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Abstract 

Plants are constantly challenged by environmental conditions and are exposed to 
different organisms. Plant cell walls, mainly composed of carbohydrates, are the 
first barrier that pathogens and other plant-interacting organisms encounter and 
must overcome to produce a successful infection/invasion. As a consequence of 
these interactions, a diverse bouquet of glycans, peptides and biocompounds from 
microorganisms (“Microbe-Associated Molecular Patterns”, MAMPs) and plants 
(“Damage-Associated Molecular Patterns”, DAMPs) are released and perceived by 
plant Pattern Recognition Receptors (PRRs) activating one of the first layers of 
immunity in plants, the Pattern-Triggered Immunity (PTI). However, most of the 
PRRs described perceive peptidic MAMPs and DAMPs, even though in recent years 
numerous glycans triggering immunity in plants have been characterized. 

In this context, the main objective of this thesis is the identification and functional 
characterization of molecular components involved in the plant immune response 
mediated by cell wall-derived glycans, to expand the knowledge in this field. For 
this, a genetic screening of a chemically mutagenized Arabidopsis thaliana 
population was carried out to identify mutants impaired in glycan perception (igp). 
Using this strategy, Arabidopsis thaliana igps impaired in perception of Mixed-
Linked Glucans (such as MLG43) and cellulose-derived oligosaccharides, such as 
cellotriose (CEL3), were isolated. 

The characterization of igps resulted in the identification of mutations in the genes 
that encode three receptor kinases (RKs) - AT1G56145 (IGP1), AT1G56130 
(IGP2/IGP3) and AT1G56140 (IGP4) - with Leucine-Rich-Repeats (LRR) and 
malectin (MAL) domains in their ectodomains. igp1 and igp2/3 mutant plants 
contain a point mutation E906K and G773E, respectively, in their kinase domains, 
while igp4 is a loss-of-function mutant with a T-DNA insertion (identified in the 
laboratory in parallel in a Genome-Wide Association Study (GWAS)-type 
experimental approach). Notably, Isothermal Titration Calorimetry (ITC) assays 
showed that the ectodomain of IGP1 binds with high affinity CEL3 and 
cellopentaose (CEL5), but not MLG43, supporting its function as a PRR of 
cellulose-derived oligosaccharides. These data suggest that IGP1 is the main 
cellulose receptor, and that IGP3 and IGP4 can be considered molecular 
components that participate as co-receptors of CEL3 and MLG43 since mutations 
in their coding sequences render plants unable to perceive these compounds. 
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On the other hand, we have demonstrated that these LRR-MAL RKs also 
participate in the perception of additional glycans, since igp mutants are affected 
in different PTI hallmarks such as calcium influxes, Mitogen-Activated Protein 
Kinases (MAPKs) phosphorylation and upregulation of defence genes after 
treatments with xylotetraose (XYL4) and 33-α-L-arabinofuranosyl-xylotetraose 
(XA3XX). These facts raise the relevance of IGPs in glycans perception and 
downstream signalling activation. 

The results obtained in this Thesis highlight the importance of glycan in plant 
immunity and represent a step forward in the field of cell wall-derived immunity 
through the discovery of a new group of RKs that participate in glycan perception. 
The LRR-MAL RKs family opens new research opportunities that would allow to 
identify other PRRs involved in the perception of carbohydrates. A further 
understanding of these mechanisms of glycan perception by IGPs identified will 
help to develop bio-protection strategies for crop resistance. 
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Resumen 

Las plantas se enfrentan a un desafío constante provocado por factores de estrés 
(a)bióticos procedentes del entorno que las rodea. Las paredes celulares de las 
plantas, compuestas principalmente por carbohidratos, son la primera barrera a la 
que se enfrentan los patógenos y otros organismos y tienen que superar para 
producir una infección/invasión exitosa. Como consecuencia de esta interacción, 
numerosos glicanos, péptidos y material genético tanto de los microorganismos 
(“Microbe-Associated Molecular Patterns” MAMPs) como de la planta (“Damage-
Associated Molecular Patterns”, DAMPs) son liberados y percibidos por los 
receptores de reconocimiento de patrones o PRRs (“Pattern Recognition 
Receptors”) activando una de las primeras capas de inmunidad en las plantas 
mediada por patrones o PTI (“Pattern-Triggered Immunity”). Sin embargo, la 
mayor parte de PRRs descritos perciben MAMPs y DAMPs de naturaleza 
peptídica, a pesar de que en los últimos años se han caracterizado numerosos 
glicanos capaces de activar inmunidad en plantas.  

En este contexto, el principal objetivo de esta Tesis es la identificación y 
caracterización funcional de componentes moleculares implicados en la respuesta 
inmune de las plantas mediada por glicanos derivados de la pared celular, con el 
fin de expandir el conocimiento en este campo. Para ello, se llevó a cabo un cribado 
genético de plantas mutadas químicamente. De esta manera, se aislaron y 
caracterizaron mutantes de Arabidopsis thaliana denominados igps (“impaired in 
glycan perception”), incapaces de percibir β-glicanos, debido a su falta de respuesta 
ante tratamientos con glucanos mixtos (“Mixed-Linked Glucans”; como el MLG43) 
y oligosacáridos derivados de celulosa como la celotriosa (CEL3).  

La caracterización de estos mutantes nos permitió identificar mutaciones en genes 
que codifican para tres receptores de tipo kinasa (RKs) denominados- AT1G56145 
(IGP1), AT1G56130 (IGP2/IGP3) y AT1G56140 (IGP4). Estas proteínas portan un 
ectodominio compuesto por una sección con repeticiones ricas en leucina (LRR) y 
un dominio malectina (MAL). igp1 e igp2/3 contienen una mutación puntual de tipo 
E906K y G773E, respectivamente, en sus dominios kinasa, mientras que igp4 es 
un mutante de pérdida de función con una inserción de T-DNA (identificado 
paralelamente en una aproximación de asociación de genoma completo o GWAS). 
Cabe destacar que los ensayos de Calorimetría de Titración Isotérmica (ITC) 
mostraron que el ectodominio de IGP1 une con alta afinidad CEL3 y celopentaosa 
(CEL5), pero no MLG43, apoyando su función como un PRR de oligosacáridos 
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derivados de celulosa. Estos datos sugieren que, a pesar de ser IGP1 el principal 
receptor de celulosa, IGP3 e IGP4 pueden considerarse componentes moleculares 
que participan como co-receptores de CEL3 y MLG43 ya que los respectivos 
mutantes no son capaces de percibir estos compuestos.  

Por otro lado, se comprobó que estas RKs participan en la percepción de glicanos 
adicionales derivados de xilosa como xilotetraosa (XYL4) y 33-α-L-
arabinofuranosil-xilotetraosa (XA3XX). Los mutantes igp están afectados en la PTI 
tras los tratamientos con estos glicanos, presentando una respuesta baja o nula de 
la activación de flujos de calcio, fosforilación de proteínas kinasa y transcripción de 
genes de defensa en respuesta a XYL4 y XA3XX. Estos hechos elevan la relevancia 
de los IGPs en la percepción de glicanos.  

Los resultados obtenidos en esta Tesis no solo apoyan la importancia de la 
percepción de glicanos en la inmunidad de las plantas, sino que también suponen 
un gran avance para el campo ya que se ha descrito un nuevo grupo de RKs que 
participan en la percepción de los mismos. La familia LRR-MAL RKs abre una 
nueva vía a futuras investigaciones que permitan encontrar nuevos PRRs 
implicados en la percepción de carbohidratos. Una mayor comprensión de estos 
mecanismos ayudará a desarrollar estrategias de bioprotección permitiendo una 
mayor resistencia de los cultivos.  
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1. Introduction  
Plants are under continuous biotic stresses caused by their exposition to microbial 
populations (microbiota), pathogens and pests. Despite the diversity of biotic and 
environmental challenges to which plants are exposed, they can reprogram their 
physiological processes to respond to these conditions. This ability of plants is 
facilitated by a variety of complex and efficient mechanisms of resilience, which 
include diverse molecular monitoring systems that perceive stresses-derived 
signals and trigger specific adaptative responses (Alonso Baez & Bacete 2023; 
Atkinson & Urwin 2012; Engelsdorf & Hamann 2014). 

One of these adaptative mechanisms is the activation of disease resistance against 
pathogens and pests, which is costly because implies the allocation of resources 
(e.g. signalling components and antimicrobial molecules) to invest in defence. This 
re-assignment of energy might compromise plants’ development, reproduction, and 
generation of offspring. Accordingly, disease resistance activation generally 
impacts developmental plant traits, such as biomass and seed production, which 
are critical for agricultural outcomes (Denancé et al., 2013; Karasov et al., 2017; 
Lozano-Durán & Zipfel., 2015; Molina et al., 2021; Monson et al., 2022).  To keep 
the balance between growth and defence, the activation of plant disease resistance 
mechanisms against pathogens and pests is tightly regulated by cell-autonomous 
monitoring systems that perceive pathogen/pest attacks and specific mechanisms 
that fine-tune the intensity and duration of the defensive response (Lozano-Durán 
& Zipfel 2015; Wolf et al., 2012). 

Disease resistance in plants relies both on constitutive and inducible elements. 
Interestingly, plant cell walls play a dual role as structural barriers that hinder 
stress-related challenges but also as sources of bioactive molecules that activate 
plant immunity (Wolf, 2022). Therefore, plant cell walls have gained attention due 
to their relevant function as a safeguard against both abiotic and biotic stresses 
(Benedetti et al., 2018; Molina et al., 2021; Wolf, 2022). Synthesis and remodelling 
of plant cell walls are complex processes involving a significant proportion of genes 
in plant genomes, which we are now starting to identify and functionally 
characterize (Yong et al., 2005; Zhang et al., 2021). Modifications of plant cell walls 
by chemical treatments of plants (e.g. by using inhibitors of enzymes involved in 
polysaccharides synthesis such as isoxaben) or genetically, by impairing or 
overexpressing cell wall-related genes in some species (e.g. Arabidopsis thaliana), 
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have contributed to gain knowledge and understand the impact of some plant cell 
wall modifications on plant development and fitness, but also on immunity and 
disease resistance (Denness et al., 2011; Ogden et al., 2023; Tateno et al., 2016). 

In addition to the cell wall monitoring system, plants have evolutionary acquired 
the capacity to detect conserved pathogen-derived (“non-self”) ligands, known as 
Microbe-Associated Molecular Patterns (MAMPs), by plasma membrane-anchored 
Pattern-Recognition Receptors (PRRs), which are mainly Receptor Kinases (RKs) 
and Receptor-Like Proteins (RPs) (Bender & Zipfel, 2023). These types of receptors 
can also perceive “plant-self” derived Damage-Associated Molecular Patterns 
(DAMPs), that are released or synthesized upon plant tissue damage/infection by 
pathogens (De Lorenzo & Cervone, 2022). MAMPs/DAMPs recognition by PRRs 
activate Pattern Triggered Immunity (PTI) and disease resistance responses. The 
plant immune system also recognizes microbial effectors (avirulence (Avr) 
proteins, not conserved between microbial strains) through intracellular receptors 
that might be encoded by Resistance genes (R), activating Effector Triggered 
Immunity (ETI: Boutrot & Zipfel, 2017; DeFalco & Zipfel, 2021; Li, Yu et al., 2016). 
PTI and ETI have recently been shown to function cooperatively in disease 
resistance (Yuan et al., 2021). 

1.1. Plant cell walls 

The first plant defensive barriers that pathogens/pests must encounter are cuticle 
(composed of hydrophobic compounds; Arya et al., 2021; Carpita & McCann, 2000) 
and cell walls. Cell Walls (CWs) are dynamic and complex structures surrounding 
all plant cells and providing a physical barrier and mechanical support, 
determining cell differentiation, shape, and control of growth processes (Wolf 2022; 
Carpita & McCann, 2000). The structure of the cell walls changes during cell 
differentiation after division. A dedicated Cell Wall Integrity (CWI) mechanism 
has been recently described that encompasses all the molecular events that 
modulate CW shape and function (Bacete et al., 2020; Baez et al., 2022; Vaahtera 
et al., 2019). The composition and structure of the CW change during cell 
specialization. First, during cell division is formed the middle lamella (Figure 1.1), 
which is mainly composed of peptides/proteins and pectins and represents the 
outermost layer of cell wall (Zamil & Geitmann, 2017); later, Primary Cell Wall 
(PCW) is synthesized by the deposition of different carbohydrate polymers and 
additional proteins and metabolites (this is common to all plant cells) (Figure 1.1).  
Also, a Secondary Cell Wall (SCW), between the plasma membrane and PCW, is 
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deposited in those cells that have completed their cellular expansion or need a 
functional specialization to reinforce their walls, like in xylem cells (Figure 1.1) 
(Arya et al., 2021; Carpita & McCann, 2000). 

Figure 1.1: Plant cell wall and its main polymers simplify cartoon representation. Different parts 
of the cell wall are illustrated (as middle lamella, type I PCW and SCW) and the Plasma Membrane 
(PM). Main components of each layer are represented following the SNFG (Symbol Nomenclature 
for Glycans) (Neelamegham et al., 2019; Varki et al., 2016). PCW: XylG (xyloglucans), HG 
(homogalacturonan), RG-I (rhamnogalacturonan-I) and RG-II (rhamnogalacturonan-II); SCW: GXs 
(glucuronoxylans), mannans and glucomannans among other polysaccharides. In the SCW lignin 
is shown in red structures.  

1.1.1. Plant cell wall structures 

Plant cell walls have important differences in their structure and composition 
(Zhang et al., 2021). Also, there are a lot of differences between monocotyledons 
and dicotyledons plant cell walls as well as between species (Addison et al., 2024; 
Cosgrove, 2023; Zhao et al., 2022). All these chemical differences have an obvious 
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impact on the three-dimensional architectures and physicochemical properties of 
plant walls, and the diversity of wall structures found in plants (Alonso Baez & 
Bacete, 2023). 

All plant cells are surrounded by a PCW, whereas those cells that have completed 
their cellular expansion or reinforced their walls for functional specialization, such 
as xylem cells, have also SCW (Carpita & McCann, 2020). Although the plant cell 
wall is a continuum structure, the composition varies along cell development (Liu, 
Persson et al., 2015).  

The middle lamella is a thin layer that pastes together the primary cell walls of 
two adjacent cells (Figure 1.1) (Carpita & McCann, 2020).  

1.1.1.1. Primary Cell Wall (PCW) 

PCWs are mainly composed of carbohydrate-based polymers (cellulose, pectins and 
hemicelluloses) integrated by different monosaccharide moieties (e.g. glucose, 
xylose, arabinose, galacturonic acid) bound by diverse types of linkages and 
stabilized by cellulose microfibrils (Figure 1.1) (Carpita & McCann, 2000). These 
bounds determine the linearity or the degree of branching of the polysaccharides. 
Moreover, glycan moieties of the polysaccharides can have different types of 
biochemical decorations (acetylations, esterifications, methylations, aminations, 
etc.), undergo modifications (oxidation or reduction), or be bound to ions/cations 
(e.g. calcium, boron), making the structures of cell wall polysaccharides extremely 
diverse and complex (Burton et al., 2010; Carpita & McCann 2020). Moreover, 
polysaccharide structures can be modified through linkages established among 
them and with other cell wall components like proteins, lignin and suberin 
(Carpita & McCann 2020). 

We can differentiate two types of PCW (Type I and Type II) depending mainly on 
the phylogenetic relationships of two different groups of plants. PCW of eudicots 
are Type I and mainly consist of cellulose (CEL) arrays, composed of β-1,4-D-glucan 
chains (Carpita & Gibeaut 1993). These chains are synthesized at the plasma 
membrane by Cellulose Synthase (CESA) complexes and are subsequently 
assembled into semi-crystalline microfibrils (Burton et al., 2010). These 
microfibrils gain stability through their interaction with other β-1,4 backbones, 
mainly xyloglucans (XylGs) in PCWs. These arrays of fibers are embedded in a 
matrix of pectins, primarily comprising α-1,4-D-galacturonic acid (GalA) chains 
that form the structural backbones of homogalacturonans (HGs) (Figure 1.1) 
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(Atmodjo et al., 2013). These HGs are decorated with diverse sugar branches in 
rhamnogalacturonan I (RG-I) and rhamnogalacturonan II (RG-II) polymers 
(Figure 1.1) (Atmodjo et al., 2013). Besides these glycan polymers, highly 
glycosylated Arabinogalactan Proteins (AGPs) are covalently linked to 
hemicelluloses and pectins (Tan et al., 2013). These AGPs influence cell adhesion 
during growth and development by establishing glycosylphosphatidyl-inositol 
(GPI) links with the plasma membrane (Leszczuk et al., 2023). 

The composition of the PCW of grasses follows a Type II model and differs from 
that of dicots in the types and relative abundance of non-cellulosic polysaccharides, 
proteins and phenolic compounds (Carpita & Gibeaut, 1993; Vogel, 2008). The 
PCW of grasses is mainly composed of a structural framework of cellulose fibers 
interconnected with arabinoxylans and glucuronoarabinoxylans. Pectins and 
proteins are less prominent than in dicots, and their structural role is carried out 
by unbranched and unsubstituted chains of Mixed-Linked β-1,3/β-1,4-Glucans 
(MLGs; (Vogel, 2008). Moreover, these walls are characterized by the presence of 
significant quantities of phenylpropanoid molecules including lignin, ferulic acid 
and p-coumaric acid, and suberin in some cells, that are cross-linked to cell wall 
polysaccharides to provide rigidity and mechanical strength to cell walls (Hatfield 
et al., 2017; Wolf, 2022). 

 

1.1.1.2. Secondary Cell Wall (SCW) 

SCWs are deposited in plant cells that have completed their expansion or need to 
reinforce their structure, especially important in those that provide mechanical 
support or are involved in water transport as xylem cells. SCWs are composed of 
robust matrixes primarily consisting of cellulose microfibrils, intertwined with 
various hemicelluloses, particularly xylans, glucomannans and mannans (Figure 
1.1) (Kumar et al., 2016; Sarkar et al., 2009). This structural framework is further 
strengthened by crosslinking with lignin, resulting in a rigid and impermeable 
barrier that imparts durability to plant cells (Figure 1.1) (Kang et al. 2019). 

SCW is composed by three main polymers which are cellulose (represents 40-80% 
of SCW composition), hemicellulose (10-40%), lignin (5-25%) and cell wall proteins 
(Figure 1.1) (Kumar et al., 2016). Lignin is a key element in the SCW since creates 
an amorphous matrix, where cellulose and hemicelluloses are embedded (Hatfield 
et al., 2017).  
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There is considerable variability in the fine structures of PCW or SCW polymers 
(e.g. degree of xylan/pectin acetylation or pectin methylation) within a given 
phylogenetic group of plants, and even plant species. Moreover, CW composition 
and structure vary significantly between different tissues (e.g. leaves vs. roots) and 
even between one cell and its adjacent ones. All these biochemical differences have 
an obvious impact on the physicochemical properties and diversity of plant cell 
walls (Alonso Baez & Bacete, 2023). 

1.1.2. Plant cell wall components 

Plant cell wall main components are carbohydrate-based polymers, cellulose, 
pectins (as homogalacturonan, rhamnogalacturonan I and rhamnogalacturonan 
II), two principal hemicellulose (xyloglucan and xylan) and other less presented 
polysaccharides (mannan and glucomannan) integrated by different 
monosaccharides units as glucose, xylose, arabinose or galacturonic acid, bounded 
by different linkages that determine the Degree of Polymerization (DP) (Zablackis 
et al.,1995).  

1.1.2.1. Cellulose 

Cellulose is a linear polymer of β-1,4-glucosyl residues connected via O-glycosidic 
linkages between the C1 and C4 carbons of the glucopyranose rings (Kloareg et al., 
2021; McNamara et al., 2015), forming microfibrils which are semi-crystalline 
structures constituting the main abundant compound of all plant cell walls (Burton 
et al., 2010; Carpita & Gibeaut 1993; Guerriero et al., 2010). Between each glucose 
monomer, two hydrogen bonds are established in a coplanar orientation allowing 
the aggregation into microfibrils stabilized by van der Waals interactions between 
the glucopyranose rings. Thus, the glucan chains have a hydrophilic and a 
hydrophobic face that allows for very strong interchain interaction, although each 
interaction is weak (Delmer et al., 2024).  

Cellulose is synthesized from intracellular uridine diphosphate-glucose at the 
plasma membrane by cellulose synthase enzymes, organized into multisubunit 
Cellulose Synthase Complexes (CSCs) (Burton et al., 2010). As CSCs polymerize 
multiple glucose chains to form cellulose, they move along linear trajectories in the 
plasma membrane. A substantial proportion of CSCs in the plasma membrane are 
guided by microtubules via direct interactions between CESAs and microtubule-
associated proteins, such as CELLULOSE SYNTHASE INTERACTIVE1 (CSI1) 
(Mohammad & McFarlane, 2024). Cellulose gains stability through its interaction 
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with other β-1,4 backbones, mainly xyloglucans in primary cell walls. While CESA 
moves through the plasma membrane by interacting with the microtubules, it 
organizes multiple linear glucose polymers into microfibrils as load-bearing wall 
components (Purushotham et al., 2020), synthesizing 18-24 glucan chains that 
form one microfibril in a specific orientation (Harris et al., 2010; McNamara et al., 
2015; Taylor et al., 2008; Turner & Kumar, 2018). 

1.1.2.2. Pectins 

Pectins are the most soluble and dynamic wall polysaccharides, forming a hydrated 
gel-like matrix in the space between cellulose microfibrils (Cosgrove, 2023). They 
primarily comprise covalently linked α-1,4-D-galacturonic acid (GalA) chains, also 
called homogalacturonan (HG), which are decorated with diverse sugar branches 
in rhamnogalacturonan I (RG-I) and rhamnogalacturonan II (RG-II) polymers 
(Atmodjo et al., 2013; Mohnen, 2008). They account for the 35% of PCWs in dicots 
and non-graminaceous monocots, 2–10% of grass and other commelinids PCWs, 
and up to 5% of walls in woody tissues. The biosynthesis of pectins is estimated to 
require at least 67 transferases including glycosyl-, methyl-, and 
acetyltransferases (Mohnen, 2008). They are important determinants of wall 
thickness, hydration, porosity, ion exchange capacity and electrostatics. Although 
pectins are found throughout the wall, they are particularly concentrated in the 
middle lamella (Cosgrove 2023).  

 

Homogalacturonan (HG) 

HG, the most abundant pectic polysaccharide, comprises approximately 65% of 
pectins (Mohnen, 2008; Zablackis et al., 1995). After their synthesis in the Golgi, 
the carboxyl group of most homogalacturonan residues typically becomes methyl-
esterified. The methyl esters may be removed in the wall by Pectin Methyl 
Esterase (PME), increasing the negative charge of homogalacturonan and enabling 
cooperative ionic crosslinking by calcium between homogalacturonan chains. 
Processive de-esterification by PME can result in linear segments of six or more 
residues that can be ionically crosslinked by calcium ions to a neighbouring chain, 
conforming “egg-box junctions”. The degree and pattern of methyl esterification 
are important determinants of pectin physicochemical, mechanical and signalling 
properties (Cosgrove 2023). The frequency and length of these zones determine the 
cell wall porosity (Carpita & McCann, 2000). 



Marina Martín Dacal 

8 
 

Additionally, Pectin Methyl Esterase Inhibitors (PMEIs) regulate PME activity, 
loosening the pectin matrix to control cell adhesion and cell expansion (Wormit & 
Usadel, 2018). Moreover, HG demethylation can also affect the biomechanical 
properties of the cell wall by rendering pectin susceptible to enzymatic 
depolymerization by pectin lyases and polygalacturonases (Cosgrove 2023; De 
Lorenzo & Cervone, 2022; Wolf, 2022).  

 

Rhamnogalacturonan I (RGI)  

RGI has a backbone of the galacturonic acid-rhamnose disaccharide repeat [-α-D-
galacturonyl-1,2-α-L-rhamnosyl-1-4-]n substituted by a lot of sugar moieties and 
branched oligosaccharides (e.g. galactans, arabinans and arabinogalactans). In 
some cases, they establish bottle brush-like appearance and may be covalently 
linked to HG and glycoproteins (Cosgrove, 2023; Ridley et al., 2001). Between 20% 
and 80% of the rhamnosyl of RGI has α-L-arabinose and β-D-galactose individual, 
linear or branched residues at the O-4 (Mohnen, 2008; Sun et al., 2019). Besides 
these residues, α-L-arabinose can also appear branched by arabinose, arabinans 
and galactans, demonstrating the complexity of these polysaccharides (Nakamura 
et al., 2001; O’Neill & York, 2018). RGI is the second most abundant pectin and 
represents about 20-35% of the total pectin (Mohnen, 2008). RG-I contributes to 
some wall properties like the adhesive features of the middle lamella and the 
hygroscopic properties of seed coat mucilage (the polysaccharide slime on the 
surface of many seeds) (Cosgrove, 2023). 

 

Rhamnogalacturonan II (RGII)  

The composition and structure of RGII, which accounts for 10% of total pectins, are 
even more complex than RGI (Mohnen, 2008; O’Neill et al., 2004). Its structure is 
largely conserved across plant species and is based on an HG backbone of at least 
DP 8 1,4-linked α-D-GalA residues with side branches of 12 different types of 
sugars like D-apiose, D-xylose, L-fucose or L-rhamnose bounded by 20 types of 
different linkages (O’Neill et al., 2004). RG-II can be dimerized by a borate diester 
bond that is required for normal pectin condensation in the wall. RGII is much less 
abundant than RG-I, and yet its specific functions remain unknown (Cosgrove, 
2023). 

 



Introduction 

9 
 

Xylogalacturonan (XGA)  

XGA are HG backbones with 25-75% of β-1,3-xylosyl substitutions at O-3 that can 
be at the same time substituted by an additional β-linked xylose at O-4 (Coenen et 
al., 2007; Mohnen, 2008). It has been shown that XGA may contribute to 
preventing the degradation of HG by endopolygalacturonases from pathogens, 
since xylogalacturonan:xylosyltransferases implicated in XGA biosynthesis are 
upregulated in some plant-pathogen interactions (Jensen et al., 2008; Mohnen, 
2008). 

1.1.2.3. Hemicelluloses 

Hemicelluloses comprise a diverse group of non-cellulosic polysaccharides such as 
xyloglucans, xylans, mannans and β-1,3/1,4-D-glucans. They interact with 
cellulose microfibrils by hydrogen bonds, covering or forming a network between 
them (Carpita & McCann, 2000). This heterogenous group of polysaccharides 
typically consists of a linear backbone of β-1,4-linked sugars decorated with short 
side chains of 1-3 sugar residues. They are synthesized in the Golgi apparatus, 
sorted into vesicles, and delivered to the wall by exocytosis. PCWs typically contain 
xyloglucan and smaller amounts of arabinoxylan. However, in SCWs, other 
hemicelluloses as xylans are dominant, whereas mannans and β-1,3/1,4-D-glucans 
are also prevalence molecules (Cosgrove, 2023). 

 

Xyloglucans (XylGs)  

XylGs are composed of a backbone of β-1,4-D-glucans branched with xyloses 
through α-1,6-glycosidic linkages. Xylosyl units can be further substituted with α-
L-arabinose or β-D-galactose and galactosyl residues with α-L-fucose (Carpita & 
McCann, 2000). They are the most abundant hemicellulose polysaccharide in PCW 
type I, representing approximately 20% of cell wall polysaccharides (Liepman & 
Cavalier, 2012).  

They are synthesized by Cellulose Synthase-Like (CSL) proteins belonging to the 
Glycosyltransferase 2 (GT2) family at the Golgi apparatus. Later they are 
transported to the plasma membrane via vesicle trafficking (Kim et al. 2020). 
XylGs synthesis requires at least four types of enzymatic activities, UDP-glucose-
dependent 1,4-β-glucan synthase to assemble the glucan backbone, UDP-xylose-
dependent 1,6-α-xylosyltransferase to attach xylosyl residues to selected glucosyl 
residues of the glucan backbone, UDP-galactose-dependent 1,2-β-
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galactosyltransferase to attach galactosyl residues to specific xylosyl residues, and 
GDP-fucose-dependent 1,2-α-fucosyltransferase to join fucosyl residues with 
selected galactosyl residues (Faik et al., 2002; Liepman & Cavalier, 2012). The 
interaction points between cellulose-hemicelluloses determine the biomechanical 
properties of the cell wall and serve as targets for expansins and other proteins for 
cell wall remodelling and cell expansion and to prevent self-association of cellulose 
microfibrils (Park & Cosgrove, 2012; Zhang, Chang, et al., 2021). They can also be 
cleaved and reconnected by endo-transglycosylases/hydrolases (XTH) (Sechet et 
al., 2016).  

XylGs interact as well with other cell wall polymers mainly coating and cross-
linking adjacent cellulose microfibrils by non-covalent association, having a big 
implication in the cell wall rigidity and cell wall loosening during cell wall 
elongation (Cosgrove 2023; Hayashi, 1989). The acetylation of XylGs impacts its 
functionality (Jia et al., 2005). Acetylated XylGs can be found in most of the species 
in fucogalactoxyloglucans and arabinoxyloglucans forms (Carpita & McCann, 
2000).  

 

Xylans  

Xylans are made of a β-1,4-D-xylose backbone substituted with acetyl, α-1,2-
Glucuronic Acid (GlcA) or 4-O-Methyl-Glucuronic Acid (Me-GlcA), and arabinose 
residues. There is variation in xylan structures between different species and even 
between different tissues in the same species. In dicots, xylan is the predominant 
hemicellulose in SCWs, but little is found in PCWs being the major non-cellulosic 
polysaccharide in the PCW of commelinids. In Arabidopsis, the ratio of Me-GlcA to 
GlcA substitutions is around two, and Me-GlcA substitutions are found, on 
average, on one out of every eight xylose residues (Rennie & Scheller, 2014). 

A common modification of xylans is substitution with α-(1→2)-linked glucuronosyl 
and 4-O-methyl glucuronosyl residues. Xylans dominated by this type of 
substitution are often known as glucuronoxylans (GXs) and are the dominating 
non-cellulosic polysaccharide in the SCW of dicots (Scheller & Ulvskov, 2010). This 
polymer can appear O-acetylated in C-2 and C-3 of xylosyl residues, modulating 
the interaction with cellulose microfibrils (Busse-Wicher et al., 2014; Mélida et al., 
2020). Monocot xylans usually contain many arabinose residues attached to the 
backbone and are known as arabinoxylans (AXs). Arabinofuranose substitutions 
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are, in principle, less frequent in dicot xylans, but exceptions are found (Darvill et 
al., 1980; Fischer et al., 2004; Naran et al., 2008).  

 

Mannans and glucomannans  

This group is based on β-1,4-linked polysaccharides containing mannose. The 
backbones may consist entirely of mannose, as in mannans and galactomannans 
(with galactose substituents), or with mannose and glucose in a non-repeating 
pattern as in glucomannans and galactoglucomannans (mannose and glucose 
backbone in a non-repeating manner with galactose substituents) and all of them 
often acetylated (Kumar et al., 2016; Scheller & Ulvskov, 2010). Mannans are 
found in variable amounts in all cell walls and have been widely studied/described 
as seed storage compounds. In gymnosperms, galactoglucomannans are major 
components of the secondary walls (Ebringerová et al., 2005), but in Arabidopsis 
represent only a small percentage of hemicelluloses (Scheller and Ulvskov, 2010). 

 

β-1,3/1,4-D-glucans or Mixed Linked Glucans (MLGs) 

Mixed-Linked Glucans (MLGs; β-1,3/1,4-glucans; (1,3;1,4)-β-D-glucans) consist of 
unbranched and unsubstituted chains of β-1,4-glucosyl residues interspersed by β-
1,3 linkages. MLGs are widely distributed as matrix polysaccharides in the cell 
walls of plants from the Poaceae group. They are present in other species such 
Equisetum spp., other vascular plants outside the Poaceae, bryophytes and algae, 
and in other organisms such as lichen-forming ascomycete symbionts, in fungi and 
oomycetes (Rebaque et al., 2021). 

MLGs tend to self-aggregate and bind to other hemicelluloses and cellulose, 
therefore MLGs might have an architectural role in the cell wall (Fry et al., 2008). 
MLG function in CW porosity regulation during active growth has been 
hypothesized (Harris & Fincher, 2009). These interactions differ from those found 
in other hemicelluloses which are mainly regulated by the degree of substitutions 
to prevent extensive alignments (Mohnen, 2008). In the case of MLGs (non-
branched polymers) the cross-link regulation seems to be mediated by the irregular 
conformation of MLGs that prevents extensive alignments mediated by long β-1,4 
regions (up to 12). Other roles have been described for MLGs as storage 
polysaccharides in Poaceae endosperm (Lazaridou & Biliaderis, 2007; Sørensen et 
al., 2008) and playing a role in cell expansion (Fry et al., 2008).  



Marina Martín Dacal 

12 
 

MLGs are synthesized by members of the Cellulose Synthase‐Like (CSL) 
subfamilies from Glycosyltransferase 2 (GT2) family, localized in the Golgi 
apparatus (Coutinho et al., 2003; Kim et al., 2018; Lombard et al., 2014; Scheller 
& Ulvskov, 2010), which are very similar to CESA proteins (Little et al., 2018).  

 

1.1.2.4. Lignin 

Lignin is only present in SCWs. Chemically, it is a heterogeneous and complex 
polymer largely derived from three hydroxycinnamyl alcohol precursors, p-
coumaryl, coniferyl, and sinapyl alcohols. These precursors give rise to the p-
hydroxylphenyl, guaiacyl and syringyl units of lignin, respectively, varying the 
proportion depending on the biological source. Guaiacyl and syringyl units are 
more abundant in monocots and dicots but the monocot lignin also contains 
significant amounts of p-hydroxylphenyl units (Kumar et al., 2016). Lignin not 
only provides strength and compression to the walls but is also essential for cell 
wall integrity (Boerjan et al., 2003) and provides a physical barrier avoiding the 
spread of pathogens, toxins and enzymes (Miedes et al., 2014). The most recent 
advances on the biochemical and structural characterization of lignin have been 
described in the reviews Peracchi et al., 2024 and Yadav & Chattopadhyay, 2023. 

 

1.1.2.5. Cell wall proteins 

They play important roles in the structural and biological processes of cell walls 
(Lee et al., 2004). The synthesis of cell wall proteins occurs in the endoplasmic 
reticulum. Its regulation is tissular and developmental-dependent and can be 
altered in response to biotic and abiotic stresses (Albersheim et al., 2010; Marowa 
et al., 2016). 

Most cell wall proteins, which have structural functions, are glycoproteins and can 
be placed into one of four classes based on the abundance of certain amino acids or 
glycan motifs in their sequence. These are Glycine-Rich Proteins (GRPs), Proline-
Rich Proteins (PRPs), Arabinogalactan-rich Proteins (AGPs), and Hydroxyproline-
Rich Glycoproteins (HRGPs or extensins) (Showalter, 1993). Additionally, some of 
these proteins influence cell adhesion during growth and development by 
establishing glycosylphosphatidyl-inositol (GPI) links with the plasma membrane 
forming a plasma membrane–cell wall continuum (Leszczuk et al. 2023). They can 
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be released into the cell wall when needed by the action of phospholipases (Kumar 
et al, 2016; Liu, Persson et al., 2015). 

