and 20 min). Arrows indicate the position of phosphorylated MPK6 (top), MPK3 (middle) and MPK4/11 (bot-

tom). Ponceau red-stained membranes show equal loading. Data shown are from one experiment of the five performed that gave similar results.

(c) Quantitative reverse transcription–polymerase chain reaction analysis in 12-day-old Arabidopsis seedlings. Relative expression levels to UBC21 (At5g25769)

gene at 30 min normalized to their expression levels in mock-treated seedlings were shown. Data represent mean � r of three technical replicates from two bio-

logical replicates (n = 6) of three independent biological replicates analysed that gave similar results. Statistically significant differences between MLG43 and

chitohexaose according to Student’s t-test (*P < 0.05).

(d) Venn diagram of shared overexpression between MLG43 and chitohexaose (both at 50 lM). RNA-sequencing data were obtained from the combination of

three biological replicates of 12-day-old Arabidopsis Col-0 plants at 30 min after treatment with MLG43 or chitohexaose.

(e) Biological process Gene Ontology (GO) term enrichment map of the overexpressed genes in 50 lM MLG43. GO term enrichment is expressed by node size.

Enrichment P-value determined by enrichment/depletion (two-sided hypergeometric) test and corrected by the Bonferroni step down method is represented by

colour scale. Only GO terms at P < 0.01 are shown. Links between groups indicate shared genes (j score level ≥ 0.4).
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reducing end, further indicating that ‘non-canonical’ MLG

oligosaccharides containing the MLG43/MLG34 ‘signature’

can be also recognized by plant cells.

MLG43 trisaccharide activate PTI hallmarks

Previous reports using luminol-based assays to quantify

reactive oxygen species (ROS) production in leaf discs trea-

ted with a b-1,3-glucan hexasaccharide (laminarihexaose)

or a b-1,4-glucan disaccharide (cellobiose) revealed an

absence of ROS production, even after applying high con-

centrations (0.5–1 mM) of these glucans (M�elida et al.,

2018; Souza et al., 2017). In contrast, we found that MLG43

triggered an ample ROS burst when applied at 50 lM on

Arabidopsis leaf discs, although this ROS burst was

weaker than that triggered by chitohexaose (Figure 3a). To

confirm PTI activity of MLG43, we next dissected the phos-

phorylation of protein kinases (MPK3/MPK6/MPK4/MPK11)

and the upregulation of PTI-reporter genes upon treatment

of Arabidopsis seedlings with MLG43 (Figure 3b,c). Wes-

tern blotting showed MPK3 and MPK6 phosphorylation

after MLG43 application (50 lM) to Arabidopsis seedlings,

with a phosphorylation peak at 10 min post-treatment (Fig-

ure 3b). MPK4/11 phosphorylation was almost undetected

in MLG43-elicited plants, which contrasted with the

observed phosphorylation upon chitohexaose treatment

(Figure 3b). Expression of five PTI-marker genes upregu-

lated by chitohexaose (WRKY53, FRK1, NHL10, NUD7 and

FH4; M�elida et al., 2018) was assessed by quantitative

reverse transcription–polymerase chain reaction (qRT-

PCR), and the results indicated that expression of all these

genes was similarly induced after MLG43 or chitohexaose

elicitation in comparison with mock-treated seedlings (Fig-

ure 3c), suggesting that these compounds trigger similar

transcriptional responses.

To characterize the global gene reprogramming trig-

gered by MLG43 further, we performed transcriptomic

analyses [RNA-Sequencing (RNA-seq)] of Arabidopsis

seedlings treated for 30 min with MLG43 or chitohexaose

(Figure 3d,e; Tables S1–S4). Incubation with MLG43

induced changes in the expression of 1229 genes, most of

which (1122) were upregulated (Figure 3d; Table S1). On

the other hand, treatments with chitohexaose resulted in

1988 genes whose expression levels were significantly

altered, with 691 genes being upregulated exclusively by

chitohexaose and 909 after treatment with both structures

(Figure 3d; Figure S7, Tables S2 and S3). Gene Ontology

(GO) classification of MLG43-induced genes showed that

these mainly grouped in terms related to immune system

processes, response to different stimuli, including biotic

and abiotic stresses, signal transduction and cell surface

receptors signalling pathways, among other GOs (Fig-

ure 3e), which are quite similar GOs to those found upon

treatment with chitohexaose (Figure S7). These analyses

indicate that MLG43-triggered responses are highly similar

to those induced by the well characterized MAMP chito-

hexaose (Figure 3; Figure S7).

LysM-PRRs have been described in various species as

co-receptors for glycan-based molecular patterns such as

chitin, peptidoglycan, b-1,3-glucans (laminarins) and

lipopolysaccharides (Desaki et al., 2018; M�elida et al., 2018;

Miya et al., 2007; Willmann et al., 2011). In particular, the

LysM-PRR CERK1 has a crucial role in glycan-based-MAMP

perception. Given the high similarity in global gene repro-

graming triggered by MLG43 and the CERK1-dependent

ligand chitohexaose, we wondered whether refractory

stages would exist between the application of these two

glyco-ligands to Arabidopsis seedlings. Notably, cross-elic-

itation experiments in Col-0AEQ seedlings demonstrated

the absence of such a refractory period, further suggesting

that the mechanisms of perception of these glycans and

the PRRs involved in their perception are not identical (Fig-

ure 4a). In addition to CERK1, the LysM-PRRs LYK5 and

LYK4 have been involved in chitohexaose perception as

receptor and co-receptor, respectively (Cao et al., 2014; del

Hierro et al., 2020; Liu et al., 2012). To characterize the

molecular mechanisms of MLG43-mediated immunity fur-

ther, phosphorylation of mitogen-activated protein kinase

(MAPK) was tested by western blots in wild-type plants

and cerk1 single and lyk4 lyk5 double mutants upon

MLG43 treatment and we found that MAPK phosphoryla-

tion levels were weaker in these mutants than in wild-type

plants, whereas they were fully impaired upon chito-

hexaose treatment, as reported previously (Cao et al.,

2014; Figure 4b). These data indicate that MLG43 percep-

tion partially depends on CERK1, LYK5 and LYK4 PRRs,

that might function as co-receptors, as previously

described for the b-1,3-glucan elicitor laminarihexaose

(M�elida et al., 2018). In addition to LysM-PRRs, BAK1 and

SOBIR1 are frequently involved as PRR co-receptors in the

activation of signal transduction following perception of

different DAMP/MAMPs (van der Burgh et al., 2019; Perraki

et al., 2018). We tested phosphorylation of MAPK in wild-

type plants and mutant lines impaired in BAK1 and

SOBIR1, and we found that MAPK phosphorylation levels

were similar in these mutants and wild-type plants upon

MLG43 treatment (Figure S8), suggesting that MLG43 per-

ception does not depend on BAK1 and SOBIR1. These data

were in line with those obtained by determining protein–
glycan interaction energies applying a molecular dynamics

simulation methodology recently described (del Hierro

et al., 2020) that confronted optimized CERK1, BAK1 and

SOBIR1 ECD structures and MLG43 in solvent boxes

(Table S7). ECD-glycan DG determinations resulted in posi-

tive or close to zero energy values, which indicate that no

direct binding events between the ECDs of these PRRs and

MLG43 took place during the molecular dynamics simula-

tions (Table S7). Together, these analyses with the ECDs of

main co-receptors indicated that MLG43 perception and
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signal transduction is mediated by a not yet characterized

immune complex that does not involve BAK1 or SOBIR1

and that probably involves LysM-PRRs as redundant co-re-

ceptors.

MLG43 pre-treatments diminish plant disease symptoms

caused by inoculations of pathogens

MLGs are undoubtedly present in the wall of several

plants, algae, lichen-forming ascomycete symbionts, fungi

and bacteria, but most likely not in dicot plant species such

as Arabidopsis (Burton et al., 2006; Zablackis et al., 1995).

Several lines of evidence also point to the presence of

MLGs in the cell wall of several plant pathogens harbour-

ing glucan-rich extracellular envelopes such as oomycetes,

fungi and some bacteria, but the presence of MLGs in

these organisms has been reported only in a few cases

(Fontaine et al., 2000; Lee and Hollingsworth, 1997; M�elida

et al., 2013; P�erez-Mendoza et al., 2015; Pettolino et al.,

Figure 4. MLG43-triggered immunity in Arabidopsis is partially dependent on LysM-PRRs CERK1, LYK4 and LYK5.

(a) Cross-elicitation during the refractory period of Ca2+ signalling upon application of 50 lM MLG43, 50 lM chitohexaose and distilled water (mock). Data show

the elevation of cytoplasmic Ca2+ concentration, measured as relative luminescence units (RLU), over time in 8-day-old Arabidopsis Col-0AEQ seedlings after

treatments. Arrow indicates the application time of the second treatment within the refractory period of the first elicitation. Data represent mean � r (n = 8) in

all panels.

(b) Mitogen-activated protein kinases (MAPK) phosphorylation in 12-day-old Arabidopsis seedlings of Col-0 plants and cerk1-2, and lyk4 lyk5 mutants impaired

in LysM-PRR co-receptors. Western blot using anti-pTEpY antibody for phosphorylated MAPK moieties at different time points (5, 10 and 20 min). Black arrows

indicate the position of phosphorylated MPK6 (top), MPK3 (middle) and MPK4/11 (bottom). Anti-MPK6 and anti-MPK3 were used as total protein control. Pon-

ceau red-stained membranes show equal loading. Chitohexaose (5 µM) and distilled water (mock) were used as controls. These results are from one representa-

tive experiment of the three performed that gave similar results.
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2009; Samar et al., 2015). We searched for the presence of

MLGs in the cell wall of the Arabidopsis oomycete patho-

gen Hyaloperonospora arabidopsidis, belonging to the

Peronosporales order, such as the Phytophthora species,

that contain up to 85% of glucans in their cell walls

(M�elida et al., 2013). We obtained alcohol insoluble resi-

dues (AIR; equivalent to partially purified cell walls) from

H. arabidopsidis Noco2 conidiospores, and found that

these AIRs contained on average 27.9 µg of MLGs per

mg of dry weight (Figure 5a). Next, we purified AIR frac-

tions from non-inoculated and H. arabidopsidis-inocu-

lated Arabidopsis plants, which were extensively

washed, before mechanical disruption for AIR prepara-

tion, to remove H. arabidopsidis sporangiophores and

those conidiospores from spray inoculation of the plants

that had not germinated from leaves surface. Interest-

ingly, we found that only AIR from H. arabidopsidis-inoc-

ulated plants contained MLGs (29.6 µg per mg of AIR

dry weight; Figure 5a), which would necessarily derive

from intracellularly grown H. arabidopsidis hyphae inside

Arabidopsis leaves, as the conidiospores had been

washed out. These data showed that, at least in the Ara-

bidopsis–H. arabidopsidis pathosystem, plant cells are

exposed to this oomycete’s MLGs. In sight of these data,

we tested whether pre-treatment with MLG43 of Ara-

bidopsis Col-0 wild-type plants before infection with the

oomycete would improve Arabidopsis resistance to the

compatible and virulent Noco2 isolate. Of note, we

observed a reduction of up to 60% in conidiospore mg�1

of plant fresh weight at 7 days post-inoculation (dpi) in

plants pre-treated with MLG43 in comparison with

untreated plants (Figure 5b). These data would favour

the classification of MLGs as MAMPs triggering PTI in

Arabidopsis.

Next, we asked whether part of the knowledge gained

using the model species Arabidopsis could be translated to

crops such as tomato and pepper. In a first instance, we

evaluated the MLG43-protection capacity by pre-treating

tomato plants with the trisaccharide 2 days before chal-

lenging them with the bacterium Pseudomonas syringae

pv. tomato DC3000. Notably, bacterial growth was signifi-

cantly reduced in the MLG43-pre-treated tomato plants at

11 dpi compared with mock-treated plants (Figure 6a).

Moreover, MLG43 treatment leaded to the upregulation of

two tomato PTI-marker genes, SlWRKY53 and SlPTI5 (Liu

et al., 2019) (Figure S9). A similar approach was followed

in pepper plants that were pre-treated with MLG43 2 days

before inoculation with the necrotrophic fungi Sclerotinia

sclerotiorum or Botrytis cinerea. MLG43-treated pepper

plants showed, in comparison with mock-treated plants, a

reduction in their disease symptoms index (Figure S10) at

9 dpi with S. sclerotiorum (Figure 6b), and at 5 and 9 dpi

with B. cinerea (Figure 6c). The activation of MLG43-trig-

gered immune responses in Arabidopsis, tomato and

Figure 5. Mixed-linked glucans are components of the cell walls of Hyaloperonospora arabidopsidis and trigger Arabidopsis disease resistance to this oomycete

pathogen.

(a) b-1,3/1,4-glucan quantification in alcohol insoluble residues (AIRs) of H. arabidopsidis (Hpa isolate Noco2) conidiospores and of Arabidopsis Col-0 plants

non-infected (mock-treated) or infected with H. arabidopsidis (Noco2) 7 days post-inoculation (dpi) with conidiospores (24-day-old Arabidopsis plants). Inocu-

lated plants were extensively washed before AIR preparations in order to release H. arabidopsidis conidiospores from plant tissues. Data represent average � r
(n = 3). Dashed line indicates the detection limit of the method used.

(b) Arabidopsis plants were foliar pre-treated with MLG43 at two different concentrations 2 days before inoculation with H. arabidopsidis (Noco2). Presence of

H. arabidopsidis in plants was quantified at 7 dpi (24 days old) as the abundance of conidiospores in inoculated per mg plant fresh weight. Data represent

mean � SE (n = 30). Statistically significant differences according to the Student’s t-test (*P < 0.05; **P < 0.01).
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pepper suggests that these species have the PRRs and

co-PRRs required for MLG perception and PTI activation.

DISCUSSION

Cell walls are dynamic and highly controlled structures

that are the first point of contact during a plant–microbe

interaction (Bacete et al., 2018, 2020; Geoghegan et al.,

2017; Lampugnani et al., 2018; Rui and Dinneny, 2020). The

evolutionary arms race has provided plants and their

microbial interactors with a large collection of cell wall-de-

grading enzymes to shoot down the opponent’s wall

(Rovenich et al., 2016). Therefore, cell walls are rich

sources of carbohydrate-based defence signalling mole-

cules (DAMPs and MAMPs), which remain poorly charac-

terized. Here, we demonstrate that some structures

contained in MLGs are perceived as molecular patterns by

different plant species triggering immune responses. In

particular, we identified a minimal structure, the trisaccha-

ride MLG43, which triggers several PTI-hallmarks in Ara-

bidopsis at low concentrations. Indeed, the transcriptomic

study showed that MLG43 and the well-known MAMP chi-

tohexaose activate transcriptional responses that share

almost 81% of the overexpressed genes, further demon-

strating a very high gene reprogramming overlap upon

treatment with these glycoligands. These data are in line

with previous transcriptomic analyses comparing the Ara-

bidopsis-responsive genes to single-linked b-1,3-glucans
(DAMP/MAMP) and b-1,4-glucans (DAMPs) and chitin

(MAMP) that revealed that a significant percentage of mis-

expressed genes were shared between glucans and chitin

treatments (Johnson et al., 2018; M�elida et al., 2018; Souza

et al., 2017).

Structurally, the most similar oligosaccharides to MLG43

are glucans with solely b-1,3 or b-1,4 linkages (Stone and

Clarke, 1992). Cellulose-derived oligomers (b-1,4-glucans)
are plant cell wall-derived DAMPs that trigger signalling

cascades sharing some similarities with the responses trig-

gered by chitin and the well-characterized DAMP oli-

gogalacturonides derived from plant pectic

polysaccharides (Aziz et al., 2007; Benedetti et al., 2015;

Ferrari et al., 2013; Johnson et al., 2018; Souza et al., 2017).

Cello-oligomers (DP3 or higher) and MLG43, as well as

chitin, are active on plants at nanomolar concentrations

(Johnson et al., 2018; Kaku et al., 2006), which are signifi-

cantly lower than those required to trigger PTI responses

by b-1,3-glucans and xyloglucan (containing a b-1,4-linked
glucose backbone), which are in the high micromolar

range (Aziz et al., 2003; Claverie et al., 2018; Klarzynski

et al., 2000; M�elida et al., 2018). Interestingly, in spite of

the high b-1,3-glucans and xyloglucans doses required to

be perceived by plants, they were able to improve protec-

tion in several pathosystems. For instance, xyloglucan

increased grapevine and Arabidopsis resistance against

the fungus B. cinerea or the oomycete H. arabidopsidis,

respectively, while b-1,3-glucans improved, among others,

tobacco and grapevine protection against bacterial (Erwi-

nia carotovora), fungal (B. cinerea) and oomycete (Plas-

mopara viticola) pathogens (Aziz et al., 2003; Claverie

et al., 2018; Klarzynski et al., 2000). Given the high abun-

dance of b-1,3-glucans in the cell walls of brown seaweed,

laminarin-based products have been successfully devel-

oped to be used in agriculture as activators of plant natural

defence against pathogens. Similarly, pre-treatments

with the single-linked b-1,4-glucan cellobiose reduced

Figure 6. MLG43 pre-treatment confers enhanced disease resistance against bacterial and fungal pathogens to tomato and pepper plants.

Plants were sprayed with MLG43 (0.25 mg plant�1) 2 days before pathogen challenge.

(a) Colony forming units (cfu) of Pseudomonas syringae pv. tomato DC3000 per leaf area at 0 and 11 days post-inoculation (dpi) in tomato plants. Data represent

mean � SE (n = 8).

(b) Disease symptoms index produced by Sclerotinia sclerotiorum at 5 and 9 dpi in leaves of pepper plants. Data represent mean � SE (n = 24).

(c) Disease symptoms index produced by Botrytis cinerea at 5 and 9 dpi in leaves of pepper plants. Data represent mean � SE (n = 12). Disease indexes (0–5)
examples for (b) and (c) are shown in Figure S10. Statistically significant differences according to the Student’s t-test (*P < 0.05; **P < 0.01). All the disease

experiments were performed at least four times and one representative experiment is shown.
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P. syringae growth on Arabidopsis seedlings, although

high doses were required to observe such an effect (Souza

et al., 2017).

Notably, we show here that a glucan trisaccharide com-

bining both b-1,3 and b-1,4 linkages (MLG43) is also per-

ceived by Arabidopsis and some crops (tomato and

pepper) at lower concentrations than the single-linked

counterparts b-1,3- and b-1,4-glucans. Indeed, pre-treat-

ments of Arabidopsis, tomato and pepper with MLG43

before pathogen inoculation confers enhanced disease

resistance and significant protection against oomycete,

bacterial and fungal pathogens, supporting that different

plant species in addition to Arabidopsis harbour the PRRs

required for recognition of the MLGs. This perception, at

least in Arabidopsis, seems to be independent of the co-re-

ceptors BAK1 and SOBIR1, and only partially dependent on

CERK1, LYK4 and LYK5 LysM-PRRs, contrary to chitin and

b-1,3-glucans, which were fully impaired in the cerk1-2

mutant (Cao et al., 2014; Liu et al., 2012; M�elida et al.,

2018). Despite these differences in PRR complexes

involved in the perception of these carbohydrate-based

MAMPs, they transcriptionally activate a very high similar

downstream gene reprograming, as reported in other

MAMPs comparisons (Bjornson et al., 2020).

Our data support that MLGs represent a group of molec-

ular patterns perceived by plants, but it raises now several

important biological questions about the different source

of MLGs that plants are exposed to during plant/pathogen

interactions, and the mechanisms of MLG recognition by

plants. Notably, some plant phylogenetic groups, such as

Poaceae species, harbour MLGs in their cell walls that can

release immune-active MLGs (MLG43) upon the catalytic

breakdown during infection by fungal/oomycete cell wall

degrading enzymes, such as cellulases, and accordingly

MLG43 could be classified as a self-molecular pattern or

DAMP. However, other plant species, including Arabidop-

sis, tomato and pepper used in this work do not seem to

contain MLGs in their cell walls, but we show here that

they are able to perceive MLG43 and to trigger immune

responses. In these cases, MLG43 will be perceived as

non-self-molecular pattern or MAMP. We show here that

the oomycete H. arabidopsidis harbours MLGs in the cell

walls of conidiospores or intracellularly growing hyphae in

Arabidopsis-infected plants. This finding is in line with pre-

vious reports indicating the presence of MLGs in the cell

wall of several microorganisms, although these glucan

structures remain poorly characterized (Fontaine et al.,

2000; Lee and Hollingsworth, 1997; M�elida et al., 2013;

P�erez-Mendoza et al., 2015; Pettolino et al., 2009; Samar

et al., 2015). There are many groups of microbes whose

cell wall contains high proportions of glucans, but as MLG

constituent units (1,4- and 1,3-linked glucosyl residues) can

be the building blocks of other better microbial character-

ized polymers (e.g. laminarin, glycogen, cellulose), MLG

presence has probably been underestimated to date. For

instance, plant pathogens such as oomycetes Phytoph-

thora infestans and Phytophthora parasitica contain over

85% of glucans in their cell walls, including a high propor-

tion of both 1,4- and 1,3-linked glucosyl units (M�elida

et al., 2013). However, the presence of polymers combining

both types of linkages (MLGs) has not been investigated in

detail yet. A good example illustrating this is that the cell

wall composition of the closely related oomycete H. ara-

bidopsidis is unknown, but we have demonstrated here

that it contains at least a 3% of MLGs in extracted AIR wall

fraction. The enhanced resistance to H. arabidopsidis of

Arabidopsis plants pre-treated with MLG43 clearly demon-

strate that MLGs are perceived as MAMPs. In this sense,

further work unveiling perception mechanisms and the

specific immune pathways triggered by MLGs in different

species will help to decipher their biological functions fur-

ther.