In addition to these group of cell wall proteins, there are other group of soluble 
proteins associated to cell walls, like hydrolases, transglycosylases, kinases, 
extensins and extracellular peroxidases, which are involved in biological processes 
such as cell wall extension and assembly, molecular transport, cell recognition and 
pathogen resistance (Delmer et al., 2024; Marowa et al., 2016). 

 

1.1.3. Plant cell wall modifications affect plant disease resistance 

During plant-microbe interactions, microorganisms secrete Cell Wall 
Degrading/modifying Enzymes (CWDEs), like cellulases, polygalacturonases or 
xylanases, to break and overcome the barriers presented by the walls, by modifying 
their composition and structure (Zheng et al., 2021). Altering the expression 
pattern of certain microbial CWDEs during plant colonization (achieved by 
impairing or miss-expressing CWDE genes in microbial strains) has been 
demonstrated to influence the outcome of plant disease resistance and pathogen 
colonization (Lorrai & Ferrari, 2021). CWDEs represent a significant proportion of 
the encoded proteins of plant-pathogenic fungal genomes, further indicating their 
relevance for breaching and modifying the walls and suggesting that microbial 
CWDE repertoire might determine plant-microbe specificity and colonization 
(Kubicek et al., 2014). 

The arsenal of CWDEs of microbes is quite diverse and is classified in different 
groups in CAZYme database (http://www.cazy.org) (Drula et al. 2022). CWDEs can 
either hydrolyze/break down linkages between glycan moieties, add/release groups 
to glycan moieties, or modify wall glycans/polysaccharides through oxidation or 
reduction. This diversity of activities of microbial CWDEs illustrates the 
complexity of plant wall structures that microorganisms encounter and must 
degrade to get into the cell or to release free glycans that they might use as energy 
sources or building blocks for the biosynthesis of new biomolecules (Delannoy-
Bruno et al. 2022). 

Notably, certain alterations in the expression patterns of CWDEs in genetically 
modified microbial strains result in contrasting and initially unexpected virulence 
phenotypes compared to wild-type strains. This observation further supports that 
the balance between plant cell wall degradation during pathogen colonization and 

http://www.cazy.org/
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the perception by plants derived from CWDEs activity might determine the 
progression of colonization and disease resistance outcome (Dora et al., 2022; 
Gámez-Arjona et al., 2022; Yang et al., 2021). 

Accordingly, many wall modifications caused by mutations affecting plant genes 
encoding functions related to cell wall biosynthesis and structural composition 
might also be perceived by plant monitoring systems and have an impact on plant 
disease resistance outcome (Bacete et al., 2018; Miedes et al., 2014). These 
phenotypic alterations have been particularly documented in Arabidopsis thaliana 
mutants impaired in cell wall-related genes and support the relevant role of wall 
extracellular matrix on plant immunity (Bacete et al., 2018; Molina et al., 2021).  

For example, mutants impaired in CESA complexes, required for the synthesis of 
cellulose, are usually associated with specific enhanced disease resistance 
phenotypes. Arabidopsis cev1 and rsw mutants, affected in CESA3 and CESA1 
genes, respectively, required for PCW cellulose biosynthesis, display enhanced 
resistance to several biotrophic powdery mildew fungi (Golovinomyces 
cichoracearum, Golovinomyces orontii and Oidium lycopersicum) (Ellis et al., 2002; 
Ellis, Karafyllidis & Turner, 2002), but did not display altered susceptibility to the 
necrotrophic fungus Plectosphaerella cucumerina or the soil-borne bacterium 
Ralstonia solanacearum (Hernandez-Blanco et al., 2007). In contrast, Arabidopsis 
irregular xylem mutants, irx5-1/irx3-1/irx1-6, affected, respectively, in 
CESA4/CESA7/CESA8 required for SCW cellulose biosynthesis, are more resistant 
than wild-type plants to these P. cucumerina, R. solanacearum and other 
pathogens (Hernandez-Blanco et al., 2007; Molina et al., 2021). 

Alteration of the biosynthesis and/or structure of wall pectins, like the degree of 
methyl-esterification and acetylation, can also affect pathogen resistance (Bethke 
et al., 2016). Mutants with enhanced or reduced pectin content show alterations in 
disease resistance to different pathogens. For example, Arabidopsis powdery 
mildew resistant (pmr) mutants impaired either in a pectin acetyltransferase that 
transfers acetyl groups to GalA (pmr5; Chiniquy et al., 2019), or in a pectate lyase–
like protein (pmr6-1; Vogel et al., 2002), exhibit cell walls with increased total 
pectins and enhanced resistance to powdery mildew fungi (G. cichoracearum and 
Erysiphe orontii; (Vogel et al., 2002; Vogel et al., 2004) and the hemibiotrophic 
fungus Colletotricum higginsianum (Engelsdorf et al., 2017). In contrast, these 
mutants are highly susceptible to Botrytis cinerea, (Chiniquy et al., 2019; Wang et 
al., 2017) and are unaffected in their resistance to P. cucumerina (Hernandez-
Blanco et al., 2007; Molina et al., 2021).  
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Similarly, Arabidopsis gae1 gae6 double mutant, impaired in genes encoding 
glucuronate 4-epimerases required for pectin precursor UDP-D-galacturonic acid 
biosynthesis, that displays a strong reduction in GalA, total uronic acids and pectin 
in its cell walls, is slightly more susceptible to Pseudomonas syringae pv. 
maculicola ES4326 bacterium and shows enhanced susceptibility to B. cinerea 
isolates (Bethke et al., 2016). In contrast, Arabidopsis plants expressing 
constitutively a fungal polygalacturonase that degrades HG, as well as loss-of-
function mutants for QUASIMODO2 (QUA2), encoding a putative pectin 
methyltransferase important for HG biosynthesis, show reduced growth and 
almost complete resistance to B. cinerea, probably explained by the accumulation 
of reactive oxygen species (Lorrai & Ferrari, 2021). 

Immune-related phenotypes have been also documented for some plant mutants 
with reduced content and/or structural alterations in the composition of 
hemicelluloses.  For example, alterations in some Arabidopsis cell wall-related 
genes result in an increase of xylose content, enhancing resistance to P. 
cucumerina, such as mutations in xylosidase 1 (XYL1) gene (that affects 
xyloglucan structure), in the glycophosphatidyl-inositol (GPI)-linked IRREGULAR 
XYLEM 6 (IRX6), and in the component of the vacuolar H+-ATPase Arabidopsis 
DE-ETIOLATED 3 (DET3) (Delgado-Cerezo et al., 2012). Moreover, mutations 
affecting the decorations (e.g. acetylations) and side chains of hemicelluloses have 
also an influence on immunity, as has been observed in REDUCED WALL 
ACETYLATION 2 (RWA2) mutant impaired in an O-acetyltransferase that shows 
an overall reduction of acetylation on several polymers and enhanced resistance to 
the biotrophic oomycete Hyaloperonospora arabidopsidis and B. cinerea, but not to 
P. syringae and P. cucumerina (Manabe et al., 2011; Pawar et al., 2016). In 
contrast, mutations in the plant-specific polysaccharide O-acetyltransferase 
ESKIMO1 (ESK1), involved in xylan acetylation, show enhanced resistance to P. 
cucumerina but not to the biotrophic pathogens tested (Escudero et al., 2017). 

Alteration of the biosynthesis of complex cell wall components like the AGPs also 
leads to modifications in plant disease resistance. Loss of function mutants of 
ARABINOXYLAN PECTIN ARABINOGALACTAN PROTEIN1 (APAP1), an AGP 
that is covalently attached to pectin and hemicellulose (Tan et al., 2013) display 
increased susceptibility to P. syringae (Kim et al., 2023). Conversely, 
arabinokinase1 mutant, which displays reduced levels of arabinose (Sherson et al., 
1999), shows enhanced resistance to this pathogen (Kim et al., 2023). Also, 
alterations of the cell wall lignin content lead to susceptibility phenotypes. 
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Arabidopsis mutants in lignin biosynthetic genes phenylalanine ammonia-lyase 
(Huang et al., 2010), caffeic acid o-methyltransferase (Quentin et al., 2009) and 
cinnamyl alcohol dehydrogenase (Tronchet et al., 2010) display reduced lignin 
deposition and are more susceptible to various bacterial and fungal pathogens 
(Miedes et al., 2014). 

In summary, all these data clearly illustrate the relevance of plant cell walls in 
disease resistance and suggest some correlations between cell wall modification 
and modulation of disease resistance levels. However, with a few exceptions 
(Molina et al., 2021), specific links between wall modification and immune 
activation must be established. 

 

1.2.From plant cell wall to signalling activation 

Cell wall modifications caused by pathogens during plant cell colonization can be 
perceived by plant cell wall monitoring systems to trigger defensive responses 
(Bacete et al., 2018; Miedes et al., 2014). Plants have evolved a complex immune 
system that comprises several defence layers and mechanisms for the recognition 
of pathogens and pests that cooperatively interact to restrict plant infection. One 
of these layers is PTI based on the detection of conserved Pathogen-derived (“non-
self”) MAMPs ligands by plasma membrane-anchored PRRs, which are mainly 
Receptor Kinases (RKs) and Receptor-Like Proteins (RPs) (Bender & Zipfel, 2023; 
Bigeard et al., 2015). These types of receptors can also perceive “plant-self” derived 
DAMPs that are released or synthesized upon plant tissue damage/infection by 
pathogens. Among these DAMPs are oligosaccharides released from plant cell 
walls (Bacete et al., 2018; De Lorenzo & Cervone, 2022).  

1.2.1. Microbe-Associated Molecular Patterns (MAMPs) 

MAMPs are fragments of proteins or molecules (e.g. glycans) that are essential for 
the biology of microbes (Buscaill & van der Hoorn, 2021). They comprise molecules 
well conserved in a group of microorganisms (e.g. bacteria), such as peptides (e.g. 
flagellin epitope 22 (flg22) from bacterial flagellum) and carbohydrates (chitin-
derived oligosaccharides (e.g. (1,4-β-N-acetylglucosamine)6, or CHI6), 1,4-β-
glucans and 1,3-β-glucans from fungal/oomycete cell walls) (Bacete et al., 2018; 
Wolf, 2022). In addition, exogenous microbial DNA and RNA can be perceived as 
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MAMPs (Bhat & Ryu, 2016). Some of the most relevant MAMPs are described 
below but a complete list can be found in Buscaill & van der Hoorn (2021).  

 

1.2.1.1. Peptidic MAMPs 

This group comprises short peptide sequences derived from microbial pathogens 
proteins. Several types of peptidic MAMPs have been identified, each with distinct 
structures and functions.  

Flagellin (Flg) is the main building block of bacterial flagella, and it is well-
established as a major activator of innate immunity in animals (Ramos et al., 
2004).  When bacteria interact with the surface of different parts of plants, several 
flagellin epitopes can be perceived, such as flg22, a 22-amino acids peptide located 
at the highly conserved N terminus of flagellin, that is the most studied MAMP 
because is widely recognized by plants (Felix et al., 1999; Newman et al., 2013). 
flg22 is perceived by FLAGELLIN SENSITIVE2 (FLS2), a PRR from the RK 
family, with Leucine-Rich Repeat (LRR) ectodomain (ECD). flg22 peptides from 
most ε-, δ-, and α-proteobacteria induce moderate, weak, or no response, 
respectively, in contrast to flg22 peptides from the majority of γ- and β-
proteobacteria, which trigger strong responses (Buscaill & van der Hoorn, 2021). 

flg22-induced activation of FLS2 in Arabidopsis, involves a complex formation with 
the BRASSINOSTEROID-INSENSITIVE 1 (BRI1)- ASSOCIATED RECEPTOR 
KINASE 1 (BAK1) (Chinchilla et al., 2007). BAK1 acts as a positive regulator of 
MAMP signalling in Arabidopsis, interacting with FSL2 in a ligand-dependent 
manner (Chinchilla et al., 2007; Newman et al., 2013). This interaction allows 
phosphorylation and activation of the receptor complex (Schulze et al., 2010). 
Downstream of the FLS2-BAK1 receptor complex, there is a cytoplasmic receptor 
kinase BOTRYTIS-INDUCED KINASE 1 (BIK1), which is constitutively 
associated with FLS2. After FLS2-BAK1 dimerization, BIK1 dissociates from 
FLS2, possibly allowing BIK1 to phosphorylate downstream components, and thus 
linking the MAMP receptor complex to downstream intracellular signalling 
(Newman et al., 2013). 

Elongation factor thermo unstable (EF-Tu) is the most abundant protein in the 
bacterial cell (Jeppesen et al., 2005). EF-Tu associates with ribosome during 
protein biosynthesis. Notably, the N-terminus of EF-Tu, either a 26 or 18 aa 
peptides, named elongation factor 26 or 18 (elf26 or elf18), are perceived as MAMP 
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by the plant immune system through EF-Tu Receptor (EFR) which belongs to the 
RK family and has an LRR-ECD (Newman et al., 2013; Zipfel et al.,2006). Despite 
elf18 and flg22 have perceived by different receptors, they trigger the up-
regulation of the same pool of genes, and a common set of responses in Arabidopsis. 
Also, a combined treatment with elf26/18 and flg22 induce the same kinases 
proteins without an additive effect (Zipfel et al., 2006; Newman et al., 2013). 

In addition to flg22 and elf18, a high number of microbial MAMPs have been 
identified, and in most of the cases their corresponding PRR determined (see 
Buscaill & van der Hoorn, 2021). For example, the xup25 peptide is a membrane 
protein derived from a xanthine/uracil permease family protein, very well 
conserved among the bacteria, that is bound by XANTHINE/URACIL PERMEASE 
SENSITIVE 1 (XPS1), an LRR-RK (Mott et al., 2016). The endopolygalacturonase 
1 (BcPG1) is a virulence factor participating in fungi pathogenicity such as that of 
B. cinerea (Ten Have et al., 1998), but it has been described as an activator of plant 
defence responses (Poinssot et al., 2003). BcPG1 is perceived by the LRR Receptor-
Like Protein 42 (RLP42), that in Arabidopsis form part of the RLP family 
comprising 57 members (Wang et al., 2008).  

Other well-characterized MAMPs are Necrotric Lytic Peptides (NLPs) that form a 
superfamily of proteins that are produced and secreted by bacterial, fungal and 
oomycete species (Oome & Van den Ackerveken, 2014). NLPs have initially been 
discovered as cytotoxic proteins triggering leaf necrosis and plant defences in 
dicotyledonous, but not in monocotyledonous plants, destabilizing plant plasma 
membranes during infection thereby facilitating host cell death (Böhm et al., 
2014). Inspection of NLP protein sequences from the various lineages revealed the 
presence of a nlp20-motif that triggers plant immunity and reduced symptom 
development and microbial growth rates on infected plants (Böhm et al., 2014). A 
complex of different proteins is implicated in nlp20 perception, including RLP23-
and the LRR-SUPPRESSOR OF BAK1 INTERACTING RECEPTOR KINASE 1 
(SOBIR1), that interact physically in planta (Albert et al., 2015). At the same time, 
RLP23-mediated immune activation is dependent on SOMATIC 
EMBRYOGENESIS RECEPTOR KINASE 3 (SERK3)/BAK1 and possibly other 
members of the SERK protein family, such as SERK4. Altogether, RLP23, SOBIR1 
and BAK1 build a signaling-competent array in which all three proteins are in 
close physical proximity, likely forming a tripartite PRR complex (Albert et al., 
2015). 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/somatic-embryogenesis
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/somatic-embryogenesis
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1.2.1.2. Carbohydrate-based MAMPs 

During infection, CWDEs are secreted by the pathogens to break the cell wall 
barrier, but plants are also able to secrete host CWDEs that can hydrolase 
microbes surfaces at the contact point with the plant cells. As a result of the 
activity of host CWDEs (e.g. chitinases and glucanases secrete into the apoplast), 
many glycan MAMPs are released on pathogen-host interface, such as fungal 
oligosaccharides derived from main fungal wall polysaccharides, like chitin or β-
1,3-glucans, (Dora et al., 2022; Geoghegan et al., 2017; Wanke et al., 2021). 

Although a lot of carbohydrate-based MAMPs are released during the plant-
pathogen interaction, the knowledge about the specific mechanisms of plant 
defence activation by glycan patterns is very low compared to the animal field, 
where different types of receptors have been described to bind carbohydrate-based 
ligands (Erwig & Gow, 2016). Also, current knowledge of carbohydrate-based 
pattern recognition by plants is clearly behind that of peptidic-based MAMP 
perception by the plant immune system (Bacete et al., 2018; Tang et al., 2017). 

 

Chitin 

The best characterized MAMP of the carbohydrate-based group is fungal chitin. 
Chitin is a linear homopolymer of β-(1,4)-linked N-acetyl-D glucosamine (GlcNAc) 
monomers, that is a highly abundant polysaccharide in nature. Chitin is an 
important structural component in the cell walls of fungi, in which chains of chitin 
associate in microfibrils covalently bound to the major component of fungal cell 
walls, β-(1,3)-glucan, and form a network together with glycoproteins (Sánchez-
Vallet et al., 2015).  

Perception of chitin requires LysM RKs, like Arabidopsis CHITIN ELICITOR 
RECEPTOR KINASE1 (CERK1) with a LysM ectodomain, transmembrane 
domain and a kinase intracellular domain. AtCERK1 can bind chitin, although its 
affinity for chitin binding appears to be rather low, up to 68 μM for chitin oligomers 
of eight units of GlcNAc (Iizasa et al., 2010; Liu et al., 2012; Petutschnig et al., 
2010). It was suggested that chitin oligomers are bound by the LysM domains of 
two CERK1 monomers, resulting in receptor dimerization and 
transphosphorylation of their cytoplasmic kinase domains. This dimerization is 
established by oligomers containing eight GlcNAc monomers (Liu et al., 2012). 
Arabidopsis LysM-CONTAINING RECEPTOR-LIKE KINASE 5 (AtLYK5) is also 
essential, like CERK1, in chitin-derived oligosaccharides perception being its ECD-
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CHI6 binding affinity in Isothermal Titration Calorimetry (ITC) experiments 
higher than that of CERK1 ECD (Cao et al., 2014). In addition, it has been reported 
that the LysM RK AtLYK4 is required for chitin triggered immunity and may form 
part of the chitin receptor complex being, with AtLYK5, the true receptors, 
whereas CERK1 will function as co-receptor (Wan et al., 2012), phosphorylating 
downstream signalling proteins, such as the mitogen-activated protein kinases 
(Sánchez-Vallet et al., 2015). 

Interestingly, Arabidopsis plasmodesmata possess an alternative CERK1-
independent chitin perception mechanism which involves LysM DOMAIN GPI 
ANCHORED PROTEIN 2 (LYM2; LysM domain-containing 
glycosylphosphatidylinositol (GPI)-anchored domain) and LYK4 that form a 
complex (Cheval et al., 2020; Faulkner et al., 2013).  

Chitin can suffer different alterations as deacetylations, generating chitosan. This 
conversion during host invasion may protect hyphae of pathogenic fungi from being 
hydrolysed by extracellular plant chitinases, since chitosan is a poor substrate for 
chitinases, and consequently will reduce the release of elicitors (Ride & Barber, 
1990; Sánchez-Vallet et al., 2015). Moreover, chitosan-derived oligosaccharides are 
poor ligands for LysM RKs (Iizasa et al., 2010; Liu et al., 2012; Petutschnig et al., 
2010). 

 

β-glucans 

Some chitin fibrils are covalently linked to β-glucan chains, the predominant 
component of the outer cell wall layer of many fungi (~65–90% of polysaccharide 
content) (Bowman & Free, 2006). β-glucans in this layer are mainly connected via 
β-1,3-linkages with regularly occurring β-1,6-side branches every 2–25 glucose 
units, thought to structurally interconnect the β-1,3-linked fibrils (Zekovic et al., 
2005). In some cases, additional β-1,4-linked moieties and mixed-linkage β-1,3/1,4-
glucose polymers can be observed (Wanke et al., 2021). 

In fungi and some groups of algae, the main cell wall polymers are made of a β-1,3-
D-glucan backbone that can be branched by β-1,6-D-glucan chains (Mélida et al., 
2018; Ramos et al., 2013; Wanke et al., 2021). β-1,6-glucan backbones have not 
been reported in fungal walls other than yeasts, and even there they are scarce 
compared with oomycetes (Latge & Calderone, 2006). However, Arabidopsis can 
perceive non-branched 1,3-β-glucans of various degrees of polymerization and this 
recognition is at least partially mediated by PRRs of LysM family (CERK1, LYK5 
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and LYK4), but in a different way as previously described for chitin (Liu et al., 
2012; Mélida et al., 2018). 

Notably, glucans containing β-1,4 glycosidic linkages in their main backbones 
(cellulose) trigger PTI responses in plants (Claverie et al., 2018; del Hierro et al., 
2021; Johnson et al., 2018; Souza et al., 2017). Cellulose has been described in 
several microorganisms. The shorter active ligand is cellobiose (CEL2), but 
cellotriose-cellopentaose (CEL3-CEL5) have been shown to be the most active 
molecules triggering PTI (Claverie et al., 2018; Johnson et al., 2018; Souza et al., 
2017). 

Recently, Mixed Linked Glucans (MLGs; β-1,3/1,4-glucans) consist of unbranched 
and unsubstituted chains of β-1,4-glucosyl residues interspersed by β-1,3 linkages 
have been described as good activators of PTI (Burton & Fincher, 2009). MLGs are 
present in some oomycetes and in cell walls of some plant families, as Poaceae 
(Rebaque et al., 2021; Yang et al., 2021). However, the PRR or molecular 
components implicated in their perception remain unknown. Plants also perceive 
β-1,6 glucans, as shown recently in Arabidopsis (Álvarez-Martínez et al., 2023; 
Fernández-Calvo et al., 2024).  

This field of β-glucan perception by plants has regained momentum due to these 
recent discoveries which demonstrate that glucans containing different types of β-
glycosidic linkages in their main backbones trigger PTI responses in plants 
(Claverie et al., 2018; del Hierro et al., 2021; Johnson et al., 2018; Melida et al., 
2018; Souza et al., 2017; Wanke et al., 2020; Wawra et al., 2016).  

 

Peptidoglycan (PGN) 

 PGN is an essential and unique membrane envelope component of all bacteria, 
providing rigidity and structure to Gram-positive and Gram-negative bacteria 
(Dziarski & Gupta 2006; McDonald et al., 2005). PGN consists of numerous glycan 
chains that are cross-linked by oligo-peptides. These glycan chains are made of N-
acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc), with short 
peptides attached by anamide linkage to the lactyl group of MurNAc. PGN from 
both Gram-positive and Gram-negative bacteria acts as an elicitor of plant innate 
immunity in Arabidopsis (Erbs et al,. 2008; Gust et al., 2007; Newman et al., 2013).  
PGN is perceived in Arabidopsis by two of three Arabidopsis CHITIN 
OLIGOSACCHARIDE ELICITOR-BINDING PROTEINS (AtCEBiP), LYM1, and 
LYM3, involved in the perception/signalling of PGN with AtCERK1. Structurally, 
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CEBiPs contain extracellular LysM domains that are considered to generally 
mediate binding to GlcNAc-containing glycans, like those present in the backbone 
of PGN and fungal chitin (Gust et al., 2012). 

 

Lipopolysaccharides (LPSs) 

LPSs are outer membrane glycolipids of Gram-negative bacteria known to induce 
the innate immune response in plants and mammals (Newman et al., 2007). LPSs 
have a lipid A, which is embedded in the outer part of the phospholipid bilayer. 
Lipid A is linked to the core oligosaccharide, usually by the sugar 3-deoxy-D-
manno-2- octulosonate (KDO). The core oligosaccharide consists of a short series 
of sugars and ends in the O-antigen, which is composed of repeating 
oligosaccharide units (Raetz & Whitfield, 2002). LPSs have been reported to induce 
immune responses in plants, such as the oxidative burst, cytoplasmatic calcium 
influx, the induction of pathogenesis-related gene expression and cell wall 
alterations that include the deposition of callose and pH changes (Erbs & Newman, 
2012). LPS sensing has been described to be dependent on CERK1 presence in 
tomatoes but not in Arabidopsis, remaining the LPS-perception mechanism in 
Arabidopsis yet unknown (Desaki et al., 2018). 

 

1.2.2. Damage-Associated Molecular Patterns (DAMPs) 

DAMPs comprise molecules released from plant cell walls, like oligosaccharides 
derived from wall polysaccharides such as cellulose, mixed-linked glucans, 
homogalacturonan, xyloglucans, xylans or arabinoxylan (Bacete et al., 2018; 
Molina et al., 2024; Wolf, 2022). DAMPs also include peptides that, upon plant 
infection by pathogens, are de novo synthesized or processed by specific proteases 
to produce mature active ligands (Abarca et al., 2021; Bartels & Boller, 2015; Gully 
et al., 2019; Peng et al., 2018). Below are described some of the best-characterized 
DAMPs (Hou et al., 2019).  

1.2.2.1. Peptidic DAMPs  

An array of small secretory peptides is involved in the control of growth, 
development, and stress responses. These peptides are typically expressed as a 
protein precursor, which upon certain stimuli is processed by proteolytic cleavage 
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to release the active signal. Some of these ligands act as immunomodulatory 
peptides formed upon cellular disruption and pathogen infection and are referred 
to phytocytokines (Rhodes et al., 2021).  

 

Plant elicitor Peptides (PEPs)  

PEPs and their corresponding PRRs, PLANT ELICITOR PEPTIDES 
RECEPTORS (PEPRs) (LRR-RKs), are involved in plant immune responses to a 
broader range of pathogens and pests (Yamaguchi et al., 2010). Expression of the 
PEP precursor proteins, proPEPs, is triggered by wounding, MAMP treatment, 
pathogen infection, herbivory, and treatment with PEPs themselves (Tanaka & 
Heil, 2021). Plant elicitor peptide 1 (Pep1) was the first peptide DAMP identified 
in Arabidopsis (Huffaker et al., 2013). This 23-aa peptide is derived from a 92-aa 
precursor proPEP1 (Huffaker et al., 2013; Yamaguchi et al., 2006). Arabidopsis 
encodes eight different proPEP paralogs (proPEP1-8) that harbour conserved C-
terminal epitopes (Hou et al., 2019). proPEP1 is processed by metacaspase 4 (MC4) 
and released into the apoplastic region upon cellular damage, whereas MC4 
undergoes sequestration at the vacuolar membrane if there are no stimuli (Hou et 
al., 2019). 

 

Serine Rich Endogenous Peptide (SCOOP) 

SCOOP family consists of more than 40 genes in the Arabidopsis genome. 
Arabidopsis SCOOP12 is a 13-aa peptide which is the elicitor-active epitope in the 
C-terminal region of PROSCOOP12 (Gully et al., 2019). It has been demonstrated 
that a treatment with a synthetic SCOOP12 peptide induces PTI, which results in 
enhanced defence responses against a hemi biotrophic pathogen. SCOOP12 
perception occurs through MALE DISCOVERER 1-INTERACTING RECEPTOR 
LIKE KINASE 2 (MIK2), an LRR-RK (Rhodes et al., 2021). 

 

Rapid Alkalinization Factors (RALFs)  

RALFs are secreted peptides that induce the rapid alkalinization of the 
extracellular compartment of plant cells. In Arabidopsis, RALF peptides belong to 
a family of 30 members (Yamaguchi & Kawasaki., 2021). Recently it has been 
demonstrated that the apoplastic extensin LEUCINE-RICH REPEAT EXTENSIN 
8 protein (LRX8; with LRR domains) interacts with RALF4 peptide forming a 
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complex that specifically interacts with demethylesterified pectins in a charge-
dependent manner through RALF4’s polycationic surface (Moussu et al. 2023). 
Notably, RALF4 has a dual structural and signalling role by assembly of 
extracellular wall polymers in a complex that involves LRX8, FERONIA (FER) and 
LORELEI (LRE)/LORELEI-LIKE GLYCOSYLPHOSPHATIDYLINOSITOL-
ANCHORED PROTEINS (LLGs). This complex regulates cell wall integrity during 
pollen growth and root growth in Arabidopsis (Moussu et al., 2023; Schoenaers et 
al., 2024). 

 

1.2.2.2. Carbohydrate-based DAMPs 

Plant cell walls are a source of potential carbohydrate-based defence signalling 
molecules (DAMPs) that can be released upon the breakdown or modification of 
wall polymers (Bacete et al., 2018).  

 

Oligogalacturonides (OGs) 

The best-studied cell wall DAMPs are the oligogalacturonides (OGs), breakdown 
products of pectin. Pectin is a preferred target of many invading pathogens as it is 
much more susceptible to enzymatic degradation than cellulose. The strongest 
defence reactions has been described to be induced by OGs with a chain length of 
10–15 galacturonic acid residues derived from demethylesterified pectin 
(Benedetti et al., 2015). In addition, oligogalacturonide trimers and tetramers can 
also promote defence responses (Benedetti et al., 2015; Ferrari et al., 2013). Both 
kinds of OGs are also suspected to play a role in development, for example, by 
antagonizing auxin and inhibiting photomorphogenesis (Sinclair et al., 2017). The 
production of the defence-active OGs requires the activity of pectin methylesterase 
(PME) to remove methyl groups, which renders the demethylesterified HG 
susceptible to the hydrolytic activity of polygalacturonases (Wolf, 2022). The 
activity of PMEs on pectins, which are upregulated upon mechanical damage, 
plant-herbivores interaction, or fungal infection, leads to the release of methanol, 
that activates some early defence responses including cytoplasmatic calcium  
(cytCa2+) influxes, Mitogen-Activated Protein Kinases (MAPKs) phosphorylation, 
ethylene (ET) production, and the expression of immune-related genes, and 
enhance resistance against pathogens or herbivorous insects (Dixit et al., 2013; 
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Hann et al., 2014; Körner et al., 2009; Lionetti et al., 2017; Tran et al., 2018; von 
Dahl & Baldwin 2007). 

OGs originated from the HG component of the cell wall pectins are the proposed 
ligands for WALL-ASSOCIATED RECEPTOR KINASES (WAKs) (Liu, Yu, et al., 
2023). OGs perception by WAKs has been implicated directly in immunity and 
might function during symbiotic interactions as well (Rui & Dinneny, 2020; Su, 
2023). Shorter fragments of HG and OGs have been described to be perceived by 
WAKs, but not monomeric galacturonic acid or other types of pectin (Kohorn et al., 
2009). However, a recent quintuple mutant in Arabidopsis WALL-ASSOCIATED 
KINASES encoding genes questioned the role of WAKs as true OGs receptors 
(Herold et al., 2024). 

 

Cello-oligosaccharides 

Cellulose, a linear polymer of β-1,4-glucosyl residues, is present in all plant’s 
extracellular matrixes or walls, and is the most abundant biomolecule on earth 
(Burton & Fincher, 2009; Kloareg et al., 2021; Morgan et al., 2013). Breakdown 
products of cellulose, cello-oligomers, trigger immune signals followed by 
upregulation of defence-related genes and callose deposition. Among cello-
oligomers, CEL3 is the strongest inducer of cytoplasmatic calcium influx and 
seems to be the one able to trigger ROS production (Tanaka & Heil, 2021). 
Cellulose-derived oligosaccharides, e.g. β-1,4-D-(Glc)2 to  β-1,4-D-(Glc)6 (cellobiose 
to cellohexaose or CEL2–CEL6), trigger PTI responses in Arabidopsis, rice and 
other plant species (Klarzynski et al., 2000; Locci et al., 2019; Rebaque et al., 2021; 
Souza et al., 2017; Yang et al., 2021). 

 

Mixed-Linked Glucans (MLGs) 

Although MLGs have been previously described as MAMPs, they are widely 
distributed as matrix polysaccharides in the cell walls of plants from the Poaceae 
family but have also been reported in Equisetum spp. and other vascular plants 
(Fry et al., 2008; Sørensen et al., 2008). MLG-derived oligosaccharides, e.g. MLG43 
(β-1,4-D-(Glc)2- β-1,3-D-Glc), MLG443 (β-1,4-D-(Glc)3- β-1,3-D-Glc) and MLG34 (β-
1,3-D-Glc-β-1,4-D-Glc2), are perceived with different degrees of specificity by the 
immune system of several plant species, e.g. Arabidopsis, Capsicum annuum 
(pepper), Hordeum vulgare (barley), Oryza sativa (rice), and Solanum 



Marina Martín Dacal 

26 
 

lycopersicum (tomato), with MLG43-mediated PTI responses being the best 
characterized (Barghahn et al., 2021; Rebaque et al., 2021; Yang et al., 2021). 
MLG- and CEL-derived oligosaccharides can be released from plant cell walls by 
the activity of microbial endoglucanases, such as cellulases, secreted during plant 
colonization (Gámez- Arjona et al., 2022; Yang et al., 2021).  

 

Xyloglucans (XylGs) 

Xyloglucan oligosaccharides perceived as DAMPs are derived from the major 
components of hemicellulose of cell walls of dicotyledonous plants. Previous studies 
indicated that xyloglucans may play a role in the regulation of plant growth and 
development in different plant species (Fry et al., 1993; Vargas-Rechia et al., 1998). 
Moreover, it was shown that xyloglucans can increase plant resistance to abiotic 
stress, in particular cold or water stress, when used at low concentrations 
(Salvador & Lasserre, 2010). Some specific oligosaccharides derived from 
xyloglucans were found to trigger a broad range of defence responses in grapevine 
and Arabidopsis inducing MAPKs activation and defence genes Phytoalexin 
Deficient 3 (PAD3) and Pathogenesis Related 1 (PR1) expression in Arabidopsis 
(Claverie et al., 2018). 

 

Xylans and Arabinoxylans (AXs) 

Xylans are main hemicelluloses of SCWs, with the common feature of a backbone 
of β-1,4-linked xylose residues whose presence is essential for plant development 
(Brown et al., 2007; Wu et al., 2009). Recently xylose-derived glycans as xylobiose 
(XYL2; Dewang et al., 2023) and xylotetraose (XYL4; Fernández-Calvo et al., 2024) 
have been described as activators of PTI responses as cytCa2+ burst and MAPKs 
phosphorylation. Xylans usually contain many arabinose residues attached to the 
backbone forming the arabinoxylans (AXs). AXs can be perceived as molecular 
patterns by plants. Several active oligosaccharides structures from AXs have being 
described as the most active ones in Arabidopsis (Mélida et al., 2020). In particular, 
XA3XX (33-α-L-arabinofuranosyl-xylotetraose) triggers cytCa2+ influxes, ROS 
production, MAPKs phosphorylation, and a global gene reprogramming in 
Arabidopsis at micromolar concentrations (Mélida et al., 2020). XA3XX perception 
mechanism differs from that of chitin and β-1,3-glucans, but the PRRs and 
molecular components implicated in their perception are still unknown (Cao et al., 
2014; Liu et al., 2012; Mélida et al., 2018).  
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1.2.3. Importance of glycans perception and PTI activation regulation  

During plant-microbe interaction coevolution, pathogens have acquired a wide 
range of mechanisms to breach plant cell walls, that include an arsenal of 
Carbohydrate-Active enzymes (CAZymes), that specifically hydrolyze (CWDEs) or 
modify different cell wall components to break down wall structural barriers. The 
activity of these enzymes on plant cell wall polysaccharides leads to the release of 
active glycans triggering PTI (DAMPs), further confirming plant cell walls as vast 
sources of carbohydrate-based DAMPs that have not been characterized in detail 
(Mélida et al., 2020; Pring et al., 2023; Rebaque et al., 2021).  

In recent years, numerous studies have allowed to uncover novel plant cell wall 
bioactive fragments (DAMPs, see Table 1.1). These DAMPs comprise, β-1,4-D-
glucosyl cellulose-derived products or cellodextrins (DP of 3-5, CEL3-CEL5) (Aziz 
et al., 2007; Johnson et al., 2018; Locci et al., 2019; Souza et al., 2017), OGs (Ferrari 
et al., 2007), β-1,4-linked hemicellulose-derived DAMPs (β-1,4-D-glucan backbone 
with xylosyl, galactosyl, and fucosyl-type branching, mainly of DP 7) (Claverie et 
al., 2018), mannans (composed of β-1,4-D-manose and of  DP 2-6) (Zang et al., 
2019), arabinoxylans derived oligosaccharides (like the pentasaccharide 33-α-L-
arabinofuranosylxylotetraose or XA3XX) (Mélida et al., 2020), and xylan based 
oligosaccharides (β-1,4-D-xylose oligomer of DP 2-6), which are released by the 
action of endoglucanases and xyloglucanases (Dewangan et al., 2023; Pring et al., 
2023) (Table 1.1).   

Interestingly, some carbohydrate-based molecular patterns can be classified as 
DAMPs and MAMPs since are released from plant walls and microbial out layers. 
For example, non-branched 1,3-β-D-Glc oligosaccharides (DP 6-12), like 
laminarinhexaose (LAM6; 1,3-β-D-(Glc)6), that can be released during callose 
synthesis or pathogen degradation of callose, and unbranched Mixed-Linked β-
1,3/1,4-Glucans (MLGs, like β-1,4-D-(Glc)2-β-1,3-D-Glc or MLG43), which are 
present in some groups of plants (e.g. grasses or Equisetum sp.), but also in 
oomycetes and microbial cell walls (Barghahn et al., 2021; Chowdhury et al., 2014; 
Mélida et al., 2018; Rebaque et al., 2021) (Table 1.1). These DAMPs, generated 
through the action of inherent plant CWDEs, accumulate in the extracellular 
matrix where they are perceived alongside MAMPs by plant receptors activating 
PTI (Bacete et al., 2018; Bender & Zipfel, 2023). 
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Table 1.1: Glycan structures that induce PTI responses in plants.  

 

aPRR has been identified by direct ECD/PRR-glycan binding assays (e.g., ITC, thermophoresis, crystal structure 
determined). Os, Mt, Lj, and Vv indicate the names of the plant species. The rest of the PRRs and co-PRRs indicated are 
from Arabidopsis thaliana.  
bco-PRR has been identified genetically or not direct binding to DAMP/MAMP has been determined. 
cDirect binding to DAMP/MAMP has been shown, but proof of the PRR function deserves further characterization. 
dNicotiana benthamiana only perceives long β-1,3-D-glucans (LAMINARIN). 
 

Cell walls and extracellular outer layers of microorganisms are also a source of 
carbohydrate-based ligands perceived as MAMPs (reviewed by Wanke et al., 2021). 
The best-characterized MAMPs of this group are oligosaccharides (DP 4-8) derived 
from fungal chitin (Chito-Oligosaccharides (COs), like β-1,4-D(GlcNAc)6-8 or CHI6-
CHI8) (Khokhani et al., 2021) (Table 1.1). However, bacterial compounds derived 

Glycan
  Representative    

oligosaccharide(s)
DAMP/MAMP

Source PRRa (co-PRR)b PTI in plants Reference

Aziz et al ., 2007
Souza et al ., 2017

Johnson et al ., 2018
Zarattini et al ., 2021

He et al ., 2023
Rebaque et al ., 2021

Yang, Liu et al ., 2021
Barghahn et al ., 2021

Dai et al ., 2023
Benedetti et al ., 2015

Voxeur et al ., 2019
Liu, Yu et al ., 2023
Moussu et al ., 2023
Huerta et al ., 2023

Schoenaers et al ., 2024

Mélida et al ., 2020

Fernández-Calvo et al ., 2024

Dewangan et al ., 2023

Pring et al ., 2023

Fernández-Calvo et al ., 2024

Mannans β-1,4-D-(Man)2-6 Plants nd Rice, tobacco Zang et al ., 2019

Mélida et al ., 2018

Wanke et al ., 2020

Kelly et al ., 2023

Wanke et al ., 2020, 2023

Cao et al ., 2014
Liu et al ., 2012

Liu, Wang et al ., 2016
Xue et al ., 2019

Khokhani et al ., 2021
Roudaire et al ., 2023

Xylans β-1,4-D-(Xyl)2-5 Plants nd Arabidopsis, tomato,
wheat

Arabinoxylans XA3XX: 33-α-L-
arabinofuranosylxylotetraose

Plants nd Arabidopsis, tomato,
pepper

Cellulose
CEL2-CEL9: β-1,4-D-(Glc)2-9 Plants

Oomycetes nd Arabidopsis, tomato, 
lettuce

Mixed-linked β-1,3/
1,4-glucans (MLGs)

MLG43: D-cellobiosyl-
(1,3)-β-D-Glc

MLG34/MLG443

Plants 
(monocots)
Equisetum

sp. 
Oomycetes

OsLECRK1/OsCERK1
(OsCeBIP)

Rice, barley,
tomato, pepper

Homogalacturonan
(HG)

oligogalacturonides (OGs):
α-1,4-D-(GalA)9-15

GalA3: α-1,4-D-(GalA)3

Plants

 LRX8-RALF4 (FER/LLGs)
LRX1-RALF22 (FER/LLGs)

(WAK1-WAK5)
(RFO1/WAKL10, FER)c

Arabidopsis, tomato,
grapevine, and several

plant species

Claverie et al ., 2018

Linear
β-1,3-D-glucans

LAM6: 1,3- b-D-(Glc)6

LAMINARIN: b-1,3-D-(Glc) > 
10

Plants
Fungi

Oomycetes
(CERK1, LYK4, LYK5)

Arabidopsis, barley,
Brachypodium 

distachyon
Nicotiana benthamiana d

Xyloglucans Heptamaloxyloglucan Plants nd Arabidopsis, grapevine,
wheat, soybean

Chaube et al ., 2022

Branched
β-1,3-D-glucans

β-1,3-D-(Glc)n/β-1,6-D-Glcn

branched
(decasaccharide)

Fungi
Oomycetes LjEPR3/LjEPR3a (CERK1)

Lotus japonica, 
Arabidopsis,

rice, barley, tobacco

Chitin
CHI6-CHI8: β-1,4-D-

(GlcNAc)6-8

COs: chitin-oligosaccharides

Fungi
Insectcs

LYK5, LYK4 (CERK1)
OsCEBIP (OsCERK1)
(MtCERK1, MtLYR4)

(LjCERK6)
(VvLYK5-1, VvLYK1-1)

Grapevine, and several
plant species

β-1,6-D-Glucans β-1,6-D-(Glc)2-9
Fungi

Bacteria (CERK1) Arabidopsis
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from lipopolysaccharide- and peptidoglycan, and 1,6-β-D-glucans have been 
described to trigger immune responses in different plant species as well (Chaube 
et al., 2022) (Table 1.1). In addition, 1,3-β-D-Glc oligosaccharides with 1,6-β-D-Glc 
branches have been reported to trigger immunity in different plant species (Wanke 
et al., 2020; Wanke et al., 2023) (Table 1.1). Notably, some complex 
exopolysaccharides from endophytic fungi, as well as Lipo-Chito-Oligosaccharides 
(LCOs) from symbiotic bacteria (Nod factor) and arbuscular mycorrhizal fungi 
factors (MYC factors), are also perceived by plants. However, these molecules 
activate symbiotic processes, instead of immune responses, through recognition 
mechanisms involving RKs with LysM ECDs (Chandrasekar et al., 2022; Kelly et 
al., 2023; Khokhani et al., 2021). 

Despite the relevance of glycan-based perception in the regulation of plant 
immunity, the mechanisms of recognition of these ligands are not as well 
characterized as that of peptidic/PRR pairs. Moreover, the turnover/metabolism of 
cell wall-derived signals during non-pathogenic (e.g. cell expansion) and 
pathogenic conditions is not well characterised, and these processes are essential 
for plant fitness and survival (Benedetti et al., 2018).  

In this context, some plant enzymes have been described in the modification of 
DAMPs released during plant-pathogen interaction, participating in the 
regulation of the eliciting capacity of these compounds and the defence responses 
activated in the plant (Benedetti et al., 2018; Locci et al., 2019). A family of Flavin 
Adenine Dinucleotide (FAD)-binding Berberine Bridge Enzyme like (AtBBE-like) 
has been studied for its role in the homeostasis of some DAMPs perception and PTI 
activation, as OGs and cellulose-derived oligosaccharides (Benedetti et al., 2018). 
There have been described four OG-oxidases (OGOXs) and one cellodextrin oxidase 
(CELLOX) from the AtBBE-like family, which are able to oxidate the anomeric 
carbon of OGs and CEL3-CEL6, MLGs, respectively (Locci et al., 2019). These 
oxidations not only regulate PTI activation in plants since they are biologically less 
active, but also, they are less accessible to fungal lytic enzymes, limiting pathogens 
proliferation (Locci et al., 2019).  

The structural mechanisms underlying glycans recognition by plant PRRs remain 
limited, being just a few PRRs characterized, despite the number of 
oligosaccharides DAMPs and MAMPs have been increasing in the last years.  
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1.3.Plant Pattern Recognition Receptors (PRRs) 

Plasma membrane-anchored PRRs are mainly Receptor Kinases (RKs) and 
Receptor-Like Proteins (RPs) (Bender & Zipfel, 2023). These receptors have 
extracellular ectodomains (ECDs) attached to plasma membrane by a 
transmembrane (TM) domain. There are also Receptor-Proteins harboring ECDs 
that lack TM and can be either attached to the plasma membrane by a 
glycosylphosphatidyl-inositol (GPI)-anchor proteins (RPg) or be extracellular 
proteins (RPe) (Bellande et al., 2017; Del Hierro et al., 2021) (Figure 1.2a). The 
number of RK/RP/RPg/e proteins in plant genomes is larger than PRR-
counterparts in animal genomes, supporting the relevance of these receptors in 
plant development and adaptation to environmental challenges (Bacete et al., 
2018; Zipfel, 2014). 

Plant RK/RPs (PRRs) involved in PTI activation bind MAMPs/DAMPs through 
their ECDs. RKs, but not RPs, possess a cytoplasmic Kinase Domain (KD) that 
upon phosphorylation activates downstream signalling pathways (Bacete et al., 
2018; Del Hierro et al., 2021) (Figure 1.2a). Often, a PRR co-receptor might be 
required to activate phosphorylation cascades (Bender & Zipfel, 2023).  

On the other hand, RPs lack the KD and need to interact with a RK co-receptor for 
activation of downstream signalling. RK/RPs are classified into different groups 
based on their ECD features that are structurally diverse (Figure 1.2b). These 
receptor proteins (RKs and RPs) comprise more than 600 members in Arabidopsis, 
and in general represent 2-3% of genes of plants genomes (Del Hierro et al., 2021).  

RKs are the most numerous receptors and can be subdivided into nearly 60 
subfamilies that are already present in liverworts and mosses, suggesting that 
during land plant evolution RK diversity was acquired early (Bowman et al., 2017; 
Dievart et al., 2020; Lehti-Shiu et al., 2009). Indeed, this hypothesis is in line with 
the relatively few domain-gain events detected for RKs through evolution (Lehti-
Shiu et al., 2009; Man et al., 2020). 
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Figure 1.2: Types of plant receptor structures and examples of plant receptors involved in the 
perception of different glycans structures in plant immunity or symbiosis. The different structures 
of plant receptors (RK/RP/RPe/g) and the domains in their ECDs are represented in (a) and (b) 
respectively. (c) shows receptors (PRRs) and co-receptors (co-PRRs) from Arabidopsis thaliana and  
(d) from other plant species described to be required for different glycan perception. Glycan names 
indicated in purple correspond to DAMPs/MAMPs that have been demonstrated to be bound by the 
indicated PRRs, protein receptors (e.g., LRX8), or RALF peptides, either by in vitro binding 
experiments or by structural characterization, and are shown in close interaction with the 
corresponding receptor. The co-PRRs involved in glycan perception are also depicted. Glycans 
highlighted in white have been shown to require these PRR-co-PRRs complexes to trigger 
immune/symbiotic responses, but direct binding by PRR has not been demonstrated. FLS2-BAK1-
flg22 recognition complex is included for comparison. Overlapping of RK domains indicates that 
PRR-coPRR interaction has been demonstrated. MtLYK3 and MtNFP from M. truncatula are the 
corresponding pair/orthologs of LjNFR1 and LjNFR5 from L. japonicus shown in (d). The structures 
of glycans represented have been obtained from different sources.  

 

 

 

(d) 

(c) 
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Plant RKs/RP/RPg/e are classified into different types based on their ECDs 
predicted structures, being the most abundant receptors those with Leucine-Rich 
Repeats (LRR) domains in their ECDs (Figure 1.2b). Other types of described 
structural domains in receptors ECDs are: Lysin Motif  (LysM, generally 
containing 3 LysM domains), lectin domains (with either G, L and C type), 
Malectin (MAL), LRR-MAL, MAL-like domains (MLD; present in Catharanthus 
roseus RECEPTOR-LIKE KINASES 1-LIKE (CrRLK1L)), Proline-rich Extensin-
like domain (in PERKs and extracellular proteins like extensins), Epidermal 
Growth Factor-like domain (in WALL-ASSOCIATED KINASES (WAK) and WAK-
like receptors) (Figure 1.2b), and not well characterised domains present in 
CRinkly-Like (CR4L), pathogenic-related Thaumatin-like (ThaumatinL/PR5), and 
Cysteine-Rich Receptor Kinases (CRK/DUF26; (Del Hierro et al., 2021; Zeiner et 
al., 2023). 

1.3.1. Leucine-Rich Repeats (LRR) receptors  

LRRs are the largest family among the known PRRs and play central roles in 
sensing signals to regulate plant development, respond to the environment and 
defend against pathogens (Afzal et al., 2008; Tang et al., 2010). LRR-PRRs are 
classified into 15 to 20 classes depending on the phylogeny of their kinase domains 
(Chen, 2021). Their ECDs share a plant consensus sequence of leucine-rich repeats 
following the sequence patterns “LxxLxLxxNxL” (s/t) GxLPxxLxxLxx (“L” refers to 
a hydrophobic amino acid, “N” refers to an asparagine, threonine, serine or 
cysteine, and “x” refers to variable residue) (Matsushima et al., 2007). N-
glycosylations appear to be highly present in LRR-PRRs and would putatively help 
them to fold and function correctly (Hong et al., 2012; Sun et al., 2012). 

FLS2 and EFR are the best characterized LRR-PRRs, receptors of flg22 and elf18, 
respectively (Gómez- Gómez & Boller, 2000; Zipfel et al., 2006) (Figure 1.2c). These 
and other LRR-PRRs have the LRR-PRR BAK1 as a co-receptor mediating 
developmental and/or immune responses (Chinchilla et al., 2007; Sun, Li et al., 
2013). Additional LRR receptors examples are PEPRs that recognize PEPs in a 
manner very similar to that of FLS2 with flg22, and RECEPTOR-LIKE KINASES 
7 (RLK7) that recognizes MAMP-Induced Secreted Peptides or PIPs (Hou et al., 
2014; Yamaguchi et al., 2006). Another subgroup of LRR-PRRs recently 
characterized is the LRXs (Figure 1.2c), that in addition to LRR domains harbours 
an extensin domain similar to that present in cell wall-associated extensin 
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proteins. LRX has been proposed to modulate plant cell wall immunity and to bind 
RALF peptides (Figure 1.2c) (Moussu et al., 2020, 2023). 

1.3.2. Lysin Motif (LysM) receptors 

LysM domain containing RKs (LYKs) have ECDs with two or three LysM domains 
composed by 45 amino acids (Buist et al., 2008). Arabidopsis LysM-PRRs subclass 
has 10 members, 5 of them are RKs (AtCERK1/LYK1, AtLYK2, AtLYK3, AtLYK4 
and AtLYK5), 2 RPs (AT5G62150 and AT4G25433) and 3 putative RPg/e (AtLYM1, 
AtLYM2 and AtLYM3) (Bellande et al., 2017; Faulkner et al., 2013). In the 
Arabidopsis plasma membrane, AtLYK5 perceives chitin oligomers (DP 6-8, CHI6-
CHI8) and then AtCERK1 associates with it to activate immune signalling (Figure 
1.2c) (Cao et al., 2014; Liu et al., 2012; Petutschnig et al., 2010; Wan et al., 2012). 
AtLYK4 can additionally associate with AtCERK1 in a chitin-dependent manner, 
but this association requires AtLYK5 (Xue et al., 2019). Since the kinase domains 
of AtLYK4 and AtLYK5 have negligible activity in vitro (Cao et al., 2014; Wan et 
al., 2012), it has been suggested that the active kinase AtCERK1 initiates 
signalling upon the recruitment of AtLYK4/AtLYK5 (Figure 1.2c). In the 
plasmodesmata, AtLYM2 forms a complex with AtLYK4 once chitin is perceived 
in a AtCERK1-independent manner (Figure 1.2c) (Cheval et al., 2020; Faulkner et 
al., 2013). In addition, the perception of bacterial peptidoglycans requires 
AtCERK1 and the contribution of AtLYM1 and AtLYM3, but the exact structure 
from peptidoglycan recognised by these receptors is unknown (Gust et al., 2017; 
Willmann et al., 2011). 

In rice (Oryza sativa) chitin is perceived by the LysM-RP CHITIN ELICITOR 
BINDING PROTEIN (OsCEBiP), but immune signalling is activated by 
recruitment of OsCERK1 (Figure 1.2d) (Kouzai et al., 2014; Shimizu et al., 2010; 
Takagi et al., 2022). Notably, OsCERK1, but not OsCEBiP, seems to bind MLGs 
(MLG43 and MLG443) based on Microscale Thermophoresis (MST) assays, but 
crystal structures of this complex have not been obtained (Figure 1.2d) (Yang et 
al., 2021). 

Another member of the LysM-RK family in Lotus japonica is 
EXOPOLYSACCHARIDE RECEPTOR 3 (EPR3) involved in the perception of 
bacterial carbohydrate-based exopolysaccharides (EPS) (Figure 1.2d) (Kelly et al., 
2013). Recently, the Lotus japonicus glycan RK EPR3a, which is closely related to 
the EPS receptor EPR3, has been also characterized. Notably, both EPR3a and 
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EPR3 bind a well-defined β-1,3/β-1,6-decasaccharide derived from 
exopolysaccharides of endophytic and pathogenic fungi (Figure 1.2d) (Kelly et al., 
2023). 

Intriguingly, LysM receptors participate in both symbiotic and immune signalling 
in some plant species (e.g. legumes and rice) through distinct LysM receptor 
complexes as NOD FACTOR RECEPTOR 1 and 5 (NFR1 and NFR5), that 
recognize chitin from fungal cell walls or LCOs produced by mycorrhiza fungi 
(MYC-factors) and bacteria (Nod factor; (Khokhani et al., 2021; Madsen et al., 
2003; Radutoiu et al., 2003; Zhang et al., 2015) (Figure 1.2d). In Medicago 
truncatula, MtCERK1 (also known as MtLYK9) and LysM RECEPTOR 4 
(MtLYR4) form a receptor complex to directly bind CHI8 (Figure 1.2d), triggering 
immune responses, but they seem to be also needed to initiate symbiotic responses 
(Bozsoki et al., 2017; Feng et al., 2019). 

1.3.3. G, L and C lectin receptors  

C-lectins are a family of calcium-dependent proteins highly represented in 
mammals where they are involved in innate immunity (Brown, 2006). However, 
despite the high number of PRRs in plants, C-lectins are under-represented, in 
comparison to animals, in all plant species (Vaid et al., 2013). Arabidopsis, rice 
(Oryza sativa) and tomato (Solanum lycopersicum) have one member each, and 
wheat has only two members.  

G-lectins were thought to have specificity towards mannose, but later it was 
discovered that they have affinity towards oligomannosides and high-mannose N-
glycans (Bellande et al., 2017; Loris, 2002; Shiu & Bleecker, 2001; Van Damme et 
al., 2008).  

L-lectins, receive this name because their ECDs are similar to LEGUME-LECTIN 
PROTEIN-LIKE ISOLECTIN LoLI of Lathyrus ochrus (Bourne et al., 1990). This 
protein family is clearly expanded in the plant kingdom. L-lectins have putative 
glucose and mannose affinity and their ECDs revealed in some analyses to have 
post-translational modifications like glycosylation (Hervé et al., 1999; Navarro-
Gochicoa et al., 2003). The rice LECTIN RECEPTOR KINASE1 (OsLecRK1), but 
not the OsLecRK2, have been shown to bind different MLGs but not CEL4 in 
Microscale Thermophoresis (MST) assays (Figure 1.2d) (Dai et al. 2023). 
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1.3.4. Malectin/Malectin-like receptors 

The first protein with a maltose-binding domain (called malectin) was initially 
found in the Endoplasmic Reticulum (ER) of the african frog Xenopus laevis. This 
protein is a type-I membrane-anchored ER protein with high similarity to glycosyl- 
hydrolases (Bellande et al., 2017). In plants, proteins with malectin domains 
(MAL) or malectin-like domains (MLD) are typically linked to a kinase domain 
and/or to an LRR domain, grouped in the following subgroups of proteins: MLD 
PRR (Catharanthus roseus RECEPTOR-LIKE KINASE 1-LIKE or CrRLK1L), 
MLD-LRR PRR and LRR-MAL PRR.  

CrRLK1L is an RK subfamily able to recognize small molecules with their ECDs 
consisting of one or two MLD domains (Boisson-Dernier et al., 2011; Franck et al., 
2018; Zhang et al., 2020). This subfamily has been involved in the regulation of 
multiple immune responses and development processes, like pollen tube 
germination, that is associated to cell wall remodeling (Goring, 2023; Lee & Goring, 
2021). Several ECDs of CrRLK1 have been crystalized such as ANXUR1 and 2 
(ANX1, ANX2) and FER; whose Protein Data Bank (PDB) accession codes are 
6FIG, 6A5C and 6A5E, respectively (Moussu et al., 2018; Xiao et al., 2019). Some 
of these CrRLK1-ECD structures have been shown to bind RALF phytocytokine 
peptides (Moussu et al., 2020; Xiao et al., 2019) by the apoplastic extensin LRX8 
protein (with LRR domains) (Moussu et al., 2023). Notably, RALF4 has a dual 
structural and signalling role by assembly extracellular wall polymers in a complex 
that involves LRX8, FER and LLG (Figure 1.2c) (Moussu et al., 2023). 

MLD domains may also be followed by an LRR in the ECD of some PRRs, which 
are grouped into LRR-RK sub-family (Bellande et al., 2017). LIGHT-
REPRESSIBLE RECEPTOR PROTEIN KINASE (LRRPK) was the first member 
described of this subfamily (Decken & Kaldenhoff, 1997). IMPAIRED OOMYCETE 
SUSCEPTIBILITY1 (IOS1), another member of this subfamily, has roles 
modulating plant response to the infection by filamentous hemi/biotrophs and 
attenuating Abscisic Acid (ABA) responses in Arabidopsis (Hok et al., 2011). 
Indeed, IOS1 is a global modulator of PTI responses and disease resistance to 
several pathogens by its association with different LRRs: FLS2, EFR, BAK1, FER 
and CERK1 (Stegmann et al., 2017; Yeh et al., 2016). 

The LRR–MAL RKs have a LRR domain followed by a single malectin domain. 
Several LRR–MD RK genes, are named BRASSINOSTEROID (BR)-SIGNALING 
KINASE (BSK) 3-INTERACTING encoding RKs (BSRs), since they are 
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transcriptionally responsive to brassinosteroids (BRs) (Xu et al., 2013) and could 
be involved in the signalling pathways regulated by this hormone. There are 
considerable cross-talks between BRs and immunity signalling (Lozano-Durán & 
Zipfel, 2015). The expression of several BSRs, including RECEPTOR-LIKE 
KINASE IN FLOWERS 1 (RKF1), BSR430, BSR840 and At1G56120, was 
triggered during immunity response (Hok et al., 2011; Qutob et al., 2006; Yang, 
Wang et al., 2021). Since cross-talks between BRs and immunity signalling is 
feasible (Lozano-Durán and Zipfel, 2015), the involvement of LRR-MD RKs in the 
regulation of PTI should not be excluded. 

1.3.5. Proline Extensin-like Receptor Kinase (PERK)/Extensins 

The first member of this group, PERK1, was discovered in 2002 in Brassica napus 
(Silva & Goring, 2002) and its ECD is composed by a proline- rich sequence like 
those of the extension family. In Arabidopsis several PERKs can be found: i) 
PERK1 involved in viral infections (Nakhamchik et al., 2004); ii) PERK4 
participates in root growth control related with ABA (Bai et al., 2009); iii) PERK8, 
9 and 10 collaborate in primary root growth control (Humphrey et al., 2015); iv) 
PERK12 is involved in apical dominance regulation (Hwang et al., 2010); and v) 
PERK13 has an implication in radical root hair elongation (Humphrey et al., 2015). 

1.3.6. Wall-Associated Receptor Kinases (WAKs) 

WAKs have Epidermal Growth Factor (EGF)-like domains in their ECDs (Figure 
1.2c) (Liu, Yu, et al., 2023). The EGF-like domain, which is also present in mammal 
receptors, is found exclusively in extracellular proteins or regions of 
transmembrane proteins and functions primarily in mediating protein-protein 
interactions (Haltom & Jafar-Nejad, 2015). OGs perception by WAKs has been 
implicated directly in immunity and is also speculated to function during symbiotic 
interactions (Figure 1.2c) (Rui & Dinneny, 2020; Su, 2023). WAK1 N-terminal part 
of its ECD has been proposed to associate with demethylesterified pectin or 
polygalacturonic acid (with a clear preference for pectate in the Ca2+-cross-linked 
configuration) whereas EGF-like repeats are not involved in the binding with cell 
wall components (Brutus et al., 2010; Decreux et al., 2006; Decreux & Messiaen, 
2005; Kohorn et al., 2009).  Shorter fragments of HG and OGs are also bound by 
WAK-ECDs, but not monomeric galacturonic acid or other types of pectin (Kohorn 
et al., 2009). However, the crystal structure of WAK or WAK-Like ECD is missing 
and the potential ECD pocket(s) of WAK/WAKL involved in the binding of pectins 



Introduction 

37 
 

and OGs (e.g. GalA3) are unknown. Moreover, wak1/wak5 quintuple mutant has 
been shown to be impaired not only in PTI triggered by pectin-derivatives but also 
by CHI6 and flg22, suggesting a role for these WAKs beyond OGs perception 
(Kohorn et al., 2021). 

1.4.Downstream events upon activation of plant immunity  

Plants have different strategies to prevent pathogens infections in the early stages. 
These defence mechanisms are the innate basal first-line immune defence gadgets 
indigenously constitutive in the plant even before colonization by the pathogen as 
wax layers, cuticular lipids or the cell wall (Doughari, 2015). Other mechanisms 
can be changes in features that are normally in the plant, such as stomatal closure 
to limit the entry of bacteria, restriction of nutrient transfer from the cytosol to the 
apoplast and secretion of antimicrobial compounds (Bigeard et al., 2015).  

Although plants have all these arsenals of defence barriers, sometimes they are 
not enough to avoid pathogens attacks. For this reason, plants can also perceive 
pathogens in other ways as recognition of pathogen effectors, which are molecules 
synthesized by the pathogens and delivered in the extracellular matrix or into the 
plant cell to enhance pathogen fitness by, for example, counteracting the induction 
of Pattern Triggered Immunity (PTI) (Bigeard et al., 2015). The plant immune 
system also recognizes microbial effectors (avirulence proteins, Avr), not conserved 
between microbial strains) through intracellular receptors called Resistance 
proteins (R proteins) that might be encoded by resistance genes, activating Effector 
Triggered Immunity (ETI: (Boutrot & Zipfel, 2017; DeFalco & Zipfel, 2021; Li, Yu 
et al., 2016). The coevolution of pathogens and plants can have determined the 
repertoire of effectors of pathogens and R proteins from plants led to propose the 
so-called zigzag model to explain plant disease resistance (Jones & Dangl, 2006).  

PTI and ETI have recently been shown to function cooperatively in the control of 
pathogen infection and disease resistance outcomes leading to mutual potentiation 
and interdependency, which is essential for a full immune response (Wang & Luan, 
2024; Yuan et al., 2021). In general, PTI contributes to plant basal resistance to 
diverse adapted and non-adapted microbes, whereas ETI plays a central role in 
defending against race-specific host-adapted pathogens. In addition, localized 
primary infection can signal the development of systemic acquired resistance, 
which manifests as enhanced resistance in distal tissues (Li, Yu et al., 2016).  
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The initial perception of pathogens activates early PTI responses initiating largely 
overlapping signalling events, including cytoplasmatic calcium (cytCa2+) fluxes, 
Reactive Oxygen Species (ROS) burst, Mitogen-Activated Protein Kinases 
(MAPKs) phosphorylation and transcriptional reprograming (Wang & Luan, 2024) 
(Figure 1.3). 

 

Figure 1.3: Simplify representation of Pattern Triggered Immunity (PTI) signalling and 
downstream events. PTI events triggered by ligand-PRR binding. After ligand perception, Ca2+ 
channels open leading cytCa2+ influxes in the cell, activating Ca2+ sensors as calmodulins (CaMs) 
and Ca2+-Dependent Protein Kinases (CDPKs), which in turn activate Reactive Oxygen Species 
(ROS) production, MAPKs phosphorylation, and in last instance, transcriptional changes in defence 
genes. On the other hand, ligands perception can also activate RBOHD generating ROS production 
which, at the same time, stimulates more calcium influxes in surrounding cells promoting cell-to-
cell communication. Transcriptional changes of defence genes end in different defence responses 
such as Cell Wall Degrading Enzymes (CWDEs) generation, defensive metabolite secretion as 
phytoalexins and hypersensitive response (HR) among others. These transcriptional changes also 
allow the cell to regulate PTI avoiding an over-activation of the immunity along time. In the figure, 
CWDEs produced by the plants appear in purple and those produced by the pathogens appear in 
green.  
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1.4.1. Cytoplasmatic calcium influxes 

One of the earliest known physiological responses to MAMPs/ DAMPs perception 
is an influx of extracellular Ca2+ in the cytosol. cytCa2+ influx upon pathogen 
infection has long been acknowledged as a crucial step in the initiation of plant 
immune responses (Wang & Luan 2024). This cytCa2+ influx induces the opening of 
other membrane transporters (influx of H+, efflux of K+, Cl–, and NO3–), which lead 
to an extracellular alkalinization and a depolarization of the plasma membrane 
(Bigeard et al., 2015; Ranf et al., 2011).  

Cytoplasmatic Ca2+ is a central second messenger following the activation of 
receptors in immunity (Wang & Luan, 2024). To turn immune receptor-induced 
cytCa2+ elevations into immunity signalling, Ca2+-binding proteins are first in 
charge of translating the Ca2+ signals. These proteins have different affinity to 
Ca2+, allowing them to turn on and off in response to calcium concentration 
changes which initiate functional interactions with downstream effectors 
(Boudsocq et al, 2012; Gifford et al., 2007; Wang & Luan, 2024).  

Mainly, there are two types of Ca2+ sensors: calmodulin (CaM) and Ca2+-Dependent 
Protein Kinases (CDPKs), which are linkers of cytCa2+ elevations to immune 
responses (Figure 1.3). In response to pathogens, MAMP-induced cytCa2+ elevation 
is believed to be perceived by CPK5 and other related CDPKs associated with the 
plasma membrane (Wang & Luan 2024). CPK5 exhibits a high Ca2+ binding 
affinity leading to autoimmunity (Guerra et al., 2020). One of the target enzymes, 
is the Respiratory Burst Oxidase Homolog D (RBOHD), phosphorylated and 
activated by CPK5 and other kinases, driving to ROS production that further 
amplifies cytCa2+ influx (Figure 1.3). The cytCa2+/ROS activation and propagation 
might serve as a communication mechanism to propagate the defence responses to 
other parts of the plant or other tissues (Dubiella et al., 2013; Wang & Luan, 2024). 
CPK5 can enhance immunity phosphorylating E3 ubiquitin ligase, that degrades 
CPK28, which is an immunity negative regulator, and stabilizes BIK1 (Figure 1.3) 
(Liu, Zhou et al., 2023; Delormel, 2022). Moreover, CDPKs act downstream, 
carrying out changes in transcriptional levels of defence genes such as PHI1. This 
immunity regulation of the cytoplasmatic calcium response allows plants to 
precisely control their defence responses (Boudsocq et al., 2010) 

Ca2+ channels involved in PTI contain multiple transmembrane domains, and 
include Cyclic Nucleotide Gated Channels (CNGCs), calcium permeable 
stress/hyperosmolality-induced channels (CSCs/OSCAs), and Glutamate Receptor-
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Like (GLRs) (Bjornson et al., 2021; Thor et al., 2020; Tian et al., 2019; Wang & 
Luan, 2024).  

In the resting state before plant-pathogen interaction takes place, these Ca2+ 
channels are involved in Ca2+ homeostasis or used in other signalling processes. 
Upon MAMP/DAMP-perception and the activation of the receptors involved in 
their perception at the cell surface, BIK1 (previously stabilized by CPK5) 
phosphorylates and, in consequence, activates CNGC2-CNGC4 channel which has 
also a role in the activation of immunity by other elicitors, such as the fungal 
elicitor chitin (Wang & Luan, 2024). This channel also has a basal level of activity 
important for introducing Ca2+ into the cell vacuole avoiding Ca2+ 
overaccumulation in the apoplast, which is a potential risk that can produce 
growth arrest. This data suggests that CNGC2-CNGC4 is key for initiating the 
immune response (Wang et al., 2017; Zhao et al., 2021). 

1.4.2. Reactive Oxygen Species (ROS) production 

In plants ROS have a double function, being very harmful and toxic but at the 
same time necessary for the regulation of biotic and abiotic stresses. High levels of 
ROS can lead to detrimental effects by causing lipid peroxidation in cellular 
membranes, protein denaturation, carbohydrate oxidation, pigment breakdown, 
and DNA damage (Møller et al., 2007). In contrast, ROS play important roles as 
signalling molecules in plant development and growth, and in response to various 
abiotic and biotic stresses (Liu & He, 2016). ROS can be synthetized in 
chloroplasts, mitochondria, peroxisomes, and the apoplastic space by diverse 
pathways as the electron transport chain in photosynthesis and respiration, 
glycolate and xanthine oxidase, excited chlorophyll, fatty acid oxidation, and 
peroxidases (Bose et al., 2014; Wrzaczek et al., 2013). ROS include singlet oxygen 
(1O2), superoxide anion (O2·−), hydrogen peroxide (H2O2) and hydroxyl radicals 
(OH·) (Liu & He, 2016). 