In conclusion, our data expand the current knowledge of

the diversity of glycan-based molecular patterns recog-

nized by plant immune systems, support the use of them

as products for the modulation of crop immunity and antic-

ipate that their application in agriculture could help

towards the transition to a more sustainable agriculture.

EXPERIMENTAL PROCEDURES

Plant growth conditions

Col-0 background lines were used for all the Arabidopsis experi-
ments in the present work. Arabidopsis seedlings used for Ca2+cyt
(Col-0AEQ), MAPK phosphorylation and gene expression analyses
were grown in liquid MS medium and plants in soil–vermiculite
(3:1) under 10 h light/14 h dark conditions at 21–20°C (M�elida
et al., 2018). Tomato plants (Solanum lycopersicum, Moneymaker)
were grown in a greenhouse in soil–vermiculite (3:1) under 14 h
of light/10 h of dark at 24–22°C. Pepper plants (Capsicum annuum,
Murano) were grown in a greenhouse in soil–vermiculite (3:1)
under 14 h of light/10 h of dark at 24–19°C.

Carbohydrates used in the experiments

B-GLU (#P-BGBL), MLG43, MLG34, MLG443, MLG434 + 344 and
hexaacetyl-chitohexaose (chitohexaose; b-1,4-D-(GlcNAc)6; #O-
CHI6) were acquired from Megazyme (Wicklow, Ireland). Lichenan
from Cetraria islandica (#GLU602) was purchased from Elicityl.
Equisetum arvense raw materials were kindly provided by Bio-
search Life (Granada, Spain; #COPMCOLO001). MLG340, MLG4340,
MLG443430, MLG444340, MLG433440, MLG344430 and
MLG34344430 were chemically synthesized using automated gly-
can assembly as previously described (Dallabernardina et al.,
2017). More details can be found in Table S5.

Preparation and digestion of b-1,3/1,4-glucan
polysaccharides and oligosaccharides purification

Equisetum arvense raw materials were fine-powdered using a
kitchen blender and extracted with MeOH/CHCl3 (1:1) four times
during 4 h at 4°C. A vacuum pump filtration was used to separate
the soluble fraction after each step. Soluble fractions were
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discarded, and the insoluble residues were extracted with 70% (v/
v) ethanol twice (1 h at 90°C and overnight at room temperature).
The residue after filtration was then treated with distilled water
twice (1 h at 90°C and overnight at room temperature). The resi-
due after filtration was considered AIR. AIR polysaccharides were
chemically extracted using 4% (w/v) KOH (E-KOH fraction) as pre-
viously described (M�elida et al., 2009). B-GLU, E-KOH fraction
from E. arvense and lichenan (C-LICH) were suspended in distilled
water (5 mg ml�1) containing 1.4 U ml�1 of lichenase (+L; EC
3.2.1.73; Megazyme) and stirred 72 h at 60°C. Digestion products
were freeze-dried and fractionated by SEC (140 cm3 bed volume in
a 1.6 cm diameter column; Biogel P2 Extrafine; Bio-Rad, Hercules,
CA, USA) (M�elida et al., 2020). Total carbohydrates in each fraction
were quantified by phenol-sulphuric acid method (Dubois et al.,
1956).

b-1,3/1,4-glucans content determination

For the determination of MLGs in H. arabidopsidis conidiospores,
these were recovered from 24-day-old Arabidopsis plants inocu-
lated (4 9 104 conidiospores ml�1) 7 days before tissue harvest-
ing. Plant tissues were extensively washed with distilled water
and a conidiospore suspension was collected. The suspension
was centrifuged for 10 min at 5000 g to obtain a conidiospore pel-
let, upon discarding both supernatant and green upper layer of
the pellet. Conidiospore pellets were homogenized and then
extracted three times with 80% (v/v) ethanol for 1 h, overnight and
1 h. Air-dried pellets after acetone washings were considered as
AIRs (Pettolino et al., 2009). To determine MLGs in Arabidopsis
plants inoculated (4 9 104 conidiospores ml�1) or mock-inocu-
lated with H. arabidopsidis, plants were extensively washed with
water to release conidiospores from inoculated plants, and then
plant tissues were immediately frozen with liquid nitrogen, and
AIRs were prepared as described by Bacete et al. (2017). MLGs
were quantified from the different AIR materials using a Mixed
Linkage b-Glucan Assay Kit (Megazyme; #K-BGLU).

Carbohydrate analyses

Oligosaccharides were analysed by TLC and HPAEC. MLGs (5 µg)
were spotted onto TLC plates (Silicagel 60; Merck, Darmstadt, Ger-
many) and run twice using 1-propanol/ethyl-acetate/water (9:7:4
by volume). TLC plates were developed by using the thymol-
H2SO4 method (M�elida et al., 2020). HPAEC separations were per-
formed using a CarboPac PA-200 anion exchange column
(4.6 9 250 mm; Dionex, Oakville, ON, Canada) mounted on a Dio-
nex ICS 3000 HPAEC-PAD system and a pulsed amperometric
detector. Oligosaccharides were eluted at 0.5 mL min�1 using a
linear saline gradient of 30 mM NaOH to 30 mM NaOH/300 mM

sodium acetate over 16 min and equilibration at the initial condi-
tions for 5 min.

Aequorin luminescence measurements

Eight-day-old Arabidopsis ‘aequorin-plants’ (Col-0AEQ; Ranf et al.,
2012) were used for Ca2+ influxes measurements (Bacete et al.,
2017). Dose–response curves and EED were calculated using total
relative luminescence unit values (areas under kinetic curves)
(M�elida et al., 2018).

ROS

H2O2 production upon elicitation was monitored on 4-mm diame-
ter leaf discs carefully obtained from 5-week-old Arabidopsis
plants by using the luminol-peroxidase method (Escudero et al.,
2017).

Immunoblot analysis of MAPK activation

Arabidopsis seedlings (12-day-old) were treated with different
oligosaccharides and distilled water (mock) for 0, 5, 10 and 20 min,
and fast-frozen with liquid nitrogen. Seedlings were homogenized
using a FastPrep Bead Beating System (MP Biomedicals, Santa Ana,
CA, USA) in extraction buffer (50 mM Tris-HCl pH 7.5, 200 mM NaCl,
1 mM EDTA, 10 mM NaF, 2 mM sodium orthovanadate, 1 mM sodium
molybdate, 10% (v/v) glycerol, 0.1% (v/v) Tween-20, 1 mM 1,4-dithio-
threitol, 1 mM phenylmethylsulfonyl fluoride and phosphatase inhi-
bitor cocktail #P9599; Sigma-Aldrich, St. Louis, MO, USA). Total
protein extracts were quantified by the Bradford assay (Bio-Rad).
Proteins (40 µg) were separated using 10% Mini-PROTEAN TGX Pre-
cast protein gels and transferred to nitrocellulose membranes using
the Invitrogen iBlot Gel Transfer Device. Membranes were blocked
with Protein-Free Blocking Buffer [Tris-buffered saline (TBS); Thermo
Fisher Scientific, Waltham, MA, USA] for 2 h at room temperature.
Membranes were incubated overnight at 4°C in TBS containing
phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) antibody (Cell Sig-
naling Technology, Danvers, MA, USA) (1:1000) or anti-AtMPK3
(1:2500) and anti-AtMPK6 (1:10 000) antibodies (Sigma-Aldrich).
Membranes were washed with TBS containing 0.1% Tween-20 and
incubated with horseradish peroxidase-conjugated antirabbit anti-
body (GE Healthcare, Chicago, IL, USA) (1:5000) in TBS. Blots were
finally developed using the ECL western blotting substrate (Thermo
Fisher Scientific) and imaged using an iBright FL1000 Image System
(Thermo Fisher Scientific). Membranes were also stained with Pon-
ceau-S Red (Sigma-Aldrich).

Gene expression analyses

Twelve-day-old Arabidopsis seedlings were treated with different
oligosaccharides and distilled water (mock) for 0 and 30 min and
used for qRT-PCR and RNA-seq gene expression analysis. qRT-
PCR analyses were performed as described by M�elida et al. (2020).
Oligonucleotides used in the analysis are shown in Table S6.

RNA-seq analyses were performed by sequencing and analysing
three biological replicates for each treatment as previously described
(M�elida et al., 2020). RNA-seq read data can be retrieved from the
NCBI Sequence Read Archive (SRA) under BioProject accession ID
PRJNA625401 (BioSample accession SAMN15682114). Significant
(P < 0.05) enrichments were determined using the hypergeometric
test with Bonferroni step down correction. To determine differen-
tially expressed genes, t-tests were performed for the treatments
against mock values. N-fold ≥ 2 was used to prove upregulation and
an n-fold ≤ 0.5 was applied to select downregulated genes. ClueGO
2.5.6 app for Cytoscape was used to determine which GO categories
were statistically overrepresented in the differentially expressed set
of genes.

Molecular dynamics simulations

Geometries for MLG43-PRRs complexes were firstly obtained with
docking calculations using the crystal structures of AtCERK1-ECD
(PDB code: 4ebz), AtBAK1-ECD (PDB code: 4mn8) and AtSOBIR1-
ECD (PDB code: 6rih). MLG43 ligand was built and optimized in
vacuum as described (del Hierro et al., 2020). Energy terms con-
tributing to protein–ligand interactions were computed using
molecular mechanics following a previously established pipeline
(del Hierro et al., 2020).

Crop protection assays

For H. arabidopsidis experiments, Arabidopsis plants were grown
in soil as indicated above but at a higher humidity (75%). Two-
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week-old Arabidopsis plants were treated by foliar spray using
0.1 ml of MLG43 solution in water (0.1 mg ml�1 or 0.5 mg ml�1).
Two days after treatment, plants were spray-inoculated with
0.1 ml conidiospore suspension (4 9 104 conidia ml�1) of a H. ara-
bidopsidis isolate Noco2. H. arabidopsidis level of infection in
inoculated plants was quantified at 7 dpi (24-day-old Arabidopsis
plants) as the abundance of conidiospores per mg of plant fresh
weight. Conidiospores were recovered from inoculated plants by
extensively washing them with distilled water, and released conid-
iospores in water suspensions were counted using a Neubauer
chamber, and relativized to mg of plant fresh weight.

Tomato plants (S. lycopersicum, Moneymaker) were grown in a
greenhouse in soil–vermiculite (3:1) under 14 h of light/10 h of
dark at 24–22°C. Three-week-old plants were sprayed with 2 ml of
a MLG43 solution (0.125 mg ml�1) containing 2.5% UEP-100
(Croda, Snaith, UK) and 2.5% Tween 24 MBAL (Croda) as adju-
vants. Adjuvant solutions were used as mocks. Two days after
treatments plants were challenged with Pseudomonas syringae
pv. tomato DC3000 as described by Santamar�ıa-Hernando et al.,
(2019). Tomato leaf discs were collected from four different plants
at 0 and 11 dpi and colony forming units (cfu) per foliar area were
determined as described (M�elida et al., 2020).

For S. sclerotiorum and B. cinerea experiments, pepper plants
(C. annuum, Murano) were grown in a greenhouse in soil–vermi-
culite (3:1) under 14 h of light/10 h of dark at 24–22°C. Five-week-
old plants were treated using 5 ml of a MLG43 solution
(0.05 mg ml�1; for S. sclerotiorum experiments) or 2 ml of a
MLG43 solution (0.125 mg ml�1; for B. cinerea experiments) con-
taining 0.5% UEP-100 and 0.05% Tween 24 MBAL as adjuvants.
Adjuvant solutions were used as mocks. Two days after treatment,
plants were spray-inoculated with 5 ml of 250 colony forming
units ml�1 suspension of S. sclerotiorum homogenized mycelia
according to Chen and Wang (2005) or with 3 ml of Gamborg’s B5
medium containing 106 B. cinerea conidia (Benito et al., 1998) and
moved to a greenhouse high-humidity (75%) chamber. Disease
symptoms were determined at 5 and 9 dpi in the first eight leaves
of each plant (n = 24 plants for S. sclerotiorum and n = 12 for B.
cinerea) using a scale from 0 to 5 where 0 = no symptoms; 1 = lit-
tle necrotic spots (<10% of leaf area); 2 = two or more notable
necrotic spots (10–25% of leaf area); 3 = big necrotic area (25–50%
of leaf area); 4 = >50% of leaf area affected and 5 = leaf senes-
cence. Representative images of the disease index scales used to
evaluate both pathosystems are shown in Figure S10. All the dis-
ease experiments were performed at least four times and one rep-
resentative experiment is shown.
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Figure S1. Cytoplasmic calcium elevation triggered by dimer and
trimer mixed-linked glucans. Calcium influx measured as relative
luminescence units (RLU) over time in 8-day-old Arabidopsis Col-
0AEQ seedlings after treatment with 50 µM of b-D-cellobiosyl-(1,3)-b-
D-glucose (MLG43), b-D-glucosyl-(1,3)-b-D-cellobiose (MLG34), cel-
lobiose (Cello2), cellotriose (Cello3) and laminaribiose (Lam2) and
laminaritriose (Lam3). Data represent mean � r (n = 8). These
results are from one representative experiment out of the three
performed that gave similar results.

Figure S2. Thin-layer chromatography of enzymatic hydrolysis of
different mixed-linked glucans sources with either lichenase (EC
3.2.1.73) or cellulase (EC 3.2.1.4): barley b-glucan (B-GLU), liche-
nan from Cetraria islandica (C-LICH) and 4% KOH fraction of
Equisetum arvense cell wall (E-KOH). Enzyme dilution used and
undigested substrates were loaded as controls. Markers at the
right side indicate the migration of glucose, laminarin-oligosac-
charides (Lam), cello-oligosaccharides (Cell) and MLG oligosac-
charides (MLG).

Figure S3. Size exclusion chromatography elution profiles of liche-
nase digestion products (+L) from different b-1,3/1,4-glucans
sources. (a) Barley b-glucan (B-GLU), (b) lichenan from Cetraria
islandica (C-LICH) and (c) 4% KOH fraction of Equisetum arvense
cell wall (E-KOH) were digested with lichenase (+L). Five mg of the
digested fractions were loaded in the chromatography column.
Data shown in all panels are representative chromatograms from
one experiment of at least 10 performed that gave similar results.

Figure S4. Cross-elicitation during the refractory period of calcium
signalling upon application of 50 lM of commercial MLG43 (Mega-
zyme), purified MLG43 (MLG43-L) or distilled water (mock). Data
show the elevation of cytoplasmic calcium concentration,
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measured as relative luminescence units (RLU), over time in 8-
day-old Arabidopsis Col-0AEQ seedlings after treatments. Arrow
indicates the application time of the second elicitor within the
refractory period of the first elicitation. Data represent mean � r
(n = 4) of a representative experiment of the three independent
experiments performed that gave similar results.

Figure S5. MLG43 dose response analyses. (a) Increase of cyto-
plasmic calcium concentration in 8-day-old Arabidopsis Col-0AEQ

seedlings measured as relative luminescence units (RLU) over
time by increasing MLG43 concentrations (from 200 nM to 5 mM).
(b) Dose dependence of total cytoplasmic calcium influxes in Ara-
bidopsis Col-0AEQ seedlings upon treatments with increasing
MLG43 concentrations. Calcium saturation curves were adjusted
by using Prism 6 Software, and the upper and lower lines repre-
sent the 95% confidence intervals. Arrow indicates the MLG43
estimated effective dose (EED = 265 lM).

Figure S6. Calcium influx kinetics triggered by synthetic mixed-
linked glucans. Calcium influx measured as relative luminescence
units (RLU) over time in 8-day-old Arabidopsis Col-0AEQ seedlings
after treatment with 50 lM of different synthetic MLGs (a, b) or chi-
tohexaose (a). (c) Structural scheme of the different synthetic MLG
oligosaccharides used in the experiments. The oligosaccharide lin-
ker of the reducing end of the MLGs tested is shown. These data
are from one representative experiment of at least three per-
formed that gave similar results.

Figure S7. Biological process Gene Ontology (GO) term enrich-
ment map of the overexpressed genes in 12-day-old Arabidopsis
Col-0 plants treated MLG43 or chitohexaose. RNA-seq data were
obtained from the combination of three biological replicates. (a)
Common overexpressed genes 30 min after 50 lM MLG43 or chi-
tohexaose treatments. (b) Overexpressed genes 30 min after
50 lM chitohexaose treatment. GO term enrichment is expressed
by node size. Enrichment P-value determined by hypergeometric
test and corrected by Benjamini-Hochberg false discovery rate is
represented by colour scale. Links between groups indicates
shared genes. Only GO terms with a P-value <0.01 are shown.
Links between groups indicates shared genes (j score level ≥ 0.4).

Figure S8. Mitogen-activated protein kinases (MAPK) phosphoryla-
tion in 12-day-old Arabidopsis seedlings of Col-0 plants and cerk1-
2, bak1-5 and sobir1-12 mutants impaired in PRR co-receptors
treated with 50 µM MLG43. Western blot using anti-pTEpY anti-
body for phosphorylated MAPK moieties at different time points
(5, 10 and 20 min). Black arrows indicate the position of MPK6
(top), MPK3 (middle) and MPK4/11 (bottom) proteins. Anti-MPK6
and anti-MPK3 were used as total protein control. Ponceau red-
stained membranes show equal loading. Chitohexaose (5 µM) and
distilled water (mock) were used as controls. These results are
from one representative experiment of the three performed that
gave similar results.

Figure S9. qRT-PCR analyses of the expression of PTI-related
genes upregulated in tomato Moneymaker plants treated for
60 min with MLG43 (0.25 mg plant�1). Relative expression levels
to the LOC543683 (SlUBC) gene are shown. Values are
means � SD, n = 3 from two independent experiments. Asterisks
indicate treatments with significant differences compared with
non-treated control plants (Student’s t-test analysis, *P < 0.05).
These results are from one of the two representative experiments
performed that gave similar results.

Figure S10. Representative images of disease index scales used to
evaluate pepper-Sclerotinia sclerotiorum (left) or pepper-Botrytis
cinerea (right) pathosystems. Disease index ranges from 0 to 5,
where 0 = no symptoms; 1 = little necrotic spots (<10% of leaf
area); 2 = two or more notable necrotic spots (10–25% of leaf

area); 3 = big necrotic area (25–50% of leaf area); 4 = more than
50% of leaf area affected and 5 = leaf senescence.

Table S1. Differentially expressed genes under treatment with
MLG43 in Arabidopsis.

Table S2. Differentially expressed genes under treatment with chi-
tohexaose in Arabidopsis.

Table S3. Classification of Arabidopsis upregulated genes into
common and specific after treatment with MLG43 or chito-
hexaose.

Table S4. Classification of Arabidopsis downregulated genes into
common and specific after treatment with MLG43 or chito-
hexaose.

Table S5. b-1,3/1,4-glucan oligosaccharides (MLGs) used in this
work.

Table S6. Oligonucleotides used in this work.

Table S7. MLG43-ectodomains interaction energies determina-
tions.
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Arabinoxylan-Oligosaccharides Act
as Damage Associated Molecular
Patterns in Plants Regulating
Disease Resistance
Hugo Mélida1, Laura Bacete1,2†, Colin Ruprecht3†, Diego Rebaque1,2,4, Irene del Hierro1,2,
Gemma López1, Frédéric Brunner4, Fabian Pfrengle3† and Antonio Molina1,2*

1 Centro de Biotecnologı́a y Genómica de Plantas, Universidad Politécnica de Madrid (UPM)—Instituto Nacional de
Investigación y Tecnologı́a Agraria y Alimentaria (INIA), Pozuelo de Alarcón (Madrid), Spain, 2 Departamento de
Biotecnologı́a-Biologı́a Vegetal, Escuela Técnica Superior de Ingenierı́a Agronómica, Alimentarı́a y de Biosistemas, UPM,
Madrid, Spain, 3 Department of Biomolecular Systems, Max Planck Institute of Colloids and Interfaces, Potsdam, Germany,
4 PlantResponse Biotech S.L., Campus de Montegancedo UPM, Pozuelo de Alarcón (Madrid), Spain

Immune responses in plants can be triggered by damage/microbe-associated molecular
patterns (DAMPs/MAMPs) upon recognition by plant pattern recognition receptors
(PRRs). DAMPs are signaling molecules synthesized by plants or released from host
cellular structures (e.g., plant cell walls) upon pathogen infection or wounding. Despite the
hypothesized important role of plant cell wall-derived DAMPs in plant-pathogen
interactions, a very limited number of these DAMPs are well characterized. Recent work
demonstrated that pectin-enriched cell wall fractions extracted from the cell wall mutant
impaired in Arabidopsis Response Regulator 6 (arr6), that showed altered disease
resistance to several pathogens, triggered more intense immune responses than those
activated by similar cell wall fractions from wild-type plants. It was hypothesized that arr6
cell wall fractions could be differentially enriched in DAMPs. In this work, we describe the
characterization of the previous immune-active fractions of arr6 showing the highest
triggering capacities upon further fractionation by chromatographic means. These
analyses pointed to a role of pentose-based oligosaccharides triggering plant immune
responses. The characterization of several pentose-based oligosaccharide structures
revealed that b-1,4-xylooligosaccharides of specific degrees of polymerization and
carrying arabinose decorations are sensed as DAMPs by plants. Moreover, the
pentasaccharide 33-a-L-arabinofuranosyl-xylotetraose (XA3XX) was found as a highly
active DAMP structure triggering strong immune responses in Arabidopsis thaliana and
enhancing crop disease resistance.