At the apoplast, ROS can be produced by respiratory burst oxidase homologue 
(RBOH) proteins, also known as plant Nicotinamide Adenine Dinucleotide 
Phosphate (NADPH) oxidases by donning electrons to the extracellular O2 to 
generate superoxide (O2-) (Sagi & Fluhr, 2006; Torres, 2010; Wrzaczek et al., 2013). 
This O2- can be dismutated to H2O2 spontaneously or catalytically by Superoxide 
Dismutase (SOD). H2O2 functions locally but can also activate long distance 
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signalling (Liu & He, 2016) triggering AtRBOHD-dependent ROS production in all 
adjacent cells producing a ROS wave (Mittler & Blumwald, 2015). 

In Arabidopsis thaliana ROS production by RBOHD is a ubiquitous mechanism in 
response to DAMPs/MAMPs, defensive metabolites (as sphingobases) and 
pathogens attack (Figure 1.3) (Liu & He, 2016).  

Cell Wall Damage (CWD)-induced ROS production is also dependent on AtRBOHD 
and may regulate lignin biosynthesis and callose deposition (Luna et al., 2011; 
Poovaiah et al., 2014). ROS production also participates in immunity responses co-
ordinately with other early responses as calcium burst. In this context, AtRBOHD 
is a phosphorylation target of AtCPK5 (Figure 1.3) (Dubiella et al., 2013). 
AtRBOHD is also a phosphorylation substrate of BIK1 in PTI for MAMP-induced 
ROS production on the plasma membrane (Figure 1.3) (Kadota et al., 2014; Li, Li 
et al., 2014). In this interaction, AtCPK28 negatively regulates AtRBOHD-
dependent ROS production by the phosphorylation of BIK1 facilitating its 
degradation (Kadota et al., 2014; Torres et al., 2013; Torres & Dangl, 2005). PTI-
induced ROS bursts have a positive feedback effect on cytCa2+ by inducing a second 
cytCa2+ elevation or prolonged plateau (Figure 1.3) (Ranf et al., 2011). Furthermore, 
ROS production can also be regulated by MAPK signalling (Pitzschke & Hirt, 
2006). Some MAPKs, as AtMPK6 and AtMPK8, may regulate gene expression of 
AtRBOHD.  AtMPK4 is another MAPK that plays a role negatively regulating 
AtRBOHD-dependent ROS production (Liu & He, 2016).  

In a global context, all immunity hallmarks are connected, AtMPK8 may link Ca2+ 
and AtRBOHD-dependent ROS signalling together in systemic wound response, 
as AtMPK8 could be activated by direct binding of CaMs in a Ca2+-dependent 
manner and negatively regulates AtRBOHD-related ROS production (Figure 1.3) 
(Liu & He, 2016). However, it has been demonstrated that these signals are not 
linked in some PTI responses as the ROS burst triggered by OGs, cellobiose, or β-
1,3 glucans, triggering cytCa2+ burst but not strong ROS production (Davidsson et 
al., 2017; Galletti et al., 2011; Mélida et al., 2018; Savatin et al., 2014; Souza et al., 
2017). 

1.4.3. Mitogen-Activated Protein Kinase (MAPKs) phosphorylation 

MAPKs are conserved enzymes from the serine kinase family, important players 
in complex signalling networks (Xie et al., 2023). They activate several cellular 
processes in response to different cellular stimuli as stress responses, 
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differentiation, apoptosis, metabolism, cell proliferation, gene expression, mitosis, 
and survival or cell death, by alternately acting kinases (Khan et al., 2024; Shi et 
al., 2023). 

The MAPKs cascade pathway is one specific signal transduction mechanism 
relevant activating diverse signalling pathways in many plants. Three essential 
components make up the traditional MAPKs pathway: MAP KINASES (MPKs), 
MAP KINASE KINASES (MPKKs), and MAP KINASE KINASE KINASES 
(MPKKKs, MP3Ks) (Figure 1.3) (Khan et al., 2024). To regulate many biological 
events, MP3Ks phosphorylate two serine and/or threonine residues located within 
the activation loop of the MPKKs, which subsequently phosphorylate conserved 
threonine and tyrosine residues in the T-X-Y activation motifs of the MPKs (Xie et 
al., 2023). MPKs are serine/threonine kinases that subsequently phosphorylate a 
wide range of substrates, mainly Transcription Factors (TFs), to alter patterns of 
gene expression or modulate the activity of other proteins (Figure 1.3) (Colcombet 
& Hirt, 2008, Rasmussen et al., 2012; Zheng et al., 2006). 

The MAPKs cascades activate different cell responses, such as gene expression and 
cell death (through the phosphorylation of certain target proteins, cytoplasmic 
kinases and transmembrane signalling molecules), plant defence hormones and 
Reactive Oxygen Species (ROS) production, defence genes up-regulation and 
hypersensitive response (HR) (Figure 1.3) (Kim & Choi, 2010; Meng & Zhang, 
2013).  

In Arabidopsis thaliana, MPK3, MPK4, and MPK6 are the MAPKs activated upon 
perception of pathogens. This pathway is triggered by MAMPs/DAMPs recognition, 
activating MPKK4 and MPKK5 to phosphorylate MPK3 and MPK6 (Figure 1.3). 
Downstream, WRKY22 and WRKY29 are activated by FRK1, which in turn is 
activated by MAPKs, to stimulate the plant defence response. Furthermore, MPK3 
and MPK6 phosphorylate WRKY33, leading to camalexin biosynthesis (Figure 1.3) 
(Khan et al., 2024; Mao et al., 2011). MAPKs with CDPKs are also in charge of 
transcriptional changes of other genes as NHL10, CYP81F2 and WRKY53 
(Boudsocq et al., 2010).   

Accurate regulation of these MAPK signalling modules allows plants to have 
appropriate defence responses for stopping pathogen infections, establishing a 
sophisticated signalling network (Khan et al., 2024). 
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1.4.4. Transcriptional regulation in PTI defence-related genes 

Genes encoding immunity components are often rapidly and transiently 
upregulated in response to MAMPs/DAMPs perception leading to the amplification 
of innate immune responses. Perception of different ligands by PRRs triggers 
profound transcriptional reprogramming of a set of largely overlapping genes with 
distinct temporal dynamics (Li, Yu et al., 2016). Many genes are commonly 
upregulated by treatments with MAMPs (e.g. flg22, elf18, bacterial peptidoglycan, 
fungal chitin) and DAMPs (e.g. OGs, xylans, arabinoxylans) (Denoux et al., 2008; 
Fernández-Calvo et al., 2024; Gust et al., 2007; Wan et al., 2008; Zipfel et al., 2006). 
Although both MAMPs and DAMPs activate convergent signalling pathways 
ending in similar transcriptional changes, the induction dynamics and amplitude 
of individual genes may differ in response to different MAMPs (Li, Meng et al., 
2016). 

mRNA transcription is catalysed by the multi-subunit enzyme RNA polymerase II 
(RNAPII) that binds selectively to the promoters of target genes, not only 
modulating basal transcriptional activity but also controlling selectively activation 
of specific genes (Li, Cheng et al., 2014). Rpb1 is the largest subunit of RNAPII, 
which contains a Carboxyl-Terminal Domain (CTD) made of conserved 
heptapeptide repeats with a consensus sequence. Phosphorylation of this domain 
regulates transcription cycles via recruiting different CTD binding proteins 
(Buratowski, 2009). 

After the perception of MAMPs/DAMPs in the plant-pathogen interaction, all the 
machinery is activated, being MPK3/MPK6 directly phosphorylated, leading to the 
activation of Arabidopsis Cyclin-Dependent Kinase C (CDKC), which in turn 
phosphorylate the CTD of RNAPII being the link between MAPKs and 
transcriptional changes (Figure 1.3) (Cui et al., 2007; Li, Cheng et al., 2014).  

The Mediator (MED) complex, which is an evolutionarily conserved multiunit 
protein complex, regulates RNAPII, contributing to transcriptional specificity via 
interaction with gene-specific transcription factors. The transcriptional responses 
to pathogen infections are specific and regulated by different sophisticated 
regulatory mechanisms (Li, Cheng et al., 2016). There are different Mediator 
subunits implicated in defence, such as MED8, MED16, MED21, and MED25, 
involved in jasmonic acid/ethylene (JA/ET)-mediated resistance to the necrotrophic 
fungi Botrytis sp. and Alternaria sp. (Kidd et al., 2011; Samanta & Thakur, 2015) 
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or MED18, also important for plant immunity against necrotrophic fungi, but in a 
JA/ET-independent manner (Lai et al., 2014).  

Members of the WRKY gene family of plant-specific transcription factors are often 
induced in response to diverse pathogens (Figure 1.3) (Tsuda & Somssich, 2015). 
WRKYs tend to form positive feedback regulatory loops via binding to their own 
promoters to amplify the signal. In other cases, VQ motif-containing Proteins 
(VQPs) act as bridges between MAPKs and WRKYs (Liu, Kracher et al., 2015; Mao 
et al., 2011).  

Among the targets of WRKY TF are set of genes encoding enzymes required for the 
synthesis of antimicrobial compounds. For example, the CYP81F2 gene in 
Arabidopsis plays a crucial role in the plant's defence mechanisms against 
pathogens since it encodes a cytochrome P450 monooxygenase involved in the 
synthesis of specialized metabolites known as phytoalexins, activating defence 
signalling pathways, and providing broad-spectrum protection (Figure 1.3) (Tao et 
al., 2022).  

1.5.Opened questions in plant immunity mediated by plant 
cell walls 

Though significant progresses have been made in the characterization of the 
function of plant cell wall on plant disease resistance and in the mechanisms of 
immunity triggered by carbohydrate-based DAMPs/MAMPs, there are still several 
fundamental questions that need to be addressed. Among these question we can 
remark the following: i) what is the biochemical composition of active DAMPs 
released from plant cell walls upon plant infection by pathogens?; ii) are glycans 
released from plant cell walls upon alteration of CWI caused by other biological 
processes, like abiotic stresses or development?; iii) if this is the case, are these 
glycans identical to DAMPs released upon pathogen infection and do they trigger 
signalling responses (e.g. PTI)?; iv) what are the main domains (ECDs) of plant 
receptors involved in the perception of glycans (DAMPs/MAMPs)?; v) what are the 
binding pockets of these plant ECDs-receptors involved in glycans recognition?; vi) 
what are the co-receptors (co-PRRs) involved in the formation of glycan-PRR 
complex required for downstream PTI activation apart from those already 
determined for CHI6-LysM-RK and RALF-LRX complexes characterized so far? 
Moreover, genetic screening and the use of genome editing to generate high order 
(multiple) mutants in putative glycan PRR gene families will be required to 



Introduction 

45 
 

overcome receptor redundancy in plants and to characterize PRR and co-PRR 
involved in glycan perception. These efforts will contribute to identify 
glycan/receptors pairs that would allow the development of novel sustainable 
agriculture solution for crop protection. Treating plants, harbouring the 
appropriate PRRs, with cell wall-derived glycans (pure or mixture of ligands) 
might trigger adaptative responses to biotic stresses and, probably, to abiotic 
stresses. 
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2. Objectives 
 

In contrast to the extended knowledge of the perception of peptidic 
MAMPs/DAMPs, our understanding of the mechanisms of perception of 
carbohydrate-based DAMPs/MAMPs by the plant immune system and the 
activation of immune responses is scarce. However, carbohydrates are highly 
abundant molecules in plant and microbial extracellular layers, such as cell walls, 
and some of these glycan structures are known to be immunogenic since they 
trigger PTI responses. In this context, the main aim of this Thesis is the 
identification and functional characterization of molecular components implicated 
in the plant immune response mediated by cell wall-derived glycans. For this 
purpose, we propose the following objectives: 

 

1. Identification by genetic screening of Arabidosis thaliana mutants defective 
in PRRs and signalling elements that regulate immune responses activated 
by cell wall-derived β-glucans.  

2. Characterization of the PRRs and additional molecular components 
identified and determination of their function in the signalling pathway(s) 
triggered by β-glucans.  

3. Structural characterization of the ligand (β-glucans)/PRR complexes that 
regulate plant immune responses.  
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3. Materials and methods 

3.1.Biological material 

3.1.1. Plants 

In this Thesis, Arabidopsis thaliana transgenic plants background Columbia-0 
(Col-0) carrying the Apoaequorin gene (35S::Apoaequocyt;  Col-0AEQ) (Knight et al., 
1991; Ranf et al., 2011) were used to evaluate the changes in cytoplasmatic Ca2+ 
concentration. These plants were used in the mutagenic process for the genetic 
screening and to obtain calcium sensor lines by crossing them with other T-DNA 
(from the Nottingham Arabidopsis Stock Centre (NASC) and Torres et al., 2002) 
mutants of interest. All these lines used in this Thesis are summarized in Table 
3.1. 

Table 3.1: Arabidopsis mutant lines. 

 

Other plant species used was Nicotiana benthamiana (tobacco) for heterologous 
expression.  

Name Locus Line Type of mutation Background

cerk1-2 AT3G21630 GABI-KAT _096F09 T-DNA insertion line Col-0

AT2G23770 WiscDsLox_297300_01C

AT2G33580 SALK_131911C

back1-4 AT4G33430 SALK_116202 T-DNA insertion line Col-0

rbohD AT5G47910 (Torres et al., 2002) T-DNA insertion line Col-0

igp1-3 AT1G56145 SALK_101924C T-DNA insertion line Col-0

igp1-4 AT1G56145 SALK_021490C T-DNA insertion line Col-0

igp4-1 AT1G56140 SALK_005808 T-DNA insertion line Col-0

AT1G56120 AT1G56120 SALK_206246C T-DNA insertion line Col-0

igp1-1 AT1G56145 from screening SNP (E906K) Col-0AEQ

igp2/3-1 AT1G56130 from screening SNP (G773E) Col-0AEQ

Mutant lines with a T-DNA insertion

lyk4 lyk5 T-DNA insertion line Col-0

Mutant lines with SNPs from the screening
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3.1.1.1. Mutagenized population 

Arabidopsis thaliana Col-0AEQ seeds were mutagenized with 0,3% ethyl 
methanesulfonate (EMS) for 17 hours. EMS is a chemical compound that produces 
Single Nucleotide Polymorphisms (SNPs) in the DNA. After the incubation with 
the EMS, seeds were sown in 3:1 soil-vermiculite to obtain two next-generation 
seeds, M1 and M2 (Ranf et al., 2012). The genetic screening was performed in M2 
and M3 mutagenized seeds population. The selective pressure applied was a 50 µM 
MLG43 treatment (Rebaque et al., 2021). Those seeds with impaired cytCa2+ burst 
were selected for further characterization. 

3.1.1.2. Plant growth conditions 

Arabidopsis seeds were used for in vitro and greenhouse assays.  

Seeds for growing under in vitro conditions were surface sterilized in a laminar 
flow chamber with 75% ethanol 0,01% tween solution (Tween™ 20, Sigma-Aldrich) 
(v/v) for 5 minutes and 95% ethanol solution for other 5 minutes and dried in the 
tubes. Sterile and dried seeds were sown in different plates, 24-well plates for 
MAPKs and genes assays (around 10 seedlings per well) and 96-well plates for 
cytCa2+ influxes and ROS production assays (one seedling per well). The media in 
these plates was 0,5x Murashige and Skoog (MS) basal salt medium including 
vitamins (Duchefa Biochemie) (Murashige & Skoog, 1962), which is supplemented 
with 0,25% (w/v) sucrose (Merk) and 1mM 2-(Nmorpholine)-ethanesulphonic acid 
(MES; Serva) with a 5,7 pH in ultrapure Mili-Q water.  

For protein assays and transgenic lines selection in BASTA, plants were sown in 
plates 0,5x MS media supplemented with 1% (w/v) sucrose, 2,5 mM MES 
monohydrate and 0,7% Plant Agar (Duchefa Biochemie). 

Once plants were sown, they were stratified in dark conditions at 4 ºC for 72 hours. 
All in vitro plants were grown in a climatic chamber under 14 hours light/10 hours 
darkness photoperiod. For MAPKs, gene expression and proteins assays they were 
grown for 12 days (at day 10, media from MAPKs and gene assays plates was 
changed by 1 ml of new media per well). For cytCa2+ influxes and ROS production 
assays, they were grown for 8 days.  

Arabidopsis plants for obtaining next-generation seeds were stratified for 48 hours 
at 4 ºC in the darkness and grown on 3:1 soil-vermiculite in a growth chamber with 
10 hours of light/14 hours of darkness at 20-21ºC, light intensity 120 μE/m2s and 
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65% of relative humidity. After three weeks growing they were moved to a 
greenhouse at 18-22 ºC.  

N. benthamiana seedlings for heterologous protein expression were grown for 
three weeks at 20-21ºC in the greenhouse.  

3.1.1.3. Microorganisms 

In this Thesis microorganisms have been used for cloning and plants 
transformation.  

For cloning the proteins used later in the transformation process, we have used 
Escherichia coli strain DH5.  

For the transformation process, we used Agrobacterium tumefaciens GV3101 
strain with gentamicin and rifampicin resistance. 

3.1.1.4. Insect cells 

For protein expression and purification, two types of insect cells were used: 
Spodoptera frugiperda Sf9 cells (Geneart, Thermo Fisher Scientific) and 
Trichoplusia ni Tnao38 cells (Hashimoto et al., 2012). Sf9 cells were grown for 4 
days at 28 ºC in HyClone SFX-Insect cell culture media (Cytiva) with 110 rpm 
shaking; Tnao38 cells were grown 1 day at 28 ºC and two days at 22 ºC with 110 
rpm shaking.  

3.2. DNA extraction 

DNA extraction for genotyping was performed collecting tissue from Arabidopsis 
plants in 2 ml tubes with crystal beads and immediately frozen with liquid 
nitrogen. Using a MagNa Lyser (Roche) grinder machine and the crystal beads 
inside the tubes, the material was homogenized. The extraction was performed 
with an extraction buffer adding 316 µl/sample (0.35 M Sorbitol, 100 mM Tris 
(Duchefa Biochemie) pH 7.5, 5 mM Ethylenediaminetetraacetic Acid Disodium 
Salt 2-Hydrate (EDTA; Panreac), adjust pH 7,5), a lysis buffer adding 350 
µl/sample (200 mM Tris, 50 mM EDTA, 2 M NaCl (Panreac), 2% N-Cetyl-N-
trimethyl-ammoniumbromid (CTAB; Merk) and 20 µl of Sarcosyl 10% (Sodium 
lauroyl sarcosinate; Sigma) per sample.  

Next the samples were incubated at 60 ºC for 30 minutes and 500 µl of chloroform 
were added to each sample. Samples were centrifuged at 8500 rpm for 10 minutes. 
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Supernatants were transferred to a new tube with 0,7 volume of isopropanol and 
tubes were centrifuged again at 13000 rpm 15 minutes. Pellets were washed with 
500 µl of 70% ethanol. After a last centrifuge of 5 minutes at 15000 rpm, pellets 
were dried and resuspended in 50 µl of sterile Mili-Q water.  

DNA samples were quantified using the spectrophotometer NanoDrop ND-1000 
(NanoDrop Technologies INC).  

3.3. Genes expression assays 

3.3.1. RNA extraction  

Col-0 seedlings and/or other genetic backgrounds were grown in 24 well plates as 
described in 3.1.1.2 for 12 days. Two days before the experiment (day 10) the 0,5x 
MS media was removed and replaced by 1 ml of new 0,5x MS media. Seedlings 
were treated for 30 minutes with water as a mock and different carbohydrate 
treatments. After the treatment period, samples were collected and frozen in liquid 
nitrogen. Plant material was grinded with a mortar cooled with liquid nitrogen. 
Total RNA was extracted using the RNeasy Mini Kit (Qiagen) following the 
protocol recommended by the provider and resuspended in 30 µl of RNase-Free 
Water. The concentration of the samples was quantified by the NanoDrop ND-1000 
spectrophotometer (NanoDrop Technologies Inc.).  

3.3.2. cDNA synthesis 

The cDNA was synthetized from 2 µg of the total RNA extracted, previously treated 
with DNase (TURBO DNA-freeTM Kit, Invitrogen, Thermo Fisher Scientific) to 
hydrolase residual DNA from the extraction. The reverse-transcription reaction 
was carried out for 60 minutes at 50 ºC using the Transcriptor First Strand cDNA 
Synthesis Kit (Roche Applied Science) and oligo-dT oligonucleotides. 

3.3.3. qRT-PCRs 

Quantitativereal-time PCRs (qRT-PCRs) were performed in a 7300 Real-Time PCR 
System (Thermo Fisher Scientific). The final reaction volume was 20 µl with 10 µl 
of 2X SYBR Green Master Mix (Roche Applied Science), 1 µM of oligonucleotides, 
and 10ng of cDNA obtained as described before (3.3.2.). qRT-PCR conditions were 
95 ºC for 10 minutes, 45 cycles of 95 ºC for 15 seconds and 60ºC for 1 minute. 
Finally, a dissociation stage was performed with three steps: 95 ºC for 15 seconds, 
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60 ºC for 30 seconds and 95 ºC for 15 seconds) (Rebaque et al., 2021). All 
oligonucleotides used for qRT-PCRs are shown in Table 3.2.  

 

Table 3.2: Oligonucleotides used for qRT-PCRs. 

 

3.4. Characterization of T-DNA insertion line mutants 

All T-DNA insertion lines used in this Thesis were in Col-0 genetic background, 
the double and triple mutants generated from them and those lines ordered for the 
first time were checked for homozygosity by polymerase chain reaction 
methodology (PCR). PCRs were performed with the Dream Taq Polymerase 
(Thermo Fischer Scientific), under the conditions specified by the provider, using 
DNA extracted from each line as described in 3.2. section. For checking the T-DNA 
insertion in each line we used Lba1 oligonucleotide as forward one with the reverse 
oligonucleotide of the gene of interest. A list of the specific oligonucleotides used to 
check the mutants is shown in the Table 3.3.  

 

 

 

 

 

 

 

 

Name Locus Forward oligonucleotide Reverse oligonucleotide 

IGP1 AT1G56145 TTGGTTTGTGTTCATGTCTGGT TATCTTGTTCAACGCCCGAG

IGP2/3 AT1G56130 TCTCTCAGCGGATTTCAAATCA TTGGCTTAAAGTCGCTGTCTC

IGP4 AT1G56140 TCAATCAGCGGCTTTCCATT CTAGCGTCGTTGTTTCTCGG

AT1G56120 AT1G56120 TGTTGAATGCTATTGACTGGTGT CCGCGTCCTCCTTTTCAAAT

UBC21 AT5G25769 GCTCTTATCAAAGGACCTTCGG CGAACTTGAGGAGGTTGCAAAG

CYP81F2 AT5G57220 TATTGTCCGCATGGTCACAGG CCACTGTTGTCATTGATGTCCG

WRKY53 AT4G23810 CACCAGAGTCAAACCAGCCATTA CTTTACCATCATCAAGCCCATCGG
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Table 3.3: Oligonucleotides for T-DNA insertion lines genotyping. 

  

3.5.Elicitors 

3.5.1. Carbohydrates 

Carbohydrates used in all the experiments performed in this Thesis were bought 
to different companies with a purity guarantee. All of them appear in the Table 
3.4. 

For all the in vitro experiments with carbohydrate treatments, sugars were 
warmed at 80 ºC for 10 minutes and cooled at room temperature before their 
application.  

Table 3.4: Oligosaccharides used as elicitors. 

 

Name Locus Line Forward oligonucleotide Reverse oligonucleotide 

cerk1-2 AT3G21630 GABI-KAT_096F09 AGAATATATCCACGAGCACACGGTTCCAG GACGAAAAGAGAGTGGATAAAGCAACCAC

AT2G23770 CS850683 CATTTTCATCCATCGATGGAC TTCCCTTTCACAACAATCCTG

AT2G33580 SALK_131911C TTCTGGTCTCAACCACCGTAC CAGAAACCTGAGAGACGGATG

igp1-3 AT1G56145 SALK_101924C  TGGAAATAACAGGCTGAATGG  ATTCGCCTTCCAAGACTTTTC

igp1-4 AT1G56145 SALK_021490C  TGCATCGTTTTAAGGCTCAAC  CTTTTCCTCTGCCACAGTCAC

igp4-1 AT1G56140 SALK_005808 AATGATACAGGTAATCCCCCG GCCAGTGTTCTCGACTCAAAC

AT1G56120 AT1G56120 SALK_206246C ATTCAACGTGTTGTTTCCCAG AGTGTTCGTCGACCACAAAAG

Lba1 TGGTTCACGTAGTGGGCCATCG

lyk4 lyk5

Code Chemical name Type of glycan Provider

MLG43 β-D-Cellobiosyl-1,3-β-D-glucose β-1,3/1,4-D-glucans Megazyme (O-BGTRIB)

MLG34 β-D-Glucosyl-1,3-β-D-cellobiose β-1,3/1,4-D-glucans Megazyme (O-BGTRIA)

CEL2 Cellobiose β-1,4-D-glucans Sigma (C7252)

CEL3 Cellotriose β-1,4-D-glucans Megazyme (O-CTR-50 mg)

CEL4 Cellotetraose β-1,4-D-glucans Megazyme (O-CTE-50 mg)

CEL5 Cellopentaose β-1,4-D-glucans Megazyme (O-CPE-20 mg)

CHI6 Hexaacetyl-Chitohexaose chito-oligosaccharides DP 6-8 Megazyme (O-CHI6)

OGs 10/15 galacturonan oligosaccharide DP10/DP15 [GalAα1-4]±10-15 ELICITYL (GAT114)

Xyl4 Xylotetraose β-1,4-D-(xylose)n Megazyme (O-XTE-30 mg)

XA3XX 33-α-L-Arabinofuranosyl-xylotetraose α-L-Arabinofuranosyl-[β-1,4-D-(xylose)n] Megazyme (O-XA3XX-30 mg)
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3.5.2. Peptides 

Peptides were used in this Thesis as controls and for the specificity assays to 
confirm that our mutants were impaired in oligosaccharides perception and not in 
general signalling pathways. There were used two peptides, flg22 (1 mg) from 
EZBiolab and AtPep1 (1 mg) from Abyntek. 

3.6. Analysis of PTI responses 

3.6.1. Calcium influxes assays 

Aequorin is a calcium binding photoprotein made up of an apoprotein, 
apoaequorin, and a luciferin molecule which is a prosthetic group, coelenterazine. 
Col-0AEQ (Knight et al., 1991; Ranf et al., 2011) constitutively express the 
apoaequorin but the coelenterazine must be added exogenously. When there is 
oxygen in the media and coelenterazine is added, the functional holoprotein, 
aequorin, reconstitutes having three calcium binding sites. In presence of 
cytoplasmatic calcium, these calcium binding sides are occupied and aequorin 
suffers a conformational change behaving as an oxygenase, transforming 
coelenterazine into exited coelenteramide with carbon dioxide production and 
emitting blue light (λ = 469 nm) (Mithöfer & Mazars, 2002) that can be measured 
with a luminometer as the Varioskan Lux Reader luminometer (Thermo Fisher 
Scientific) (Figure 3.1). 

 
Figure 3.1: Cartoon representing apoaequorin as a calcium sensor. Aequorin in presence of oxygen 
and coelenterazine, reconstitutes showing three sites where cytoplasmatic calcium is going to bind, 
suffering a conformational change transforming coelenterazine into exited coelenteramide with 
carbon dioxide production and emitting blue light (λ = 469 nm). 
 
Sterilized Col-0AEQ (Knight et al., 1991) seeds with different genotypes were sown 
in 96 well (1 seed per well) plates in 0,5x Murashige and Skoog (MS) basal salt 
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medium (Duchefa Holland) (Murashige & Skoog, 1962) were stratified and grown 
under the conditions described previously (3.1.1.2.) for 8 days. After this period, 
media was removed and 75 µl of 10 µM coelenterazine ((2-(p-hydroxybenzyl)-6-(p-
hydroxyphenyl)-8-benzyl-imidazol[1,2-a]pyrazin-3-(7H)-one; PJK GmbH) were 
added per well and left overnight at room temperature in the darkness. The next 
day, plates were placed in the Varioskan and 75 µl of the ligand of interest at 2x 
concentration were added in each well. Luminescence was measured in each well 
after the treatment application (300 ms of integration time) (Bacete et al., 2017).  

3.6.1.1. Calcium discharge assays 

To check seedlings were not affected in the Apoaequorin transgene, the total 
calcium of the seedlings was discharged by adding CaCl2 being the final 
concentration per well of 1,5 M. Total relative luminescence units (RLU) were 
obtained by calculating the integral under the kinetic curve in each well and 
compared to the one of the control Col-0AEQ.  

3.6.2. ROS production assays 

Reactive Oxygen Species (ROS) production assays are based on the 
chemiluminescence reaction between luminol and hydrogen peroxide (H2O2) 
catalysed by horseradish peroxidase (HRP). In the presence of H2O2, HRP oxidizes 
luminol which is transformed in excited aminophtalate producing light at a 
wavelength of 490 nm (Bisceglia et al.,2015). Using this chemical reaction, ROS 
production was determined in 10-day-old seedlings of Col-0 with different 
genotypes grown in 96-well plates under the growth conditions described below 
(3.1.1.2.) in 0,5x MS media. The day before the experiment, media was replaced by 
100 µl of 0.3 µM luminol (L-012 FUJIFILM Wako Chemicals USA Corp) and 15 µg/ml 
of horseradish peroxidase (HRP, Sigma). Plates were placed in the Varioskan and 
the ligand of interest was applied at 2x concentration in each well. Luminiscence 
was measured in each well after the treatment application (300 ms of integration 
time) (Rebaque et al., 2021).  

3.6.3. MAPKs phosphorylation assays 

The level of phosphorylation of the MAPKs after treatments with different 
carbohydrate ligands was analysed by Western Blot as described in Rebaque et al., 
2021 with some modifications. For theses assays, 12-day-old Col-0 seedlings and/or 
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other genetic backgrounds, were grown under the conditions already described 
(3.1.1.2.). Two days before the experiment (day 10) the 0,5x MS media was removed 
and replaced by 1 ml of new 0,5x MS media to avoid a differential evaporation of 
the media between the wells. Treatments were added with a mock solution (water) 
and seedlings were harvested after 0, 10 and 20 minutes in 2 ml tubes with ceramic 
beads and immediately frozen in liquid nitrogen. The material was grinded with a 
FastPrep Bead Beating System (MP Biomedicals) and 50 µl of Protein Extraction 
Buffer (25mM Tris-HCl pH 7.8; 75mM NaCl; 15mM Ethylene Glycol Tetraacetic 
Acid (EGTA; Serva); 10mM MgCl2 (Merk); 15mM β-glycerophosphate (Sigma-
Aldrich); 15mM 4-nitrophenylphosphate bis; 1mM Dithiotreitol 1,4-Dithiothreitol 
(DTT); 1mM NaF (Acros Organic); 0.5 mM activated Na3VO4 pH 10; 0.5mM 
Phenylmethanesulfonyl Fluoride (PMSF; Sigma-Aldrich); 1% (v/v) protease 
inhibitor cocktail P9599 (Sigma-Aldrich); 0.1% (v/v) Tween-20). 

Samples were centrifugated for 20 minutes at 4 ºC and the supernatant was 
collected to determine total protein concentration, measured by the Bradford 
assays (Bio-Rad). This assay allowed us to equilibrate protein concentration among 
samples. A total amount of 30 µg of protein per sample was analysed. Protein 
samples were separated in a 10% Mini-PROTEAN TGX Precast protein gels (Bio-
Rad) and transferred to nitrocellulose membranes using the iBlot 3 Western Blot 
Transfer System (Thermo Fischer Scientific).  

Membranes were blocked for 1 hour at room temperature with Pierce TM Protein-
Free Blocking Buffer (PBS, Thermo Fisher Scientific). After blocking, membranes 
were incubated overnight at 4 ºC with the primary antibody Phospho-p44/42 
MAPK (Erk1/2) (Thr202/Tyr204) (Cell Signalling Technology; 1:1000) in PBS. 
After incubation, membranes were washed with home-made TBS-T (1,5 M NaCl, 
100 mM Tris pH 7,6 and 0,1% Tween-20) and incubated for 2 hours at room 
temperature with horseradish peroxidase-conjugated α-rabbit secondary antibody 
(GE-Healthcare) (1:5000) in PBS. 

After all incubations, membranes were developed with the ECL Western Blotting 
Substrate (Thermo Fisher Scientific; Pierce) for 4 minutes and imaged using the 
iBright FL1000 Image System (Thermo Fisher Scientific). 

A loading control analysis with α-AtMPK3 (1:1000) (Sigma-Aldrich) was done in 
the same membranes after stripping (incubation for 5 minutes in a 50 mM glycine 
pH 2, 0,1% SDS and 0,05% Tween-20 solution), washing with TBS-T and blocking 
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again but this time with milk 5%. Next steps were the same as already mentioned 
changing the primary antibody.   

3.6.4. Expression of defence marker genes 

The gene expression analysis was performed carrying out qRT-PCRs in a 7300 
Real-Time PCR System (Thermo Fisher Scientific) as described in section 3.3.  

The expression level of each gene was relativized to the housekeeping gene UBC21 
(AT5G25769) expression, and was determined using Pfaffl method (Pfaffl, 2001). 
Genes analysed in PTI responses assays were CYP81F2 (AT5G57220) and 
WRKY53 (AT4G23810). Oligonucleotides used for these experiments are shown in 
Table 3.2.   

3.7.Screening 

3.7.1. Selection of the putative mutants 

The main objective of the screening was to find putative mutants defective in 
MLG43 perception. For this purpose, EMS M2 Col-0AEQ seeds (3.1.1.1) were grown 
in vitro (3.1.1.2) for 8 days in a 96 well plate and the amount of cytoplasmatic 
calcium produced after 100 µM MLG43 treatment was measured for each seedling 
following the calcium influxes assay protocol described in 3.6.1. Based on the level 
of cytoplasmatic calcium released after the MLG43 treatment, seedlings with a low 
response (less than 50% the signal of the wild-type) comparing to the control Col-
0AEQ, were selected and transferred to soil to grow for obtaining next-generation 
seedlings. Total calcium burst was tested in the M2 putative candidates taking 4 
mm diameter leaf discs from the grown plant, using a cork borer and putting the 
discs in a 96 well plate, to confirm that the impaired response to MLG43 was due 
to a mutation in a certain gene and not in the Apoaequorin transgene (3.6.1.1.).  

The selected M2 candidates with low response to the treatment and good calcium 
burst discharge were backcrossed with Col-0AEQ. 

3.7.2. Specificity assays 

To confirm that the selected putative mutants were not affected in a general 
perception pathway, we performed calcium influxes assays as described in 3.6.1. 
with different carbohydrates and peptides. Treatments were: 10 µM CEL2, 10 µM 



Materials and methods 

59 
 

CEL3, 10 µM CEL4, 10 µM CEL5, 100 µM MLG34, 0,5 mg/ml OGs (DP 10-15), 1 
µM flg22, 1 µM AtPep1.  