Keywords: arabinoxylan, cell wall, damage-associated molecular pattern (DAMP), plant immunity, pattern
triggered immunity
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Brunner F, Pfrengle F and Molina A

(2020) Arabinoxylan-Oligosaccharides
Act as Damage Associated
Molecular Patterns in Plants

Regulating Disease Resistance.
Front. Plant Sci. 11:1210.

doi: 10.3389/fpls.2020.01210

ORIGINAL RESEARCH
published: 07 August 2020

doi: 10.3389/fpls.2020.01210

https://www.frontiersin.org/articles/10.3389/fpls.2020.01210/full
https://www.frontiersin.org/articles/10.3389/fpls.2020.01210/full
https://www.frontiersin.org/articles/10.3389/fpls.2020.01210/full
https://www.frontiersin.org/articles/10.3389/fpls.2020.01210/full
https://loop.frontiersin.org/people/967352
https://loop.frontiersin.org/people/967091
https://loop.frontiersin.org/people/1012460
https://loop.frontiersin.org/people/1015240
https://loop.frontiersin.org/people/80135
https://loop.frontiersin.org/people/1001832
https://loop.frontiersin.org/people/34167
https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles
http://creativecommons.org/licenses/by/4.0/
mailto:antonio.molina@upm.es
https://doi.org/10.3389/fpls.2020.01210
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2020.01210
https://www.frontiersin.org/journals/plant-science
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2020.01210&domain=pdf&date_stamp=2020-08-07


INTRODUCTION

Plants are sessile organisms that need to develop robust disease
resistance mechanisms to efficiently defend from pathogens and
pests. Activation of plant defense responses requires the
perception of molecules from the pathogen (“non-self” signals)
and from the plant (“damaged-self” signals) that trigger specific
resistance responses through diverse molecular monitoring
systems (Atkinson and Urwin, 2012). Among these monitoring
mechanisms are pattern- and effector-triggered immunity
(PTI and ETI) (Dodds and Rathjen, 2010). PTI is based in
the recognition by pattern recognition receptors (PRRs) of
microbe/pathogen-associated molecular patterns (MAMPs/
PAMPs) from microorganisms or of plant-derived damage-
associated molecular patterns (DAMPs) (Boller and Felix,
2009). MAMPs and DAMPs structures, with different
biochemical composition (e.g., proteins, carbohydrates, lipids,
and nucleic acids) have been identified, thus reflecting the
diversity of immunogenic structures recognized by plants
(Boutrot and Zipfel, 2017). In comparison with the high
number of MAMPs characterized so far, much less DAMPs
derived from plants have been identified to date (Choi and
Klessig, 2016; Duran-Flores and Heil, 2016; Bacete et al., 2018;
De Lorenzo et al., 2018; Li et al., 2020).

The plant cell wall is a dynamic and highly regulated structure
mainly consisting of carbohydrate-based polymers, essential for
growth, and development (Srivastava et al., 2017). Cellulose is
the main load-bearing component in all plant cell walls, whereas
different types of hemicelluloses and pectins are found in
different plant phylogenetic groups (Carpita and Gibeaut, 1993;
Carpita and McCann, 2000). Xylans are a diverse group of
hemicelluloses with the common feature of a backbone of b-
1,4-linked xylose residues (Scheller and Ulvskov, 2010).
Monocot xylans usually contain many arabinose residues
attached to the backbone and are known as arabinoxylans
(AXs). Arabinofuranose substitutions are, in principle, less
frequent in dicot xylans, but exceptions are found (Darvill
et al., 1980; Fischer et al., 2004; Naran et al., 2008). Instead,
dicot xylans are more commonly substituted with a-1,2-linked
glucuronosyl and 4-O-methyl glucuronosyl residues known as
glucuronoxylans which are the dominating non-cellulosic
polysaccharides in the secondary walls of dicots. This
variability in the fine structure of wall polymers exists not only
among phylogenetic groups of plants, but also even between
different tissues of a given plant. Cell wall heterogeneity may
have had an evolutionary impact in the diversity of mechanisms
that pathogens have evolved to breach plant cell walls, including
the secretion of numerous cell wall-degrading enzymes (CWDE),
such as cellulases, polygalacturonases, or xylanases (Annis and
Goodwin, 1997). The functional integrity of cell walls is
controlled by cell wall integrity monitoring systems (Bacete
et al., 2018; Vaahtera et al., 2019). These systems trigger
countervailing responses to cell wall restructuring which
occurs upon pathogen infection, abiotic stress, and cell
expansion during growth and development. The plant cell wall
integrity pathway is strongly involved in the regulation of

growth, immune responses and resource allocation between
development and immunity (Hamann et al., 2009; Wolf et al.,
2012; Engelsdorf et al., 2018). Alterations in cell wall
composition or integrity by genetic or chemical means have a
significant impact on plant resistance to different pathogens and/
or abiotic stresses, since they typically lead to the activation of
defensive signaling pathways, some of which are regulated by
hormones (Miedes et al., 2014; Mélida et al., 2015; Nafisi et al.,
2015; Houston et al., 2016; Bacete et al., 2020). For example,
enhanced resistance to pathogens has been observed in
Arabidopsis thaliana (Arabidopsis) mutants defective in
specific cellulose synthases, enzymes involved in xylan
decoration and in lignin biosynthesis (Ellis et al., 2002;
Hernández-Blanco et al., 2007; Delgado-Cerezo et al., 2012; Xu
et al., 2014; Escudero et al., 2017; Gallego-Giraldo et al., 2020;
Molina et al., 2020).

Given both the complexity of the plant cell wall and the fact
that many pathogens secrete a wide range of CWDE, it would be
expected that the breakdown products of cell wall polymers
could act as DAMPs that regulate immune responses.
Confirming this hypothesis, pectic oligogalacturonides (OGs)
were first cell wall DAMPs to be characterized (Nothnagel et al.,
1983). OGs are derived from homogalacturonan, the main
component of pectins, as a result of the activity of CWDE
released by the pathogens during the colonization process
(Ridley et al., 2001; Benedetti et al., 2015; Voxeur et al., 2019).
Also, the overexpression or inactivation of genes encoding
enzymes involved in the control of pectin structure [e.g., pectin
methyl esterases (PME) and PME inhibitors], results in the
modification of the degree of OGs release upon infection, and
alterations of disease resistance phenotypes (Ferrari et al., 2008;
Raiola et al., 2011; Lionetti et al., 2017; Benedetti et al., 2018; De
Lorenzo et al., 2019). Another group of cell wall-derived
carbohydrates recently characterized as DAMPs in Arabidopsis
are cellulose-derived oligomers (b-1,4-glucans), which trigger
signaling cascades sharing many similarities with the responses
activated by OGs (Aziz et al., 2007; Souza et al., 2017; Johnson
et al., 2018; Locci et al., 2019). With around 20 different
monosaccharide moieties building the polysaccharides of the
plant cell wall, other carbohydrate-based cell wall molecules in
addition to OGs and cello-oligosaccharides should have been
selected by plants as DAMPs. In line with this hypothesis, recent
works have also nominated xyloglucan and mannan cell wall-
derived oligosaccharides as plant DAMPs (Claverie et al., 2018;
Zang et al., 2019), and b-1,3-glucan oligosaccharides present in
plant callose but also in fungal cell walls, as dual DAMPs/
MAMPs (Mélida et al., 2018).

Thus, growing evidences have awarded the cell wall with
prominent novel roles in plant immunity. In this line, we have
recently proposed a novel link between the cytokinin signaling
pathway, cell wall composition control, and disease resistance
responses through Arabidopsis Response Regulator 6 (ARR6)
protein (Bacete et al., 2020). Cytokinins have emerged as an
important hub integrating defense responses mediated by other
hormones, and have been shown to regulate the activation of
immune responses (Choi et al., 2011). In Arabidopsis, cytokinins
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are perceived by Arabidopsis Histidine Kinase receptors, that are
two-component system proteins which initiate a downstream
phosphotransfer cascade that leads to the phosphorylation of
Arabidopsis Response Regulator (ARR) proteins (To et al., 2007).
We showed a novel function for ARR6, as impairment of ARR6
gene affect plant cell wall composition, which impact plant-
pathogen interactions, and might lead to the accumulation of
differential or increased levels of DAMPs in arr6 in comparison
to wild-type plants that would favor a “defense-ready” state
instead of a resting one. Remarkably, pectin-enriched cell wall
fractions extracted from arr6 cell walls triggered, when applied to
wild-type Arabidopsis plants, more intense immune responses
than those activated by similar wall fractions from wild-type
plants, suggesting that arr6 pectin fraction is enriched in wall-
derived DAMPs. In an effort toward a better understanding of
plant mechanisms involved in cell wall-mediated immunity, we
have further purified arr6 pectin fraction. Results from such
purifications suggested that pentose-based oligosaccharides co-
extracted with pectins (using calcium chelators) could play a role
as plant DAMPs. Afterwards, we purified several pentose-based
oligosaccharides, generated by enzymatic digestion from a
natural material source rich in that type of hemicelluloses, that
were biochemically analyzed and tested for their capacity to
induce PTI hallmarks (Boller and Felix, 2009; Boudsocq et al.,
2010; Ranf et al., 2011). Using this strategy, we identified AX-
oligosaccharides as a novel group of DAMPs active on plants and
characterized 33-a-L-arabinofuranosyl-xylotetraose (XA3XX) as
a highly active structure triggering strong immune responses in
Arabidopsis and enhancing crop disease resistance.

RESULTS

Low Molecular Weight Pectic Fractions
From Arabidopsis Enriched in
Oligopentoses Contain Active Plant
DAMPs
In a previous work, we hypothesized that the molecular basis of
the differential disease resistance responses in the Arabidopsis
arr6-3 mutant allele could be associated with the enhanced and
differential presence of carbohydrate-based DAMPs in the
pectin-enriched fractions derived from their cell walls (Bacete
et al., 2020). These DAMPs, when released, would activate
immune responses, thus triggering disease resistance. Pectic
fractions isolated from arr6-3 cell walls triggered more intense
Ca2+ influxes and MAPK phosphorylation than the fractions
from wild-type plants (Bacete et al., 2020), thus they were selected
for further analyses in order to characterize the putative DAMPs
responsible for the observed differential immune responses in
arr6-3 plants. Pectin-enriched fractions from arr6-3 and Col-0
plants, extracted with 1,2-cyclohexylenedinitrilotetraacetic acid
(CDTA) from purified cell walls, were further fractionated by
size exclusion chromatography to obtain samples containing
carbohydrates with distinct molecular weights. Four sub-
fractions (CDTA-A to CDTA-D) were obtained, containing
molecules with different theoretical sizes: i) CDTA-A: >270 kDa;

ii) CDTA-B: 270-25 kDa; iii) CDTA-C: 25-5 kDa; iv) CDTA-D:
<5 kDa (Figure 1A). These masses are estimated as the Sepharose
column was calibrated with commercial dextrans of known
weight-average relative molecular mass, which may not display
similar conformations as pectic polymers. Total sugar
quantifications showed that even after long dialysis procedures,
the CDTA-D fractions contained very low amounts of
carbohydrates and were most likely composed of the solvent
used to obtain this fraction (CDTA; Mort et al., 1991), and
therefore, they were excluded for further analyses. CDTA-A, -B,
and -C were tested for their capacity to trigger intracellular Ca2+

entry, an early immune response, in Col-0AEQ sensor lines (Ranf
et al., 2012). CDTA-C sub-fractions from both Col-0 and arr6-3
retained most of the activity of the complete CDTA-pectin
fractions (Figures 1B, C), whereas CDTA-A or -B from arr6-3
did not present any activity and CDTA-B from Col-0 still
presented some activity (Figures 1B, C). Thus, we concluded
that potential active DAMPs were most abundant in the arr6-3
CDTA-C sub-fractions.

Neutral sugar analyses by GC/MS revealed that CDTA-C sub-
fractions were still very complex in terms of monosaccharide
composition, challenging further predictions about the identity of
novel DAMPs that they would contain (Figure 1D). However, the
enrichment of arr6-3 CDTA-C sub-fractions in arabinose and
xylose (Figure 1D) was in line with MALDI-TOF/TOF
mass spectrometry analyses, which showed only the presence
of pentose oligosaccharides (m/z shifts of 132) with degree of
polymerization (DP) up to 17 (Figure 1E). Other oligosaccharide
signatures were not found in the MALDI-TOF/TOF, clearly
indicating that pentose-containing carbohydrates could be novel
DAMPs present in the PTI-active, CDTA-extractable pectin-
enriched fractions of Arabidopsis. However, further fractionation
of CDTA-subfractions resulted non-viable due to their complexity
in terms of composition and polydispersity combined with the low
yields obtained. Thus, we decided to investigate the capacity of
different oligosaccharides containing arabinose and xylose which
could be obtained from commercial AXs using specific glycosyl
hydrolases (GH).

Arabinoxylan Oligosaccharides With
Different DP Trigger Calcium Influxes
in Arabidopsis
In order to investigate whether pentose-based structures could be
sensed by Arabidopsis, we decided to analyze in a first instance
the capacity to trigger Ca2+ influxes of different commercial
polymeric structures (Figure 2A). As previously described,
polysaccharides often need to be solubilized to smaller entities
in order to trigger early immune responses in plants (Mélida
et al., 2018). In this regard, partial solubilization by heating of
water-dissolved polysaccharides can help to expose ligands
which may not be accessible in their insoluble counterparts.
Heat-solubilized xylan from beech and AX from wheat triggered
subtle calcium influxes compared to chitin, but still represented
good candidates as pentose-DAMP sources (Figure 2A). Based
on these results, we selected wheat AX as the polymeric source to
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be hydrolyzed to oligosaccharides given that arabinose decorations
could mean an advantage compared to non-decorated xylans
when enzymatic hydrolysis is used to generate different
oligosaccharides of desired DP (McCleary et al., 2015). Wheat
AX was hydrolyzed with an endo-xylanase (GH11) from
Neocallimastix patriciarum and 6 AX-oligosaccharide fractions
(#1 to #6) were purified through two rounds of size exclusion
chromatography (Figure 2B). Purified fractions contained
pentose-oligosaccharides ranging from DP 2 to 9 as
demonstrated by HPLC-ELSD and MS/MS (Figure 2C and
Supplementary Figure S1). Interestingly, we found that Ca2+

burst in treated plants was activated by all fractions except #6,
which contained mainly a disaccharide and minor amounts of a
trisaccharide (Figure 2D and Supplementary Figure S1). Since
fraction #5 also contained a trisaccharide but triggered intense Ca2
+ influxes, it seems that a DP above 2 is required by Arabidopsis
perception machinery in case of pentose-based oligosaccharides.
Together with fraction #5, fraction #4 resulted the most active and
according to HPLC-ELSD and MS/MS these contained pentose
oligosaccharides ranging from DP 3 to 5 (Figure 2D and
Supplementary Figure S1).

In view of the results obtained with our purified oligosaccharides,
we decided to investigate well-defined and highly-pure commercial
structures which most likely resemble those from our purifications
(McCleary et al., 2015). These included the pentasaccharides 33-a-L-
arabinofuranosyl-xylotetraose (XA3XX), 23-a-L-arabinofuranosyl-
xylotetraose (XA2XX), 23,33-di-a-L-arabinofuranosyl-xylotriose
(A2,3XX), and the tetrasaccharide 23-a-L-arabinofuranosyl-
xylotriose (A2XX) (Figure 3A). Readouts from two early PTI
events, such as Ca2+ influxes and production of reactive oxygen
species (ROS), upon plant treatment with these oligosaccharides
indicated that the different pentasaccharides tested were able to
trigger immune responses on Arabidopsis seedlings and plants,
the responses induced by XA3XX being the most intense ones

A

B

D E

C

FIGURE 1 | Continued

FIGURE 1 | Pectin-CDTA sub-fractions between 25 and 5 kDa retain most of
the activity triggering Ca2+ influxes and are enriched in pentose
oligosaccharides. (A) Size exclusion chromatography (SEC) elution profile
(Sepharose CL-6B) of pectin fractions (CDTA extract) from wild type (Col-0)
and arr6-3 plants. The Sepharose column was calibrated with commercial
dextrans of known weight-average relative molecular mass and the elution
fraction number (bottom) of some of them is indicated on the top of the
chromatogram. The elution profiles were monitored by total sugar
quantification (phenol-sulfuric method). Sub-fractions were defined as: [A] >
270 kDa, [B] 270–25 kDa, [C] 25–5 kDa, [D] <5 kDa. Profiles are
representative of ten independent preparations. (B, C) Ca2+ influx kinetics
triggered by CDTA sub-fractions A-C from Col-0 (B) and arr6-3 (C) plants in
Col-0AEQ seedlings. Elevations of cytoplasmic calcium concentrations over
800 s were measured as relative luminescence units (RLU). Data are means
(n=8) from one experiment representative of three independent ones with
similar results. The total areas-under-the-curves were integrated and their
average values ± SD (n=8) are represented at the right side of each panel.
(D) Monosaccharide composition (Mol % ± SD, n=3) of Col-0, and arr6-3
CDTA-C sub-fraction. Ara: arabinose; Xyl: xylose; Man: mannose; Gal:
galactose; Glc: glucose. Statistically significant differences between genotypes
according to Student’s t-test (*p < 0.05). (E) MALDI-TOF mass spectrum of
CDTA-C sub-fraction. M/z shifts are coherent with the presence of pentose
oligosaccharides of different degree of polymerization (DP). The spectrum
shown (arr6-3) is representative of all analyzed pectin I-C sub-fractions (n≥10).
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FIGURE 2 | Pentose-based oligosaccharides trigger cytoplasmic calcium elevations. (A) Calcium influx measured as relative luminescence units (RLU) over the time
in 8-d old Arabidopsis Col-0AEQ seedlings after treatment with 0.5 mg/ml of chitin and arabino-xylan polysaccharide preparations. The total areas-under-the-curves
were integrated and their values are represented at the right side of the panel. Data represent mean ± SD (n=8) from one experiment representative of three
independent ones with similar results. Statistically significant differences according to Student’s t-test (*p<0.05) compared to negative control (mock) are shown.
(B) Preparation and fractionation pipeline of pentose-based oligosaccharides from wheat arabinoxylan (AX). (C) HPLC-ELSD chromatograms of purified
oligosaccharide preparations. Peaks are labeled as nX, where “n” correspond to the number of pentoses contained. Double peaks correspond to alpha-/beta-
anomeric isomers at the reducing end of each detected oligosaccharide. (D) Calcium influxes after treatment with 0.5 mg/ml of the GH11-digested wheat AX before
chromatographic purifications (WAX+GH11), chitohexaose (Chi6) and the purified pentose-based oligosaccharides (#1–6). The total areas-under-the-curves were
integrated and their values are represented at the right side of the panel. Data represent mean ± SD (n=8) from one experiment representative of three independent
ones with similar results. Statistically significant differences according to Student’s t-test (*p < 0.05) compared to negative control (WAX+GH11) are shown.
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(Figures 3B, C). Interestingly, cross-elicitation experiments, by
sequential application of two compounds in 600 s interval,
demonstrated that fractions #4 and #5 and commercial XA3XX
had a refractory period of Ca2+ influx. Notably, this effect was not
observed when the well characterized MAMP chitohexaose was

used in the experiments (Figures 3D, E and Supplementary
Figure S2). Although a refractory state does not necessarily
indicate the same perception mechanism or receptor, these
results indicated that these pentose oligosaccharides ranging
from DP 3 to 5 have equivalent activities and, at least in

A B

D E

C

FIGURE 3 | Pure arabinoxylan (AX) oligosaccharides trigger early immune responses in Arabidopsis. (A) Molecular structures of the different AX oligosaccharides
used in the experiments. 33-a-L-arabinofuranosyl-xylotetraose (XA3XX), 23-a-L-arabinofuranosyl-xylotetraose (XA2XX), 23,33-di-a-L-arabinofuranosyl-xylotriose
(A2,3XX), and 23-a-L-arabinofuranosyl-xylotriose (A2XX). Thin layer chromatography profiles of the pure commercial AXs used in the experiments using 1-propanol/
ethyl-acetate/water (9:7:4 by volume) as mobile phase. Left and right lanes show xylose (Xyl), xylotriose (Xyl3), xylohexaose (Xyl6) and arabinose (Ara) which were
used as markers. TLC shown is from one run representative of three independent ones with similar results. (B) Calcium influx measured as relative luminescence
units (RLU) over the time in 8-d-old Arabidopsis Col-0AEQ seedlings after treatment with 500 mM of pure AX oligosaccharides. Water (mock) was used as negative
control. The total areas-under-the-curves were integrated and their values are represented at the right side of the panel. Data represent mean ± SD (n=8) from one
experiment representative of three independent ones with similar results. Statistically significant differences according to Student’s t-test (*p < 0.05) compared to
negative control are shown. (C) Reactive oxygen species (ROS) production (by Luminol reaction) after treatment with 500 mM of pure AX oligosaccharides in
Arabidopsis leaf-discs measured as RLU over the time. Water (mock), GH11-digested wheat AX before chromatographic purifications (WAX+GH11) and
chitohexaose (Chi6; 100 mM) were used as negative (mock and GH11+WAX) and positive (Chi6) controls. The total areas-under-the-curves were integrated and their
values are represented at the right side of the panel. Data represent mean ± SD (n=8) from one experiment representative of three independent ones with similar
results. Statistically significant differences according to Student’s t-test (*p < 0.05) compared to water control are shown. (D, E) Cross elicitation during the refractory
period of calcium signaling between XA3XX (250 mM) and chitohexaose (Chi6; 100 mM). Data show the elevation of cytoplasmic calcium concentration, measured as
relative luminescence units (RLU), over the time in 8-d-old Arabidopsis Col-0AEQ seedlings after treatments. Dashed line (600 s) indicates the application time of the
second elicitor within the refractory period of the first elicitation. In (E), blue line represents a first treatment of XA3XX followed by Chi6 after 600 s, while black line
represents a first treatment with Chi6 followed by a second of XA3XX. Data represent mean (n=8) from one experiment representative of three independent ones with
similar results.
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Arabidopsis, differ from chitin-based signaling. According to
manufacturer XA3XX is a pure carbohydrate, but given the low
required doses of peptide MAMP/DAMPs to be perceived by
plants (Stegmann et al., 2017), we performed proteinase K
proteolytic digestions of XA3XX solutions, and of two MAMPs
solutions (chitohexaose and flg22), used as controls
(Figures 4A, B). Of note, both carbohydrate-based elicitors
remained fully active in the Ca2+ system after proteolytic
treatment, which contrasted with the immune activity
abolishment observed in case of flg22 after proteinase K
treatment (Figures 4A, B). On the other hand, in order to
confirm that XA3XX elicitor activity was linked to its oligomer
structure, acid hydrolysis of the oligosaccharide was performed.
Our results indicated that the hydrolyzed XA3XX lost its capacity
to trigger Ca2+ influxes as it was the case for chitohexaose
(Figures 4C, D). All these data, together with the observation
that XA3XX was also able to trigger a ROS burst in soybean
plants (Supplementary Figure S3), clearly indicated that this
pentasaccharide deserved a more detailed investigation.