3.7.3. Mapping by whole-genome sequencing and SNPs analysis 

Pooled tissues from 50 backcrossed M2 plants of the validated mutants with 
impaired response to MLG43 and from parental Col-0AEQ plants as a control, were 
harvested and gDNA was extracted (3.3.). 10 ng of total gDNA were send to 
Macrogen to perform whole genome sequencing. 

Sequencing (150-bp paired-end reads) was performed on an Illumina platform 
(https://www.illumina.com) to reach a coverage of 30 million reads (Andrews, 
2010). Reads were aligned with BWA-MEM 0.7.17 (Macrogen, 
https://dna.macrogen.com) against the A. thaliana TAIR10 (The Arabidopsis 
Information Resource) genome release (Li, 2013). BAM files were obtained with 
SAMTOOLS 1.15.1 (http://www.htslib.org). The variant caller 16GT DOCKER 
IMAGE was employed to obtain VCF files (Danecek et al., 2021; Luo et al., 2017). 
From these VCF files, chromosome, position, reference, alternate and allelic depth 
(AD) fields were extracted with BCFTOOLS 1.15.1, and SNPs were subtracted 
from the resulting files. Frequency was calculated from AD fields as follows: [AD-
alternate allele/(AD-alternate allele + AD-reference allele)]. SNPs with frequency 
values higher than 0.99 were selected for further analysis.  

3.7.4. Phylogenetic analysis 

The evolutionary history of IMPAIRED IN GLYCAN PERCEPTION (IGP) proteins 
was inferred using the Minimum Evolution (ME) method (Rzhetsky & Nei, 1992). 
The bootstrap consensus tree inferred from 1000 replicates is taken to represent 
the evolutionary history of the taxa analysed (Felsenstein, 1985). Branches 
corresponding to partitions reproduced in less than 50% bootstrap replicates are 
collapsed. The percentage of replicate trees in which the associated taxa clustered 
together in the bootstrap test (1000 replicates) are shown next to the branches 
(Felsenstein, 1985). The evolutionary distances were computed using the p-
distance method (Nei & Kumar, 2000). The ME tree was searched using the Close-
Neighbor-Interchange (CNI) algorithm (Nei & Kumar, 2000) at a search level of 1. 
The neighbor-joining algorithm (Saitou & Nei, 1987) was used to generate the 
initial tree. The analysis involved 25 amino acid sequences. All ambiguous 
positions were removed for each sequence pair and a total of 709 positions were 

https://www.illumina.com/
https://dna.macrogen.com/
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present in the final data set. Evolutionary analyses were conducted in MEGA 6 
(Tamura et al., 2013). 

3.8. Obtention of IGP gain-of-function and complementation 
lines 

For carrying out different experiments with IGPs proteins to study more deeply 
their biochemistry we expressed them in planta (both Arabidopsis and N. 
benthamiana). Below we provide a detailed explanation of the steps we followed to 
express IGP proteins.  

3.8.1. Cloning of IGP coding sequences  

The coding region of At1G56145 (IGP1), At1G56140 (IGP4) and AT1G56120 was 
synthesized by GeneScript and cloned in a pGenDONR entry vector 
(https://www.genscript.com). IGP coding sequences were recombined in pGWB 
destination vectors with diverse C-terminal tags: 35S::pGWB614 carrying three 
units of tag HA; 35S::pGWB611 carrying FLAG tag; 35S::pGWB605 carrying GFP 
tag under the control of the CaMV-35S promoter (Earley et al., 2006) (Figure 3.2). 
LR-Gateway technology was used in this step.  

 
Figure 3.2: Constructs used for generating Arabidopsis complementation and overexpression lines 
of IGP1. IGP1 cDNA was inserted substituting the attR1-(cat, ccdB)-attR2K cassette by an LR 
reaction.  
 

Briefly, the LR reaction was performed using LR Clonase II enzyme (Thermo 
Fisher Scientific) as following: in one tube were added 2 µl of TE buffer (Tris-
EDTA), 3,5 µl (100-300 ng/reaction) of the pGenDONR with the gene of interest, 
2,5 µl (300 ng/reaction) of the different destination vectors and 2 µl of LR Clonase 
II enzyme. The mix was left at 25 ºC overnight and the next morning 2 µl of 

https://www.genscript.com/
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proteinase K were added to the tube and incubated at 37 ºC for 10 minutes to stop 
the reaction.  

The LR product was transformed into electrocompetent Escherichia coli strain 
DH5α. 1 µl of the LR product was added to 50 µl of bacteria, mixed gently and 
introduced in an electroporation cuvette, and a pulse of 50 volts for 50 msec was 
passed through the cuvettes.  After the pulse, they were put in ice for 2 minutes 
and let them recover in LB media (Tryptone 10 g/l (Pronadisa), yeast extract 5 g/l 
(Pronadisa), NaCl 10 g/l (Panreac), pH 7) at 37 ºC for 1 hour. At the end of the 
process, bacteria were plated in LB-agar media (plus 15 g/l of American 
bacteriological agar) supplemented with selective antibiotics: kanamycin 50 
(sigma-Aldrich) for pGenDONR initial isolation, spectinomycin 50 for pGWB 
destination vectors selection. 

Positive colonies for the presence of the insert were checked by colony PCR using 
Dream Taq Polymerase (Thermo Fischer Scientific) and following the protocols 
specified by the provider. Oligonucleotides specific for the insert and for the vector 
were combined in the PCR reaction (Table 3.5) 

                        Table 3.5: Oligonucleotides for colony PCRs. 

 

Plasmid DNA was extracted from positive E. coli using the QIAprep Spin Miniprep 
Kit (Qiagen) and transformed into Agrobacterium tumefaciens GV3101 strain that 
carry the Ti plasmid that allows plant transformation. Positive A. thumefaciens 
colonies for the presence of the insert were verified by PCR.  Later they were used 
for two different purposes, transformation of Arabidopsis thaliana by the floral dip 
method (Clough & Bent, 1998), to obtain stable transgenic lines, and infiltration 
of N. benthamiana leaves for heterologous and transient expression of IGP 
proteins. 

oligonucleotide name oligonucleotide sequence

IGP1 Fw CGTCGACGATGCTGAGATTA

IGP4 Fw GAATGCGATGGATGACTTT

AT1G56120 Fw CACAAGCTCCTCATTCAGCA 

HA Rv CGGGACGTCATAGGGATA

FLAG Rv CTTGTCATCGTGATCCTTGTA

GFP Rv CTGAACTTGTGGCCGTT
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3.8.2. Arabidopsis thaliana transformation 

Arabidopsis plants with different genotypes were transformed using the flower dip 
method (Clough & Bent, 1998) but with some modifications.  

500 ml bacteria culture of each construct was prepared the day before letting the 
bacteria grow overnight, with rifampicin 50 (Duchefa Biochemie) and gentamicin 
50. The next day, when the OD was around 0.5, every culture was centrifugated at 
3500 rpm for 15 minutes. Pellets were resuspended in 250 ml 5% sucrose, and 44 
µl of BAP 50 µg/ml and 60 µl of Silwet L-77 were added to the bottles. The flower 
dip method (Clough & Bent, 1998) is based on dipping the flowers of Arabidopsis 
thaliana in the different construct cultures but, to increase and improve the level 
of transformation, all the process was carried out in a vacuum chamber doing 2 
steps of 1-minute vacuum with a resting minute step in between. 

T1, T2 and T3 were grown in vitro in MS-plant agar as previously described 
(3.1.1.2.) and glufosinate-ammonium (BASTA) 50 µM was added to the plates for 
selecting transgenic plants.  

3.8.3. Heterologous expression of IGPs in N. benthamiana  

Agroinfiltration in N. benthamiana to perform transient expression of the proteins 
of interest was carried out following an agroinfiltration protocol  but with some 
modifications (Li, 2011).  

Two days before the infiltration, a 5 ml LB media with antibiotics pre-inoculum 
with the different constructs was prepared. Next day, 100 µl of the pre-inoculum 
were added to 50 ml LB media with antibiotics and let to grow to the required OD 
(around 1). Then, they were centrifuged in 50 ml Falcon tubes 10 minutes at 4000 
rpm. Pellets were resuspended in the corresponding volume of infiltration buffer 
(10 mM MES supplemented with 10 mM MgCl2 and 100 µM acetosyringone; Sigma 
Aldrich).  

The silence suppressor p19 plasmid was added to each construct to a final OD of 1. 
(Norkunas et al., 2018).  

Once the constructs were mixed with p19, 1 ml of the mix was infiltrated in the 
back side of three-weeks-old N. benthamiana leaves with a syringe. Infiltration 
zone was marked with a pen and, two days later, harvested, grinded and processed 
to check proteins' transient expression.   
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3.8.4. Protein expression and interaction assays  

3.8.4.1.  Fast protein extraction protocol  

To quickly check protein expression both in Arabidopsis and in N. benthamiana, a 
fast protein extraction protocol in Laemmli buffer was carried out. Briefly, plant 
tissue was frozen with liquid nitrogen and grinded in a mortar. All frozen grinded 
tissue was collected, and 1,5 g were transferred to a 2 ml tube. 100 µl of 2x Laemmli 
buffer (65,8 mM Tris-HCl pH 4,6, 26,3% (w/v) glycerol (Panreac), 2,1% Sodium 
Dodecyl Sulfate (SDS; Merk) and 0,01% bromophenol blue (Sigma Aldrich)) were 
added to each sample. Samples were let in ice and shacking for 20 minutes and 
boiled at 85 ºC for 5 minutes and at 95 ºC for other five minutes. Tubes were 
centrifugated at 14000 rpm for 10 minutes at 4 ºC and supernatants were 
transferred to new tubes. Samples were loaded in a 7-15% Mini-PROTEAN TGX 
Precast protein gel (Bio-Rad) and transferred to nitrocellulose membranes. The 
rest of the protocol is the same as described previously for MAPKs assays (3.6.3.) 
but with some differences: for FLAG and GFP-tagged proteins membranes were 
blocked with 5% milk but for HA-tagged membranes 5% bovine serum albumin 
(BSA; Sigma Aldrich) solution was used for blocking the membranes; α-FLAG 
(1:2500), α-HA (1:1000) and α-GFP (1:2500) antibodies were used as primary 
antibodies and α-mouse (1:5000) as secondary antibody.  

3.8.4.2. Immunoprecipitations and Co-Immunoprecipitations 

Plant tissue was frozen with liquid nitrogen and grinded in a mortar. All the frozen 
grinded tissue was collected, and 1,5 g were transferred to a 2 ml tube. 500 µl of 
Protein Extraction buffer (100 mM Tris-HCl pH 4,6; 300 mM NaCl; 20% glycerol; 
4 mM EDTA; 5 mM DTT; 0,5% (w/v) Polyvinyl pirrolidone (PVPP); 1% (v/v) 
protease inhibitor cocktail; 2% (v/v) IGEPAL (Sigma Aldrich); 2 mM Na₂MoO₄; 2,5 
mM NaF; 1 mM PMSF; 1,5 mM Na₃V O₄; 50 µM MG132) were added to each tube. 
Samples were incubated in ice for 40 minutes and shaken for mixing the tissue 
with the buffer. Samples were sonicated at low energy with pulses of 30 seconds 
on/30 seconds off for 3 minutes in a bath cell disruptor (Diagenode). Tubes were 
centrifugated at 4ºC and 14000 rpm and supernatants were transferred to new 
tubes.  

Protein concentration was measured using the Bradford protocol already described 
(3.6.3.). Samples with adjusted protein concentrations were prepared in triplicate 
(for immunoprecipitation, Co-Immunoprecipitation, and input) and 500 µl of 
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protein extraction buffer was added again to each sample for better 
homogenization of the proteins. 2,5 µl of the proper antibody for IP were added to 
each tube (except input samples). Samples were then incubated with the antibody 
at 4ºC for 2 hours in a rotatory wheel. Meanwhile, the incubation was going on, 10 
µl Dynabeads™ Protein G (Thermo Fischer Scientific) were pipetted in LoBind 
tubes with LoBind tips and washed three times with 500 µl of protein extraction 
buffer. Washed beads were added to the mixture of extracted proteins + antibodies 
and incubated for 1 hour and a half, at 4 ºC and shacking. Later the supernatant 
was removed and magnetic beads bound to immunoprecipitated proteins were 
washed four times with 250 µl of protein extraction buffer (without detergents). 
Finally, proteins attached to the beads were eluted in 40 µl of 2x Laemmli buffer 
pH 4,6 (pH specific for IGPs). Samples were boiled, also input samples (not 
immunoprecipitated), for 10 minutes at 70 ºC. A protocol similar to the one 
described in 3.6.3. was followed to do the Western Blot assay using the 
corresponding antibodies for the tag present in the constructs.  

3.9. Structure analyses in silico 

Model structures of IGP1/CORK1/AT1G56145, IGP3/AT1G56130 and 
IGP4/AT1G56140 were downloaded from the AlphaFold Protein Structure 
Database (Tunyasuvunakool et al., 2021). They present six identifiable domains: 
N-terminal containing a signal peptide annotated in PFAM (Mistry et al., 2021), 
LRR, MAL, TM, KD and the C-terminal tail. The plDDT metric over most of LRR, 
MAL and KDs is ≥90% (Jumper et al., 2021). To achieve the proper 
extracellular/TM/intracellular domain separation, and taking the IGP4 model as 
the benchmark, we proceeded as follows: (i) torsions were applied to backbone 
dihedral angles in the segment following MAL with CHIMERA 1.15 (Pettersen et 
al., 2004); (ii) energy minimization of the extended segment joining the MAL and 
TM domains was performed with CHIMERA 1.15, keeping all the remaining 
structure fixed; (iii) the resulting structure was inserted in a pre-equilibrated 
model of a bilayer composed of 256 phosphatidylcholine (POPC) lipids with a pore 
of radius 8 Å, downloaded from the CHARMM-GUI archive (Jo et al., 2007), and 
the protein-bilayer system was parametrized using the CHARMM 3.6 force field 
(Huang et al., 2017) with CHARMMGUI (Jo et al., 2008); (iv) the protein bilayer 
system was solvated with a 16-Å margins solvation box and NaCl 0.150 M salt ions 
with VMD 1.9.3 (Humphrey et al., 1996), and the whole structure was optimized 
with 10 000 conjugated gradient minimization steps using NAMD 2.14 (Phillips et 
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al., 2020). The optimized final structure of IGP4 was then used as the input for 
modelling the corresponding structures of IGP1/CORK1 and IGP3 with SWISS-
MODEL (Waterhouse et al., 2018) in ‘user template mode’. The structural 
comparisons of MAL and KD were analysed with the TM-Align web server (Zhang 
& Skolnick, 2005). The structural analysis of mutants IGP1-E906K and IGP3-
G773E, and their corresponding wild-type KDs, was addressed by modelling them 
separately with AlphaFold 2 (Jumper et al., 2021) using ColabFold (Mirdita et al., 
2022). Poisson–Boltzmann (PB) Electrostatic Potentials (EPs) were computed with 
the Adaptive Poisson Boltzmann Solver, APBS 3.0.0 (Jurrus et al., 2018) through 
its plug-in in PYMOL 2.5.1 (Schrödinger, 2020), solving the nonlinear PB equation 
in sequential focusing multigrid mode at 3D grids of 1613 = 4 173 281 points 
(approx. 0.5-Å step size), with T = 298 K, ionic concentration of 0.150 M (NaCl), 
and dielectric constants of 4.00 for proteins and 78.54 for water. The PB EP was 
then mapped onto molecular surfaces computed and rendered with PYMOL 2.5.1 
(Schrödinger, 2020). 

3.10. Protein-ligand binding assays 

3.10.1. Protein expression in insect cells 

Codon-optimized synthetic genes corresponding to the ectodomains of AT1G56145 
(residues 25–630), AT1G56140 (residues 29– 636) and AT1G56130 (residues 30–
636) from Invitrogen GeneArt were cloned into a modified pFastBac donor vector 
(Geneva Biotech, https://geneva-biotech.com) harboring the Drosophila BiP 
(Smakowska-Luzan et al., 2018) or the 30K Bombyx mori (Soejima et al., 2013) 
secretion signal peptides, and with a TEV (tobacco etch virus protease) cleavable 
C-terminal StrepII-9xHis tag. Baculovirus vectors were generated in 
DH10MultiBac E. coli cells (Geneva Biotech). Briefly, virus amplification was 
carried out in Spodoptera frugiperda Sf9 cells (Geneart, Thermo Fisher Scientific) 
and was used to infect Trichoplusia ni Tnao38 cells (Hashimoto et al., 2012) for 
protein expression. The cells were grown for 1 day at 28°C and for 2 days at 22°C 
with gentle shaking.  
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3.10.2. Protein purification 

3.10.2.1. Tandem affinity purification 

The secreted proteins were subjected to tandem affinity purification, using Ni2+ 
(HisTrap excel, equilibrated in 25 mM KPi, pH 7.8, and 500 mM NaCl; GE 
Healthcare, https://www.gehealthcare.com) and Strep columns (Strep-Tactin 
Superflow high-capacity; IBA, https://www.iba.de) equilibrated in 25 mM Tris, pH 
8.0, 250 mM NaCl, 1 mM EDTA. Affinity tags were removed using His-tagged TEV 
protease in a 1:50 ratio at 4°C overnight and performing the next morning a second 
step of Ni2+ His columns.  

3.10.2.2. Analytical size-exclusion (SEC) chromatography 

Separation of cleavage tags and aggregated proteins was performed using size-
exclusion chromatography on a Superdex 200 Increase 10/300 GL column (GE 
Healthcare) equilibrated in 20 mM citric acid, pH 5.0, 150 mM NaCl. A 400-µg 
portion of protein (approx. 6 µM) was injected using a loop of 1 ml, and the sample 
was eluted with a flow of 0.5 ml min-1. UV absorbance at 280 nm was used to 
monitor the elution of proteins. The peak fractions were analysed by SDS-PAGE 
followed by Coomassie blue staining. 

3.10.3. Isothermal titration calorimetry (ITC) 

Experiments were performed at 25°C using a MicroCal PEAQ-ITC (Malvern 
Instruments, https://www.malvernpanalytical.com) with a 200-lL standard cell 
and a 40-lL titration syringe. Briefly, for ITC experiments in MicroCal PEAQ-ITC, 
proteins were gel-filtrated into the ITC buffer (20 mM sodium citrate, pH 5.0, 150 
mm NaCl). A 3-lL sample of potential ligand (CEL3, CEL5 or MLG43) was injected 
at a concentration range between 135 and 400 lM into the ITC cell containing 
ECDs of AT1G56145 or AT1G56140 protein at 9 lM. A total of 13 injections were 
performed at 150-s intervals with a 500-rpm stirring speed. Dilution heat was 
corrected using the thermograph of the titration of the ligand into the cell 
containing only buffer as a control. Experiments were performed in duplicate or 
triplicate, unless otherwise specified, and data were analysed using the 
MICROCAL PEAQ-ITC analysis software provided by the manufacturer. All ITC 
runs used for data analysis have an N ranging from 0.98 to 1.05. The N values 
were fitted to 1 in the analysis. 



Results 

67 
 

4. Results 

4.1. A novel family of LRR-MAL RKs, IGPs, are key 
components for MLG- and cellulose-derived 
oligosaccharides perception 

4.1.1. Forward genetic screening to discover new molecular components 
involved in glycan perception  

Carbohydrates are highly abundant molecules in plant cell walls and microbial 
extracellular layers, and several of them are known to be perceived by the plant 
immune system as DAMPs /MAMPs and to trigger PTI (Mélida et al., 2018; Mélida 
et al., 2020; Versluys et al., 2022; Voxeur et al., 2019; Wanke et al., 2020; Zang et 
al., 2019).  

Remarkably, about 50% of RKs/RP/RPg/e plant genomes have ECDs that are 
predicted to bind carbohydrate-based ligands, therefore, oligosaccharide–PRR 
pairs are expected to play a role in immune activation by carbohydrates in plants 
(Cosgrove, 2022; Wan et al., 2021). However, our understanding of plant immunity 
activation by carbohydrate-based DAMPs and MAMPs is scarce. 

To expand the knowledge of carbohydrate-based ligands/PRRs pairs, we chose a 
mutant genetic screening strategy since in the cell wall field, different examples of 
genetic screenings have been described that allowed the discovery of new 
components and molecular processes that mediate cell wall biosynthesis and  cell 
wall integrity responses in plants (Brown et al., 2005; Engelsdorf et al., 2019; 
Farrokhi et al., 2006; Gille et al., 2009). 

Alkylating agents such as Ethyl Methanesulfonate (EMS) induce chemical 
modifications of nucleotides resulting in one Single Nucleotide Polymorphisms 
(SNPs) in the DNA. In 99% of the cases, EMS induces C-to-T changes resulting in 
C/G to T/A substitutions. Chemical mutagenesis can be used to search for loss or 
gain function mutants and to identify specific amino acid residues in proteins that 
are essential for their function (Kim et al., 2006).  

In this PhD work, we generated an EMS-mutagenized population of an A. thaliana 
transgenic line that carries the jellyfish Aequorine transgene that has been 
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previously employed as a calcium sensor (Col-0AEQ; Knight et al., 1991; Ranf et al., 
2011). With the M2 seed population resulting from the mutagenesis we performed 
a screening to identify new molecular components that participate in the 
perception of MLG43, recently described as an activator of PTI responses in A. 
thaliana (Barghahn et al., 2021; Rebaque et al., 2021; Yang et al., 2021).  

Briefly, eight-day-old seedlings of M2 EMS-mutagenized Col-0AEQ population were 
grown in microtiter plates together with the Col-0AEQ control line. These seedlings 
were treated with 100 μM MLG43 and changes of cytoplasmatic Ca2+ concentration 
were then determined in a luminometer (Figure 4.1). 

 

 
Figure 4.1: Forward genetic screening using EMS mutagenized Col-0AEQ seedlings was used as a 
tool to discover new PRRs involved in oligosaccharide perception and PTI activation. Arabidopsis 
thaliana seeds carrying the Apoaequorin transgene (35S::Apoaequocyt, Col-0AEQ), encoding a calcium 
cytoplasmatic sensor, were mutagenized with 0.3% (v/v) EMS for 17 hours. M2 seedlings were grown 
in vitro for 8 days, and calcium influxes were evaluated using a luminometer upon oligosaccharide 
treatment. Seedlings with a low response to the treatments were transferred to soil and 
backcrossed with Col-0AEQ. Whole-genome sequencing of F2 segregating plants for this backcross 
led to the identification of SNPs associated with the phenotype of each single mutant isolated. 

 

Several mutants that showed a weaker cytCa2+ burst than that of Col-0AEQ plants, 
were selected. These putative mutants were called igp because they were impaired 
in glycan perception (igp1AEQ–igp3AEQ). To assess the specificity of MLG43 
perception impairment in igp mutants, they were also treated with CHI6 (50 μM) 
and we selected those igps with similar cytCa2+ bursts as those observed in Col-0AEQ 
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plants, which contrasted with cerk1-2AEQ plants fully impaired in CHI6 perception, 
as previously reported (Mélida et al., 2018; Rebaque et al., 2021) (Figure 4.2).  

Figure 4.2: Identification of Arabidopsis thaliana mutants impaired in glycan perception (igp). 
cytCa2+ burst upon application of (a) 100 μM MLG43 and (b) 50 μM CHI6 was measured as Relative 
Luminescence Units (RLUs) over time in Col-0AEQ and igpAEQ mutants. The cerk1-2AEQ line, 
impaired in CHI6 perception, was included for comparison. Data represent the mean ± standard 
error (n = 4 in Col-0AEQ and cerk1-2AEQ; n = 8 in igpAEQ). Data are from one of the four experiments 
performed that gave similar results. 

 

These data suggested that the mechanism of perception of CHI6 and MLG43 in 
Arabidopsis might not be identical, in contrast to what has been described in rice 
(Yang et al., 2022). No mutations were found in the Aequorin transgene sequence 
in igp1AEQ–igp3AEQ (online data set A.1), and no differences were observed in 
endogenous Ca2+ levels between the igp1AEQ–igp3AEQ and Col-0AEQ seedlings, based 
on Ca2+ discharge analyses (Figure 4.3a). These data supported that the lower 
cytCa2+ bursts observed in MLG43-treated igp1AEQ–igp3AEQ seedlings were the 
result of the defective perception of MLG43. 

To check if the mutations were recessive or dominant, a chi-square test was 
performed with M2 progeny of backcrosses of the mutants (Table 4.1), showing that 

(a) (b) 
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all the mutations were recessive. igp mutants were also crossed between them for 
an allelism test, and we found that igp2 and igp3 were allelic, meaning that they 
carry a mutation in the same gene (Table 4.1, Figure 4.3b). 

 

Table 4.1: Chi-square test of the igps and the allelism test.  

 

 

Figure 4.3: The allelism test showed that igp2 and igp3 are allelic. (a) Total calcium of the igp1-
igp3AEQ was discharged by the addition of 1,5 mM CaCl2 to the seedlings. The kinetic areas were 
integrated, and their values were used for the calculation of the total Ca2+% produced which was 
similar in all genotypes tested. (b) Elevation of cytoplasmatic calcium concentration over time, 
measured as Relative Luminescence Units (RLUs) after treatment with 100 µM of MLG43, of Col-
0AEQ and F1 igp2AEQigp3AEQ cross eight-day old seedlings. The lack of response to MLG43 in F1 
indicates that both mutations are allelic. Data represent the mean ± standard error (n = 6 in Col-
0AEQ and n = 12 in F1 of igp2AEQigp3AEQ). Data from one of the three experiments performed that 
gave similar results. 

 

 

H0 p- value Result

igp1 AEQ recessive mutation 0,7 > P  > 0,5 H0 accepted

igp2 AEQ recessive mutation 0,5 > P  > 0,3 H0 accepted

igp3 AEQ recessive mutation 0,8 > P  > 0,7 H0 accepted

Allelism test igp2 AEQ x igp3 AEQ allelic mutations P > 0,95 H0 accepted

(a) (b) 
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4.1.2. igp mutants are impaired in LRR-MAL RKs genes  

Genomic DNA from 50 individuals selected from F2 progeny of igp1AEQ, igp2AEQ 
and igp3AEQ backcrosses with Col-0AEQ was sequenced and assembled to identify 
putative mutations (frequency higher than 0.99 in alignments; Table 4.2; Online 
data set A.1).  

 

Table 4.2: Chromosomal localization of SNPs mutations in igp mutants.  

Only mutations with Allele Frequency (AF) equal or higher than 0.99 are shown.  

 

We found that igp1AEQ carries a point mutation in the AT1G56145 gene that 
encodes an RK with an LRR-MAL ECD. IGP1 was simultaneously described by 
Tseng et al., 2022 who named the same gene as CORK1; CELLO-OLIGOMER 
RECEPTOR KINASE 1. The sequenced mutation in igp1AEQ resulted in E906K 
amino acid change in its KD (Table 4.2, Figure 4.4, Online data set A.1). On the 
other hand, sequencing confirmed the results of the allelism test (Figure 4.3b) since 
igp2AEQ and igp3AEQ  share the same point mutation in the AT1G56130 gene, 
encoding an additional LRR-MAL RK, which resulted in G773E amino acid change 
in its KD (Table 4.2, Figure 4.4, Online data set A.1).  

 

 

 

 

Candidate Locus Position* AF** Protein Change Motif affected

igp1 AT1G56145 21008701 0.99 LRR-MAL RLK E to K (906) Protein Kinase Domain

AT1G56130 20995970 1 LRR-MAL RLK G to E (625) Transferase(Phosphotransferase) domain1

AT1G56140 21006273 1 LRR-MAL RLK 6th intron

AT1G58050 21482658 1 RNA helicase family protein silent mutation

AT1G57800 21412060 0.99 ORTH3 G to E (75) Between zinc finger domains

AT1G56130 20995970 1 LRR-MAL RLK G to E (625) Transferase(Phosphotransferase) domain1

AT1G56140 21006273 1 LRR-MAL RLK 6th intron

AT1G58050 21482658 0.99 RNA helicase family protein silent mutation

AT1G58037 21474508 0.99 Cysteine/Histidine-rich C1 domain family protein R to H (10) Near N-terminal end

AT1G58100 21513013 0.99 TCP DOMAIN PROTEIN 8 silent mutation

AT1G54610 20394863 0.99 Protein kinase superfamily protein 5th intron

igp2

igp3
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Figure 4.4: Representation of IGP1, IGP2/3 and IGP4 domains. Leucine-Rich Repeat (LRR; blue), 
Malectin (MAL; green), phosphorylase kinase (orange) and phosphotransferase (yellow) of Kinase 
Domain (KD; white), N- and C-terminal domains (black lines) and Transmembrane Domain (TM; 
gray). Red arrows indicate the position of the mutations in the coding regions of igp1AEQ, igp2AEQ 
and igp3AEQ, and the red triangle indicates the insertion of the T-DNA sequence in igp4. 

Notably, these two LRR-MAL RKs are in a genomic cluster with two additional 
genes, AT1G56120 and AT1G56140, which encode two additional LRR-MAL RKs 
(Yang, Wang et al., 2021). These RKs are members of a specific group of LRR-MAL 
proteins that comprise at least 13 genes in the A. thaliana genome, with 
AT1G56120, AT1G56130, AT1G56140 and AT1G56145 genes constituting a 
specific clade of the family (Figure 4.5a). This family has a few described members, 
such as RFK1 (AT1G29720), that promotes compatible pollen grain hydration and 
pollen tube growth (Lee & Goring, 2021) and the BRASSINOSTEROID (BR) 
KINASE (BSK) 3- INTERACTING RLK (BSR), however the majority of the 
members of this family are not well characterized (Yang, Wang, et al., 2021). 

To check whether IGPs were glycan-responsive genes we used reverse 
transcription quantitative Real-Time Polymerase Chain Reaction (qRT-PCR), to 
quantify their expression in response to MLG43, CHI6 and CEL3.  Only the 
expression levels of AT1G56140, but not that of AT1G56120, AT1G56130 and 
AT1G56145, were upregulated upon treatment of seedlings with those glucans 
(Figure 4.5b). 

To understand the role of AT1G56120 and AT1G56140 genes in the perception of 
MLG43 and CHI6 we first obtained loss-of-function T-DNA insertion lines for both 
genes. Then we measured the upregulation of PTI marker genes, i.e., WRKY53 and 
CYP81F2, using qRT-PCR 30 minutes after glucan treatment in at1g56120 and 
at1g56140 mutant lines (Figure 4.5c). The expression of both marker genes, 
WRKY53 and CYP81F2, was compromised in the at1g56140 knockout mutant, but 
not in at1g56120 plants (Figure 4.5c). Both mutants displayed a similar 
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upregulation of WRKY53 and CYP81F2 expression to wild-type plants upon CHI6 
treatment (Figure 4.5c). These analyses indicate that similar to AT1G56145 and 
AT1G56130, AT1G56140 plays a prominent role at least in MLG43 perception.  

 

Figure 4.5: LRR-MAL RK family in Arabidopsis thaliana includes additional members, such as 
IGP4/AT1G56140, that is also required for MLG43 perception. (a) Phylogenetic tree of the 
Arabidopsis thaliana LRR-MAL RKs. The full-length sequence of Arabidopsis thaliana proteins 
predicted to contain a MAL domain in their ECDs (del Hierro et al., 2021) were aligned using the 
ClustalW algorithm. The evolutionary history was inferred using the Minimum Evolution method. 
The analysis involved 25 protein sequences. All ambiguous positions were removed for each 
sequence pair. Evolutionary analyses were conducted in MEGA6. (b) Endogenous expression of the 
four genes (AT1G56120, AT1G56130 (IGP2/3), AT1G56140 (IGP4), AT1G56145 (IGP1)) of the IGP 

(a) (b) 

(c) 



Marina Martín Dacal 

74 
 

clade family members in Col-0 wild-type plants determined by qRT-PCR in seedling treated (30 
minutes) with water (mock), MLG43 (100 µM), CEL3 (10 µM) or CHI6 (50 µM). Gene expression 
values are relative to the housekeeping gene UBC21 (AT5G25769), and to the expression levels in 
mock treated. (c) qRT-PCR analysis of the immunity marker genes CYP81F2 and WRKY53 in T-
DNA lines of LRR-MAL RKs members of the same clade (at1g56120 and at1g56140) and Col-0 
seedlings after treatment with MLG43 (100 µM). Gene expression values are relative to the 
housekeeping gene UBC21 (AT5G25769) and are normalized to Col-0 (value of 1). Data represent 
the mean ± standard error of three technical replicates out of three independent biological 
replicates (n = 3). Statistically significant differences were calculated according to Student’s t-test 
(*P <0.05, ** 0.01< P <0.001). 

To further validate the phenotype of the at1g56140 mutant, we crossed this line 
with Col-0AEQ to generate a Ca2+ sensor in the mutant. The cytCa2+ burst upon 
MLG43 and CHI6 treatments was tested in the homozygous at1g56140AEQ line. 
at1g56140AEQ was impaired in MLG43 but not in CHI6 perception, like igp1AEQ–
igp3AEQ, and such defective response was not caused by any alteration in the 
endogenous levels of Ca2+, as revealed by Ca2+ discharge experiments (Figure 4.6). 
Accordingly, the at1g56140 mutant was named igp4 and selected for further 
analyses to determine the contribution of AT1G56140/IGP4 RK in the regulation 
of PTI responses mediated by MLG43 (Figure 4.6). 

Figure 4.6: igp4AEQ is also impaired in MLG43 perception. cytCa2+ burst measured as Relative 
Luminescence Units (RLUs) over time in Col-0AEQ, igp1AEQ, igp3AEQ and igp4/at1g56140AEQ 
seedlings upon treatment with 100 μM MLG43. Data represent the mean ± standard error (n = 4 
in Col-0AEQ and n = 8 in igpsAEQ). Total Ca2+ was discharged by the addition of 1 mM CaCl2 to the 
wells and these values were used for the calculation of the total Ca2+ % induced by MLG43 
treatment (graph at top right). This is one of three experiments performed that gave similar results. 
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4.1.3. IGPs are also required for the perception of additional cellulose- 
and MLGs-derived oligosaccharides  

To assess the specificity of the IGPs in the perception of MLG43, we measured the 
cytCa2+ bursts in igp1AEQ, igp3AEQ, igp4AEQ and Col-0AEQ seedlings after treatment 
with different carbohydrate ligands such as CEL3 (Figure 4.7a) and OGs (DP10–
DP12) (Figure 4.7c), the peptide AtPep1 (Figure 4.7e) and the MAMP flg22 (Figure 
4.7d). Remarkably, the three igpAEQ lines were almost fully impaired in CEL3-
mediated cytCa2+ burst activation, suggesting that these RKs are also required for 
the perception of cellulose-derived oligosaccharides (Figure 4.7a). In contrast, the 
cytCa2+ responses induced by flg22, OGs and AtPep1 treatments in the mutants 
were similar to those observed in Col-0AEQ (Figure 4.7d, c, e).  