Arabinofuranosyl-Xylotetraose (XA3XX)
Activates Several PTI Hallmarks Through a
Novel Plant Sensing Mechanism
In order to further characterize the early immune responses
triggered by XA3XX, we performed a more detailed analysis of
the Ca2+ kinetics following the application of the pentasaccharide
and the peptide MAMP flg22 (Figures 5A, B). Flg22 induced a
double Ca2+ burst peak at about 90 and 180 s followed by a
maintained decrease in luminescence that lasted about 600 s
(Figure 5A). However, XA3XX kinetics was very different, with a
very fast single peak at 20 s post-application and a rapid signal
lost at about 200 s (Figure 5B). In Arabidopsis, lysin motif-
(LysM)-PRR CERK1 (Chitin Elicitor Receptor Kinase 1) plays a
central role as a co-receptor for several glycan MAMPs such as
chitin, peptidoglycan a b-1,3-glucans (Willmann et al., 2011; Liu
et al., 2012; Mélida et al., 2018). The use of cerk1-2 mutant
aequorin lines demonstrated that the perception of XA3XX, like
that of flg22, was CERK1-independent, which was in line with
the refractory experiments with XA3XX/chitin (Figures 5A, B).

A B

D
C

FIGURE 4 | Proteolysis and acid hydrolysis effects on XA3XX calcium signaling. Variation of intracellular Ca2+ concentration after 800 s of treatment of Col-0AEQ

seedlings with untreated flg22 (1 mM), chitohexaose (Chi6; 100 mM), or XA3XX (250 mM) (A, B) with or without proteinase K previous digestion and (C, D) with or
without acid hydrolysis previous digestion. Data represent mean ± SD (n=8) from one experiment representative of two independent ones with similar results.
Statistically significant differences according to Student’s t-test (*p < 0.05).
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Next, we monitored phosphorylation of downstream protein
kinases (MPK3/MPK6/MPK4/MPK11), a PTI hallmark, in Col-0
wild-type plants and cerk1-2 and bak1-4 mutants (in Col-0
background) impaired in PRR co-receptors required for the
perception of chitin and flg22, respectively (Figures 5C, D).
These analyses confirmed that XA3XX recognition by
Arabidopsis plants was CERK1-independent and demonstrated
that it was also BAK1-independent, while a partial BAK1-
dependence for flg22 was observed, as described (Chinchilla
et al., 2007). Western-blot assays confirmed MPK3- and
MPK6-phosphorylation after application of a XA3XX solution
to Arabidopsis seedlings, reaching the highest level of
phosphorylation at 10 min post-treatment (Figure 5D).
MPK4/11-phosphorylation was almost not-detectable in
XA3XX-treated plants. MPKs phosphorylation levels of plants
treated with XA3XX was weaker than phosphorylation of MPK3/
MPK6/MPK4/MPK11 at all time points tested after elicitation
with flg22 (Figure 5C).

Global gene reprogramming is the expected output of earlier
PTI events such as Ca2+ influxes, ROS production and MAPK
phosphorylation. Such alteration in the expression patterns of
specific genes would determine the adaptation ability of a given
plant to respond to a potential infection by pathogens. To further
characterize the basis of XA3XX-mediated immunity, we
performed RNA-seq analyses of Col-0 seedlings treated for
30 min with XA3XX (Figure 6 and Supplementary Tables S1
and S2). Elicitation with XA3XX changed the expression of 511
genes, most of which (460) were up-regulated (Supplementary
Table S1). XA3XX up-regulated genes mainly grouped into gene
ontology (GO) terms related to innate immune and defense
response to different stimuli, kinase and signal transduction
activities, and indole-containing compound metabolic processes

(Figure 6A), further corroborating the function of XA3XX in
modulating PTI. We validated RNA-seq data of five PTI-marker
genes (CYP81F2, WRKY53, PHI1, FRK1, and NHL10) by qRT-
PCR in seedlings 30 min after treatment, and we found that all
these genes were up-regulated after XA3XX elicitation compared
to mock-treated seedlings (Figure 6B) confirming a full PTI
response of Arabidopsis plants treated with XA3XX. Together,
these analyses suggest that XA3XX-induced responses are
addressed to a global immune response.

XA3XX Crop Pre-Treatment Diminishes
Pathogen Disease Symptoms Through a
Non-Yet Characterized PRR Complex
Exposure of plants to active MAMP/DAMPs prior to subsequent
pathogen attack may allow a more efficient plant defense
activation through PTI activation (Héloir et al., 2019;
Schellenberger et al., 2019). We showed that XA3XX
was perceived by Arabidopsis and soybean (Figure 3 and
Supplementary Figure S3). Therefore, we tested the
elicitor7nbsp;activity of XA3XX in three-week-old tomato
plants (Moneymaker) treated by foliar spray with XA3XX 2 d
before inoculation with the biotroph Pseudomonas syringae pv
tomato DC3000 (108 cfu/ml). Notably, bacterial population,
determined as colony forming units (cfu) per leaf area, was
significantly reduced in tomato XA3XX-pretreated plants
compared to mock-treated plants (Figure 7A). Bacterial
growth reduction found at 5 d post-inoculation (dpi) were in
the order of 0.8–0.9 log of cfu/cm2 when 0.25 and 0.5 mg of
XA3XX per tomato plant were applied as pre-treatment,
respectively (Figure 7A). Previous studies using similar
approaches have also shown protection results of carbohydrate-
based DAMPs against fungal necrotrophs (Claverie et al., 2018).

A B

DC

FIGURE 5 | Pattern-triggered immunity hallmarks comparison between flg22 and arabinofuranosyl-xylotetraose (XA3XX). Flg22 (A, B) and XA3XX (C, D) final
concentrations were 1 and 500 mM respectively. (A, B) Elevations of cytoplasmic calcium concentrations over time in 8-d-old Arabidopsis Col-0AEQ and cerk1-2AEQ

seedlings upon treatments. Data represent mean ± SD (n=8) from one experiment representative of three independent ones with similar results. (C, D) MAPK
activation in 12-d-old Arabidopsis seedlings of the indicated genotypes. The phosphorylation of MPK6, MPK3, and MPK4/MPK11 was determined by Western blot,
using the anti-pTEpY antibody, at the indicated time points (minutes) after treatment. Ponceau red-stained membranes show equal loading. Western-blot shown is
from one experiment representative of three independent ones with similar results.
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FIGURE 6 | Continued
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We next tested XA3XX-pre-treated pepper plants against the
necrotroph fungi Sclerotinia sclerotiorum. Treated pepper plants
showed a reduction in the disease symptoms index at 5, 9, and 15
dpi in comparison to control plants (Figure 7B). These data

indicate that XA3XX is able to trigger immune responses in some
dicot crops conferring disease resistance.

DISCUSSION

Plant pathogens and their hosts have co-evolved an arsenal of
CWDE to break-down the opponent’s cell wall during the
interactions (Rovenich et al., 2016). Thus, plant and microbial
cell walls are rich sources of carbohydrate-based defense
signaling molecules (DAMPs/MAMPs), that are under-
characterized. Recently, we have showed that impairment of
ARR6 gene in Arabidopsis affects cell wall composition, which
may lead to the accumulation of DAMPs that would favor a
“defense-ready” state, thus affecting plant-pathogen interactions
(Bacete et al., 2020). Remarkably, pectin-enriched cell wall
fractions extracted from arr6 cell walls resulted to be enriched
in carbohydrate-based DAMPs compared to wild-type fractions.
However, the composition of such DAMPs could not be
deciphered. In this work we have attempted to unveil the
nature of these DAMPs. Unexpectedly, analytical data obtained
from size-exclusion chromatography purifications suggested, for
the first time, that pentose-based oligosaccharides co-extracted
with pectins (using calcium chelators) could play a role as plant
DAMPs. Next, we asked whether pentose-based oligosaccharides
could be a novel group of plant DAMPs, and indeed we have
demonstrated here that AXs can be perceived as molecular
patterns by plants. In particular, we identified several active
oligosaccharides structures, with pentasaccharide XA3XX being
the most active one (Figure 3). In particular, XA3XX triggers
Ca2+ influxes, ROS production, MAPK phosphorylation, and a
global gene reprogramming in Arabidopsis at micromolar
concentrations. Bearing in mind that the presence of
glucuronoAXs has been suggested to be a component of
Arabidopsis cell walls (Zablackis et al., 1995), XA3XX and
related structures characterized in this work could be
considered as plant DAMPs even in Arabidopsis model species.

Structurally, the most similar plant DAMPs characterized so
far would be other b-1,4-linked hemicelluloses such as
xyloglucan and mannan (Claverie et al., 2018; Zang et al.,
2019). Xyloglucan recently proposed as DAMP consists of a b-
1,4-glucan backbone associated with xylosyl, galactosyl, and
fucosyl-type branching, mainly of DP 7 (Claverie et al., 2018).
The purified xyloglucan triggered MAPK phosphorylation and
immune-associated gene expression in Arabidopsis and Vitis
vinifera, but no ROS production was found (Claverie et al.,
2018). In another recent work, Zang et al., produced mannan
oligosaccharides (DP 2–6) by enzymatic hydrolysis of locust
bean gum and demonstrated their DAMP potential on Nicotiana

FIGURE 6 | Functional classification of arabinofuranosyl-xylotetraose (XA3XX)-differentially expressed genes in Arabidopsis. (A) Biological process Gene Ontology
(GO) term enrichment map of the 460 overexpressed genes in 12-d-old Arabidopsis Col-0 plants at 30 min after 250 mM XA3XX treatment. GO term enrichment is
expressed as number of mapped genes. Data used to build the histogram can be retrieved from Supplementary Table S2. (B) RNA-seq data validation by
quantitative RT-PCR analysis in 12-d-old Arabidopsis seedlings. Relative expression levels to UBC21 (At5g25769) gene at 30 min are shown. Data represent mean ±
SD (n=3) from one experiment representative of two independent ones with similar results. Statistically significant differences between XA3XX and mock according to
Student’s t-test (*p < 0.005).
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B

FIGURE 7 | Treatment of tomato and pepper plants with arabinofuranosyl-
xylotetraose (XA3XX) confers enhanced disease resistance to pathogens.
Plants were foliar-treated with XA3XX (0.25–0.5 mg/plant) 2 d prior bacterial
or fungal inoculation. (A) Colony forming units (cfu) of Pseudomonas syringae
pv. tomato DC3000 per leaf area (cm2) at 0- and 5-d post-inoculation (dpi) in
three-week-old tomato plants. Cfu/cm2 were determined after plating serial
bacterial dilutions obtained from tomato leaf discs of known area onto KB
plates. Data represent mean ± SD (n=8). (B) Disease symptoms index
produced by Sclerotinia sclerotiorum at 5-, 9-, and 15-dpi in leaves of pepper
plants. Data represent mean ± SD (n=24). Statistically significant differences
according to Student’s t-test (*p < 0.05).
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benthamiana and Oryza sativa (Zang et al., 2019). Mannan
oligosaccharides triggered Ca2+ influxes, ROS production,
stomata closure, and over-expression of defense-related genes
such as PR-1a and LOX. Interestingly, these novel groups of
hemicellulosic DAMPs, including xyloglucans, mannans, and
AXs display the same type of glycosidic linkage in their backbone
(b-1,4-linked) as the previously characterized plant DAMPs
pectic OGs and cello-oligosaccharides (Aziz et al., 2007; Ferrari
et al., 2013; Benedetti et al., 2015; Souza et al., 2017; Johnson
et al., 2018). In contrast to cello-oligomers (DAMP) and chitin
oligosaccharides (MAMP), which are actively triggering broad
immune responses in the low micromolar range, the rest of
glycan cell wall derived DAMPs characterized (including
XA3XX) are only active at high micromolar concentrations,
although the activities of the DAMPs/MAMPs are difficult to
compare since experiments were performed in different labs,
using different experimental setups and species (Aziz et al., 2007;
Claverie et al., 2018; Johnson et al., 2018; Mélida et al., 2018;
Zang et al., 2019; and this work). It should also be noted that cell
wall polysaccharides can be very abundant in plant cells and they
could yield very high concentrations of their main components,
such as cellulose and xylans (over 5% of Arabidopsis fresh
weight; Sakamoto and Mitsuda, 2015), and of the DAMPs
derived from these polymers. Anyway, in spite of the high
doses required of these novel groups of hemicellulosic DAMPs
to be perceived by plants as such, they were able to enhance
plant protection against different plant pathogens. Xyloglucan
effectively protected grapevine and Arabidopsis against
the necrotrophic fungus Botrytis cinerea or the oomycete
Hyaloperonospora arabidopsidis pathogens while mannans
improved rice protection against the bacteria Xanthomonas
oryzae and the oomycete Phytophthora nicotianae, respectively
(Claverie et al., 2018; Zang et al., 2019). In this work we have
shown the protection capacity of XA3XX on tomato and pepper
plants against bacterial plant pathogen P. syringae and the fungus
S. sclerotiorum (Figure 7).

Xylans are main hemicelluloses of dicot secondary cell walls
whose presence is essential for plant development, as exemplified
in Arabidopsis plants with reduced xylan quantity, which show
weakened cell walls and are unable to develop a vascular system
(Brown et al., 2007; Wu et al., 2009). The importance of xylans in
plant resistance to pathogens has been suggested previously,
though the molecular bases of xylan-associated resistance
phenotypes were largely unknown. For example, Arabidopsis
plants with enhanced levels of xylose in their cell walls, as it
occurs in Arabidopsis de-etiolated3 (det3) and irregular xylem6
(irx6) mutants (Brown et al., 2005; Rogers et al., 2005) or with
modifications in their xyloglucan structure, as it is the case of the
Arabidopsis xyl1-2 mutant (Sampedro et al., 2010), show an
enhanced resistance to the necrotrophic fungus Plectosphaerella
cucumerina (Delgado-Cerezo et al., 2012). In contrast,
Arabidopsis er plants, impaired in ERECTA Receptor-Like
Kinase, and agb1 and agg1 agg2 mutants, impaired in the Gb
and Gg subunits of heterotrimeric G proteins, that are
hypersusceptible to the same necrotrophic fungus, show a
reduced xylose content (Llorente et al., 2005; Sánchez-

Rodrıǵuez et al., 2009; Delgado-Cerezo et al., 2012). Also,
alteration of cell wall xylan acetylation caused by Arabidopsis
ESKIMO1 impairment was shown to enhance plant disease
resistance to several pathogens, including P. cucumerina
(Escudero et al., 2017). Whether these modifications in cell
wall xylans are linked to an enhanced pentose-based DAMPs
release from weakened walls (increased resistance) or to the
alteration of pathogen capability to penetrate host tissues upon
secretion of their CWDE repertories are two interesting
questions to address in future works. CWDE able to hydrolyze
xylan polysaccharides to DAMPs such as those described in this
work, are endo-1,4-b-xylanases belonging to GH families 10 and
11 (McCleary et al., 2015). In particular, studies on GH11 b-
xylanases crystal structures, such as that from N. patriciarum
used in this work, showed that the a-L-Araf can be
accommodated on O-2 and O-3, thus being able to release
structures such as XA3XX and XA2XX (Vardakou et al., 2008).
However, Arabidopsis only displays a handful of GH10 endo-
xylanases in its genome, but any GH11 (see CAZy database at
www.cazy.org/e1.html). GH10 endo-xylanases would cleave
arabinose-decorated non-reducing ends instead of xylose-free
ones as is the case of XA3XX (Suzuki et al., 2002; McCleary et al.,
2015). Therefore, our hypothesis is that the activity of GH10 and
GH11 xylanases from pathogens might be associated to the
release of xylan-derived DAMPs such as XA3XX and that such
release might be differential in cell wall mutants displaying a
modified architecture which could make some structures more
or less accessible to GHs from pathogens, that could be the case
of arr6mutants (Bacete et al., 2020). Indeed, bacterial and fungal
endo-1,4-b-xylanases have been shown to be required for full
virulence of plant pathogens such as B. cinerea and
Xanthomonas (Brito et al., 2006; Santos et al., 2014).

Notably, we show here that XA3XX is perceived by dicot
crops, like soybean, tomato, and pepper, supporting that other
plant species than Arabidopsis harbor the mechanisms required
to perceive xylan-derived DAMPs. This perception, at least in the
case of Arabidopsis, is independent of the co-receptors CERK1
and BAK1, further indicating that the mechanism of AX
perception differs from that of chitin and b-1,3-glucans (Liu
et al., 2012; Cao et al., 2014; Mélida et al., 2018). Taken together
that arabinofuranose substitutions are less frequent in dicot than
in monocot xylans and that these hemicelluloses are quite more
abundant in the monocot branch, it will be interesting to test
whether these and related pentose-based DAMPs trigger
stronger or lower (if any) responses in plant species at different
phylogenetic positions than those included in this study (all
dicots). Regarding MAMPs, only a minor fraction of them (flg22,
peptidoglycan, and chitin) are recognized by PRRs that are
widespread among plants and can be found in both monocot
and dicot plant species (Albert et al., 2020). Sensor systems for
such patterns are considered an ancient set of PRRs, however the
majority of PRRs known to date exhibit genus-specific
distribution patterns. On the other hand, PRR-independent
perception mechanisms for carbohydrate-based DAMPs could
have been evolutionary selected. Therefore, future work in the
characterization of the perception mechanisms and the specific
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immune pathways triggered by AXs in different species will be
necessary to unveil their functions and to determine if this is part
of an additional mechanism of inter plant species recognition.
Our findings support the use of carbohydrate-based DAMPs/
MAMPs as biological products for the regulation of crops
immunity and disease resistance responses. The use of these
biological products in agriculture production can contribute to
reach the social demand of a more sustainable agriculture.

MATERIALS AND METHODS

Biologic Material and Growth Conditions
All Arabidopsis lines used in this study were in the Columbia-0
(Col-0) background. Arabidopsis plants used for [Ca2+]cyt,
MAPKs and gene expression analyses were grown in 24-well
plates (10 seedlings per well) under long day conditions (16 h of
light) at 20–22°C in liquid MS medium [0.5x Murashige & Skoog
basal salt medium (Duchefa), 0.25% sucrose, 1 mMMES, pH 5.7].
Soil-grown Arabidopsis plants used for cell wall isolation and ROS
assays were maintained under short day conditions (10 h of light).
Tomato (Solanum lycopersicum, Moneymaker), pepper (Capsicum
annuum, Murano), and soybean (Glycine max, Annushka) plants
were grown in soil under greenhouse conditions.

Statistical Methods
As a general rule, data shown are means ± standard deviation
(SD) from a given number of replicates (n≥3). Data was normally
retrieved from one representative independent out of three,
however, given the particularity of each assay specific details
are indicated in figure footnotes and in specific method
subsections below. Asterisks indicate significant differences
according to Student’s t-test analysis, * p ≤ 0.05 (R software).

Carbohydrates
Details about carbohydrates used in this work can be found in
Supplementary Table S3. AX polysaccharides (from wheat and
rye), oligosaccharides (XA3XX, XA2XX, XUXX, A23XX, A2XX),
and chitohexaose (b-1,4-D-(GlcNAc)6; Chi6) were purchased
from Megazyme. Xylan (from birch, beet, and oat) and arabinan
(from sugar beet) were purchased from Sigma-Aldrich.

Arabidopsis Cell Wall Fractionation
Three-week-old Arabidopsis plants (n>50) were collected and
immediately frozen in liquid nitrogen. Cell walls and their
fractions were prepared as previously described (Bacete et al.,
2017). The pectin-I fractions were size-fractionated by size-
exclusion chromatography on Sepharose CL-6B (GE
Healthcare, 140 ml bed-volume in a 1.6 cm diameter column)
in 0.33 M sodium acetate buffer (pH 5.0). The column was
connected to a Biologic-LP instrument (Bio-Rad) and the flow
rate was 1.8 ml/min. The Sepharose column was calibrated with
commercial dextrans (Sigma) of known weight-average relative
molecular mass. Resulting sub-fractions were dialysed (Spectra/
Por MWCO 1000 Daltons, Repligen) against deionized water to
remove solutes of a small molecular mass (dialysis tubings were

thoroughly washed before use to eliminate any contaminants
potentially associated to the membranes). The entire process was
repeated three times.

Xylan Enzymatic Digestion and
Oligosaccharides Purification
Five hundred mg of low viscosity wheat flour AX (P-WAXYL,
Ara : Xyl 38:62) were added to 24.5 ml of deionized water at 60°C
and dissolved by stirring on a magnetic stirrer until complete
dissolution. Then, the solution was equilibrated to 40°C and
0.5 ml of 0.5 M sodium phosphate buffer, pH 6, were added. This
solution was placed in a water bath at 40°C and 97.5 U of endo-
1,4-b-D-xylanase from Neocallimastix patriciarum (Megazyme
#E-XYLNP) were added and incubated at 40°C for 16 h.
Reactions were terminated by incubating the solutions at 95°C
for 5 min. Solutions were centrifuged at 9,400 g for 10 min to
remove insoluble materials. Digestion products were freeze-
dried, desalted and pre-purified using a Sephadex G-10 column
(90 cm3 bed-volume in a 1.5 cm diameter column; Merck) and
size-fractionated using a Biogel P2 Extrafine column (140 cm3

bed-volume in a 1.6 cm diameter column; BioRad). Columns
were connected to a Biologic-LP instrument, distilled water was
used as mobile phase and the flow rates were 0.24 ml/min. The
entire process was repeated three times.

Carbohydrate Analysis
The dried purified cell wall fractions (0.5 mg) were hydrolyzed in
the presence of 2 M trifluoroacetic acid (TFA) at 121°C for 3 h.
Myo-inositol was used as an internal standard. The resulting
monosaccharides were converted to alditol acetates (Albersheim
et al., 1967). Derivatized monosaccharides were separated and
analyzed by gas chromatography (GC) on a SP-2380 capillary
column (30 m x 0.25 mm i.d.; Supelco) using a Scion 450-GC
system equipped with EVOQ triple quadrupole (Bruker). The
temperature programme increased from 165°C to 270°C at a rate
of 2°C min-1. MALDI-TOF MS analyses were performed using a
4800 Plus Proteomics Analyzer MALDI-TOF/TOF mass
spectrometer (Applied Biosystems, MDS Sciex) as described
(Mélida et al., 2018). Technical replicates were considered from
the TFA hydrolysis step of a given cell wall fraction from the
same extraction procedure.

Purified oligosaccharides were monitored by thin layer
chromatography (TLC) and high-performance liquid
chromatography (HPLC). Spotted-AXs were run twice on
TLC Silicagel 60 plates (Merck) using 1-propanol/ethyl-
acetate/water (9:7:4 by volume) as mobile phase. TLC plates
were developed by dipping in a solution of 0.5% (w/v) thymol
and 5% (v/v) H2SO4 in 96% (v/v) ethanol and heated at 80 °C for
5–8 min. The HPLC-ELSD analysis was performed as previously
described (Senf et al., 2017). The oligosaccharides were injected
into an Agilent 1200 Series HPLC equipped with an Agilent
6130 quadrupole mass spectrometer (MS) and an Agilent 1200
Evaporative Light Scattering Detector (ELSD). The purified
oligosaccharides were separated on a graphitized carbon
Hypercarb column (150 x 4.6 mm, Thermo Scientific) using a
water (including 0.1% formic acid)-acetonitrile (ACN) gradient.
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The peaks in the ELSD traces were assigned based on their
retention time and the corresponding masses in the MS. For
additional MS analyses, a fraction of each oligosaccharide
sample was injected directly into an Agilent 1260 Infinity II
Ser i e s , LC/MSD XT (S ing l e Quadrupo l mi t ES I -
Jetstream-source).

Aequorin Luminescence Measurements
Arabidopsis 8-d-old liquid-grown transgenic seedlings of
ecotype Col-0 carrying the calcium reporter aequorin (Col-
0AEQ; Ranf et al., 2012) were used for cytoplasmic calcium
([Ca2+]cyt) measurements using the method previously
described (Bacete et al., 2017). Negative controls (water) were
included in all the experiments. Aequorin luminescence was
recorded with a Varioskan Lux Reader (Thermo Scientific). Data
shown represent mean ± SD (n=8 seedlings) from one
experiment representative of at least three independent ones
with similar results.

Reactive Oxygen Species
Five-week-old Arabidopsis or 6-week-old soybean plants were
used to determine ROS production after treatments using the
luminol assay (Escudero et al., 2017) and a Varioskan Lux
luminescence reader (Thermo Scientific). Data shown
represent mean ± SD (n=8 leaf discs from at least 4 different
plants) from one experiment representative of three independent
ones with similar results.

Immunoblot Analysis of MAPK Activation
Twelve-day-old seedlings (n=10) grown on liquid MS medium in
24-well plates were treated with water (mock) 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) were performed as
described (Ranf et al., 2011). Western-blot shown is from one
experiment representative of three independent ones with
similar results.

Gene Expression Analyses
For gene expression analysis (qRT-PCR and RNA sequencing),
12-d-old seedlings grown on liquid MS medium were treated with
the oligosaccharide or water (mock) solutions for 0 and 30 min.
Total RNA was purified with the RNeasy Plant Mini Kit (Qiagen)
according to the manufacturer’s protocol. qRT-PCR analyses were
performed as previously reported (Delgado-Cerezo et al., 2012).
UBC21 (At5g25760) expression was used to normalize the
transcript level in each reaction. Oligonucleotides used for
detection of gene expression are detailed on Supplementary
Table S4. Analysis of mock-treated seedlings showed no
alterations in the expression levels of the marker genes used in
this study. Data shown represent mean ± SD (n=3) from one
experiment representative of two independent ones with
similar results.

For RNA-seq analyses, samples from three biological
replicates for each treatment were sequenced using 50bp
Illumina Hiseq 2500. RNA-seq read raw data can be retrieved
from the NCBI Sequence Read Archive (SRA) under BioProject
accession ID PRJNA639010 (http://www.ncbi.nlm.nih.gov/
bioproject/639010). Transcripts obtained were aligned against
Arabidopsis annotation Araport11 (Cheng et al., 2017) using
Hisat2 2.10.0 release (Kim et al., 2019). Afterwards, they were
processed using Stringtie v1.3.6 (Pertea et al., 2015) and
Ballgown R packages (Frazee et al., 2015) as previously
described (Pertea et al., 2016). Differential expression analysis
was performed with FPKM (Fragments Per Kilobase of
transcript per Million mapped reads) values from the
treatment against FPKM mock values in order to obtain the
n-fold. For the up-regulated genes, a coverage cutoff of 50% of
the dataset was applied to the treatment genes while for the
down-regulated genes it was applied to the mock genes. N-fold
of above or equal than 2 was used to prove up-regulation and an
n-fold below or equal than 0.5 was applied to look for down-
regulated genes. ClueGO 2.5.6 app for Cytoscape (Bindea et al.,
2009) was used to determine which Gene Ontology
(GO) categories were statistically overrepresented in the
differentially expressed set of genes. Significant enrichments
were determined using the Enrichment/Depletion (Two-sided
hypergeometric) test and Bonferroni step down corrected p
values are represented. Additional parameters are detailed in
Supplementary Table S2.

Crop Protection Assays
Three-week-old tomato plants (Solanum lycopersicum,
Moneymaker) were sprayed with 2 ml of a XA3XX solution
(0.125 or 0.25 mg/ml) containing 2.5% UEP-100 (Croda) and
2.5% Tween 24 MBAL (Croda) as adjuvants. Adjuvant solution
was used as mock. Pseudomonas syringae pv. tomato DC3000
infections were performed 48 h after pre-treatments according
mainly to Santamarıá-Hernando et al., 2019. Briefly, plants were
sprayed with a suspension of the bacterium (108 cfu/ml) and two
tomato leaf discs were collected from four different plants at 0-
and 5-d post-infection (dpi). Colony forming units (cfu) per
foliar area (cm2) were determined after plating serial bacterial
dilutions obtained from tomato leaf discs of known area onto KB
plates with rifampicin (25 µg/ml). Data shown represent mean ±
SD (n=8) from one experiment representative of three
independent ones with similar results. For Sclerotinia
sclerotiorum experiments, 5-weeks-old pepper plants (Capsicum
annuum, Murano) were treated using 5 ml of a XA3XX solution
(0.05 mg/ml) containing 0.5% UEP-100 and 0.05% Tween 24
MBAL as adjuvants. Two-days after treatment, plants were moved
to a 75% humidity greenhouse chamber and spray-inoculated with
5 ml of a 250 cfu/ml suspension of S. sclerotiorum homogenized
mycelia according to Chen and Wang (2005). Disease symptoms
were determined at 5 and 9 dpi in all the leaves of each plant
(n=24) using a scale from 0 to 4 where 0 = no symptoms; 1 = little
necrotic spots (< 20% of leaf area); 2 = two or more notable
necrotic spots (20–50% of leaf area); 3 = more than 50% of leaf
area affected, 4 = leaf senescence. Data shown represent mean ±
SD (n=24) from three experiments.
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The fungal genus Plectosphaerella comprises species and strains
with different lifestyles on plants, such asP. cucumerina, which has
served as model for the characterization of Arabidopsis thaliana
basal and nonhost resistance to necrotrophic fungi. We have se-
quenced, annotated, and compared the genomes and tran-
scriptomes of three Plectosphaerella strains with different
lifestyles on A. thaliana, namely, PcBMM, a natural pathogen of
wild-type plants (Col-0), Pc2127, a nonpathogenic strain on Col-0
but pathogenic on the immunocompromised cyp79B2 cyp79B3
mutant, and P0831, which was isolated from a natural population
of A. thaliana and is shown here to be nonpathogenic and to grow
epiphytically on Col-0 and cyp79B2 cyp79B3 plants. The genomes
of these Plectosphaerella strains are very similar and do not dif-
fer in the number of genes with pathogenesis-related functions,
with the exception of secreted carbohydrate-active enzymes
(CAZymes), which are up to five times more abundant in the
pathogenic strain PcBMM. Analysis of the fungal transcriptomes
in inoculated Col-0 and cyp79B2 cyp79B3 plants at initial coloni-
zation stages confirm the key role of secreted CAZymes in the
necrotrophic interaction, since PcBMM expresses more genes
encoding secreted CAZymes than Pc2127 and P0831. We also
show that P0831 epiphytic growth on A. thaliana involves the
transcription of specific repertoires of fungal genes, which might
be necessary for epiphytic growth adaptation. Overall, these
results suggest that in-planta expression of specific sets of fungal
genes at early stages of colonization determine the diverse life-
styles and pathogenicity of Plectosphaerella strains.

Keywords: Arabidopsis, CAZyme, epiphytic fungus, genome,
immunity, pathogenicity, necrotroph, Plectosphaerella

Plants are continuously encountering a diverse array of
microorganisms that differ in their ability to infect and cause
disease (Brader et al. 2017; Newton et al. 2010; Zeilinger et al.
2016). Microbial pathogens have genetic repertoires required
for the colonization of plant tissues and molecular tools to
overcome plant immune responses (Rai and Agarkar 2016).
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Nonpathogenic microorganisms may be able to survive on host
surfaces, growing epiphytically and establishing specific types
of interactions with their hosts (Leveau 2015; Lindow and
Brandl 2003; Vorholt 2012;Whipps et al. 2008). Little is known
about the genetic mechanisms underlying the epiphytic inter-
actions of fungi with plants and their differences with patho-
genic fungi, and similarly, our knowledge about the function of
plant immunity in these epiphytic interactions is scarce (Rastogi
et al. 2013; Vorholt 2012; Yao et al. 2019). However, fungal epi-
phytes represent a considerable fraction of the phyllosphere
microbiome that can greatly affect plant fitness, either positively
or negatively (Hongsanan et al. 2016; Vorholt 2012; Whipps et al.
2008). For example, it has been shown that fungal epiphytes can
protect plants against foliar pathogens, either as microbial antag-
onists (Zhou et al. 2017) or by priming plant resistance (Buxdorf
et al. 2013). On the other hand, epiphytic growth could be an
important phase in the interaction with the plant prior to infection
or could be used as a survival mechanism in the absence of
a suitable host (Vorholt 2012). Comparing pathogenic and non-
pathogenic plant-fungus interactions is an excellent strategy to
find molecular determinants of pathogenicity and virulence, as
shown by several recent studies (Baetsen-Young et al. 2020;
Hacquard et al. 2016; Plett andMartin 2018; Zeilinger et al. 2016).
Since the nature of nonpathogenic interactions is diverse, addi-
tional comparative studies are needed in other fungus-plant
interactions to better understand the genetic bases of non-
pathogenic lifestyles of fungi.
Fungal plant pathogens are classified as biotrophs, hemi-

biotrophs, and necrotrophs, each having different modes of in-
teraction with their host plants (Horbach et al. 2011). Biotrophic
pathogens are usually obligate parasites that do not kill host cells
and establish sophisticated interactions with the host that include
the secretion of effectors that manipulate the plant metabolism,
suppress the immune responses, and promote the trophic in-
teraction (Spanu and Panstruga 2017). Necrotrophic pathogens
rapidly cause substantial tissue damage, killing host cells by
a combination of mechanisms involving, among others, the ex-
pression of cell wall–degrading enzymes (CWDEs) that hydrolyze
plant cell-wall polymers, the production of reactive oxygen spe-
cies (ROS) and the secretion of toxins (Wang et al. 2014). These
activities lead to cell wall and membrane disruption in the host
cells and to the release of nutrients, which favor extensive colo-
nization of a plant host by the fungus and tissue decomposition
(Zeilinger et al. 2016). Despite being less-studied than biotrophic
interactions, increasing evidence shows that the molecular mech-
anisms of plant and necrotrophic fungi interactions are complex
and involve fungal effectors (Wang et al. 2014).
The Ascomycete genus Plectosphaerella includes several spe-

cies commonly found in the rhizosphere and strains isolated from
very different hosts, mainly plants, but also from insects, crusta-
ceans, or nematodes (Giraldo and Crous 2019; Yu and Coosemans
1998). Pathogenic Plectosphaerella spp. have been widely
reported to cause fruit, root, and collar rot on several crops, be-
coming an emergent pathogen in recent decades (Carlucci et al.
2012; Dillard et al. 2005; Jimenez and Zitter 2005; Su et al. 2017;
Usami and Katagiri 2017; Vitale et al. 2007). However, Plectos-
phaerella species can also exhibit other lifestyles in plants, as
endophytes colonizing plant tissues without causing visible
symptoms (D’Amico et al. 2008; Götz et al. 2006) or as epiphytes
showing antagonistic effects against bacterial pathogens (Zhou
et al. 2017). Plectosphaerella strains have also been found in
natural populations of Arabidopsis thaliana, either in pathogenic
associations (Durán et al. 2018; Ton and Mauch-Mani 2004) or as
endophytes in asymptomatic plants (Garcı́a et al. 2013; Junker
et al. 2012; Thiergart et al. 2020).
The interaction between Arabidopsis and the species P.

cucumerina is a well-established pathosystem for the study of

plant basal and nonhost resistance to necrotrophic fungi
(Ramos et al. 2013; Sánchez-Vallet et al. 2010). The analysis of
this pathosystem has contributed to the identification of novel
components of plant defense mechanisms. For example, it has
been found that the biosynthesis of tryptophan (Trp)-derived
metabolites (depleted in cyp79B2 cyp79B3, pen2, cyp81f2, and
cyp71A12 mutants) and their targeted delivery at pathogen
contact sites (impaired in pen3 mutant) are required for Ara-
bidopsis basal resistance to both pathogenic (e.g., PcBMM)
and nonpathogenic strains (e.g., Pc2127) of P. cucumerina
(Bednarek et al. 2009; Hernández-Blanco et al. 2007; Lipka et al.
2005; Pastorczyk et al. 2020; Sánchez-Vallet et al. 2010; Stein
et al. 2006). Additional signaling pathways are also involved in
Arabidopsis resistance to the pathogenic strain PcBMM, like
those mediated by the defense hormones salicylic acid (SA),
jasmonate (JA), ethylene (ET), abscisic acid (ABA), and cy-
tokinin, by heterotrimeric G protein and ERECTA receptor
like kinase, or by signaling mechanisms triggered upon alteration
of plant cell-wall integrity (Bacete et al. 2020; Berrocal-Lobo
et al. 2002; Delgado-Cerezo et al. 2012; Hernández-Blanco et al.
2007; Llorente et al. 2005, 2008; Sánchez-Vallet et al. 2012).
Also, immune responses triggered by microbe-associated mo-
lecular patterns (MAMPs) are required for Arabidopsis resis-
tance to P. cucumerina. The cell walls of spores and mycelium
of PcBMM contain several glycans, like chitin and 1,3-
b-glucans, that are perceived as MAMPs by plant pattern
recognition receptors (PRRs) like CERK1, triggering transcrip-
tional regulation of immune-related genes (Bacete et al. 2018;
Mélida et al. 2018). Accordingly, Arabidopsis cerk1 mutant
is immunocompromised and shows enhanced susceptibility to
P. cucumerina and to other fungi and oomycetes (Mélida et al.
2018; Wan et al. 2008).
To characterize the genetic determinants of the interactions

between Plectosphaerella spp. and Arabidopsis, we have se-
quenced, annotated, and compared the genomes and tran-
scriptomes of three fungal strains with different lifestyles
(PcBMM, Pc2127, and P0831). PcBMM was isolated from
Arabidopsis and is an adapted necrotrophic pathogen in all
Arabidopsis genotypes tested, whereas the nonadapted Pc2127,
isolated from a different host, is unable to colonize Arabidopsis
wild-type plants (Col-0) but is pathogenic on immunocom-
promised double mutant cyp79B2 cyp79B3 plants (Bednarek et al.
2009; Sánchez-Vallet et al. 2010). Notably, we show here that
strain P0831, isolated from a leaf of an asymptomatic Arabidopsis
plant from a natural population in central Spain (Garcı́a et al.
2013), is nonpathogenic on Col-0 and cyp79B2 cyp79B3 plants
but is able to grow epiphytically on leaves of these genotypes.
Here, we describe the whole sequencing and characterization of
the genomes of these strains, showing that they have minor dif-
ferences in the number of genes encoding pathogenesis-related
functions. Our data point to secreted carbohydrate-active enzymes
(CAZymes) as one of the main pathogenicity determinants of
strain PcBMM. Our analyses also show that there are significant
differences in the number and predicted function of fungal genes
expressed in the interaction of the epiphytic P0831 strain with
Arabidopsis plants compared with those established by the
adapted and nonadapted strains.