As other cellulose- and MLGs-derived oligosaccharides, such as cellobiose (CEL2), 
cellotetraose (CEL4), cellopentaose (CEL5) and MLG34, have been described as 
carbohydrates that trigger PTI in A. thaliana (Locci et al., 2019; Rebaque et al., 
2021; Souza et al., 2017), we also determined cytCa2+ burst activated by these 
glucans in igpAEQ mutants and Col-0AEQ (Figure 4.8). The three mutants showed 

reduced cytCa2+ influxes in comparison with Col-0AEQ upon treatment with MLG34 
(Figure 4.8b), CEL4 (Figure 4.8d) and CEL5 (Figure 4.8e), indicating that the three 
LRR-MAL RKs are required for the perception of these cellulose- and MLGs-
derived oligosaccharides. By contrast, the cytCa2+ influxes triggered by CEL2 were, 
under our experimental conditions, very low, even in Col-0AEQ (Figure 4.8f), 
suggesting that this disaccharide has low immunogenic activity in Arabidopsis, 
and that CEL3 is the cellulose-derived oligosaccharide with the lowest Degree of 
Polymerization (DP) perceived through the sensing mechanism involving these 
RKs (Figure 4.8). 
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Figure 4.7: igpAEQ mutants are also impaired in CEL3 perception. cytCa2+ burst measured as relative 
luminescence units (RLUs) over time in Col-0AEQ, igp1AEQ, igp3AEQ and igp4AEQ seedlings after 
treatment with: (a) 10 μM CEL3; (b) 100 μM MLG43; (c) 0.5 mg/ml OGs; (d) 1 μM flg22; and (e) 1 
μM AtPep1. Data represent the mean ± standard error (n = 4 in Col-0AEQ and n = 8 in igpsAEQ). Data 
are from one of three experiments performed that gave similar results. 

 

 

 

 

(a) 

(b) 

(c) 

(d) 

(e) 

igp1AEQ/cork1 (at1g56145) igp3AEQ (at1g56130) igp4AEQ (at1g56140) 
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Figure 4.8: igp mutants are impaired in additional MLG- and cellulose-derived 
oligosaccharides.cytCa2+ burst measured as Relative Luminescence Units (RLUs) over time in 8-
day-old Col-0AEQ, igp1AEQ, igp3AEQ and igp4AEQ seedlings after treatment with: (a) 100 μM MLG43; 
(b) 100 μM MLG34; (c) 10 μM CEL3; (d) 10 μM CEL4; (e) 10 μM CEL5; and (f) 10 μM CEL2. Data 
represent the mean ± standard error (n = 3 in the case of Col-0AEQ and n = 12 in the case of igpsAEQ). 
The x-axis scale in (c) has been shortened for a better comparison of the enhanced response of 
seedlings to CEL3. Data are from one of three experiments performed that gave similar results.  

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

igp1AEQ/cork1 (at1g56145) igp3AEQ (at1g56130) igp4AEQ (at1g56140) 
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To further validate whether the mechanism of perception of cellulose- and MLGs-
derived oligosaccharides in A. thaliana share some PRRs and signalling 
components, we performed cross-elicitation experiments by treating 8-day old Col-
0AEQ seedlings, first with MLG43 or CEL3, and a few minutes later with either 
CEL3 or MLG43 (Figure 4.9). In Col-0AEQ seedlings first treated with MLG43, 
cytCa2+ influxes were not observed upon the second application of CEL3 (MLG43 + 
CEL3) (Figure 4.9c), similarly to what was observed after treatments with CEL3 
+ CEL3 (Figure 4.9b) and MLG43 + MLG43 (Figure 4.9a), indicating that the 
mechanisms of perception of MLG43 and CEL3 share molecular components in 
Arabidopsis. 

Figure 4.9: Cross-elicitation during the refractory period of calcium burst triggered by MLG43 or 
CEL3. Data show cytoplasmatic calcium burst measured as relative luminescence units (RLUs) 
over time in 8- day-old Col-0AEQ seedlings after sequentially treatments with (a) 50 µM MLG43 and 
50 µM MLG43, (b) 10 µM CEL3 and 10 µM CEL3, and (c) 50 µM MLG43 and 10 µM CEL3 (blue) 
and 10 µM CEL3 and 50 µM MLG43 (red). Arrow indicates the application time of the second 
elicitor within the refractory period of the first elicitation. Data represent the average RLU values 
of 4 seedlings (n = 4) ± standard deviation. Data are from one of the three experiments performed 
that gave similar results. 

4.1.4. Additional PTI hallmarks in igp mutants  

To confirm the role of this group of LRR-MAL receptors as potential RKs for 
cellulose- and MLGs-derived oligosaccharide perception and PTI activation, we 
checked additional PTI responses after MLG43 and CEL3 treatments, firstly 
monitoring ROS production in igp1AEQ, igp3AEQ, igp4, Col-0 and rbohD  lines (this 
last one impaired in ROS production; Torres 2010; Morales et al., 2016), upon 
treatment with MLG43, CEL3, CHI6 and flg22 (Figure 4.10). The ROS burst was 
partially impaired in the igp mutants compared with the Col-0 plants after 
treatment with MLG43, and was significantly reduced, even to a higher extent, 
after CEL3 treatment (Figure 4.10a, b). In both cases, the reduction in ROS was 

(a) (b) (c) 



Results 

79 
 

not as noticeable as in rbohD, included as positive control of ROS impairment. 
Notably, the ROS burst in igp mutants upon treatment with CHI6 and flg22 was 
not altered in comparison with Col-0 plants (Figure 4.10d, c). 

 

 
Figure 4.10: ROS production in igp mutants is also affected after MLG43 and CEL elicitations. 
Reactive Oxygen Species (ROS) production was monitored as H2O2 production over a period of 50 
minutes by luminol assays and measured as Relative Luminescence Units (RLUs) in the indicated 
genotypes; (a) 100 μM MLG43 (b) and 10 μM CEL3 (c) 1μM flg22 and (d) 100 μM CHI6 were added 5 
minutes after the experiment. Data represent mean ± standard error (n = 8). Comparison with Col-
0 assessed by Student’s t-test (n = 24) at the time of the Col-0 peak shows statistically significant 
differences for igp1AEQ and igp3AEQ (P < 0.01) and igp4AEQ (P < 0.001) in response to MLG43. 
Likewise, all three mutants show statistical differences at P < 0.001, compared with Col-0, in 
response to CEL3. However, for flg22 and CHI6 there was no statically significant differences (P < 
0.001) for igpsAEQ. rbohD plants impaired in ROS production showed statistically significant 
differences (P < 0.001) with all treatments. These results are from one representative experiment 
out of three performed that gave similar results. The inset in (b) has been included in the graph to 
allow an easy comparison of the RLU data for igp1AEQ and Col-0. 

Next, we tested the phosphorylation of MAPKs by Western Blot (Figure 4.11). 
MPK3 and MPK6 phosphorylation triggered by MLG43 and CEL3 was 
significantly reduced in igp1AEQ, igp3AEQ and igp4 plants compared with Col-0 
plants, whereas MAPKs phosphorylation in the mutants was similar to Col-0 in 
response to CHI6 (Figure 4.11). MPK4/11 phosphorylation was almost 
undetectable in either CEL3-treated or MLG43-treated plants, as reported 
previously (Rebaque et al., 2021). 

(a) (b) (c) (d) 
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Figure 4.11: MAPKs phosphorylation in igp mutants is affected after MLG43 and CEL elicitations. 
MAPKs phosphorylation was analyzed in seedlings of Col-0, igp1AEQ, igp3AEQ and igp4 treated with 
100 μM MLG43, 10 μM CEL3, 50 μM CHI6 or water (mock). Western Blot using α-pTEpY antibody 
(α-p42/44) for phosphorylated MAPK moieties was performed with samples harvested at 10 and 20 
minutes. Mock samples (Mo) corresponding to a 10-minutes treatment with water were included 
as basal expression controls. Black arrows indicate the positions of phosphorylated MPK6 (top), 
MPK3 (middle) and MPK4/11 (bottom). α-MPK3 was used as a total protein control to show the 
loading of each gel. These results are from one representative experiment out of two performed that 
gave similar results. 

 

Last, we performed qRT-PCR analysis to study the expression of WRKY53 and 
CYP81F2, two PTI-marker genes upregulated by CHI6 and MLG43 (Mélida et al., 
2018, Rebaque et al., 2021) in the igp mutants (Figure 4.12). The upregulation of 
WRKY53 and CYP81F2 in response to MLG43 (Figure 4.12 a, d) and CEL3 (Figure 
4.12b, e) was partially impaired in igp1AEQ, igp3AEQ and igp4 seedlings, compared 
with Col-0 plants, whereas it was similar in response to CHI6 (Figure 4.12c, f).  
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Figure 4.12: qRT-PCR analysis reinforced the role of IGPs in the perception of cellulose- and MLGs-
derived oligosaccharides. Expression levels of CYP81F2 marker gene after (a) 50 µM MLG43, (b) 
10 µM CEL3 and (c) 50 µM CHI6 treatments; andWRKY53 marker gene after (d) 50 µM MLG43, 
(e) 10 µM CEL3 and (f) 50 µM CHI6 treatments, relative to the housekeeping gene UBC21 
(AT5G25769) 30 minutes after mock treatment (M) or the application of the oligosaccharides (T) 
are shown. Data represent mean ± standard error of three technical replicates out of three 
independent biological replicates (n = 3). Statistically significant differences between MLG43-, 
CEL3- or CHI6-treated igps versus treated Col-0 according to Student’s t-test (*P < 0.05, **0.01 < 
P > 0.001, ***P < 0.001). 

 

Together, these data support the role of the three LRR-MAL RKs in the perception 
of cellulose-derived oligosaccharides and, to a lesser extent, in the perception of 
MLGs-derived oligosaccharides. 

4.1.5. Role of LysM-RKs in CEL- and MLGs derived oligosaccharides 
perception  

As previous works reported that MLGs perception in Arabidopsis and rice involved 
LysM-PRRs, like CERK1, LYK4 and LYK5 (Rebaque et al., 2021, Yang, et al., 
2021), we determined ROS production, MPK3/MPK6 phosphorylation and PTI 
marker genes upregulation upon treatment with MLG43 and CEL3 of seedlings 

(a) (b) (c) 

(d) (e) (f) 
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from Col-0, cerk1-2 and the cerk1-2 lyk4 lyk5 triple mutant, which was generated 
in this work (Figure 4.13). cerk1-2 and cerk1-2 lyk4 lyk5 plants displayed similar 
ROS kinetics and bursts to Col-0 after CEL3 treatment, and only a minor 
diminution upon MLG43 treatment in comparison to Col-0, whereas this PTI 
response was greatly impaired after CHI6 treatment (Figure 4.13a, b, c).  

Figure 4.13: Activation of PTI hallmarks by MLG43, CEL3 and CHI6 in LysM-PRR mutants. (a-c) 
Reactive Oxygen Species (ROS) production was monitored as H2O2 production over a period of 50 
minutes by luminol-assays, measured as Relative Luminiscence Units (RLUs), in seedlings of the 
indicated genotypes. Col-0 and rbohD were included as controls. Oligosaccharides were added 5 
minutes after incubation of the seedling in plates in the Luminometer: (a) 100 μM MLG43; (b) 10 
μM CEL3; (c) 100 μM CHI6. Comparison to Col-0 assessed by Student t-test at the time of the Col-

(a) (b) (c) 

(d) 

(e) 

(f) 
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0 peak showed statistically significant differences for cerk1-2lyk4lyk5 and cerk1-2 (P < 0.001) only 
in response to CHI6 (c), whereas rbohD showed statistically significant differences (P < 0.001) in 
all treatments. Data represent mean ± standard error (n = 24). Data are from one of the three 
experiments performed that gave similar results. (d) Mitogen-Activated Protein Kinases (MAPK) 
phosphorylation was analyzed in 12-day-old seedlings of Col-0, cerk1-2 and cerk1-2lyk4lyk5 (c1l4l5) 
treated with either 100 µM MLG43, 10 µM CEL3, 50 µM CHI6 or water (mock). Samples were 
harvested at different time points (10 and 20 minutes). Mock samples (Mo) corresponding to 10 
minutes treatment with water were included as basal expression controls. Black arrows indicate 
the position of phosphorylated MPK6 (top), MPK3 (middle) and MPK4/11 (bottom). α-MPK3 was 
used as total protein control to show the loading of each gel. These results are from one 
representative experiment out of the two performed that gave similar results. (e,f) qRT-PCR 
analysis in 12-days-old seedlings of Col-0, cerk1-2 and cerk1-2lyk4lyk5 (c1l4l5) genotypes. 
Expression levels of immune marker genes (e) CYP81F2 and (f) WRKY53 relative to housekeeping 
gene UBC21 (AT5G25769) at 30 min after application of oligosaccharide 100 µM MLG43, 10 µM 
CEL3, 50 µM CHI6, or water (mock) are shown. Data represent mean ± standard error of three 
technical replicates out of three independent biological replicates (n = 3). Statistically significant 
differences between MLG43, CEL3 or CHI6 treated cerk1-2 and cerk1-2lyk4lyk5 (c1l4l5) versus 
treated Col-0 seedlings according to Student’s t-test (* P <0.05, ** 0.01< P > 0.001, *** P < 0.001). 

 

Moreover, a slight reduction of the phosphorylation of MPK3/MPK6 in these 
mutants, compared with Col-0, was observed upon MLG43 and CEL3 treatment, 
although it was weaker than that observed with CHI6 (Figure 4.13d). Also, the 
MLG43-mediated upregulation of WRKY53 and CYP81F2 was only partially 
affected in cerk1-2 and cerk1-2 lyk4 lyk5 plants, whereas it was not altered upon 
CEL3 treatment (Figure 4.13e, f). These data indicate that MLG43 perception may 
involve CERK1, LYK4 and LYK5 LysM RKs, as described previously for MLGs in 
Arabidopsis and rice (Rebaque et al., 2021; Yang et al., 2021), whereas these RKs 
have almost no contribution to CEL3 perception. 

 

4.1.6. Developmental phenotypes of igp mutants  

We assessed the impact of the igp1–igp4 mutations on plant developmental 
phenotypes and no significant differences were observed in the rosette and silique 
size and morphology of igp1AEQ and igp4AEQ plants in comparison with Col-0AEQ or 
cerk1-2AEQ, whereas igp2AEQ/igp3AEQ plants have rosettes and siliques slightly 
smaller than those of Col-0AEQ plants or cerk1-2AEQ (Figure 4.14). As igp2AEQ and 
igp3AEQ are allelic, we stuck to igp3AEQ to characterize its function. 
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Figure 4.14: Developmental phenotypes of igp plants and LysM-PRR mutants. (a) Mature siliques 
and pedicels from 50-day-old plants of the indicated genotypes. (b,c) Rosettes in (b) 23 day-old 
plants grown under short-day photoperiod (10:14 hours light:dark), and (c) 28 day-old plants grown 
long-day photoperiod (14:10 hours light:dark). c1/l4/l5 is the abbreviation of the triple mutant 
cerk1-2lyk4lyk5. 

 

4.1.7. In silico 3-D structural models of IGPs/LRR-MAL RKs reveal the 
importance of igp1 and igp2/igp3 point mutations in RKs predicted 
structure and function 

To understand the importance of the identified mutations affecting IGPs, we first 
did a phylogenetic analysis and then modeled their predicted wild-type structures 
in comparison with mutated ones. Malectin (MAL) domains like those present in 
the ECDs of the LRR-MAL RK family have been previously described in animals 
to bind short glycans, based on the Nuclear Magnetic Resonance (NMR) structure 
of MAL from Xenopus laevis in complexes with maltose and nigerose (Schallus et 
al., 2010). The MAL domain and MLD are present in at least three families of plant 
RKs (LRR-MAL, MLD-LRRs and CrRLK1Ls) (Yang, Wang et al., 2021), and the 
ECDs of several CrRLK1L members, like ANXUR1 (ANX1), ANX2 and FERONIA 
(FER), have been crystallized, but oligosaccharide ligands have not yet identified 
in ITC binding experiments (Moussu et al., 2018; Xiao et al., 2019). 

Phylogenetic analyses based on sequence conservation of ECDs (MAL and LRR 
domains) of A. thaliana LRR-MAL RK members (represented by 
IGP1/CORK1/AT1G56145) revealed that the MAL and LRR domains are highly 
conserved in cruciferous and other dicot species (Figure 4.15). On the other hand, 
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the ECD domains of IGP1/CORK1, IGP3 and IGP4 are evolutionarily divergent 
from ANX1 and ANX2 and Xenopus sp. MLD domains (Figure 4.15).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.15: Phylogenetic analysis of LRR-MAL RKs in Arabidopsis and other plant species. 
Phylogenetic tree of the LRR-MAL RKs family members in selected plant species. The LRR-MAL 
ECD domain of IGP1/AT1G56145 was blasted against Uniprot protein database to retrieve a total 
of 248 protein ECD sequences that are evolutionarily related to AT1G56145. A representative 
subset of 25 sequences in different plant species was selected to build up this phylogenetic tree. In 
addition, the outgroup protein Arabidopsis thaliana ANX1, a member of a distinct clade of plant 
malectin RKs, and the Xenopus laevis malectin protein Q6INX3 were included in the tree for 
comparison. The evolutionary history was inferred using the Minimum Evolution method. 
Evolutionary analyses were conducted in MEGA6. 

 

By performing the predicted local Distance Difference Test (plDDT), we saw that 
the AlphaFold database displays a spatial arrangement of all domains that does 
not properly describe the expected organization of these LRR-MAL RKs (Figure 
4.16a, b, c). The model structure of IGP4 in the AlphaFold database is correctly 
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predicted but the spatial organization is not consistent with the extracellular (LRR 
+ MAL) – transmembrane (TM) – intracellular (KD) separation (Figure 4.16d). 

 

 

 

 

 

 

 

 

 

 
Figure 4.16: AlphaFold predictions for IGP1, IGP3 and IGP4 protein structures. (a) Plot of predicted 
local Distance Difference Test (plDDT) for IGP1/CORK1/AT1G56145. This AlphaFold metric gives 
a per-residue confidence score between 0 and 100. Horizontal lines and the corresponding colours 
follow the AlphaFold guidelines to consider the model confidence very high (plDDT > 90, blue), high 
(90 > plDDT > 70, light blue), low (70 > plDDT > 50, light orange), and very low (plDDT < 50, deep 
orange). According to AlphaFold, regions with plDDT < 50 may be unstructured in isolation. 
Vertical lines separate the six domains labelled below. Regions shaded grey correspond to short 
segments not assigned to any domain. (b) The same plot for IGP3/AT1G56130. (c) The same plot 
for IGP4/AT1G56140. (d) AlphaFold structure predicted for IGP4/AT1G56140 protein. The 
structure of the domains is correctly predicted but their spatial organization is not consistent with 
the extracellular (LRR + MAL) – transmembrane (TM) – intracellular (KD) separation. The short 
loop region enclosed in the magenta box is the segment used to modify the complete structure to 
obtain the proper spatial organization. 

 

Therefore, to explore the impact of igp1 and igp2/igp3 point mutations in the KD 
of these RKs, we first obtained models with the correct domain organization 
(Figure 4.17a). These models provide a complete picture of the proteins to be used 
as initial geometries for further computational studies. We then used TM-ALIGN 
(Zhang & Skolnick, 2005) to evaluate the structural similarity of MAL domains 
from IGP1/CORK1, IGP3 and IGP4 with several entries in the Protein Data Bank 
(PDB, https://www.rcsb.org) with MAL and MLD domains (five plant RKs from 
CrRLK1Ls and nine human and bacteria proteins), including the NMR structures 
of malectin from Xenopus laevis in complex with maltose (Schallus et al., 2010), an 

(a) (b) 

(c) (d) 
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apo form and a complex with nigerose (Schallus et al., 2008), and the crystal 
structure of tandem MLDs from the ANX1/ANX2 ECDs (Moussu et al., 2018) 
(Figure 4.17a). In all cases, TM-ALIGN scores between 0.623 and 0.710 were found, 
thus indicating highly similar folds of IGP MAL domains to animal malectin and 
to plant MLD structures. 

Similar structural comparison analyses were performed for the KDs of 
IGP1/CORK1, IGP3 and IGP4, with some kinase crystals, like MPK6 from 
Arabidopsis (PDB: 5CI6, Wang et al., 2016; PDB: 6DTL, Putarjunan et al., 2019) 
(Figure 4.17a). The structural alignment data showed that the IGP1/CORK1 KD 
is noticeably different from that of the two other RKs because of the extra loop seen 
in the intracellular part of its complete structure (indicated by an arrow in Figure 
4.17a), which is not predictable from IGP protein sequence alignments. 
Nevertheless, the conformation of side chains of catalytic residues was found to be 
identical in wild-type and mutant structures, a result worth emphasizing as the 
mutation positions are near the catalytic site in both IGP1/ CORK1 and IGP3 
(Figure 4.17a). 

Next, we tested in silico the possible structural impact of the single mutations of 
E906K in IGP1/CORK1 and G773E in IGP2/IGP3 KDs by generating new model 
structures of the KD of wild-type and mutants with AlphaFold 2 (Figure 4.17b, c). 
We found that the backbones remained unaltered and that E906K in IGP1 and 
G773E in IGP2/IGP3 had the effect of increasing the surface patch associated with 
the mutated position (Figure 4.17b, c). However, the major effect of these single 
mutations was found in the surface electrostatic potential (Figure 4.17d, e). The 
region around E906 in wild-type IGP1/CORK1 shows a weakly negative 
electrostatic character, whereas, in the igp1 mutant, the E906 negative charge of 
IGP1/CORK1 is substituted for a K906 positive charge, which gives rise to a 
strongly positive electrostatic potential in a large area around position 906 (Figure 
4.17d). 
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Figure 4.17: “In silico” model structures of IGP1/CORK1, IGP3 and IGP4 proteins.  (a) Structures 
obtained upon modification of the AlphaFold models shown in Figure 4.16 to suit the 
extracellular/membrane/intracellular organization. Domains colored as follows: LRR, slate blue; 
MAL, yellow; segment containing transmembrane helix, cyan; KD, green with catalytic residues 
shown as black sticks; C-terminal, red. The bilayer modeled by 256 POPC lipids is shown as sticks 
for tails and spheres for polar heads. The arrow in IGP1 indicates an extra loop in its KD absent in 
IGP3 and IGP4. (b) Molecular surface of wild-type (pale green) and E906K mutant (igp1, purple) 
structures of KD of IGP1. Surface patches of the catalytic site and residue 906 are colored black 
and yellow, respectively. (c). Molecular surface of wild-type (green) and G773E mutant (igp2/igp3, 
pink) structures of KD of IGP3. Surface patches of the catalytic site and residue 773 are colored 
black and yellow, respectively. (d,e) KD of (d) IGP1 and (e) IGP3 comparing the Poisson-Boltzmann 
(PB) Electrostatic Potential (EP) mapped onto the protein surface of the Wild-Type (WT) (left) and 
mutant (right) forms. Green circles indicate surface regions at which the mutations E906K (d, right) 
and G773E (e, right) provoke a significant electrostatic change in the corresponding WT surfaces 
of IGP1 (d, left) and IGP3 (e, left). The bar shows the colour code for the PB EP in kT/e units (k: 
Boltzmann constant, T: absolute temperature, e: electron charge unit).  

 

The equivalent region around G773 in wild-type IGP2/IGP3 displays a weakly 
positive electrostatic character, which becomes strongly negative upon the G773E 
mutation (Figure 4.17e). It is noted that these electrostatic effects extend over a 
surface region far larger than that expected from the small, exposed surface areas 
of residues 906 and 773 (Figure 4.17d, e). These changes in the KD domains of 
IGP1/CORK1 and IGP2/IGP3 LRR-MAL RKs might explain their loss of 
functionality.  

(a) 

(b) (c) 
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4.1.8. The ECD of IGP1 directly binds CEL3 and CEL5 but not MLG43  

Based on the initial structural models of MAL domains in the three LRR-MAL RKs 
and their similarities with the MAL domain from Xenopus sp. that binds short 
glycans (Figure 4.17) (Schallus et al., 2010), we tested whether ECDs of these LRR-
MAL RKs could be glycan receptors for cellulose- and MLGs-derived 
oligosaccharides. We expressed the ECDs of IGP1, IGP4 and IGP3 in insect cells 
and purified them by affinity chromatography (Figure 4.18a, b, c respectively). As 
the ECD of IGP3 turned out to form aggregates, this ECD was not suitable for 
further purification steps and was not available for binding experiments (Figure 
4.18c).  

 

Figure 4.18: Purification of IGP1/CORK1, IGP3 and IGP4 ECDs. Analytical Size Exclusion 
Chromatography (SEC) and SDS-PAGE of (a) IGP1, (b) IGP4 and (c) IGP3 purified by SEC and 
used in the Isothermal Titration Calorimetry (ITC) binding assays, except IGP3. 

 

Then, ITC experiments (Sandoval & Santiago, 2020) were carried out to test the 
binding of MLG43 and CEL3 to IGP1/CORK1 and IGP4 ECDs (Figures 4.19 and 
4.20). The ITC results proved the existence of direct interactions between CEL3 
and the ECD of IGP1/ CORK1 (Figure 4.19a) (Kd = 1.19 ± 0.03 μM; Figure 4.19b), 
but not with the ECD of IGP4 (Figure 4.20). Additional ITC experiments showed 
that none of the ECDs bind, at least directly, to MLG43 (Figures 4.19 and 4.20).  

 

 

(a) (b) (c) 
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Figure 4.19: The IGP1/CORK1 ectodomain (ECD) directly binds cellulose-derived oligosaccharides 
(DP>2). (a) Isothermal Titration Calorimetry (ITC) experiments of ECD-IGP1/CORK1 versus 
CEL3, CEL5 and MLG43. (b) ITC summary of ECD-IGP1 versus CEL3, CEL5 and MLG43. The 
binding affinities of ECD-IGP1/CORK1 are reported as Kd (dissociation constant, in micromoles), 
DP * indicates measured power differential between the reference and sample cells to maintain a 
zero temperature between the cells inside the ITC device, N indicates the reaction stoichiometry 
(N = 1 for a 1:1 interaction) and ΔH indicates the enthalpy variation. Values indicated in the table 
are means ± standard deviation of independent experiments (n = 2). n.d., no binding detected. 

 

Similar binding experiments were performed with CEL5 and the ECD of 
IGP1/CORK1 to determine the specificity of receptor–ligand recognition, and 
direct binding was also detected (Figure 4.19a) with similar high affinity (Kd = 
1.40 ± 0.01 μM; Figure 4.19b). The binding reactions measured for CEL3 and CEL5 
were exothermic, with a single binding site (n = 1) and very similar values of ΔH, 
indicating that extra sugar subunits in the CEL5 oligomer do not improve the 
detected binding (Figure 4.19b).  

These data support the role of the ectodomain of IGP1 as a receptor for cellulose-
derived oligosaccharides and suggest that IGP4 RK might function as an RK 
required for the sensing complex for cellulose- and MLG- derived oligosaccharides. 
 

(a) 

(b) 

* 
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Figure 4.20: The IGP4 ectodomain (ECD) doesn’t bind MLG43 either CEL3. (a) Isothermal 
Titration Calorimetry (ITC) experiments of ECD-IGP4 versus MLG43 and CEL3. (b) ITC summary 
of ECD-IGP4 versus CEL3, MLG43. The results are from two independent experiments. n.d., no 
binding detected. 

4.1.9. Constitutive expression of IGP1 protein in igp1 restores CEL3 
perception of this mutant  

We tested whether IGP1 overexpression might complement igp1 mutation and/or 
increase the sensitivity of wild-type plants to glycans. Therefore, we obtained Col-
0 and igp1AEQ, igp3AEQ and igp4 mutant lines constitutively expressing IGP1 fused 
to different tags in its C-terminal region that favours IGP detection by Western 
Blot (35S::IGP1-TAG; i.e. Hemagglutinin (HA) and FLAG epitopes, and Green-
Fluorescence-Protein (GFP)). For that, we employed pGWB600 vector series 
carrying a glufosinate-ammonium (BASTA) resistance gene for the selection of 
positive transgenic lines.  Additionally, we express IGP4 and AT1G56120 in Col-0, 
igp1AEQ, igp2AEQ, igp3AEQ and igp4 genetic backgrounds as shown in Table 4.3. 
Unfortunately, the synthesis of IGP3 RK failed in all the attempts we carried out. 
Only truncated or mutated versions were obtained, therefore, we decided to not 
proceed further in the analysis of this gene.  
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(b) 
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Table 4.3: Transgenic constitutive expression and complementation lines, showing the different 
backgrounds in which the constructs were introduced.  

 
We used BASTA-selected T2 lines of the 35S::IGP1-HA lines in Col-0 to check out 
the protein expression levels, using different protein extraction conditions. For 
example, we found out that the pH of the extraction buffer was critical to visualize 
the protein in Western Blots (4,6 for these proteins). Denaturalized Western Blot 
analysis of protein fractions extracted from the transgenic lines generated allowed 
the identification of bands with a molecular weight equivalent to the tagged 
versions of IGP1, being IGP1~115 kDa (Figure 4.21a). Therefore, the obtained 
transgenic lines expressed our protein of interest and were suitable for further 
molecular/biochemical characterizations. 

Figure 4.21: IGP1 detection in transgenic lines. The expression of IGP1 was determined by Western 
Blot. (a) Detection of IGP1-HA (119 kDa) in 5 lines that constitutively express the gene in Col-0 
background showing that IGP1 protein can be detected by chemiluminescence. (b) (c) (d) 
Immunoprecipitation of IGP1 in complementation lines of igp1AEQ background. Different antibodies 
against the proteins tagged to IGP were used for IGP1 detection: (b) HA (119 kDa), (c) GFP (141 
kDa) and (d) FLAG (116 kDa). 

Similarly, we verified the expression of IGP1 in the igp1AEQ mutant background 
(Figure 4.21 b, c, d).  In the present Thesis we have focused in the biochemical and 

igp1AEQ igp2AEQ igp3AEQ
igp4 Col-0

35S ::AT1G56120 -FLAG

35S ::IGP1 -GFP
35S ::IGP4 -GFP

35S ::AT1G56120 -GFP

BACKGROUND

35S ::IGP1 -HA
35S ::IGP4 -HA

35S ::AT1G56120 -HA

35S ::IGP1 -FLAG
35S ::IGP4 -FLAG
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molecular characterization of IGP1 using the developed transgenic lines. The 
contribution of additional IGPs in the perception of glycans will be further studied 
by other members of the group using the transgenics generated in this Thesis.  
Overall, we obtained stable transgenics lines expressing IGP1 fused to the three 
selected tags. These lines do not differ phenotypically from Col-0 or igp1AEQ mutant 
(data not shown). Since we already checked that these lines express IGP1 correctly 
(Figure 4.21b, c, d), they were further characterized analysing different PTI 
hallmarks such as cytCa2+ influxes and MAPKs phosphorylation. 

Cytoplasmatic Ca2+ was measured in the 35S::IGP1-HA igp1AEQ (Figure 4.22a), 
35S::IGP1-FLAG igp1AEQ (Figure 4.22b) and 35S::IGP1-GFP igp1AEQ (Figure 4.22c) 
after CEL3 treatment.  Col-0AEQ and igp1AEQ seedlings were used as positive and 
negative controls, respectively (Figure 4.22). 

 

Figure 4.22: IGP1 complementation lines recover calcium response after CEL3 treatment in igp1. 
cytCa2+ burst measured as Relative Luminescence Units (RLUs) over time in 8-day-old 35S::IGP1 
igp1 AEQ (a) HA tagged, (b) FLAG tagged and (c) GFP tagged T2 transgenic seedlings and Col-0AEQ, 
igp1AEQ seedlings as controls after 100 μM CEL3 treatment. Data represent the mean ± standard 
error (n = 4 in the case of Col-0AEQ and igp1AEQ; and n = 12 in the case of 35S::IGP1 igp1 AEQ lines). 
Data are from one of three experiments performed that gave similar results. 

 

The impairment in cytCa2+ responses observed in igp1AEQ  line (Figure 4.22) was 
almost recovered to wild-type levels in the T2 35S::IGP1 igp1AEQ transgenics. This 
result is aligned with our previous ITC assays that showed the in vitro binding of 
the ECD domain of IGP1 to cellulose-derived oligosaccharides. Additional evidence 
of IGP1 requirement for CEL3 perception were also obtained in the MAPKs 
phosphorylation assays (Figure 4.23). In comparison with the faint 
phosphorylation bands observed in igp1AEQ mutants in response to CEL3, clear 
phosphorylation events were detected in IGP1 complementation lines (35S::IGP1-
HA igp1AEQ) (Figure 4.23b). Moreover, the constitutive expression of IGP 

(a) 

  

(b) 

  

(c) 
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(35S::IGP1-HA Col-0) rendered a stronger phosphorylation in comparison with WT 
Col-0 plants when seedlings were treated with CEL3 (Figure 4.23a). Altogether, 
the recovery of the igp1 mutant phenotype and the binding experiments confirm 
that IGP1 is the receptor responsible of CEL3 perception. 

 
 

Figure 4.23: MAPKs phosphorylation after CEL3 treatment was stronger in IGP1 overexpression 
line and partially recovered in the T2 IGP1 complementation line compared to Col-0.  MAPKs 
phosphorylation was analyzed in seedlings of (a) 35S::IGP1-HA Col-0 and (b) 35S::IGP1-HA 
igp1AEQ, using Col-0 and igp1AEQ as controls, treated with 10 μM CEL3 or water (mock). Western 
Blot was performed using α-pTEpY antibody (α-p42/44) for phosphorylated MAPK moieties with 
samples harvested at 15 and 35 minutes. Mock samples (Mo) corresponding to a 15-minutes 
treatment with water were included as basal expression controls. Black arrows indicate the 
positions of phosphorylated MPK6 (top), MPK3 (middle) and MPK4/11 (bottom). α-MPK3 was used 
as a total protein control to show the loading of each gel. These results are from one representative 
experiment out of two performed that gave similar results. 

 

We hypothesized that IGP1 and IGP4 have not redundancy function, based on 
their mutants PTI phenotypes (Figures 4.7, 4.8, 4.10, 4.11, 4.12). To further 
confirm this lack of redundancy and the relevance of IGP1 in CEL3 perception and 
downstream PTI activation, we ectopically express IGP4 in igp1AEQ mutant and 
analyzed PTI hallmarks in 35S::IGP4-FLAG igp1AEQ lines (Figure 4.24). Neither 
cytCa2+ burst (Figure 4.24a) nor MAPKs phosphorylation (Figure 4.24b) were 
recovered in 35S::IGP4-FLAG igp1AEQ transgenics, indicating that IGP4 was not 
able to complement igp1 mutation.  
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Figure 4.24: IGP4 and IGP1 do not complement igp1 and igp4 mutant, respectively.  (a) cytCa2+ 
burst measured as Relative Luminescence Units (RLUs) over time in 8-day-old 35S::IGP4-FLAG 
igp1AEQ T2 transgenic seedlings and Col-0AEQ and igp1AEQ seedlings as controls after 100 μM CEL3 
treatment. Data represent the mean ± standard error (n = 4 in the case of Col-0AEQ and igp1AEQ; 
and n = 12 in the case of 35S::IGP4-FLAG igp1AEQ line). Data are from one of three experiments 
performed that gave similar results. (b) MAPKs phosphorylation was analyzed in T2 seedlings of 
35S::IGP1-HA igp4, using igp4 as control, treated with 10 μM CEL3 or water (mock). Western Blot 
was performed as described in Figure 4.23. These results are from one representative experiment 
out of two performed that gave similar results. 