RESULTS

Plectosphaerella strains display different lifestyles
in Arabidopsis leaves.
We collected asymptomatic Arabidopsis plants from natural

populations in central Spain and, by PCR, detected the genus
Plectosphaerella in up to 50 and 27% of their leaves and roots,
respectively (Supplementary Fig. S1). Plectosphaerella P0831
strain was isolated from the leaf of one of these asymptomatic
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plants (Garcı́a et al. 2013). The growth and pathogenicity pat-
terns of strain P0831 on Arabidopsis Col-0 leaves were ana-
lyzed and compared with those of the well-characterized
PcBMM and Pc2127 strains, which are pathogenic and non-
pathogenic in Col-0 plants, respectively (Sánchez-Vallet et al.
2010; Ramos et al. 2013). P0831, like Pc2127, did not produce
any disease symptoms on Col-0 plants, whereas PcBMM
caused necrotic spots on leaves that spread and reached the
vascular system, as previously described (Fig. 1A) (Ramos
et al. 2013). By using fungal transformants of the three strains
constitutively expressing the green fluorescence protein (GFP)
(PcBMM-GFP and Pc2127-GFP [Ramos et al. 2013] and
P0831-GFP [generated in this work]), we found that P0831-
GFP spores germinated and formed a dense mycelium on Col-0
leaf surfaces that could be observed at 4 days postinoculation
(dpi), whereas Pc2127 spores germinated on Col-0 leaf surfaces
but did not form mycelia, as previously reported (Fig. 1B)
(Ramos et al. 2013). Of note, besides the epiphytic growth of
P0831-GFP, hyphae of P0831-GFP were observed in the in-
tercellular space at the mesophyll at 4 dpi (Supplementary Fig.
S2). Thus, we concluded that P0831 is not pathogenic on Col-0
leaves, being able to grow epiphytically and, occasionally,
endophytically on this accession. Since the pathogenic PcBMM
strain was also isolated from Arabidopsis plants and several
Plectosphaerella sp. strains have recently been identified in the
characterization of Arabidopsis fungal microbiomes (Durán
et al. 2018; Garcı́a et al. 2013; Junker et al. 2012; Thiergart
et al. 2020; Ton and Mauch-Mani 2004), we can conclude that
the genus Plectosphaerella can display different lifestyles on
natural populations of Arabidopsis.
We next tested the interaction of P0831 with the Arabidopsis

immunocompromised double mutant cyp79B2 cyp79B3 that is
depleted of all Trp-derived secondary metabolites required for
basal resistance (Bednarek et al. 2009; Sánchez-Vallet et al.
2010). Notably, we found that P0831 also grew epiphytically, in
this double mutant, without causing disease symptoms (Fig. 1A
and B). This contrasted with the previously described lifestyle of
the nonpathogenic strain Pc2127 that, like PcBMM, colonized and
caused disease symptoms in cyp79B2 cyp79B3 plants, as de-
termined by quantitative PCR (qPCR) of the fungal b-tubulin gene
(Fig. 1A and C) (Sánchez-Vallet et al. 2010). The slight growth of
P0831 in cyp79B2 cyp79B3 was further corroborated at different
days postinoculation by trypan blue (TB) staining of inoculated
leaves, which revealed that cyp79B2 cyp79B3 leaves showed a very
faint and localized TB staining, suggesting that necrosis was lim-
ited to a few plant cells. This contrasted with the intense TB stain,
indicative of plant cell death, caused by Pc2127 and PcBMM
strains (Supplementary Fig. S3). We also analyzed plant defense
responses by determining the production of plant ROS upon fungal
inoculation through diaminobenzidine (DAB) staining. We found
a weak DAB stain in cyp79B2 cyp79B3 leaves inoculated with
Pc2127 and P0831, whereas no DAB staining was observed in
Col-0 plants inoculated with P0831 (Supplementary Fig. S3). On
the other hand, strong DAB stains were observed in Col-0 and
cyp79B2 cyp79B3 plants inoculated with PcBMM, which were
indicative of an intense immune response triggered by the pro-
gression of fungal growth on leaves (Supplementary Fig. S3).
We next determined whether Arabidopsis plants were able to

perceive the three Plectosphaerella strains and to activate im-
mune responses such as the transcriptional upregulation of the
RbohD gene, which encodes NADPH oxidase RBHOD in-
volved in ROS production and that has been described to be
upregulated by pathogen infection (e.g., PcBMM) or MAMP
treatment (Mélida et al. 2018; Morales et al. 2016). Arabidopsis
pRbohD::LUC lines (in Col-0 background) expressing the lu-
ciferase (LUC) gene under the control of RBOHD promoter
(pRbohD) were inoculated with the fungal strains, and we

followed, in vivo, transcriptional regulation of RbohD by de-
termining LUC bioluminescence. We found that bio-
luminescence at 3 dpi in P0831-inoculated plants was higher
than in Pc2127-inoculated plants but lower than the bio-
luminescence observed in plants inoculated with PcBMM
(Supplementary Fig. S4). Notably, LUC bioluminescence of
P0831 in Col-0 was also stronger than that caused by the en-
dophytic fungus Colletotrichum tofieldiae 0861 (Ct0861),
which was also isolated from a natural Arabidopsis population
in central Spain but is unable to grow on the leaf surface
(Garcı́a et al. 2013; Hiruma et al. 2016). These results indicated
that Col-0 plants harbor immune mechanisms for the percep-
tion of the three Plectosphaerella strains (e.g., PRRs recog-
nizing fungal MAMPs) and the transcriptional upregulation of
genes associated with pathogen-associated molecular pattern–
triggered immunity (PTI).
To further characterize the relevance of Arabidopsis defense

mechanisms in shaping Plectosphaerella lifestyle, we tested the
colonization of an Arabidopsis ein2 pad4 sid2 dde2 quadruple
mutant, defective in all three major phytohormone-dependent
defense signaling pathways (ET, SA, and JA) and the effector
triggered immunity (ETI) key regulator PAD4 (Mine et al. 2018).
Fungal biomass, determined by qPCR of the b-tubulin fungal
gene, in the ein2 pad4 sid2 dde2 mutant inoculated with either
Pc2127 or P0831 was similar to that of Col-0 plants, which did not
support fungal infection, whereas PcBMM growth in the mutant
was higher than in Col-0 plants (Fig. 1C) (Berrocal-Lobo et al.
2002; Lipka et al. 2005; Sánchez-Vallet et al. 2010). Overall, these
results confirm the central role of SA, ET, JA, and PAD4-mediated
signaling pathways and Trp-derived metabolites in Arabidopsis
basal resistance to the pathogenic PcBMM strain and corroborate
that Trp-derived basal resistance is sufficient to limit the growth
of the nonadapted Pc2127 strain (Sánchez-Vallet et al. 2010).
Since impairing SA, ET, JA, and PAD4 signaling pathways or
Trp-derived basal resistance does not affect P0831 lifestyle and
colonization of Arabidopsis plants, different immune mecha-
nisms may be acting to limit the growth and potential virulence
of P0831 epiphytic strain.

Genomic features and phylogenetic relationships
of Plectosphaerella strains.
High-molecular-weight genomic DNA was extracted from

mycelia of the three Plectosphaerella strains grown in minimal
media. This DNAwas used for Illumina single-end (SE), paired-
end (PE), and PacBio read-sequencing analyses, which produced
sequences covering each fungal genome that were used for de
novo genome assembly (Table 1). Plectosphaerella genomes
sizes were estimated to be between 37.7 (PcBMM) and 35.9
(Pc2127) Mb (Table 1), which are comparable with the genome
sizes of other ascomycete fungi reported (Supplementary Table
S1). Gene models were predicted, using the Maker v2.31.10
(Cantarel et al. 2008) pipeline, that identified 11,323 (PcBMM),
11,007 (Pc2127) and 10,821 (P0831) genes in the fungal strains
(Table 1). Next, we determined the gene space coverage, using
BUSCO v3 (Simão et al. 2015), which indicated that 97.5 to
97.7% of the core conserved genes of the Sordariomycetes da-
tabase were in the assembled genomes (Table 1).
We used a read mapping approach to compare Pc2127 and

P0831 with PcBMM, and we detected the presence of 179,658
single nucleotide polymorphisms (SNPs) (163,473 exclusive)
in Pc2127 and 812,707 SNPs (796,522 exclusive) in P0831. In
the case of Pc2127, 94% of the proteins had more than 90% of
the positions with reads in PcBMM and fewer than 0.2% of the
proteins had no reads, which may correspond to putative gene
deletions in Pc2127 with respect to PcBMM. P0831 had only
88% identity at the protein level with PcBMM, which con-
trasted with 98.6% identity found for Pc2127, suggesting that
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Fig. 1.Differential interactions of PcBMM, Pc2127, and P0831 with Arabidopsiswild-type plants (Col-0) and immune-deficient mutants. Three-week-old Col-
0 wild-type plants and ein2 pad4 sid2 dde2 and cyp79B2 cyp79B3mutants were spray-inoculated with spore suspensions (4 × 106 spores per milliliter) of either
PcBMM, Pc2127, and P0831 strains or fungal transformants (PcBMM-GFP, Pc2127-GFP, and P0831-GFP) or with water (mock). A, Macroscopic disease
symptoms caused in the inoculated plants by PcBMM, Pc2127, and P0831 strains at 7 days postinoculation (dpi). B, Confocal microscopy maximum
projections of PcBMM-GFP, Pc2127-GFP, and P0831-GFP spores and mycelium on leaves of wild-type plants (Col-0) and cyp79B2 cyp79B3mutants at 4 dpi.
Scale bar = 50 µm. C, Quantification of Plectosphaerella cucumerina b-tubulin DNA in inoculated plants at 3 dpi by quantitative PCR. Values are represented
as the average (±standard deviation) of the n-fold fungal DNA levels relative to plant ubiquitin (At-UBQ) gene. These experiments were repeated at least three
times with similar results.
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P0831 can be considered a different species than PcBMM,
while Pc2127 may represent a divergent strain of P. cucumer-
ina. Multilocus phylogenetic analysis of the TUB, EF1, and ITS
sequences grouped PcBMM and Pc2127 with other members of
P. cucumerina, whereas P0831 was located outside the clade
formed by P. cucumerina and P. plurivora, further confirming
that the P0831 isolate belongs to a different species (Supple-
mentary Fig. S5).
We used OrthoFinder (Emms and Kelly 2015) to cluster

protein-coding sequences into sets of homologous genes,
comparing Plectosphaerella genomes with those of 24 other
fungal species, and these data were used to reconstruct the
evolution of every single gene (Fig. 2A; Supplementary Table
S1). The phylogenomic analysis confirmed the taxonomic po-
sition of the genus Plectosphaerella within the family Plec-
tosphaerelaceae, together with the genus Verticillium, and its

proximity to other hemibiotrophic and endophytic species, such
as those of the genus Colletotrichum (order Glomerellales),
rather than to other necrotrophic fungi such as Botrytis spp. or
Sclerotinia spp. (Fig. 2A). The OrthoFinder tool clustered the
protein-coding sequences of the three Plectosphaerella isolates
in a core of 9,001 gene families that contained orthologs in the
three genomes (Fig. 2B), with an average number of 3.3 genes
per family (e.g., one ortholog per genome in most of the fam-
ilies). Only a few gene families were exclusive of PcBMM (3),
Pc2127 (3), and P0831 (2), accounting, respectively, for 27,
24, and 27 genes that encoded putative proteins of unknown
functions (Fig. 2B). Strain P0831 contained more genes without
family (487) assigned by OrthoFinder, followed by PcBMM
(412) and Pc2127 (176) (Table 1).
A phylome was reconstructed (stored in PhylomeDB

[Huerta-Cepas et al. 2014]) using the proteomes of the three

Fig. 2. Genomic relationships of PcBMM, Pc2127, and P0831 genomes with those of other fungi. A, Whole-genome phylogeny inferred by using the STAG
method (Emms and Kelly 2018) with Orthofinder algorithm (Emms and Kelly 2015) within each orthogroup of genes present in all 27 compared genomes. A
greedy consensus tree was achieved from all these individual estimates to get the final tree. B, Venn diagram distribution of the orthogroup genes generated by
comparison of the three Plectosphaerella strains using Orthofinder algorithm.

Table 1. Genome sequencing and assembly statistics of Plectosphaerella strains

Parameter PcBMM Pc2127 P0831

Illumina single-end coverage 26.3 27.6
Illumina paired-end coverage 27.4 28.6 27.6
PacBio coverage 14.6
Assembly size 37.7 Mb 35.9 Mb 37.5 Mb
No. of contigs (>1 kb) 467 243 388
Largest contig 1.36 Mb 0.85 Mb 0.79 Mb
GC% 58.17 58.33 57.23
N50 length 338 kb 315 kb 191 kb
L50 36 41 56
N75 length 160 kb 158 kb 107 kb
L75 76 86 122
No. of ‘N’s in assembly per 100 kbp 1,054 113 1,910
No. of predicted gene models 11,323 11,007 10,821
Gene space coverage (BUSCO)a 94.0 to 97.7% 92.1 to 97.7% 93.2 to 97.5%
No. of genes in orthogroups 10,911 10,831 10,333
No. of orthogroups 9,786 9,777 9,232
No. of unassigned genesb 411 (3.6%) 176 (1.6%) 488 (4.5%)

a The two numbers indicate fully present and partially present genes.
b Percentage of unassigned genes to orthogroups was calculated over total predicted genes.
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Plectosphaerella strains and those of the 24 fungal species
listed in Supplementary Table S1. Analysis to identify acquired
genes in the genome of PcBMM allowed us to identify 159
orphan genes in PcBMM, 23 gained genes in the first node
(shared by PcBMM and Pc2127), and 296 gained genes in the
second one (shared by the three strains). Losses were also ex-
plored, and we identified 533 genes lost by Pc2127, and 1,112
genes lost by P0831 (Supplementary Fig. S6). For all the ac-
quired genes, a BLASTp (Zhang et al. 2000) search against the
UniProt database was performed, finding 10 putative cases of
horizontal gene transfers corresponding to fungal genes that
had homology with bacterial proteins (Supplementary Table
S2). The percentage of identity between these pairs of homol-
ogous genes was very low (between 20 and 40%), suggesting
they are not due to a contamination. Moreover, to find whether
gained genes were enriched in any particular function, an en-
richment analysis with FatiGO (Al-Shahrour et al. 2004) was
performed for each of the referred nodes, but no enrichment
was found in any of those analyses.

Genes encoding putative secreted CAZYmes
are overrepresented among PcBMM pathogenicity
and virulence-related genes.
We looked for predicted functions (proteins) related to

pathogenesis in the three Plectosphaerella genomes by de-
termining CAZymes, secreted proteins (secretome), mem-
brane-associated transporters, and genes associated with
secondary metabolism (Table 2). The proportions of these
pathogenesis-related groups were practically identical among
the three genomes, indicating that the genomic structure linked
to known pathogenic mechanisms did not differ significantly
among the three Plectosphaerella strains. However, we found
within the secretome that the predicted secreted CAZymes were
up to five times more abundant in the pathogenic PcBMM strain
than in Pc2127 and P0831 (Table 2; Supplementary Table S3).
Around 75% of the predicted secreted CAZymes of PcBMM had
modules corresponding to CWDEs, such as carbohydrate esterases
(CE), glycoside hydrolases (GH), and polysaccharide lyases (PL),
that can potentially hydrolyze all the major plant cell-wall poly-
saccharides (e.g., pectin, hemicellulose, and cellulose [Supple-
mentary Table S3]). Remarkably, secreted carbohydrate-binding
modules (CBMs), which have functions related to adhesion to
carbohydrates, and secreted auxiliary enzymes with redox activi-
ties (AA) were also highly enriched in PcBMM in comparison
with Pc2127 and P0831. On the other hand, secreted glycosyl
transferases (GT), which participate in the formation of glycosidic
bonds, were similarly low-abundant in the three isolates (Sup-
plementary Table S3).
In addition to CAZymes, we identified candidate secreted ef-

fector proteins (CSEPs) and secreted proteases in the secretomes
of the three fungal strains (Table 2). CSEP was the most abundant

secreted category in the three genomes, representing between 44
and 47% of the predicted genes in the secretome (Table 2). No
significant differences between the three isolates were found for
CSEPs or proteases. We identified 87, 79, and 82 genes related to
secondary metabolism pathways in the genomes of PcBMM,
Pc2127, and P0831, respectively (Table 2; Supplementary Fig.
S7). These pathways were represented by 15 core genes in each of
the three genomes, which is half the average number of core genes
found in other ascomycetes (Wang et al. 2015). P0831 contained
more genes encoding nonribosomal peptide synthase (NRPS)-like
genes and fewer genes encoding NRPSs and polyketide synthases
than PcBMM and Pc2127 (Supplementary Fig. S6), but most of
these genes had orthologous genes in the three genomes and only
one gene was exclusive for each genome. These results suggest
that the pathogenicity mechanisms of Plectosphaerella spp. in
Arabidopsis (e.g., PcBMM strain) involve secreted CAZymes and
probably proteinaceous toxins rather than toxins derived from
secondary metabolites.
We also found 342, 264, and 387 genes, respectively, in

PcBMM, Pc2127, and P0831 without homology to genes in
other organisms. The proportion of these genes in the genome
was significantly larger in P0831 (P < 0.00001, c2). In PcBMM,
one third of these genes (118) were isolate-exclusive, whereas
only 35 and 17 genes were isolate-exclusive in Pc2127 and
P0831, respectively.

Differential repertoires of fungal genes are expressed
during colonization of Col-0 and cyp79B2 cyp79B3 plants
by Plectosphaerella strains.
To identify Plectosphaerella genes determining the different

types of interactions with Arabidopsis (Fig. 1), we performed
genome-wide RNA-seq expression profiling. For that, we used
total RNA extracted from Col-0 and cyp79B2 cyp79B3 three-
week-old plants at 10 and 16 h postinoculation (hpi) with spores
(4 × 106 spores per milliliter) of PcBMM, Pc2127, or P0831
strains or after water treatment (noninoculated). In parallel,
total RNA was also extracted from mycelia of the Plectos-
phaerella strains grown in vitro under minimal medium con-
ditions. RNA-seq of in-vitro samples generated 59,794,266,
4,809,246, and 7,343,450 mapped reads, which corresponded to
10,586, 10,282, and 10,272 expressed genes of the PcBMM,
Pc2127, and P0831 strains, respectively (Supplementary Table
S4). RNA-seq of in-planta samples generated from 36,324 to
189,858 fungal mapped reads (1 to 5% of the total sequenced
reads), which reflects the relatively low fungal RNA abundance
and the differences in growth ability of the strains in planta
(Supplementary Table S4). In Col-0 inoculated plants, we
detected the expression of 7,687, 7,188 and 3,236 genes of
PcBMM, Pc2127, and P0831, respectively, which means 73,
70, and 32% of the genes with detected expression (in vitro + in
planta RNA-seq analyses [Fig. 3A and B]). These results showed
dramatic differences for isolate P0831, which expressed in
planta less than half of the number of genes expressed by
PcBMM or Pc2127 (Fig. 3B).
We found specific clusters of genes from each fungal strain

that were either up-regulated at different timepoints (10 or 16
hpi) or in one of the plant genotypes (Col-0 or cyp7B2
cyp79B3) (Fig. 3A). The number of PcBMM and Pc2127 genes
expressed in cyp7B2 cyp79B3 plants increased at 16 hpi in
relation to 10 hpi, whereas it decreased in Col-0 inoculated with
Pc2127, as expected from the observed failure of this strain to
grow in Col-0 plants (Figs. 1 and 3B). In contrast, we observed
an increase in the number of fungal expressed genes in P0831
in Col-0 at 16 hpi in comparison with 10 hpi, further supporting
the idea that the nature of the interaction of P0831 with Col-0
plants differs from that of Pc2127 (Fig. 1B). Notably, about
50% of the P0831 upregulated genes were expressed exclusively

Table 2. Functional classification of pathogenesis related genes in the three
Plectosphaerella genomes studied

Annotated function

Number of predicted
genes

PcBMM Pc2127 P0831

Carbohydrate-active enzymes (CAZymes) 782 782 768
Secretome 539 502 492
Secreted CAZymes 178 40 35
Candidate secreted effector proteins 253 221 217
Proteases 63 59 68

Secondary metabolism 87 79 82
Transport 1,032 1,015 1,114
Total number of predicted genes in each
genome

11,323 11,007 10,821
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at 16 hpi (Supplementary Fig. S8A), while most of the upre-
gulated genes of PcBMM and Pc2127 were expressed at both
10 and 16 hpi. Similarly, most PcBMM and Pc2127 upregulated
genes were expressed in both Col-0 and cyp79B2 cyp79B3,
whereas only 50% of the in planta–expressed P0831 genes were
shared between both plant genotypes (Supplementary Fig.
S8B). These data indicate that gene expression in P0831 was
reprogrammed over time and depending on the immunity status
of the host. To confirm RNA-seq data, in-planta expression of
a representative subset of Plectosphaerella genes from some
clusters were validated by quantitative reverse transcription-
PCR (qRT-PCR) in independent experiments at 10, 16, and 24
hpi (Fig. 3C).
We next analyzed the in planta expressed fungal genes

that could be related to pathogenicity, and we found that the
most represented category in the three strains was “membrane-
associated transporters,” followed by “secreted proteins,” and
“secondary metabolism pathways,” which was in accordance
with the relative abundance of these categories in the fungal
genomes (Supplementary Fig. S9A; Table 2). The percentage of in

planta–expressed genes within each category was higher in
PcBMM and Pc2127 than in P0831 (28 to 36% of PcBMM values
[Supplementary Fig. S9A]), except for secondary metabolism
pathways genes, whose expression was reduced about 60% in
Pc2127 in comparison with PcBMM (Supplementary Fig. S9A).
Main differences among strains were found within the number of
genes of the secretome categories, particularly for the secreted
CAZymes expressed in planta, which were significantly higher in
PcBMM than in Pc2127 and P0831 (25 and 3% of PcBMM val-
ues, respectively) (Supplementary Fig. S9B). Among the top 10%
of genes with the highest level of expression in planta, those
encoding “secreted proteins,” particularly secreted CAZymes, and
“membrane associated transporters” were the most abundant in
PcBMMand Pc2127, while in P0831 the most represented category
of highest expressed genes was “membrane associated transporters,”
followed by “secreted proteins” (Supplementary Fig. S9C and D).
These data support the relevant role of the secreted CAZymes
in the pathogenicity of PcBMM and suggest that the survival
strategy of P0831 on the plant surface could be based on the ex-
pression of membrane-associated transporters and on a weakened

Fig. 3.Differential expression of the transcriptomes of PcBMM, Pc2127, and P0831 in Arabidopsis inoculated plants.A,Heatmaps of gene expression showing
the fungal genes significantly upregulated (log2-fold change [FC] ³ 2, false discovery rate < 0.05) in Col-0 and cyp79B2 cyp79B3 inoculated plants at 10 and 16
h postinoculation (hpi) in relation to in-vitro growth. Overrepresented (white to dark red) and underrepresented transcripts (white to dark blue) are shown as
log2-FC relative to the expression of the genes in vitro. B, Number of in planta–expressed genes of PcBMM, Pc2127, and P0831 in the tested conditions (Col-
0 and cyp79B2 cyp79B3) and timepoints (10 and 16 hpi). C, Validation by quantitative reverse transcription-PCR of the expression of some selected genes of
PcBMM, Pc2127, and P0831 in Col-0 and cyp79B2 cyp79B3 plants at different timepoints (10 to 24 hpi). Values are the relative expression of selected genes to
fungal b-tubulin gene expression levels. Bars represent the average (±standard deviation) of two technical replicates.
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transcriptional activation of CAZyme genes. In general, minor dif-
ferences in the expression of genes of the most represented patho-
genicity categories were observed between Col-0 and cyp79b2
cyp79b3, with the exception of strain Pc2127, which expressed
more secretome-associated genes when it infected the mutant
(Supplementary Fig. S9B and C). This probably contributes to
the colonization of this mutant by Pc2127 and further supports
the relevance of these genes in fungal pathogenicity.

Arabidopsis transcriptional responses during colonization
by Plectosphaerella strains.
Differential expression of Arabidopsis genes in Col-0 and

cyp79B2 cyp79B3 plants upon inoculation (10 and 16 hpi) with
the three fungal strains was determined by comparing RNA-seq
data of these samples with those of noninoculated (mock)
plants (Supplementary Tables S5 and S6). The total number of
mapped RNA-seq reads and Arabidopsis-expressed genes
detected in Col-0 and cyp79B2 cyp79B3 plants inoculated with
each fungal strain was very similar, indicating that plant tran-
scriptional responses were comparable (Fig. 4; Supplementary
Table S5). We identified specific sets of differentially expressed
genes (DEGs) (false discovery rate [FDR] < 0.05; log2-fold
change [FC] ³ 1) that were either upregulated or downregulated

in inoculated plants (Fig. 4A; Supplementary Table S6). Of
note, the number of DEGs in P0831-inoculated plants was
lower (from 35 to 48%) than in plants infected with PcBMM or
Pc2127 (Supplementary Table S6; Fig. 4B). The number of
DEGs also differed among plant genotypes, since it was larger
in cyp79B2 cyp79B3 than in Col-0 plants inoculated with any of
the three strains (increases of 15, 17, and 7% for PcBMM
Pc2127, and P0831, respectively) (Supplementary Table S6;
Fig. 4B). Moreover, the number of plant upregulated DEGs
increased over time in cyp79B2 cyp79B3 mutants inoculated
with any of the strains and in Col-0 plants inoculated with
PcBMM, whereas the number decreased in Col-0 plants in-
oculated with Pc2127 or P0831 (Supplementary Table S6;
Supplementary Fig. S10). The number of Arabidopsis down-
regulated DEGs also increased over time in plants inoculated
with PcBMM and Pc2127, especially in the cyp79B2 cyp79B3
mutant, whereas it remained stable in plants inoculated with
P0831 (Supplementary Table S6). Interestingly, profound
changes in the sets of DEGs (up- and downregulated) at 10 and
16 hpi were found, especially in plants inoculated with P0831,
in which only 15 and 10% of DEGs were shared between the
two timepoints tested in Col-0 and cyp79B2 cyp79B3 plants,
respectively (Fig. 4A; Supplementary Fig. S10).
We identified two cores of 1,301 and 1,516 DEGs in Col-0 and

cyp79B2 cyp79B3 plants, respectively, which were shared upon
inoculation with the three fungal strains (Fig. 4A, B, and C;
Supplementary Fig. S10). However, we also found specific clus-
ters of DEGs upon infection progression, depending on the plant
genotype and fungal strain, that represented from 29% of total
DEGs in Col-0 inoculated with PcBMM to 12% in cyp79B2
cyp79B3 infected with Pc2127 (Fig. 4A, B, and C; Supplementary
Fig. S10; Supplementary Table S6). The similarities between the
transcriptional responses of plants inoculated with PcBMM and
P0831 were lower (59% of shared DEGs) than those between
PcBMM and Pc2127 (over 74% of shared genes [Fig. 4B and C;
Supplementary Fig. S10]). Together, these data indicate that the
transcriptional responses of Arabidopsis genotypes upon in-
oculation with each fungal strain differ significantly and that
P0831 elicits in planta a weaker transcriptional response (lower
number of DEGs) than the other two strains.
The putative functions of Arabidopsis DEGs in inoculated

plants was analyzed by determining gene ontology (GO) term
enrichment. DEGs in the Col-0-PcBMM interaction were
enriched in 117 GO terms that were mainly related to
“defense,” “signaling,” and “response to stress” functions
(Supplementary Table S7; Supplementary Fig. S11A). A very
similar pattern was found for DEGs in Col-0-Pc2127 and
cyp79B2 cyp79B3-PcBMM or cyp79B2 cyp79B3-Pc2127
interactions, although with fewer GO terms enriched (about 70
in the three cases [Supplementary Table S7; Supplementary
Fig. S11A and B ]). Hence, a strong plant defense response is
observed in these interactions independently of the final fungal
outcome (e.g., disease progression or fungal growth inhibition).
In cyp79B2 cyp79B3 plants, a remarkable enrichment in GO
terms related to aging was also observed, which could reflect
the activation of molecular mechanisms related to cell death
associated to fungal-induced necrosis. A very different GO
enrichment pattern was observed among the upregulated DEGs
in the Col-0-P0831 interaction, with only eight GO terms,
mainly related to metabolic processes such as “biosynthesis of
secondary metabolites and toxins” that could be related to de-
fense functions (Supplementary Table S7; Supplementary Fig.
S11A). Similar GO term enrichment analyses were performed
with downregulated DEGs, but the number of significant GO
terms identified was very low, 14 and nine GO terms in the
cyp79B2 cyp79B3 interactions with PcBMM and Pc2127, re-
spectively, three GO termss in the Col-0-PcBMM interaction,

Fig. 4. Differential expression of the transcriptomes of Col-0 and cyp79B2
cyp79B3 plants inoculated with Plectosphaerella strains. A, Heatmaps of
gene expression showing the plant genes significantly upregulated (log2-
fold change [FC] ³ 2, false discovery rate [FDR] < 0.05) in the Col-0 and
cyp79B2 cyp79B3 inoculated plants at 10 and 16 h postinoculation (hpi).
Overrepresented (white to dark red) and underrepresented transcripts (white
to dark blue) are shown as log2-fold changes relative to the gene expression
in mock-treated plants. B and C, Venn diagrams showing the number of
genes upregulated (log2-FC ³ 2, FDR < 0.05) in Col-0 (B) or cyp79B2
cyp79B3 (C) plants at 10 and 16 h postinoculation with PcBMM, Pc2127, or
P0831. The percentage of specific Arabidopsis genes upregulated by each
fungal strain in inoculated Col-0 and cyp79B2 cyp79B3 plants is indicated
between parentheses in the Venn diagram.
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and two in either Col-0 or cyp79B2 cyp79B3 P0831-inoculated
plants (Supplementary Table S7).
The analyses of the number of DEGs and GO term enrichment

indicated that the response of Col-0 plants to P0831 was signifi-
cantly different from those to PcBMM and Pc2127 and, also,
suggest that genes related to canonical immune and disease re-
sistance response are either not induced or weakly expressed in
plants inoculated with P0831. To further validate this hypothesis,
we performed independent experiments in inoculated Col-0 and
cyp79B2 cyp79B3 plants to determine, by qRT-PCR, the expres-
sion of marker genes of different defense pathways (e.g., PR1
(SA), PDF1.2 (ET + JA), NCED3 (ABA), and PAD3, FRK1, and
CYP81F2, which are PTI-associated genes). As shown in Sup-
plementary Figure S12, the expression of the majority of these
genes matched RNA-seq data and was strongly upregulated (up to
1,000-fold) in Col-0 and cyp79B2 cyp79B3 plants upon in-
oculation with PcBMMand Pc2127. In contrast, these defense and
immunity marker genes were, in accordance with GO term en-
richment analyses (Supplementary Fig. S1A), either not induced
or were slightly up-regulated in P0831-inoculated plants (up to 10-
fold [Fig. S12]). These results further suggest that the immune
responses of plants inoculated with the epiphytic strain are weakly
induced or attenuated by the fungus.

DISCUSSION

Plant-fungus interactions are diverse and largely dependent
on the genetic determinants of fungus and host and on the
environmental conditions (Brader et al. 2017; Rai and Agarkar
2016; Zeilinger et al. 2016). Comparing closely related fungal
species with different abilities to cause disease in different
hosts can provide novel cues about the specific genetic deter-
minants of pathogenesis (Hacquard et al. 2016; Seidl et al.
2015; Wang et al. 2020; Xu et al. 2014). In this work, we have
compared the initial colonization steps of three strains of the
genus Plectosphaerella on wild-type and immunocompromised
Arabidopsis genotypes, and we have sequenced and annotated
the genomes and studied the transcriptional responses of these
fungi upon plant colonization. The comparative analysis of the
pathogenic PcBMM strain and the two nonpathogenic strains
P0831 and Pc2127 revealed that, beyond the expected re-
markable differences between pathogenic and nonpathogenic
interactions, nonpathogenic interactions are also highly distinct
between them (Malcom et al. 2013; Selosse et al. 2018).
Among nonpathogenic interactions, we can distinguish endo-

phytic and epiphytic fungal lifestyles (Arnold 2007; Hardoim et al.
2015; Yao et al. 2019). Fungal endophytes are a highly diverse
group that naturally colonize internal plant tissues without causing
disease symptoms for at least part of their life cycle (Hardoim et al.
2015) and have received considerable attention in recent years due
to their potential benefits to plants (Brader et al. 2017; Fesel and
Zuccharo 2016; Lugtenberg et al. 2016; Plett and Martin 2018).
Endophytes share infection mechanisms with plant pathogens
and can be potentially pathogenic in immunocompromised
plants, such as the cyp79B2 cyp79B3 mutant (Hiruma et al.
2016). In contrast, the number of epiphytic fungal interactions
characterized so far at the genomic and transcriptomic levels is
scarce (Takashima et al. 2019; Wang et al. 2017; Xu et al. 2016).
Fungal epiphytes are organisms growing on the leaf surface
(Hongsanan et al. 2016), including pathogens and endophytes that
can transiently colonize and be found on that habitat (Newton et al.
2010; Schulz and Boyle 2005). The leaf surface is a harsh envi-
ronment, subject to abrupt temperature and humidity changes,
scarcity of nutrients, and competitive forces in the diverse pop-
ulation of inhabiting microorganisms (Leveau 2015; Lindow and
Brandl 2003). Host defenses are acting at the leaf surface, shaping
the composition of epiphytic populations (Arnold 2007; Whipps

et al. 2008). Therefore, epiphytes must have adaptations that allow
their growth on the leaf surface and must interact with the host
(Vorholt 2012; Wang et al. 2017; Xu et al. 2016). Here, we have
sequenced, annotated, and characterized the transcriptomic re-
sponse of the epiphytic strain P0831 in its interaction with Ara-
bidopsis wild type (Col-0) and a cyp79B2 cyp79B3 mutant.
Notably, we have found that strain P0831 is able to colonize Col-0
wild-type plants and also the immune-defective dde2 ein2 pad4
sid2 and cyp79B2 cyp79B3mutants, without causing disease (Fig.
1). This contrasts with the observed phenotypes of PcBMM,which
was more virulent in these immunocompromised mutants than
in Col-0 plants, and of Pc2127, which, as previously described,
was pathogenic on cyp79B2 cyp79B3 plants but not on Col-0
(Sánchez-Vallet et al. 2010). Thus, our data reveal a novel lifestyle
(epiphytic) of Plectosphaerella spp. on Arabidopsis plants that had
not been previously studied. Since P0831 was isolated from
a natural population of Arabidopsis (Garcı́a et al. 2013) and fungi
of genus Plectosphaerella are consistently associated with Ara-
bidopsis in nature (Thiergart et al. 2020), we can conclude that the
P0831-Arabidopsis interaction described here occurs in nature.
Several studies on the interaction of P. cucumerina with

Arabidopsis have largely contributed to a precise understanding
of plant basal immunity against fungal necrotrophs (Bednarek
et al. 2009; Hernández-Blanco et al. 2007; Lipka et al. 2005;
Pastorczyk et al. 2020; Sánchez-Vallet et al. 2010; Stein et al.
2006). These studies found dramatic differences between
strains in their ability to overcome plant defenses and to cause
disease, but the genetic determinants of pathogenesis of these
fungi had not been characterized so far. The genomic and
transcriptomic analyses of the different strains of genus Plec-
tosphaerella described here place this genus very close to
Verticillium and Collectotrichum species and not phylogeneti-
cally related to other fungal genera like Botrytis or Sclerotinia
that contain strains with necrotrophic lifestyles in different
plant species, including Arabidopsis (Dickman and Mitra 1992;
Ge and Barbetti 2019; Windram et al. 2012). We have found
that the pathogenicity determinants in genus Plectosphaerella
include mainly CWDE (including secreted CAZYmes) and
proteinaceus toxins and effectors rather than secondary
metabolites (Table 1; Supplementary Fig. S9), which contrasts
with Botrytis or Sclerotinia species that used these metabolites
as pathogenicity determinants (Amselem et al. 2011). These
results suggest that the necrotrophic lifestyle of plant patho-
genic fungi has been evolutionarily achieved through different
genetic mechanisms. Our results also indicate that genetic
differences among strains are more related to their taxonomic
position than with their pathogenic ability, since we identified
very few exclusive genes in each Plectosphaerella genome.
We have found a remarkable relationship between the num-

ber of secreted CAZymes in the Plectosphaerella strains and
their pathogenicity on wild-type plants (Table 2; Supplemen-
tary Table S3; Supplementary Fig. S9), pointing to this group of
enzymes as one of the main determinants of pathogenicity in
Plectosphaerella spp. By contrast, the rest of the well-described
pathogenicity determinants seem to be very well-conserved in
the three fungal strains and similarly expressed in colonized
plants (Table 2). CAZymes, which comprise several classes of
proteins with different catalytic activities on carbohydrates
(Lombard et al. 2014), are often classified as CWDEs, since
they process or hydrolyze plant polysaccharides to either fa-
cilitate infection, gain access to nutrients, or both (Kameshwar
et al. 2019; Zhao et al. 2013). For example, pathogens of dicots
often contain more pectinases than fungi-infecting monocots,
as dicots contain more pectins in their cell walls than monocots
(Zhao et al. 2013). CAZymes have been previously identified as
important pathogenicity or virulence factors of necrotrophic
fungi (Chang et al. 2016; Douaiher et al. 2007; Kikot, et al.
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2009; Lyu et al. 2015). Biotrophic fungi tend to have fewer
CAZymes than necrotrophic and hemibiotrophic fungi, which
is consistent with their lifestyles (Lyu et al. 2015; Zhao et al.
2013). While nutrient acquisition of necrotrophic and hemi-
biotrophic fungi is based on killing the host cell at the last stage
of infection, biotrophic fungi absorb nutrients from living cells
(Laluk and Mengiste 2010; Oliver and Ipcho 2004). The
genomes of the three Plectosphaerella strains studied here
harbor similar numbers of CAZymes (Table 2), also in line with
those found in other necrotrophic and hemibiotrophic phyto-
pathogenic fungi of dicots (Gazis et al. 2016; Knapp et al. 2018;
Wang et al. 2020; Xu et al. 2014). However, the numbers of GT,
CE, GH, and PL CAZymes in Plectosphaerella genomes are
higher than in other phytopathogenic fungi, except for some
Colletotrichum and Fusarium species (Hacquard et al. 2016).
For example, CEs are up to three times more abundant in
Plectospaherella genomes than in other phytopathogenic fungi
(Table 2). CEs catalyze the de-O or de-N-acylation of esters or
amides and other substituted saccharides in which sugars play
the role of alcohol and amine (Biely 2012). Acetylation of
glycosyl residues of polysaccharides prevents hydrolysis of
their glycosidic linkages by the corresponding GH, protecting
plant cell walls against invading microorganisms. For instance,
Arabidopsis esk1 or rwa/pmr mutants show alterations in
enzymes related to plant cell-wall polysaccharide acetylation
and differential disease resistance responses to pathogens, in-
cluding PcBMM (Escudero et al. 2017; Pawar et al. 2016; Yuan
et al. 2013). Conversely, acetyl groups became targets of mi-
crobial CE that evolved to overcome the complexity of the plant
cell walls and that cooperate with GH in plant polysaccharide
degradation. Of note, plants overexpressing fungal esterases
and acetylases show differential immune responses and dis-
ease-resistance phenotypes (Pawar et al. 2016).
In addition to the catalytic modules, around 7% of the

CAZymes of genus Plectosphaerella also contain CBMs, which
are the most common noncatalytic modules associated with
enzymes active in cell-wall hydrolysis (Lombard et al. 2014).
Among these CBMs are LysM-bearing proteins (CBM50 family)
that have been described to function in scavenging chitin and
other b-glucan fungal oligomers that are perceived as MAMPs
by the plant immune system, thus preventing the recognition of
the fungus by plant PRRs (Bolton et al. 2008; de Jonge and
Thomma 2009). The number of CBM domains found in the three
Plectosphaerella strains were not different, but the number of
secreted proteins with these modules were seven and 18 times
higher in PcBMM than in Pc2127 and P0831, respectively
(Supplementary Table S3), probably explaining the ability of
PcBMM to overcome plant immune responses.
Fungal secretomes play crucial roles during plant colonization

by necrotrophic, hemibiotrophic, or biotrophic fungi and oomy-
cetes (Kamoun 2009; Kim et al. 2016; Lyu et al. 2015; Stergio-
poulos and de Wit 2009). The function of secreted proteins in
necrotrophic fungi with a broad host range is poorly understood
(Guyon et al. 2014). Secretome analysis of the necrotrophic fun-
gus Sclerotinia sclerotiorum revealed large numbers of predicted
effector candidates in the genome and the crucial role of non-
CWDE secreted proteins during infection (Lyu et al. 2016). Here,
we show that there are no significant differences between the
number of small secreted proteins encoded by the genomes of the
three Plectosphaerella strains. This contrasts with the differences
observed in the number of genes encoding predicted secreted
CAZymes (Table 2), which is much higher in PcBMM (Table 2).
Moreover, these secreted CAZymes are expressed during the
colonization process in higher numbers in pathogenic PcBMM
than in the nonpathogenic strains (Supplementary Fig. S9).
Therefore, we can conclude that secreted CAZymes are determi-
nants of PcBMM pathogenicity.