Since we confirmed that IGP4 function was not complemented by IGP1 and vice 
versa (Figure 4.24), but both are needed to activate PTI hallmarks in response to 
CEL3, we asked whether there is an interaction among them that might explain 
the lack of response to glycans when only one is missed. For that, we carried out 
heterologous expression of IGP1 and IGP4 in Nicotiana benthamiana, co-
infiltrating constructs of both genes carrying different tags that allow pull-down 
and detection of IGP1 and IGP4 (Table 4.3). 48 hours after infiltration we 
harvested the infiltrated tissues and performed protein extraction followed by co-
immunoprecipitation using affinity beads and finally carried out a Western Blot.  
As is shown in Figure 4.25 we were able to immunoprecipitate both IGP1 and 
ERECTA (an LRR fused to HA which was used as a control). However, no 
interaction between IGP1 and IGP4 was detected in these assays (Figure 4.25). An 
optimization of infiltration and co-immunoprecipitation (Co-IP) experiments might 
be required to further address the interaction between IGP1 and IGP4. We cannot 
exclude the presence of additional molecular components acting as linkers between 
proteins that might be required and also that pre-treatment of plants with CEL3 
might be need for Co-IP. Therefore, more experiments of Co-IP and proteomics 
analysis are underway to decipher the composition of a putative IGP receptor 
complex.  
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Figure 4.25: IGP1 doesn’t interact with IGP4 in Agroinfiltration experiments. Co-IP carried out by 
infiltration in N. benthamiana leaves, where the constructs IGP4-FLAG and IGP1-FLAG were co-
infiltrated with IGP1-HA, using ER-HA (ERECTA) as a control. Interaction between the selected 
proteins where not observed.  

To further proof that IGP1 is a membrane-anchored RK, we tested its localization 
in plant cells since plant PRRs are in the plasma membrane with their ECD in the 
apoplast to bind cell wall-derived DAMPs.  To this aim, we agroinfiltrated N. 
benthamiana leaf with the construct 35S::IGP1-GFP (Figure 4.26a) and we 
checked IGP1 localization by confocal microscopy (Leica TCS SP8)  (Figure 4.26b). 
We found that IGP1-GFP was localized in the plasma membrane of the cell, as 
expected (Figure 4.26b). This result also confirms that N. benthamiana leaf 
agroinfiltration can be used for characterization of IGP1 molecular interactions in 
a heterologous system. 

 

Figure 4.26: Subcellular localization of GFP targeted to IGP1 in the plasma membrane. 35S::IGP1-
GFP construct (a) was infiltrated in a Nicotiana benthamiana leaf and visualized by confocal 
microscopy. (b) IGP1 was visualized in the plasma membrane of the cell.  

(a) (b) 
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4.2. Identification of additional igp mutants  

Our results point to the LRR-MAL RK family as a set of plant proteins involved in 
the perception of carbohydrate-based DAMPs and MAMPs, as previously 
suggested (del Hierro et al., 2021). So far, plant RKs described to be involved in 
glycan perception belong to the LysM, WAK, and CrRLK1 RK families (Bellande 
et al., 2017; Brutus et al., 2010; Cao et al., 2014; del Hierro et al., 2021; Liu et al., 
2012; Liu, Wang et al., 2016; Tang et al., 2017; Wong et al., 2020). The function of 
most of these proteins in oligosaccharide perception and PTI activation was 
discovered through the isolation and characterization of Arabidopsis mutants (e.g. 
cerk1, lyk4, lyk5, wak1, wak2 and fer1). In general, such mutants share redundant 
functions with additional RKs, and therefore individually they are either 
unaffected or only partially impaired in PTI responses triggered by specific DAMPs 
and MAMPs. Accordingly, higher-order RK mutants that overcome redundancy 
must be analyzed to observe PTI-deficient phenotypes (Brutus et al., 2010; Cao et 
al., 2014; Dünser et al., 2019; Liu et al., 2012; Liu, Wang et al., 2016; Miya et al., 
2007).  

Similarly, our genetic screening led to the identification of additional mutants 
impaired in glycan perception (Tables 4.4 and 4.5).  From 6400 individuals 
screened, 15 additional igp mutants (igp5-igp19) were affected in MLG43 but not 
CHI6 perception and 24 had different responses to these glycans (Table 4.4).  

 
Table 4.4: Candidates selected from 6400 screened by their response to MLG43 and CHI6.  

 
 

 

 

 

 

 

 

 

Low response to MLG43 High response to MLG43 Response as control to MLG43

Low response to CHI6 9 0 2

High response to CHI6 0 4 4

Response as control to CHI6 19 5 6357
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Table 4.5: Summary of all igp mutants selected from our screening perception and the mutations 
found in those that were sequenced.  

 
From these new igps impaired in MLG43 perception, we continue studying igp5-
igp9, and determined whether they were also impaired in CEL3 perception. As 
shown in Figure 4.27, cytCa2+ elevations indicated that igp5-igp9 were not only 
impaired in MLG43 but also in CEL3 perception (Figure 4.27 a, c). However, they 
were not impaired in CHI6 perception (Figure 4.27b). igp5-igp9 phenotypes 
resembled igp1-igp4 phenotypes and indeed sequencing confirmed that igp5-igp9 
mutants were allelic to igp1 or igp4 (Table 4.5).  These results support the 
important role of IGP1 and IGP4 in MLGs- and CEL-derived oligosaccharide, 
specially, of IGP1, since in one single screening we obtained 5 alleles with 5 
different mutations in two main Domains (ECD and KD) of IGP1 protein (Figure 
4.28). Additional igp mutants (igp10-igp19) are under sequencing and allelism test 
to unravel other molecular components of glycan perception. 

 

 

MUTANT GENE PROTEIN ALLELISM MUTATION

igp1 AEQ AT1G56145 IGP1 igp6-9 E906K

igp2 AEQ AT1G56130 IGP3 igp3 G773E

igp3 AEQ AT1G56130 IGP3 igp2 G773E

igp4 AEQ AT1G56140 IGP4 igp5 T-DNA (KO)

igp5 AEQ AT1G56140 IGP4 igp4 Stop codon Q461X

igp6 AEQ AT1G56145 IGP1 igp1 E805K

igp7AEQ AT1G56145 IGP1 igp1 D85N

igp8 AEQ AT1G56145 IGP1 igp1 P207S

igp9 AEQ AT1G56145 IGP1 igp1 E879K/E906K

igp10 AEQ sequencing ongoing / / /

igp11 AEQ sequencing ongoing / / /

igp12 AEQ sequencing ongoing / / /

igp13 AEQ sequencing ongoing / / /

igp14 AEQ sequencing ongoing / / /

igp15 AEQ sequencing ongoing / / /

igp16 AEQ sequencing ongoing / / /

igp17 AEQ sequencing ongoing / / /

igp18 AEQ sequencing ongoing / / /

igp19 AEQ sequencing ongoing / / /
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Figure 4.27: Identification of additional igp (igp5-igp9) mutants impaired in MLG43 and CEL3 
perception. Calcium burst was measured as Relative Luminescence Units (RLUs) over time in 
eight-day-old seedlings of Col-0AEQ in comparison with igp5AEQ-igp9AEQ mutants after treatment 
with (a) 100 µM of MLG43, (b) 100 µM of CHI6 and (c) 10 µM of CEL3. Data represent the mean ± 
standard error (n = 3 in the case of Col-0AEQ and n = 12 in the case of igpAEQ mutants). 
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Figure 4.28: Representation of the localization of igp5-igp9 mutations. Red arrows indicate the 
position of the mutations in the coding regions of igp5-9AEQ, and the red triangle indicates the 
insertion of the T-DNA sequence in igp4. Leucine-Rich Repeat (LRR; blue), malectin (MAL; green), 
phosphorylase kinase (orange) and phophotransferase (yellow) of Kinase Domain (KD; white), N- 
and C-terminal domains (black lines) and Transmembrane Domain (TM; gray). 
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4.3. IGPs are also required for Arabidopsis immune responses 
triggered by additional glycans as XYL4 and XA3XX  

Since we demonstrated the importance of the IGPs in the immune responses 
triggered by several β-glycans (MLG43 and CEL3), we also checked their 
implication in the perception of additional β−glycans that have been recently 
described by our group as activators of PTI in plants, for example, XYL4 and 
XA3XX (Fernández-Calvo et al., 2024; Mélida et al., 2020). These glycans are 
derived from hemicelluloses being the main cross-linking elements of cell walls. 
They are β-1,4-D-glycans with four xyloses in pyranose form (carrying arabinose 
decorations in the case of XA3XX). 

First, we checked if XYL4 and XA3XX shared signalling pathways performing cross 
-elicitation assays (Figure 4.29). In these experiments, we measured the reduction 
of cytCa2+ burst in Col-0AEQ seedlings after sequential application of different 
glycans (Mélida et al., 2020; Rebaque et al., 2021). Notably, Col-0AEQ seedlings 
demonstrated strong refractory responses when XYL4-XA3XX were combined 
(Figure 4.29c), though the reduction of cytCa2+ burst was not total after XA3XX 
treatment in comparison to the observed in the control XYL4-XYL4 experiment 
(Figure 4.29e). These results indicate that the perception mechanisms of XYL4 and 
XA3XX are very similar. 

Figure 4.29: Cross-elicitation during the refractory period of calcium burst triggered by XYL4 in 
combination with CEL3, CHI6 and/or XA3XX. Cytoplasmatic Ca2+ burst (RLU) over time in 8-day-
old Col-0AEQ seedlings after sequential treatments with 250 μM XYL4 followed by (a) CEL3, (b) 50 
μM CHI6, (c) 250 μM XA3XX, (d) water, or (e) 250 μM XYL4 and vice versa. (d) and (e) panels 
represents the negative and positive controls of the experiment, respectively. XYL4 as the first 
treatment applied is indicated in purple and any other compound and/or water in grey. Pointed 
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lines indicate the application time of the second elicitor. Data represent the average RLU values of 
4 seedlings (n = 4) ± standard deviation. 

 

Remarkably, a strong refractory response was observed in XYL4-CEL3 
combination (Figure 4.29a). Still, the intensity of CEL3 cytCa2+ burst was stronger 
than that of XYL4 and accordingly sequential application of XYL4-CEL3 did not 
completely abolish CEL3 triggered cytCa2+ burst in contrast to CEL3-XYL4 
sequential application (Figure 4.29a). Of note, these results suggest that the 
mechanism of recognition of XYL4 and XA3XX overlaps with those of CEL3, 
suggesting that IGPs might participate in the perception of these glycans.   

Additionally, a weak but significant refractory response was observed when XYL4 
and CHI6 were sequentially applied to Col-0AEQ seedlings (Figure 4.29b), 
suggesting that the mechanisms of perception of XYL4 and CHI6 are not identical, 
but might share some LysM-RK components.  Together these data indicate that 
perception of β-1,4-D-Xyl-based oligosaccharides, as XYL4 and XA3XX, and 
oligosaccharides containing β-1,4-D-glycans bonds, like CEL3 and MLG43, might 
require similar receptors and/or co-receptors. 

4.3.1. PTI hallmarks in response to XYL4 and XA3XX  

To further unravel the implication of the IGPs in the perception mechanisms of 
XYL4 and XA3XX in Arabidopsis thaliana we performed PTI immunity hallmarks 
assays with the igpsAEQ mutants and the two different elicitors (Figure 4.30; Figure 
4.31).  We monitored early cytoplasmic Ca2+ influxes in these mutants upon XYL4 
treatment and found that cytCa2+ influx in igp3AEQ and igp4AEQ lines was fully 
impaired upon XYL4 treatment, whereas in igp1AEQ plants a significant reduction 
of the burst was observed in comparison to Col-0AEQ plants (Figure 4.30a). Next, 
we tested MAPKs phosphorylation by Western Blot in igp1AEQ, igp3AEQ, and 
igp4AEQ lines and Col-0 AEQ plants upon XYL4 treatment in comparison with CHI6- 
and mock-treated plants. We found that MAPKs phosphorylation levels were 
weaker in the igp1AEQ, igp3AEQ, and igp4AEQ mutants than in Col-0 AEQ plants upon 
XYL4 treatment (Figure 4.30b). We also tested the up-regulation of two PTI 
marker genes (CYP81F2 and WRKY53) upon XYL4 treatment in these igp mutants 
and Col-0 wild-type plants. We found that the up-regulation of such genes was also 
impaired in igp mutants in comparison to Col-0 plants (Figure 4.30c). These data 
confirm that IGPs are not only required for CEL/MLG43-dependent PTI activation 



Results 

103 
 

but also play a role in XYL4 perception, further expanding the function of this 
novel group of LRR-MAL RKs in the perception of glycans. 

 

 

 

 

 

 

 

 

Figure 4.30: igp mutants are impaired in XYL4 perception. Determination of PTI hallmarks (a) 
cytoplasmatic Ca2+ influx, (b) phosphorylation of MAPKs, and (c) marker genes up-regulation in 
igp mutants upon XYL4 treatment.  Data represent (a) the mean ± standard error (n=8) of 
cytoplasmatic calcium influx measured as Relative Luminescence Units (RLU) over time in 8-days-
old Arabidopsis Col-0AEQ and igpsAEQ mutants treated with 250 μM XYL4; (b) a representative 
Western Blot out of three replicates (dotted lines indicate that bands were cut from the membrane 
to relocate them in proper order) where seedlings were treated with 250 μM XYL4 and water as 
mock, harvested at 10 and 20 minutes after treatment application, and (c) the mean ± standard 
error (n=3) of PTI-related gene expression CYP81F2 and WRKY33 measured by qRT-PCR at 30 
minutes after 250 μM XYL4  application. Statistically significant differences between compound-
treated (T) plants versus mock-treated (M, H2O) were calculated according to Student's t-test (*P < 
0.05, **0.01 < P > 0.001, ***P < 0.001).  

Concurrently, we performed the same experiments but using XA3XX as the elicitor 
(Figure 4.31). We used Col-0AEQ, igp1AEQ, igp3AEQ, and igp4AEQ lines to monitor 
early cytoplasmic Ca2+ influxes in these mutants upon XA3XX treatment. Notably, 
cytCa2+ influxes in XA3XX-treated igp1AEQ, igp3AEQ, and igp4AEQ seedlings were 
reduced in comparison to those in Col-0AEQ (Figure 4.31a). These reductions upon 
XA3XX were like those observed after treatment of these plants with XYL4, both 
in signal intensity and in the fact that reduction was higher in igp3AEQ and igp4AEQ 
than in igp1AEQ (Figure 4.31a).  Next, we tested the phosphorylation of MAPKs by 
Western Blot in igp1AEQ, igp3AEQ, igp4, and Col-0 plants upon XA3XX treatment. 
We found that MAPKs phosphorylation levels were also reduced in the igp1AEQ, 

(a) (b) 
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igp3AEQ and igp4 mutants in comparison to wild-type plants, though this reduction 
was weaker in igp1 AEQ than in igp3 AEQ and igp4 plants (Figure 4.31b). 
 

Figure 4.31: igp mutants are impaired in XA3XX perception. Determination of PTI hallmarks (a) 
cytoplasmatic Ca2+ influx, (b) phosphorylation of MAPKs, and (c) marker genes up-regulation in 
igp mutants upon XA3XX treatment. Data represent (a) the mean ± standard error (n=8) of 
cytoplasmatic calcium influx measured as Relative Luminescence Units (RLU) over time in 8-days-
old Arabidopsis Col-0AEQ and igpsAEQ mutants treated with 250 μM XA3XX; (b) a representative 
Western Blot out of three replicates (dotted lines indicate that bands were cut from the membrane 
to relocate them in proper order) where seedlings were treated with 250 μM XA3XX and water as 
mock, harvested at 10 and 20 minutes after treatment application and (c) the mean ± standard 
error (n=3) of PTI-related gene expression CYP81F2 and WRKY33 measured by qRT-PCR at 30 
minutes after 250 μM XA3XX application. Statistically significant differences between compound-
treated (T) plants versus mock-treated (M, H2O) were calculated according to Student's t-test (*P < 
0.05, **0.01 < P > 0.001, ***P < 0.001). 

In agreement with MAPKs phosphorylation levels, we found that the observed up-
regulation of PTI marker genes CYP81F2 and WRKY53 upon treatment of Col-0 
plants with XA3XX was significantly impaired in igp3AEQ and igp4 mutants, 
whereas such reduction was milder in igp1AEQ plants (Figure 4.31c). These data 
indicate that IGPs also play a function in XA3XX perception in Arabidopsis 
thaliana. 

 

(a) (b) 

(c) 



Results 

105 
 

4.3.2. Role of LysM-RKs in XYL4 and XA3XX perception  

Since CERK1, LYK4 and LYK5 may participate in MLG43 perception, and it is 
also described that OsCERK1 is required for MLGs perception in rice (Rebaque et 
al., 2021; Yang et al., 2021), we checked if these LysM RKs participates in XYL4 
and XA3XX perception analyzing different PTI immunity hallmarks (Figure 4.32). 
We used Col-0AEQ and cerk1-2AEQ lines to monitor whether early cytoplasmic Ca2+ 
influxes were impaired in cerk1-2AEQ upon XYL4 and XA3XX treatments (Figure 
4.32a). Notably, cytCa2+ influxes in XYL4 and XA3XX-treated cerk1-2AEQ seedlings 
were similar to those observed in Col-0AEQ plants, whereas CHI6 did not trigger 
cytCa2+ influxes in cerk1-2AEQ seedlings, as described previously (Mélida et al., 
2020) (Figure 4.32a).  

cerk1-2 lyk4 lyk5 triple mutant generated in this Thesis was used to test MAPKs 
phosphorylation upon XYL4 and XA3XX treatment. As shown in Figure 4.32b, 
phosphorylation of MAPKs in cerk1-2 lyk4 lyk5 mutant upon CHI6 treatment was 
fully impaired, as predicted from the requirement of CERK1, LYK4, and LYK5 for 
its perception. In contrast, phosphorylation of MAPKs in the LysM triple mutant 
upon XYL4 or XA3XX treatment was slightly reduced, but not fully impaired 
(Figure 4.32b).  

Regarding the expression level of the marker genes, WRKY53 expression in the 
triple mutant was similar to that of Col-0, but the expression was slightly lower 
for CYP81F2, for both treatments (Figure 4.32c). These results indicate that LysM 
receptors play a minor function in the perception of xylose-containing glycans in 
Arabidopsis thaliana and also demonstrate that the mechanisms of perception of 
XYL4/XA3XX and CHI6 are different.  
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Figure 4.32: LysM RKs have a minor role in XYL4 and XA3XX perception. The activation of 
immunity hallmarks such as (a) cytoplasmatic Ca 2+ influx in cerk1-2AEQ mutant lines, (b) 
phosphorylation of MAPKs and (c) marker gene expression in cerk1-2 lyk4 lyk5 seedlings is 
partially impaired. Experiments were performed (a) using the mean ± standard error (n=8) of 
cytoplasmatic calcium influx measured as Relative Luminescence Units (RLU) over time in 8-days-
old Arabidopsis Col-0AEQ and igpsAEQ mutants treated with 250 μM XYL4 and XA3XX; (b) a 
representative Western Blot out of three replicates where seedlings were treated with 250 μM 
XYL4 and XA3XX and water as mock, harvested at 10 and 20 minutes after treatment application 
and (c) the mean ± standard error (n=3) of PTI-related gene expression CYP81F2 and WRKY33 
measured by qRT-PCR at 30 minutes after 250 μM XYL4 and XA3XX  application. Statistically 
significant differences between compound-treated (T) plants versus mock-treated (M, H2O) were 
calculated according to Student's t-test (*P < 0.05, **0.01 < P > 0.001, ***P < 0.001). 
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5. Discussion 
Plant cell walls are very complex and dynamic structures that function as 
structural elements, providing cell shape and turgor, and protecting the cell 
content. In recent years, plant cell walls have emerged as an essential component 
of plant adaptation to biotic and abiotic stresses, and as key regulators of the plant 
immune system, since the walls are main reservoirs of different 
glycans/oligosaccharides that trigger immunity (Fernández-Calvo et al., 2024; 
Mélida et al., 2018; Mélida et al., 2020; Versluys et al., 2022; Voxeur et al., 2019; 
Wanke et al., 2020; Zang et al., 2019). Cell wall oligosaccharides released during 
the interaction between pathogens and plants are perceived as DAMPs by PRRs 
and activate PTI responses. Similarly, other carbohydrate-derived MAMPs from 
the outmost layers of the pathogens are also perceived as ligands by plant PRRs 
triggering PTI (Bacete et al., 2018).  

Many PRR/peptidic DAMP/MAMP pairs have been elucidated in PTI, like AtPep1 
DAMP and bacterial flg22 MAMP peptides, which are directly bound by 
Arabidopsis PEPR1/2 and FLS2 PRRs, respectively (Bigeard et al., 2015; Boutrot 
& Zipfel, 2017; Tang et al., 2017). Despite glycans are very abundant molecules in 
plant and microbial cell walls and out layers, the molecular mechanisms 
responsible for the perception of glycans in plants are poorly characterized and just 
a few PRRs and co-PRRs have been described to be involved in these recognition 
processes. Among these PRRs are members of the LysM RKs, the WAK family as 
well as CrRLK1 and Lectin-RKs (Dai et al., 2023; Johnson et al., 2018; Kaku et al., 
2006; Liu, Yu et al., 2023; Moussu et al., 2023; Yang et al., 2021).  

This Thesis has contributed to expand our knowledge of RKs that are involved in 
the perception of glycans by the plant immune system.  Thus, it is described here 
a group of Arabidopsis RKs – IGP1, IGP3/IGP2 and IGP4 – with LRR-MAL 
domains in their ECDs, which are required to trigger immune responses mediated 
by oligosaccharides derived from cellulose (e.g. CEL3– CEL5), MLGs (e.g. MLG43 
and MLG34), xylans (e.g. XYL4) and arabinoxylans (e.g. XA3XX) (Fernandez-Calvo 
et al., 2024; Martín-Dacal et al., 2023). We also demonstrate that IGP1/CORK1 is 
a bona fide PRR for glycans in plants, and that its ECD binds in ITC experiments 
CEL3 and CEL5, but not MLG43 (Martín-Dacal et al., 2023).  

Our data point to the LRR-MAL RK family as a set of plant proteins involved in 
the perception of carbohydrate-based DAMPs and MAMPs. So far, the plant RKs 
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described to be involved in glycan perception belong to the LysM, WAK and 
CrRLK1 RK families (Bellande et al., 2017; Brutus et al., 2010; Cao et al., 2014; 
del Hierro et al., 2021; Liu et al., 2012; Liu, Wang et al., 2016; Tang et al., 2022; 
Wong et al., 2020). The function of most of these proteins in oligosaccharide 
perception and PTI activation was discovered through the isolation and 
characterization of Arabidopsis mutants (e.g. cerk1, lyk4, lyk5, wak1, wak2 and 
fer1).  

Similarly, our genetic screening of Col-0AEQ EMS mutagenized population to 
identify mutants impaired in glycan perception led to the identification of a high 
number of mutants (igp1–igp20) (Table 4.5). igp1, igp2, igp3, and igp4, that were 
initially isolated as mutants impaired in MLG43 recognition, have been later 
proven to be also defective in the perception of cellulose- (CEL3–CEL, xylan- (e.g. 
XYL4) and arabinoxylan- (e.g. XA3XX) derived oligosaccharides. These results 
suggest that the mechanisms of perception of CEL, MLG, xylan and arabinoxylans-
derivatives shared some components in Arabidopsis, and this is supported by 
CEL3/MLG43, XYL4/CEL3 and XYL4/XA3XX cross-elicitation experiments 
(Figures 4.9 and 4.29). Despite the similarities between the mechanisms of 
perception of MLG- and CEL- derived oligosaccharides, some differences might 
exist among them. For example, we found that LysM RKs (i.e. CERK1, LYK4 and 
LYK5) have a partial contribution to the perception of MLG43, as described 
previously (Rebaque et al., 2021; Yang et al., 2021) (Figure 4.13). In contrast, their 
role in CEL3 perception is residual as only minor differences in PTI activation were 
observed in cerk1-2 and cerk1-2 lyk4 lyk5 triple mutants in comparison with Col-
0 plants treated with CEL3 (Figure 4.13). The partial requirement of LysM RKs 
for MLG perception in Arabidopsis is in line with the described function of rice 
LysM RK members in the perception of MLG-derived oligosaccharides and 
immune activation (Yang et al., 2021).  

The mechanisms of PTI activation mediated by IGP1, IGP3 and IGP4 LRR-MAL 
RKs described here differ from that required for pectin and OGs perception 
involving FER1 and WAK1–WAK5 respectively (Brutus et al., 2010; Dünser et al., 
2019; Tang et al., 2022). The mechanism regulated by LRR-MAL RKs also differs 
from those needed for other MAMPs and DAMPs perception (e.g. flg22 and 
AtPEP1), since cytCa2+ burst in igp1AEQ–igp4AEQ upon treatment with these 
elicitors was like that of Col-0AEQ plants (Figure 4.7). 

Sequencing of igp1 and igp2/igp3 mutants revealed point mutations in IGPs KDs 
that may impact their functionality (Table 4.2). E906K in IGP1 and G773E in IGP3 
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do not seem to impair the catalytic sites of the kinase domains of these RKs, which 
are predicted to be almost identical to that of wild-type KDs (Figure 4.17). 
However, such mutations are predicted to increase the surface patch, resulting in 
drastic changes in the surface electrostatic potential of the residues around the 
mutated positions (Figure 4.17). As kinase activity can be altered by mutations at 
distant residues from the active site (McClendon et al., 2014), we can hypothesize 
that E906K and G773E mutations might either affect the catalytic activity of the 
KDs or interfere with the interaction of the RK KDs with other RKs, like true PRRs 
for other glycans (as MLG43), co-receptors proteins of IGP1 PRR (e.g. IGP2/3 and 
IGP4) or additional protein partners.  

Remarkably, we demonstrate here by ITC binding experiments that the IGP1 
ECD, produced in insect cells, binds CEL3 and CEL5 with high affinity (Kd = 1.19 
± 0.03 µM and Kd = 1.40 ± 0.01 µM, respectively) (Figure 4.19). These results support 
the function of IGP1/CORK1 as a PRR for cellulose-derived oligosaccharides. The 
lack of IGP1-ECD binding to MLG43, at least under the in vitro conditions of ITC 
tested, suggests that IGP1 might function as co-receptor for MLG43 perception 
(Figure 4.19). Similarly, the lack of binding of CEL3 or MLG43 by ECD-IGP4 
suggests that this RK might function as co-PRR (Figure 4.20). Since we could not 
produce IGP3 ECD in insect cells and test its binding capacity in ITC experiments, 
we do not know the function of IGP3 in this mechanism of perception and 
downstream activation of PTI responses. Remarkably, IGP1 might be a key 
element in glycan perception since, besides being the main receptor of cellulose-
derived oligosaccharides, we have found in our screening additional alleles with 
different mutations along IGP1 sequence (igp6-igp9) (Table 4.5). Interestingly, 
those additional mutations located in the ECD are just in the LRR domain, but not 
in the MAL or transmembrane domains of the protein (Figure 4.28), emphasizing 
the importance of LRR domain in the functionality of the protein and suggesting 
that some pocket in this domain might bind CEL3.   

A recent article reports that two LRR RKs, STRESS INDUCED FACTOR 2 and 4 
(SIF2, AT1G51850; SIF4, AT1G51820), are also required for the immune responses 
triggered by cellulose-derived oligosaccharides and could also be part of the PRR 
complex involved in their perception (Zarattini et al., 2021). Also, a poly(A)-specific 
ribonuclease (AtPARN, AT1G55870) was found to be required for the regulation of 
the immune responses triggered by CEL3 in Arabidopsis, probably through a 
mechanism of degradation of the polyA tail from specific mRNAs (Johnson et al., 
2018). However, this AtPARN regulatory mechanism of CEL3-mediated responses 
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acts downstream of CEL3 perception by PRRs at the cell surface described here. 
Moreover, sif2 and sif4 mutants are defective in the synthesis of camalexin upon 
CEL-oligosaccharides treatment, but do not seem to be impaired in MAPKs 
phosphorylation and gene expression triggered by these DAMPs (Zarattini et al., 
2021).  

The mechanisms of perception of MLGs-derived oligosaccharides in Arabidopsis 
has been partially elucidated in this Thesis with the discovery of IGP1, IGP2/3 and 
IGP4 (Figure 5.1a). However, direct binding of MLG43 to the ECD of IGP1 and 
IGP4 has not been proved. In rice, OsCERK1 has been suggested to be the PRR 
receptor of MLG-derived oligosaccharides (Yang et al., 2021; Figure 5.1b) based on 
microscale thermophoresis analysis performed with the ECD produced in 
baculovirus, whereas OsCeBiP, the rice receptor for chitin-derived 
oligosaccharides, has been proposed to be the MLG co-receptor of CERK1, based 
on the lack of binding of its ECD to these MLG ligands (Figure 5.1b) (Yang et al., 
2021). The Kd values of ECD–OsCERK1 for MLG43 are in the range of 1–2 µM, 
similar to that found for IGP1 binding to CEL3/CEL5 in this work, and to that of 
ECD– OsCeBiP for CHI6 (Yang et al., 2021). Of note, the perception of CHI6 is 
neither altered in igp1-igp4 nor altered in igp5-igp9 mutants, further indicating 
that Arabidopsis IGPs proteins are not required for CHI6 perception (Figures 4.2, 
4.11 and 4.27). These data point to separate mechanisms for the perception of CHI6 
and the CEL- and MLGs-derived oligosaccharides in Arabidopsis, but also to some 
differences in the mechanism of perception of CEL3 (independent of CERK1, LYK4 
and LYK5, and with IGP1 as a true PRR) and MLG43 (requiring CERK1, LYK4 
and LYK5, with the true PRR yet to be determined). Recently, a LEC-RK has been 
also described to be required for the perception of MLG43 in rice and binding of 
MLG43 to the full-length protein produced in bacteria has been shown in thermal 
shift experiments (Figure 5.1b) (Dai et al., 2023). Whether a putative ortholog of 
LEC-RK in Arabidopsis might be involved in MLG43 perception is unknown, and 
an igp mutant impaired in the rice ortholog gene has not been identified in the set 
of igp mutants sequenced so far.   

As we saw that CEL- and MLGs-derived oligosaccharides' perception shared 
triggering and signalling pathways, we checked if IGPs were implicated in the 
perception of additional carbohydrates. We found that they are also involved in the 
activation of PTI responses triggered by xylan-containing oligosaccharides (e.g. 
XYL4 and XA3XX) (Figures 4.30 and 4.31).  Our data suggest that IGP RKs are 
central components in the perception and downstream PTI activation triggered by 
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a diversity of oligosaccharides with different carbohydrate moieties in their 
composition (glucose, xylans, arabinofucose) and distinct structures, that include, 
at least CEL3-CEL5, MLG43, XYL4 and XA3XX (Figure 5.1a). Despite the 
differential composition and structures of these oligosaccharides, they share some 
features that might explain their similar mechanisms of perception by 
IGP1/IGP3/IGP4: i) they are composed of monosaccharides (pentose and hexoses) 
in pyranose conformation; and ii) they have two units with a β-1,4-D-linkage, 
including the anomeric carbon (position 1) that is probably in its reduced form. The 
differential impairment of PTI response upon XYL4 and XA3XX observed in igp4 
and igp3 (fully blocked responses), in comparison to igp1 (partially impaired) might 
be explained by the fact that igp1 is not a loss-of-function mutant, since a similar 
pattern of impairment of PTI responses has been observed after CEL3 and MLG43 
treatments.  Whether IGP3 and/or IGP4 might be the bona-fide PRRs for XYL4 
and XA3XX might be addressed with a deeper biochemical characterization and 
binding assays with their ECDs.  

Here we also show that the mechanism of perception of XYL4 and XA3XX requires 
partially LysM-RKs, CERK1, LYK5, and LYK4, probably acting as redundant co-
receptors. Our data further expand the previously described function of these 
LysM-RKs as putative co-receptors for MLG43 and β-1,3-Glc oligosaccharides (e.g. 
LAM6) (del Hierro et al., 2021; Mélida et al., 2020; Rebaque et al., 2021). The role 
of LysM RKs in the mechanisms of perception of several glycans in plant-microbe 
interactions is an emerging topic that deserves further characterization (Yang, 
Wang, et al., 2021).  

Despite the structural diversity of ligands that can be bound by plants ECD-PRRs, 
most of the best characterised ECD-PRR/ligand pairs at the structural level are 
LRR-ECD/peptide ones, like FLAGELLIN-SENSITIVE 2 (FLS2)/flg22 (MAMP 
from bacterial flagellum) (Figure 5.1a), EF-Tu Receptor (EFR)/elf18 (MAMP from 
bacterial Elongation Factor protein) or PEP RECEPTOR 1 (PEPR1)/PEP1 
(phytocytokine peptide; Bartels & Boller, 2015; Boutrot & Zipfel, 2017; Gully et al., 
2019; Peng et al., 2018). These LRR-ECD/peptide pairs have been successfully 
crystalized with the ligand in the binding pocket, and in some cases with the co-
PRR included in the crystal structure (e.g. RKs of SOMATIC EMBRYOGENESIS 
RECEPTOR-LIKE KINASES family, such as BRI1-ASSOCIATED KINASE 1 
(BAK1) RK for FLS2, EFR and PEPR1: Boutrot & Zipfel, 2017; Li et al., 2020). In 
contrast to the numerous peptidic-ECDs structures of RKs determined, the 
number of crystal structures of PRR/glycan pairs characterized so far is limited to 



Marina Martín Dacal 

112 
 

a few examples: LysM-chitin in PTI and LysM-LCOs/COs in symbiosis (Figure 5.1) 
(Gysel et al., 2021; Khokhani et al., 2021; Liu et al., 2012) and a recent example of 
LRR-extensin involving FERONIA RK (Figure 5.1a) (Moussu et al., 2023; 
Schoenaers et al., 2024). A summary of our current knowledge of perception of 
glycans by ECD-PRR structures is described in Figure 5.1. A detailed knowledge 
of the binding mechanisms of glycans (MAMPs/DAMPs) by ECD-PRR structures 
is needed, as recently remarked in two reviews (Lee & Santiago, 2023; Molina et 
al., 2024). 

Figure 5.1: Plant receptors involved in the perception of different glycans structures in plant 
immunity or symbiosis. Updated version of Figure 1.2, including IGPs and their target glycans 
identified in this Thesis. In panel (a) are shown PRRs and co-PRRs from Arabidopsis thaliana and 
in panel (b) from other plant species, Oryza sativa, Lotus japonicus and Medicago trunculata. 
Glycan names indicated in purple correspond to DAMPs/MAMPs that have been demonstrated to 
be bound by the indicated PRRs, protein receptors (e.g., LRX8), or RALF peptides, either by in vitro 
binding experiments or by structural characterization, and are shown in close interaction with the 
corresponding receptor. The co-PRRs involved in glycan perception are also depicted. Glycans 
highlighted in white have been shown to require these PRR-co-PRRs complexes to trigger 
immune/symbiotic responses, but direct binding by PRR has not been demonstrated. FLS2-BAK1-
flg22 recognition complex is included for comparison. Overlapping of RK domains indicates that 

(a) 

(b) 

(c) 
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PRR-coPRR interaction has been demonstrated. The different structures of plant receptors 
(RK/RP/RPe/g) and the domains in their ECDs represented in panels (a) and (b) are indicated in 
the inset (c).  