RNA-seq analysis showed dramatic differences in fungal and
plant gene expression at early stages of the interactions studied
that not fully correlated with the ability of the different strains
to grow and cause disease in the plant. The P0831 strain
expressed in planta half of the genes expressed by PcBMM or
Pc2127 (Fig. 3). The number of in planta–expressed genes of
PcBMM or P0831 was in line with results obtained in in-
oculated plants with pathogenic and nonpathogenic strains of
other fungi, such as Colletotrichum or Fusarium species
(Baetsen-Young et al. 2020; Hacquard et al. 2016). However, in
the case of Pc2127, the number of expressed genes was closer
to the pathogenic interaction caused by PcBMM, suggesting an
aggressive behavior of this strain at short timepoints. Pc2127,
however, does not thrive at later timepoints (Fig. 3), and the
number of its expressed genes decreased at 16 hpi in Col-0 in-
oculated plants, which contrasted with the stable or increased
number of expressed genes of PcBMM or P0831 over time.
These profound differences in gene expression dynamics be-
tween Pc2127 and P0831 strains in Col-0 Arabidopsis indicate
the different nature of their interactions with Arabidopsis be-
sides being both nonpathogenic.
Pc2127 was highly virulent on immunocompromised

cyp79B2 cyp79B3 plants but did not cause disease on dde2 ein2
pad4 sid2 mutants (Fig. 1), indicating that Trp-derived
metabolites rather than ET, SA, and JA and ETI pathways are
required for basal resistance to nonadapted Plectosphaerella
fungi, as previously described (Bednarek et al. 2009; Sánchez-
Vallet et al. 2010). P0831 was able to grow on plant surfaces
both of wild type and immunocompromised Arabidopsis
mutants without causing disease symptoms (Fig. 1; Supple-
mentary Figs. S2 and S3). These results suggest that alternative
plant defense mechanisms might prevent plant infection by
P0831. However, our results also showed a weaker upregulation
of canonical plant immune responses upon P0831 epiphytic
growth when compared with the other two strains (Supple-
mentary Figs. S11 and S12). This weak immune response does
not seem to be related to a defective perception of P0831, since
in-vivo analyses at 3 dpi with pRbohD::LUC plants demon-
strate that these plants are able to perceive this fungus and to
activate transcriptional responses (Supplementary Fig. S4).
These results suggest that the epiphytic P0831 strain might
inhibit activation of the plant immune system at early stages of
colonization through specific mechanisms that will require
further characterization. The transcriptional response of P0831
upon interaction with Arabidopsis was distinct from those of
PcBMM and Pc2127, and it changed considerably over time
and depending on the immunity status of the host (Fig. 3;
Supplementary Fig. S8). Strikingly, the transcriptional response
of P0831 seemed more related to transport than with pathoge-
nicity (Supplementary Fig. S9). In summary, we have shown
here the diversity of interactions that Plectosphaerella fungal
strains can establish with plants (Arabidopsis) and have char-
acterized a novel type of epiphytic interaction. The character-
ization of Plectosphaerella genomes and transcriptome has also
revealed that the expression of specific sets of fungal genes in
planta determines the diverse lifestyles and pathogenicity of the
Plectosphaerella strains studied.

MATERIALS AND METHODS

Detection of Plectosphaerella sp. from natural
A. thaliana populations.
Asymptomatic A. thaliana leaves and roots were collected

from natural populations in central Spain, Menasalbas (MEN)
and Las Rozas, that have been described previously (Garcı́a
et al. 2013). Total DNA was extracted from the samples using
the FastDNA SPIN Kit for Soil (MP Biomedicals) and 10 ng of
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DNA template was used for real time PCR amplification using
the specific primer pair that targets the Plectosphaerella b-
tubulin gene, 59-CAAGTATGTTCCCCGAGCCGT-39 and 59-
GGTCCCTTCGGTCAGCTCTTC-39 (Sánchez-Rodrı́guez et al.
2009), and the FS Universal SYBR Green Master Rox (Roche)
as described (Delgado-Cerezo et al. 2012).

Biological material and growth conditions.
A. thaliana genotypes used in this study were accession Co-

lumbia-0 (Col-0) and the mutants (in Col-0 background) cyp79B2
cyp79B3 (Zhao et al. 2002), dde2 ein2 pad4 sid2 (Tsuda et al.
2009), and the pRBOHD::LUC line (in Col-0 background
[Morales et al. 2016]). Plants were grown on a 3:1 soil-vermiculite
mixture under a 10-h day and 14-h night cycle, 24�C day and 22�C
night temperatures, 65% relative humidity, and light intensity of
120mEm

_2 s
_1. PcBMM isolate was provided by B.Mauch-Mani

(University of Neuchâel, Switzerland [Tierens et al. 2001, Ton and
Mauch-Mani 2004]), and Pc2127 was obtained from the Deutsche
Sammlung von Mikroorganismen und Zelkulturen GmbH
(DSMZ) Collection (Braunschweig, Germany). P0831 strain was
isolated from an asymptomatic Arabidopsis leaf from the wild
MEN population in central Spain (Garcı́a et al. 2013). Spores from
these fungi were obtained as reported by Ramos et al. (2013).
P0831-GFP transformant was obtained and selected following
previously reported methodology used to obtain PcBMM-GFP
and Pc2127-GFP transformants (Ramos et al. 2013).

Arabidopsis inoculation and detection
of Plectosphaerella isolates.
Inoculation of Arabidopsis leaves was performed by spraying 3-

week-old soil-grown plants with a spore suspension (4 × 106

spores per milliliter) of the fungus as described (Llorente et al.
2005). At least 12 plants per genotype were inoculated and
aminimum of three independent experiments were performed. For
fungal DNA quantification, DNA from infected plants was
extracted as described by Llorente et al. (2005) and fungal DNA
was determined by qPCR using the FS Universal SYBR Green
Master Rox (Roche), oligonucleotides for the Plectosphaerella
b-tubulin gene, and the Arabidopsis UBIQUITIN21 (At5G25760,
UBQ21) gene, and by calculating the change in the cycle threshold
(DCt) values, as reported previously (Delgado-Cerezo et al. 2012).
The relative ratio was determined from the expression 2–DDCt

(Rieu and Powers 2009). The qPCR results are the means
(±standard deviation [SD]) of two technical replicates.
Confocal images were acquired on a TCS SP2 AOBS spec-

tral confocal laser scanning microscope (Leica Microsystems)
as described (Ramos et al. 2013). GFP fluorescence (green) was
captured by excitation at 488 nm and emission in the range 490
to 520 nm, and chlorophyll autofluorescence (red) was captured
with an excitation of 543 nm and the emission was collected in
the range 600 to 720 nm. The dimensional xyz confocal stacks
and orthogonal projections across selected xz and yz planes
were obtained using Leica Confocal Software LCS Lite version
2.61 build 1538 (Leica Microsystems).
Lactophenol-TB staining of plant leaves was performed as de-

scribed by Koch and Slusarenko (1990) and detection of H2O2 by
3.39-DAB (Sigma) staining was performed as described by Torres
et al. (2002). For in vivo quantification of Rboh-promoter driven
LUC activity, pRBOHD::LUC Col-0 plants were sprayed with
a 0.5 mM solution of D-luciferin (Melford) and luminescence
produced was measured using a NightOWL LB 983 in-vivo im-
aging system (Berthold) as described by Morales et al. (2016).

Genome sequencing and assembly
of Plectosphaerella strains.
Library construction, quality control, and DNA Illumina Hiseq

sequencing (PE 125 bp and SE 50 bp) were performed at the

Centre for Genomic Regulation (CRG) (Barcelona, Spain) in an
Illumina HiSeq2500, and PacBio sequencing was performed at
Wageningen University and Research (Wageningen, The Nether-
lands), using 1 µg of fungal genomic DNA. For fungal DNA
extraction, cultures were grown at 28�C as described previously
(Ramos et al. 2007). For PcBMM genome assembly, a hybrid
strategy was used combining Illumina and PacBio data. SE and
PacBio reads were first assembled using Velvet 1.2.10 (Zerbino
and Birney 2008) and were further used for scaffolding of Illumina
PE read assemblies from SPAdes assembler version 3.11.0
(Bankevich et al. 2012). The established SPAdes pipelinewas used
in careful mode providing Illumina and PacBio assemblies as
untrusted contigs for scaffolding only and kmer scan using 21, 31,
41, 51, 61, 71, and 81. For Pc2127 and P0831, assemblies were
constructed only from Illumina data using a combination of Velvet
1.2.10 (Zerbino and Birney 2008) and SPAdes version 3.11.0
(Bankevich et al. 2012). To identify and remove potential con-
taminating sequences, assemblies were aligned to the genomes of
A. thaliana and Homo sapiens using MUMmer v. 3.0 (Kurtz et al.
2004) with default parameters settings. Contigs that aligned with
more than 50% of their sequence or at least 85% sequence identity
to any of the selected genomes were removed from the assemblies.
Finally, assembly quality was assessed on the basis of L50/75 and
N50/75 values, percentage of error-free bases estimated with quast
5.0.1 (Gurevich et al. 2013), and gene space coverage estimated
with BUSCO v3 (Simão et al. 2015). The Whole-Genome Shot-
gun projects have been deposited in the DDBJ/ENA/GenBank
database under accessions JACAFV000000000 (Plectosphaerella
sp. strain P0831 Biosample SAMN14235337 TaxID: 40657),
JACAFW000000000 (P. cucumerina Pc2127 Biosample
SAMN14233823 and Pc2127 TaxID: 40658), SAMN14233823
and Pc2127 TaxID: 40658), and JACAFX000000000 (P. cucu-
merina PcBMM Biosample SAMN14233534 TaxID: 40658), and
BioProject number PRJNA609142. The versions described by this
paper are versions JACAFV010000000, JACAFW010000000, and
JACAFX010000000.

Gene annotation of Plectosphaerella strains.
The prediction of PcBMM, Pc2127, and P0831 gene models was

performed using the Maker v2.31.10 pipeline (Cantarel et al. 2008)
that integrates different ab initio gene prediction tools together with
evidence from expressed sequence tag and protein alignments. In
a first step for each genome, the pipeline was run using Augustus
(Stanke et al. 2006) (with species model Fusarium graminearum)
and GeneMark-ES (Hoff et al. 2016) for ab initio gene prediction
together with transcript and protein alignment evidence. The resulting
genemodels from this first run were used as training set for a third ab
initio prediction tool, SNAP (Korf 2004), and, subsequently, the an-
notation pipeline was rerun, this time including all three ab initio
prediction tools together with the transcript and protein alignment
evidence to yield the final gene models. The alignment evidence was
created from BLASTand Exonerate (Zaharia et al. 2011) alignments
of both protein and transcript sequences of each respective fungus
obtained from corresponding RNA-seq data via a transcriptome de
novo assembly. For this purpose, we extracted RNA-seq reads that
did not align to the host plant genome from in-planta samples and
combined thesewith the reads from in-vitro samples of the respective
fungus. The combined RNA-seq reads were used as input for Trinity
(Bryant et al. 2017), with default parameter, to assemble transcripts
and extract peptide sequences of the best-scoring open reading
frames. General functional annotations for the predicted gene models
were obtained using Blast2GO (Conesa et al. 2005) with the local
National Center for Biotechnology Information (NCBI) Non-
redundant database downloaded (version: June 12, 2018).

Read mapping and variant calling.
Read mapping and variant calling was performed using the

PcBMM assembly as reference. Before aligning the reads

Vol. 33, No. 11, 2020 / 1309



against the reference assembly, they were trimmed at the first
base with a PHRED quality below 10 and pairs with one or both
reads <31 bases after trimming were filtered out. Then, Pc2127
and P0831 reads were aligned against PcBMM assembly using
BWA-MEM algorithm of BWA v0.7.13 (Li 2013) and were
sorted with SAMtools v0.1.18 (Li et al. 2009). GATK v3.5
(McKenna et al. 2010) was used to call SNPs, and they were
filtered according to GATK documentation (QD < 2.0; MQ <
40; FS > 60.0; haplotype score > 13.0; MQRankSum < _12.5;
ReadPosRankSum < _8.0).
To detect putative deletions, a mpileup file of each strain

(Pc2127 and P0831) was generated with SAMtools v0.1.18 (Li
et al. 2009) and was compared with the reference gff file. A
base was considered to be present in the strain if it was covered by
at least one read. The percentage of total coverage for a region was
calculated through the ratio between the number of positions with
reads and the total size of the respective region. To obtain the
identity between each strain and the reference genome, a BLASTp
(Zhang et al. 2000) between the strain proteome and the reference
and vice versa was performed. Only results in which both
BLASTp best hits were the same were considered for further
analysis. Then, the identity of each strain was determined with
trimAl v1.4.rev15 (Capella-Gutierrez et al. 2009).

Phylogeny of different species
in the genus Plectosphaerella.
Phylogeny was obtained with the maximum likelihood

method and Tamura-Nei model (Tamura and Nei 1993) on
a multilocus alignment (TUB, EF1, and ITS). One or more initial
trees for the heuristic search were obtained automatically by ap-
plying neighbor-joining and BioNJ algorithms to a matrix of
pairwise distances estimated using the maximum composite
likelihood (MCL) approach and then selecting the topology with
superior log likelihood value. The tree was drawn to scale, with
branch lengths measured in the number of substitutions per site.
This analysis involved 28 nucleotide sequences and there were
a total of 1,004 positions in the final dataset. Evolutionary analyses
were conducted in MEGA X (Kumar et al. 2018).

MCL analysis and whole-genome phylogeny.
Gene families and clusters of orthologous genes were infer-

red, using OrthoFinder (Emms and Kelly 2015) v2.2.7, with
standard parameters, using Diamond (Buchfink et al. 2015) as
a sequence aligner for protein and translated DNA searches.
Whole-genome phylogeny was inferred by using the STAG
method (Emms and Kelly 2018) with Orthofinder algorithm
within each orthogroup of genes present in all the 27 compared
genomes (Supplementary Table S1). A greedy consensus tree was
achieved from all these individual estimates to get the final tree.

Phylome reconstruction and gene gain and loss analysis.
The Plectosphaerella phylome was reconstructed with Phy-

lomeDB (Huerta-Cepas et al. 2014). For each Plectosphaerella
protein, a Smith-Waterman search was performed against the
proteome database containing data on the 24 species used in
this work (Supplementary Table S1), as well as of the three
Plectosphaerella strains. To obtain a set of proteins with
significant similarity, an e-value threshold of <1e-05 was
established. Moreover, only sequences that aligned with
a continuous region longer than 50% of the query sequence
were chosen for the detection of homologs. At maximum, 150
sequences per gene were taken for further analysis. MUSCLE
v3.8.31 (Edgar 2004), MAFFT v6.814b (Katoh et al. 2002), and
DIALIGN-TX (Subramanian et al. 2008) were used to align, in
forward and reverse directions, the homologous protein
sequences. M-COFFEE (T-Coffee v8.80) (Wallace et al. 2006)
was used to combine the six resulting alignments. The final

alignment was trimmed with trimAl v1.3 (consistency cutoff
of 0.1667 and a gap score cutoff of 0.1) (Capella-Gutierrez
et al. 2009). Phylogenetic trees were reconstructed through
a neighbor-joining approach as implemented in BioNJ (Gascuel
1997). Eight different models (JTT, WAG, MtREV, VT, LG,
Blosum62, CpREV, and DCMut) were used to compute the
likelihood of this topology, allowing branch-length optimiza-
tion, as in PhyML v3.0 (Guindon et al. 2010). Their likelihood was
compared in accordance with the AIC criterion, and the two evo-
lutionary models best fitting the data were selected to derive
maximum likelihood trees. A discrete gamma-distribution model
with four rate categories plus invariant positions was used in all
cases, with parameters estimated from the data. Gene gain and loss
analysis in the Plectosphaerella branch was performed based on
the phylome results. For each gene from the starting genome,
orthologs weremapped using a species overlap algorithm. Then the
emergence of each gene was located at the common ancestor of all
its orthologs. Losses were inferred by going from the node where
the genewas gained to the tips and locating nodes where all species
had lost the gene. GO term enrichment was calculated using an in-
house adaptation of FatiGo (Al-Shahrour et al. 2004). Enrichment
was searched between genes gained and lost in the nodes pertaining
to the emergence and diversification of Plectosphaerella species.

Annotation of specific gene categories.
To predict the repertoire of CAZYmes encoded by the three

strains, the corresponding genomes were scanned using the
CAZYmes analysis toolkit (Park et al. 2010). The secretomes were
determined using the SECRETOOL pipeline (Cortázar et al. 2014)
run on the proteome of each strain. CSEPs were defined as ex-
tracellular secreted proteins with no significant BLAST similarity
(e-value < 1e-03). To identify genes encoding secreted proteases,
sequences of predicted extracellular secreted proteins were sub-
jected to MEROPS Batch BLAST analysis (Rawlings et al. 2016).
Putative membrane transporter genes were identified and classified
through BLAST searches against the Transporter Collection (TC)
database (Saier et al. 2014). Genes with a sequence identity of at
least 30% to their best hit in the database (e-value < 1e-03) were
extracted. These genes were subsequently assigned to the TC
family of their best TC database hit. Secondary metabolism was
predicted using the antiSMASH fungal version web server
(Medema et al. 2011).

RNA-seq and gene expression analyses.
Library construction, quality control, and RNA Illumina

Hiseq 50-bp SE sequencing were performed at the CRG in an
Illumina HiSeq2500 using 1 µg of total RNA. To make sure the
sequenced reads were of sufficiently high quality, an initial
quality check was performed using the FastQC suite (Andrews
2010). All statistical analyses of plant and fungal gene ex-
pression were performed using Tophat and the Cufflinks
pipeline (Trapnell et al. 2012), where the RNA-seq reads were
mapped to the assembled and annotated genomes of either
PcBMM, Pc2127, or P0831 and in parallel to the annotated
genome of the host plant A. thaliana (ARAPORT). Differential
gene expression in Col-0 and cyp79B2 cyp79B3 plants in-
oculated with PcBMM, Pc2127, and P0831 was fitted for each
analysis using FPKM (fragments per kilobase per million
reads) values. Heatmaps of gene expression profiles were
generated with the Morpheus analysis package. Gene expres-
sion data of fungal and plant genes are shown in Supple-
mentary Tables S8 and S9. The raw RNA-seq data in this
study are deposited in the NCBI Sequence Read Archive
(SRA), BioProject number PRJNA614936 and BioSamples
SAMN14444085 to SAMN14444096, SAMN14444149,
SAMN14444167, and SAMN14444168, with SRA accessions
SRR11668188 to SRR11668202.
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The cytoscape plugin Cluego + Cluepedia (Bindea et al.
2009) was used to construct GO term enrichment networks and
to visualize functionally grouped terms among significantly
regulated genes (FDR <0.05; log2-FC ³ 1) in Arabidopsis in-
oculated plants compared with mock-inoculated plants. Sig-
nificant (P < 0.05) enrichments were determined using the
hypergeometric test and were manually classified as defense,
signaling, response to stress, metabolic process, transcription
and translation, multiorganism process, or aging (Supplemen-
tary Table S7).

Gene expression validation.
RNA extractions from Plectosphaerella- or mock-inoculated

plants were done as described by Llorente et al. (2005). Real-
time qRT-PCR analyses were done as described previously
(Delgado-Cerezo et al. 2012), using the FS Universal SYBR
Green Master Rox (Roche). The qRT-PCR results are the means
(±SD) of two technical replicates. Oligonucleotides used for
cDNA amplification were designed with Primer Express (ver-
sion 2.0; Applied Biosystems) and are shown in Supplementary
Table S10 (Jordá et al. 2016; Sánchez-Rodrı́guez et al. 2009).
For fungal genes, relative expression was calculated related to
the b-tubulin expression. For Arabidopsis genes, ubiquitin
(AT5G25760) expression was used to normalize the transcript
level in each sample of the genes analyzed. The relative ratio
was then determined from the expression 2

_DDCt (Rieu and
Powers 2009), using the mock-inoculated plants as calibrators.
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antiSMASH fungal version web server:
https://fungismash.secondarymetabolites.org/#!/start

ARAPORT Arabidopsis Information Portal: https://www.araport.org
Augustus gene prediction program: http://bioinf.uni-greifswald.de/augustus
Blast2GO: https://www.blast2go.com
BUSCO v3: https://busco.ezlab.org
Cytoscape Cluego: http://apps.cytoscape.org/apps/cluego
Diamond: https://github.com/bbuchfink/diamond
Exonerate software: https://www.ebi.ac.uk/about/vertebrate-genomics/

software/exonerate
FastQC suite: https://www.bioinformatics.babraham.ac.uk/projects/fastqc
GeneMark-ES: http://exon.gatech.edu/GeneMark
MEROPS database: https://www.ebi.ac.uk/merops/submit_searches.shtml
Morpheus software: https://software.broadinstitute.org/morpheus
MUMmer v. 3.0: http://mummer.sourceforge.net
OrthoFinder: http://www.stevekellylab.com/software/orthofinder
SNAP prediction tool: http://snap.cs.berkeley.edu
SECRETOOL pipeline:

http://genomics.cicbiogune.es/SECRETOOL/Secretool.php
Cufflinks pipeline: http://cole-trapnell-lab.github.io/cufflinks/
Transporter Collection database: http://www.tcdb.org
Trinity de novo assembly: https://github.com/trinityrnaseq/trinityrnaseq/wiki
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Escudero, V., Jordá, L., Sopeña-Torres, S., Mélida, H., Miedes, E., Muñoz-
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Molina, A. 2005. ERECTA receptor-like kinase and heterotrimeric G
protein from Arabidopsis are required for resistance to the necrotrophic
fungus Plectosphaerella cucumerina. Plant J. 43:165-180.

Llorente, F., Muskett, P., Sánchez-Vallet, A., López, G., Ramos, B.,
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Sánchez-Rodrı́guez, C., Estévez, J. M., Llorente, F., Hernández-Blanco, C.,
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