 

The crystal structure of the CERK1-ECD bound to chitin-derived oligosaccharides 
revealed the structural basis of chitin recognition (Liu et al., 2012; Yang et al., 
2021). Other plant ECD-RKs like ANX1, ANX2 and FER1, which harbour two 
tandem MLDs, have been also purified and crystallized, but their putative 
glycoligand(s) has not been identified yet (Moussu et al., 2018). Notably, the MLDs 
of ANX1, ANX2 and FER1 seem to show some differences compared with those 
MAL domains present in the ECDs of the three IGP RKs identified in this work, 
which also contain an N-terminal LRR domain (Yang, Wang et al., 2021). We have 
generated de novo structural models for the three LRR-MAL RKs, and these 
models suggest that IGP1, IGP3 and IGP4 have similar structures, in line with 
their putative recent evolutionary divergence, although IGP1 has an extra loop in 
its KD (Figure 4.17). Remarkably, MAL domains of these RKs are structurally very 
similar to that of the MAL protein of Xenopus sp., which is involved in 
oligosaccharide binding, and to that of plant ANX1/ANX2 from the CrRLK1 family. 
In recent reports by Tseng et al., (2022), two phenylalanine residues conserved in 
all Arabidopsis MAL domains, but not in MAL from Xenopus sp. (Schallus et al., 
2010) are noted as essential for CEL3 perception and PTI activation, but this 
hypothesis has not been validated through binding experiments. Therefore, we 
hypothesize that the LRR domain of ECDs in IGP1 might be essential for the 
formation of the structural pocket involved in the observed CEL3 and CEL5 
binding, since all the ECD-mutations identified in igp1 alleles are in this domain 
and not in MAL domain (Figure 4.28). Obtaining crystallized structures of 
CEL3/ECD-IGP1 will contribute to decipher the structural bases of CEL3–CEL5 
recognition by LRR-MAL ECD. 

On the other hand, IGP1, IGP3 and IGP4 genes are in a cluster in the A. thaliana 
genome, indicating recent duplication events (Yang, Wang et al., 2021).  These 
genes form part of a family of at least 13 members that has not been characterized 
in detail previously. Some of these members have been involved in plant disease 
resistance responses (Le et al. 2014), brassinosteroids-associated mechanisms (Xu 
et al., 2014), and promotion of early compatible pollen responses in Arabidopsis 
pistil (Lee & Goring, 2021). Some of these processes have associated changes in 
cell wall composition (Lee & Goring, 2021; Rajaraman et al., 2016). This clade of 
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LRR-MAL RKs seems to be conserved and diversified in dicots and in some 
monocots, like rice. However, the few relatives RKs found in grasses are 
structurally dissimilar and phylogenetically distant (Yang, Wang et al., 2021). 
LRR-MAL RKs have ECDs with 12 LRRs followed by a MAL domain that differs 
from the MAL-like domain of CrRLK1 ECDs (Yang, Wang, et al. 2021). Based on 
the structural similarity of MAL domains of LRR-MAL RKs with those from 
mammals and Xenopus sp, that bind glycans (Schallus et al. 2008), it had been 
hypothesized that MAL domains of these LRR-MAL RKs could also bind glycans. 
However, other alternatives for CEL3/CEL5 binding to IGP1 ECD rather than 
binding to MAL domains might be feasible, like a potential binding pocket 
comprising the two domains (MAL and LRR) which upon glycan binding induces 
receptor conformational change and kinase domain activation of IGP1. Also, it 
should not be excluded that LRR domains could bind glycans based on the 
heterogenicity of biomolecules that plant LRR domains can bind (e.g. from H2O2 to 
brassinosteroids and peptides) (Bojar et al., 2014; Rhodes et al., 2021; Sun, Li, et 
al., 2013; Sun, Han, et al., 2013). 

Likewise, it should be kept in mind that some other additional RKs from this 
family might be bona fide PRRs for XYL4 and/or XA3XX. Though some of these 
LRR-MAL RK members have been involved in pollen migration and fertility (Lee 
& Santiago, 2023), an alternative function for such PRRs in oligosaccharide 
perception cannot be discarded, since pollen migration and lateral root formation 
promote changes in cell wall integrity and composition (Lee & Santiago, 2023; 
Moussu et al., 2023). Xylans-, arabinoxylans-, MLGs- and cellulose-derived 
oligosaccharides can also be released upon alteration of plant cell wall integrity 
triggered by other stresses (e.g. salt or drought) or across plant development (e.g. 
during cell wall remodeling; Bacete et al., 2022, Gigli-Bisceglia et al., 2022). During 
these processes plant endogenous enzymes can hydrolase cell wall polysaccharides, 
as described recently for a Zea mays (maize) GH17 licheninase that releases 
MLG43- derived and other oligosaccharides (Kraemer et al., 2021). The 
characterization of the role of glycan-mediated responses in these additional 
processes must be determined to understand their interaction with PTI/disease 
resistance responses and their impact on plant fitness.  

Plants must control the generation and levels of active DAMPs and the exposure 
to DAMPs and MAMPs that trigger PTI, given their fundamental role in 
modulating growth-defence trade-offs (Molina et al., 2021; Pontiggia et al., 2020). 
Long-lasting or intense activation of defensive signaling pathways can generate 
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hyper-immunity that might cause cell death and plant development alterations 
(Berry & Argueso, 2022). For example, OGs overaccumulation leads to reduced 
plant growth and even lethality (Benedetti et al., 2015). In plants, cell wall 
remodelling is a relevant process that takes place during cell expansion and growth 
(Delmer et al., 2024), and therefore some mechanisms are needed to fine-tune the 
turnover/metabolism of cell wall-derived signals during non-pathogenic (e.g. cell 
expansion) and pathogenic conditions (De Lorenzo & Cervone, 2022).  

Until recently, plant mechanisms modulating homeostasis of cell wall-derived 
danger signals were unknown. Notably, several plant enzymes have been 
identified that can modify the released DAMPs thereby fine-tuning their eliciting 
capacity and the amplitude of the defence responses triggered (Benedetti et al., 
2018; Locci et al., 2019). The Arabidopsis superfamily of FAD-binding berberine 
bridge enzyme like (AtBBE-like) has turned out to play relevant functions in the 
homeostasis of certain DAMPs. Of note, the expression of several AtBBE-like genes 
is up-regulated during infection and upon plant treatment with MAMPs/DAMPs 
(Figure 5.2) (Benedetti et al., 2018; Costantini et al., 2024; Locci et al., 2019; Mélida 
et al., 2018; Mélida et al., 2020; Pontiggia et al., 2020). Four OG-oxidases (OGOXs) 
and one cellodextrin oxidase (CELLOX) from the AtBBE-like family have been 
found to oxidize the anomeric carbon of some oligosaccharides. OGOXs specifically 
oxidate the anomeric carbon of OGs with different DP to inactivate them 
(Benedetti et al., 2018), while CELLOX oxidizes the anomeric carbon of CEL3-
CEL6 and some MLGs (e.g. MLG43), but not that of glucose (Figure 5.2) (Locci et 
al., 2019). The oxidized OGs and CEL-oligos are biologically less active triggering 
PTI than the reduced ones, probably because PRRs have lower affinity for these 
modified glycans (Figure 5.2).  It has also been described that these oxidized 
glycans are less accessible to fungal lytic enzymes (PGs and endoglucanases), 
limiting fungi access to carbon sources (glycans of low DP) that they can use for 
the energetic catabolism and as building blocks for biosynthetic processes, thus 
reducing pathogen proliferation (Figure 5.2) (Locci et al., 2019; Zarattini et al., 
2021).  Interestingly, CEL3, the most active cellulose-derived DAMPs activating 
PTI (Locci et al., 2019; Martín-Dacal et al., 2023), is the best substrate for CELLOX 
(Locci et al., 2019), highlighting the fundamental role of these modifying enzymes 
in the regulation of the activity and homeostasis of cell wall-derived DAMPs 
(Figure 5.2). It should be noted that oxidation of OGs and CEL-oligos generates 
H2O2, which plays an essential function in the subsequent strengthening of the cell 
wall and cell signaling mediated through the extracellular H2O2 sensor HPCA1 
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(Scortica et al., 2022; Wu et al., 2020). To further decipher the complex roles of 
glycans in plants, it is also important to analyse in depth the regulation of the 
homeostasis of cell wall-derived oligosaccharides.  

Also, other key questions exemplified in Figure 5.2 need to be clarified: i) if LRR-
MAL RKs are subjected to endocytosis upon glycan perception, as described for 
other PRRs (Claus et al., 2018; Irani & Russinova, 2009); or ii) if there is 
upregulation of LRR-MAL RKs gene expression upon glycan perception, among 
other relevant questions.  

 

Figure 5.2: Release and homeostasis of cell wall-derived DAMPs triggering immune responses in 
plants. Cell Wall Degrading Enzymes (CWDEs) secreted by pathogens hydrolyse cell wall 
polysaccharides (e.g., cellulose and HG) releasing glycans that can be used by pathogens as a source 
of carbons for their energetic catabolism and/or building blocks for biosynthesis. Some of the 
released glycans, such as CEL3-CEL5 and OGs, can be perceived as DAMPs by plant PRRs (e.g., 
IGP1 and WAK RKs, respectively) that might form complexes with some additional RKs 
functioning as co-PRRs (e.g., IGP3/IGP4 and other WAKs, respectively). The binding of glycan by 
PRR activates PTI signalling and transcriptional regulation of several immune genes, such as those 
encoding PRRs and co-PRRs, that might replenish these proteins at the plasma membrane. 
Pathogens also secrete Lytic Polysaccharide Monooxygenases (LPMOs) that oxidatively cleave cell 
wall polysaccharides, such as cellulose, releasing C1 carbon oxidized oligosaccharides with lower 
PTI activity. Whether PRRs/co-PRRs binding glycans are internalized by endocytosis upon ligand 
binding, as described for some ligand-LRR RK complex (FLS2-BAK1-flg22), is unknown. Genes 
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encoding BBE-like enzymes are also upregulated upon pathogen infection and DAMP treatment, 
and BBE proteins (CELLOXs and OGOXs) are secreted to the apoplast to oxidize glycans (e.g., 
CEL3 and OGs) at the anomeric carbon (-COOH at C1) probably lowering their binding affinity by 
PRRs. Oxidized oligosaccharides (-COOH at C1) are poor substrates for the energetic catabolism of 
pathogens hindering their colonization. Question marks indicate open topics that deserve further 
investigation. The glycan structures were drawn following the SNFG (Symbol Nomenclature for 
Glycans) (Neelamegham et al., 2019; Varki et al., 2016). IGPs and WAK RK domains are described 
in Figure 5.1. 

On the other hand, in silico synthesis of diverse glycan structures using novel 
chemical methodologies or synthetic biology from microorganisms would be 
needed, since these pure glycans structures should be used in genetic and 
functional screenings designed to identify novel DAMPs/MAMPs or to determine 
ECD-PRRs binding specificities (Chaube et al., 2022). Moreover, genetic screening 
and the use of genome editing to generate higher order mutants in putative glycan 
PRR gene families might be required to overcome receptor redundancy in plants. 
Additional studies in the field are necessary to expand our knowledge of plant 
immunity activation and regulation and will provide new ideas and tools that 
might be useful to develop more sustainable agriculture practices. It is expected 
that active glycans will emerge as bio-control compounds that will burst the 
adaptative response of the plants in a changing environmental adaptation of crops 
(Melida et al., 2018; Rebaque et al., 2021). Last, the identification of genetic traits 
impacting cell wall integrity and cell wall-mediated disease resistance (e.g. PRRs 
and co-PRRs) will contribute to improve crop adaptation to environmental changes. 
Indeed, several crop disease resistance Quantitative Trait Locis (QTLs) have been 
shown to encode WAK genes (Huerta et al., 2023; Zuo et al., 2015). 

In summary, our results contribute to further understanding the mechanisms of 
perception of oligosaccharides by the plant immune system and to expand the set 
of families of PRRs and the ECD structures involved in glycan-based ligand 
recognition and immune activation in plants. The valuable knowledge and tools 
generated in this Thesis might be implemented in the future in the form of new 
biocontrol compounds and genetic traits to increase crop disease resistance 
technologies and products contributing to develop more sustainable agriculture 
solutions.  
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6. Conclusions 
1. igp1, igp2/3 and igp4 are Arabidopsis thaliana mutants altered in three 

receptor kinases (RKs) – AT1G56145 (IGP1), AT1G56130 (IGP2/IGP3) and 
AT1G56140 (IGP4) – with Leucine-Rich-Repeat (LRR) and Malectin (MAL) 
domains in their ectodomains. 

2. igp1, igp2/3 and igp4 are defective in Pattern Triggered Immunity (PTI) 
activation mediated by MLG43 and CEL3.  

3. XYL4 and XA3XX perception is also impaired in igp1, igp2/3 and igp4 
mutants.  

4. IGP1, IGP3 and IGP4 RKs are required for the perception of cellulose- 
(CEL3-CEL5), MLGs- (MLG43, MLG34), xylans- (XYL4), and 
arabinoxylans- (XA3XX) derived oligosaccharides in Arabidopsisis thaliana  

5. There is no functional redundancy between IGP RKs since the lack of one of 
them affects plants cellulose-, MLGs- and xylose-derived glycans perception.  

6. IGP1/CORK1 RK ectodomain binds CEL3 and CEL5 in Isothermal Titration 
Calorimetry (ITC) experiments, indicating that it is a Pattern Recognition 
Receptor (PRR) for these glycans. IGP1/CORK1 RK is the first Pattern 
Recognition Receptor (PRR) described for cellulose, the main component of 
plant cell walls.  

7. IGP2/3 and IGP4 RKs play a role in cellulose-derived glycans perception but 
probably as co-receptors and/or additional components of the perception 
complex.  

8. IGP1 RK and IGP4 RK ectodomains do not bind MLG43 in Isothermal 
Titration Calorimetry (ITC) experiments, suggesting that they probably are 
co-receptors and/or additional components of a receptor complex required for 
MLG43 perception in Arabidopsis thaliana. 

9. LysM RKs CERK1, LYK4 and LYK5 are additional components that 
partially participate in the perception of MLGs-derived oligosaccharides 
and, to a lesser extent, in XYL4 and XA3XX perception, but not in the 
perception of CEL3 and CEL5 glycans.  

10. Our results contribute to further understand plant mechanisms of 
oligosaccharides perception, expanding the group of Pattern Recognition 
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Receptor (PRR) families and ectodomain structures described in ligand 
recognition and plants' immune activation.  
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A.1: Online data set: includes the genome assembly data for igp1AEQ, igp2AEQ, 
igp3AEQ, igp4 and Col-0AEQ and can be retrieved from the NCBI Sequence Read 
Archive (SRA) under BioProject ID PRJNA864842 and Biosample accessions 
SAMN30087195, SAMN30087196, SAMN30087197, SAMN30087198 and 
SAMN30087199. 
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SUMMARY

The plant immune system perceives a diversity of carbohydrate ligands from plant and microbial cell walls

through the extracellular ectodomains (ECDs) of pattern recognition receptors (PRRs), which activate

pattern-triggered immunity (PTI). Among these ligands are oligosaccharides derived from mixed-linked b-
1,3/b-1,4-glucans (MLGs; e.g. b-1,4-D-(Glc)2-b-1,3-D-Glc, MLG43) and cellulose (e.g. b-1,4-D-(Glc)3, CEL3). The

mechanisms behind carbohydrate perception in plants are poorly characterized except for fungal chitin

oligosaccharides (e.g. b-1,4-D-(GlcNAc)6, CHI6), which involve several receptor kinase proteins (RKs) with

LysM-ECDs. Here, we describe the isolation and characterization of Arabidopsis thaliana mutants impaired

in glycan perception (igp) that are defective in PTI activation mediated by MLG43 and CEL3, but not by

CHI6. igp1–igp4 are altered in three RKs – AT1G56145 (IGP1), AT1G56130 (IGP2/IGP3) and AT1G56140 (IGP4)

– with leucine-rich-repeat (LRR) and malectin (MAL) domains in their ECDs. igp1 harbors point mutation

E906K and igp2 and igp3 harbor point mutation G773E in their kinase domains, whereas igp4 is a T-DNA

insertional loss-of-function mutant. Notably, isothermal titration calorimetry (ITC) assays with purified ECD-

RKs of IGP1 and IGP3 showed that IGP1 binds with high affinity to CEL3 (with dissociation constant

KD = 1.19 � 0.03 lM) and cellopentaose (KD = 1.40 � 0.01 lM), but not to MLG43, supporting its function as

a plant PRR for cellulose-derived oligosaccharides. Our data suggest that these LRR-MAL RKs are compo-

nents of a recognition mechanism for both cellulose- and MLG-derived oligosaccharide perception and

downstream PTI activation in Arabidopsis.

Keywords: Arabidopsis thaliana, cellulose, mixed-linked glucans (MLGs), immunity, oligosaccharides, pat-

tern recognition receptors (PRRs), leucine-reach repeat/Malectin receptor kinase (LRR-MAL RK).

INTRODUCTION

Plants have evolved a complex immune system that com-

prises several defense layers and mechanisms for the

recognition of pathogens and pests that cooperatively

interact to restrict plant infection. One of these layers,

known as pattern-triggered immunity (PTI), is based on the

recognition of damage- and microbe-associated molecular

patterns (DAMPs and MAMPs) derived from plants or

microorganisms, respectively, by plasma membrane-

resident pattern recognition receptors (PRRs) (Ngou

et al., 2022). Upon DAMP/MAMP recognition by ectodo-

mains (ECDs) of PRRs, additional proteins are recruited to

form ligand–PRR complexes, triggering the activation of

PRR cytoplasmic protein kinase domains (KDs) that initiate

phosphorylation and signaling cascades (Boutrot &

� 2022 The Authors.
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Zipfel, 2017; Ngou et al., 2022). Early PTI responses include

increases in the cytoplasmic concentration of the second

messenger, Ca2+, the production of reactive oxygen spe-

cies (ROS) by NADPH oxidases (e.g. respiratory burst oxi-

dase homolog protein D, RBOHD), the phosphorylation of

mitogen-activated protein kinases (MAPKs) and Ca2+-

dependent protein kinases (CPKs), and transcriptional

reprogramming that ultimately restrict the colonization of

the plant by pathogens or pests (Bigeard et al., 2015; Bou-

trot & Zipfel, 2017). DAMPs or MAMPs are molecules with

different biochemical composition, such as peptides, car-

bohydrates (oligosaccharides) or fatty acids, among other

molecules (Bigeard et al., 2015; Boutrot & Zipfel, 2017;

Ngou et al., 2022).

Many PRR/peptidic DAMP/MAMP pairs triggering PTI

responses have been elucidated, like AtPep1 DAMP and

bacterial flg22 MAMP peptides, which are directly bound

by Arabidopsis PEPR1/2 and FLS2 PRRs, respectively

(Bigeard et al., 2015; Boutrot & Zipfel, 2017; Tang &

Wang, 2017). These PRRs require members of the

SOMATIC EMBRYOGENESIS RECEPTOR KINASE (SERK)

family, like BAK1, for active complex formation and down-

stream PTI activation (Bigeard et al., 2015; Boutrot & Zipfel,

2017; Tang & Wang, 2017). FLS2 and PEPR1/2 are receptor

kinase (RK) proteins with an ECD harboring leucine-rich

repeats (LRRs), a transmembrane domain (TM) and a cyto-

plasmic serine/threonine KD. Plant PRRs with LRR-ECDs

comprise about 50% of RKs (Bellande et al., 2017; del

Hierro et al., 2021). The Arabidopsis thaliana genome has

more than 600 genes encoding members of RKs, receptor-

like proteins (RLPs, with ECD and TM but lacking the KD)

and receptor proteins (RPs, with ECD but lacking TM),

which in some cases are clustered in the same plant geno-

mic region, illustrating their recent evolutionary divergence

(del Hierro et al., 2021; Franck et al., 2018; Ngou et al.,

2022).

In contrast to the extended knowledge of peptidic

DAMP and MAMP perception, our understanding of plant

immunity activation by carbohydrate-based DAMPs and

MAMPs is scarce. However, carbohydrates are highly

abundant molecules in plant and microbial extracellular

layers, such as cell walls, and several of them are known

to be perceived by the plant immune system and to trig-

ger PTI: oligosaccharides from chitin, e.g. chitohexaose

(b-1,4-D-N-acetylglucosamine)6 (CHI6), and b-1,3-glucan of

fungal/oomycete cell walls, peptidoglycan from bacterial

walls, and oligosaccharides derived from plant cell wall

polymers, such as cellulose (b-1,4-glucan), mixed-linked

glucans (MLGs; b-1,4/b-1,3-glucans), xyloglucan, mannan,

xylan and homogalacturonan/pectins (oligogalacturonides

or OGs), and from other glycans, such as fructans (Aziz

et al., 2007; Claverie et al., 2018; Denoux et al., 2008;

Gust et al., 2007; Kaku et al., 2006; Klarzynski et al., 2000;

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

et al., 2022; Voxeur et al., 2019; Wanke et al., 2020; Zang

et al., 2019). Remarkably, about 50% of RK/RLP/RP from

plant genomes have ECDs that are predicted to bind

carbohydrate-based ligands and are grouped in different

families: lysin motif (LysM), lectins (G-, L- and C-lectins),

crinkly-like (CR4L), wall-associated kinases (WAKs),

cysteine-rich kinases (CRK/DUF26) and families with mal-

ectin (MAL) or malectin-like domains (MLDs) in their

ECDs (LRR-MAL, MLD-LRRs and Catharanthus roseus

receptor-like kinases 1-like, CrRLK1Ls) (Bacete et al., 2018;

Bellande et al., 2017; del Hierro et al., 2021). Therefore,

oligosaccharide–PRR pairs are expected to play a role

in immune activation by carbohydrates in plants

(Cosgrove, 2022; Wan et al., 2021).

Cellulose, a linear polymer of b-1,4-glucosyl residues,
is present in all plants, most algae, some protists and

microbial (bacteria and oomycete) extracellular matrixes or

walls, being the most abundant biomolecule on earth

(Burton & Fincher, 2009; Kloareg et al., 2021; Morgan et al.,

2013). MLGs, consisting of unbranched and unsubstituted

chains of b-1,4-glucosyl residues interspersed by b-1,3-
linkages, are widely distributed as matrix polysaccharides

in the cell walls of plants from the Poaceae family (cereals),

but have also been reported in Equisetum spp. and other

vascular plants (Fry et al., 2008; Sørensen et al., 2008),

bryophytes and algae (Popper & Fry, 2003; Salme�an et al.,

2017), bacteria (P�erez-Mendoza et al., 2015), and fungi and

oomycetes (Fontaine et al., 2000; Pettolino et al., 2009;

Rebaque et al., 2021). MLG-derived oligosaccharides, e.g.

MLG43 (b-1,4-D-(Glc)2-b-1,3-D-Glc), MLG443 (b-1,4-D-(Glc)3-

b-1,3-D-Glc) and MLG34 (b-1,3-D-Glc-b-1,4-D-Glc2), are per-

ceived with different degrees of specificity by the immune

system of several plant species, e.g. Arabidopsis, Cap-

sicum annuum (pepper), Hordeum vulgare (barley), Oryza

sativa (rice), and Solanum lycopersicum (tomato), with

MLG43-mediated PTI responses being the best character-

ized (Barghahn et al., 2021; Rebaque et al., 2021; Yang, Liu,

et al., 2021a; Yang, Liu, et al., 2021b). Similarly, cellulose-

derived oligosaccharides, e.g. b-1,4-D-(Glc)2 to b-1,4-D-
(Glc)6 (cellobiose to cellohexaose or CEL2–CEL6), trigger

PTI responses in Arabidopsis, rice and other plant species

(Klarzynski et al., 2000; Locci et al., 2019; Rebaque

et al., 2021; Souza et al., 2017; Yang, Liu, et al., 2021a;

Yang, Liu, et al., 2021b). MLG- and CEL-derived oligosac-

charides are self-alert signals (DAMPs) of plant coloniza-

tion by pathogens, as they can be released from plant cell

walls by the activity of microbial endoglucanases, such as

cellulases, secreted during plant colonization (G�amez-

Arjona et al., 2022; Yang, Liu, et al., 2021b). MLGs can also

be perceived as MAMPs by plant species that do not con-

tain them in their cell walls (Barghahn et al., 2021; Rebaque

et al., 2021).

The mechanisms of oligosaccharide perception by

the mammal immune system through carbohydrate

� 2022 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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recognition domains are well documented (Bacete

et al., 2018; Cummings et al., 2022; Taylor et al., 2022). In

contrast, our understanding of the structural basis of

oligosaccharide perception by plant PRRs is limited and

mainly restricted to PRRs of the LysM family, e.g. CHITIN

ELICITOR RECEPTOR KINASE 1 (CERK1) and LysM motif

receptor kinases 4 and 5 (LYK4 and LYK5). Such proteins

harbor promiscuous ECDs involved in the activation of

PTI mediated by structural diverse ligands, such as CHI6–
CHI8, b-1,3-glucan (laminarihexaose, LAM6) and MLGs

(MLG43, MLG34 and MLG443) (Cao et al., 2014; Desaki

et al., 2018; Liu et al., 2012; M�elida et al., 2018; Miya

et al., 2007; Rebaque et al., 2021; Wanke et al., 2020; Will-

mann et al., 2011; Yang, Liu, et al., 2021b). Immune

responses triggered by CHI6, LAM6 and MLG43 are par-

tially impaired in cerk1 single and lyk4 lyk5 double

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

et al., 2018; Rebaque et al., 2021; Shimizu et al., 2010;

Yang et al., 2022). However, a direct binding of LAM6

and MLG43 to the A. thaliana CERK1 ECD was discarded

based on in silico structural molecular dynamics simula-

tions and isothermal titration calorimetry (ITC) binding

assays (del Hierro et al., 2021). These data suggest that

CERK1, LYK4 and LYK5 might function as protein part-

ners in the LAM6 perception system. Notably, rice

OsCERK1 seems to be the PPR binding MLG43 and

MLG443, whereas OsCeBIP, the rice chitin PRR, is

required for the perception of these ligands, but not for

their direct binding (Yang, Liu, et al., 2021b). In addition

to LysM-PRRs, Arabidopsis WAK receptors (e.g. WAK1

and WAK2) are PRRs required for the perception of OGs,

and the CrRLK1L member FERONIA (FER), with two

malectin-like domains in its ECD, binds homogalacturo-

nans (Brutus et al., 2010; Tang et al., 2022). Recently, two

LRR-RKs have been implicated in PTI activation triggered

by CEL-derived oligosaccharides in Arabidopsis (Zarattini

et al., 2021), and the CELLO-OLIGOMER RECEPTOR

KINASE 1 (CORK1, an LRR-MAL RK) has been described

to be required for CEL3 perception and PTI activation in

Arabidopsis (Tseng et al., 2022). However, the structural

bases of CEL-derived oligosaccharide recognition by

these putative PRRs have not yet been elucidated.

We designed genetic screenings in Arabidopsis to

identify mutants impaired in glycan (e.g. MLGs) perception

(igp). We selected several mutants (igp1–igp9) that are

impaired in the perception of both MLG43 and CEL3, but

not CHI6. Here we show that IGP1, IGP2/IGP3 and IGP4

encode three RK members (AT1G56145/CORK1,

AT1G56130 and AT1G56140, respectively) with LRR-MAL in

their ECDs. We also demonstrate that the ECD of IGP1, pre-

viously described as CORK1 (Tseng et al., 2022), binds

directly to CEL3 and CEL5 with high affinity, further sup-

porting its function as a plant PRR involved in the percep-

tion of cellulose-derived oligosaccharides. These results

expand our knowledge of the mechanisms of immune acti-

vation by oligosaccharides in plants.

RESULTS

Identification and isolation of Arabidopsis igp1–igp9

mutants

We generated an ethyl methanesulfonate (EMS) mutage-

nized population of the A. thaliana aequorin-based Ca2+

sensor line Col-0AEQ (Knight et al., 1991; M�elida et al., 2018;

Ranf et al., 2011) to perform a genetic screening aiming to

isolate mutants impaired in glycan perception (igp; Fig-

ure S1). First, we performed a genetic screening to identify

igp mutants impaired in MLG perception, and we selected

for the screening MLG43 trisaccharide as its PTI-mediated

responses in Arabidopsis are the best characterized (Bar-

ghahn et al., 2021; Rebaque et al., 2021; Yang, Liu,

et al., 2021a; Yang, Liu, et al., 2021b). Eight-day-old seed-

lings (about 6400 individuals) of 13 M2 EMS-mutagenized

Col-0AEQ families were grown in microtiter plates together

with the Col-0AEQ control line, treated with 100 lM MLG43,

and changes of cytoplasmic Ca2+ concentration were then

determined in a luminometer (Figure S1). Several mutants

(igp1AEQ–igp9AEQ) that showed a weaker Ca2+ burst than

that of Col-0AEQ plants were selected for further genetic

characterization (backcrosses and allelism tests; Figures 1a

and S2; Table S1). To assess the specificity of MLG43 per-

ception impairment in igp mutants we also treated igp

lines with CHI6 (50 lM) and found that it triggered similar

Ca2+ bursts in the igp mutants as those observed in Col-

0AEQ plants, whereas cerk1AEQ plants were fully impaired

in CHI6 perception, as previously reported (Figures 1b and

S2; M�elida et al., 2018; Rebaque et al., 2021). These data

suggest that the mechanism of perception of CHI6 and

MLG43 in Arabidopsis might not be identical, in contrast to

what has been described in rice (Yang et al., 2022). No

mutations were found in the Aequorin gene sequence in

igp1AEQ–igp3AEQ (Online data set), and no differences were

observed in endogenous Ca2+ levels between the igp1AEQ–
igp3AEQ and Col-0AEQ seedlings, based on Ca2+ discharge

analyses (Figure S1). These data support that the lower

Ca2+ bursts observed in MLG43-treated igp1AEQ–igp3AEQ

seedlings were the result of the defective perception of

MLG43.

igp1AEQ, igp2AEQ and igp3AEQ mutants harbor reces-

sive mutations (chi-square test, 0.7 > P > 0.5,

0.5 > P > 0.3 and 0.8 > P > 0.7, respectively; Table S2),

and igp2AEQ and igp3AEQ were allelic (chi-square test,

P > 0.95; Figure S1; Table S1). Genomic DNA from F2
progeny of igp1AEQ, igp2AEQ and igp3AEQ backcrosses

with Col-0AEQ was sequenced and assembled to identify

putative mutations (frequency higher than 0.99 in align-

ments; Table S2). We found that igp1AEQ has a point

mutation in the AT1G56145 gene, encoding an RK with

� 2022 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), 113, 833–850
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an LRR-MAL ECD, which resulted in E906K amino acid

change in its KD (Figure 2a). On the other hand, igp2AEQ

and igp3AEQ share the same point mutation in the

AT1G56130 gene, encoding an additional LRR-MAL RK,

which resulted in G773E amino acid change in its KD

(Figure 2a). Notably, these two LRR-MAL RKs are in a

genomic cluster with two additional genes, AT1G56120

and AT1G56140, which encode two additional LRR-MAL

RKs (Yang, Wang, et al., 2021). These RKs are members

of a specific group of LRR-MAL proteins that comprise at

least 13 genes in the A. thaliana genome, with

AT1G56120, AT1G56130, AT1G56140 and AT1G56145

genes constituting a specific clade of the family (Fig-

ure S3; del Hierro et al., 2021). This family has a few

characterized members, such as RFK1 (AT1G29720), that

promote compatible pollen grain hydration and pollen

tube growth (Lee & Goring, 2021), the recently described

IGP1/CORK1 protein (Tseng, et al., 2022), and the so-

called BRASSINOSTEROID (BR) KINASE (BSK) 3-

INTERACTING RLK (BSR) members, which are not well

characterized (Yang, Wang, et al., 2021).

Using reverse transcription quantitative real-time

polymerase chain reaction (RT-qPCR), we determined that

the expression of AT1G56140, but not that of AT1G56120,

AT1G56130 and AT1G56145, was upregulated upon treat-

ment of seedlings with MLG43, CHI6 and other glucans

(e.g. CEL3; Figure S3). We then selected T-DNA insertional

mutants of AT1G56120 and AT1G56140 genes and tested

their perception of MLG43 and CHI6 by determining the

upregulation of PTI marker genes WRKY53 and CYP81F2

using RT-qPCR (M�elida et al., 2018, Rebaque et al., 2021;

Figure S3). The expression of these genes was compro-

mised in the at1g56140 knockout mutant, whereas the

expression in the at1g56120 mutant was very similar to

that of Col-0 (Figure S3). Both mutants displayed a similar

upregulation of WRKY53 and CYP81F2 expression to that

of wild-type plants upon CHI6 treatment (Figure S3). To

further validate the phenotype of the at1g56140 mutant,

Figure 1. Identification of Arabidopsis thaliana mutants impaired in glycan perception (igp).

Ca2+ burst upon application of (a) 100 lM MLG43 and (b) 50 lM CHI6 was measured as relative luminescence units (RLUs) over time in Col-0AEQ and igpAEQ

mutants. The cerk1-2AEQ line, impaired in CHI6 perception, was included for comparison. Data represent the mean � standard error (n = 4 in Col-0AEQ and cerk1-

2AEQ; n = 8 in igpAEQ). Data are from one of the four experiments performed that gave similar results.

� 2022 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2023), 113, 833–850

836 Marina Mart�ın-Dacal et al.

 1365313x, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tpj.16088 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [11/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



we crossed this line with Col-0AEQ and the homozygous

at1g56140AEQ line generated was tested for Ca2+ burst

upon MLG43 and CHI6 treatment. at1g56140AEQ was

impaired in MLG43 but not CHI6 perception, like igp1AEQ–
igp3AEQ, and this defective response was not caused by

any alteration in the endogenous levels of Ca2+, as

revealed by Ca2+ discharge experiments. Accordingly, the

at1g56140 mutant was named igp4 and selected for further

analyses to determine the contribution of AT1G56140/IGP4

RK in the regulation of PTI responses mediated by MLG-

and CEL-derived oligosaccharides (Figure 2b). We assessed

the impact of the igp1–igp4 mutations on plant develop-

mental phenotypes and no significant differences were

observed in the rosette and silique size and morphology of

igp1AEQ and igp4AEQ plants in comparison with Col-0AEQ or

cerk1-2AEQ, whereas igp2AEQ/igp3AEQ plants have rosettes

and siliques slightly smaller than those of Col-0 plants or

cerk1-2AEQ (Figure S4). As the last two mutants are allelic,

we stuck to igp3AEQ to characterize its function across this

article. Accordingly, we will refer to IGP3 and IGP3, when

discussing the gene and the encoded protein, respectively,

affected in this mutant.

LRR-MAL RKs are also required for the perception of addi-

tional cellulose- and MLG-derived oligosaccharides

To assess the specificity of MAMPs and DAMPs that activate

the Ca2+ response through these LRR-MAL RKs, we mea-

sured the Ca2+ bursts in igp1AEQ, igp3AEQ, igp4AEQ and Col-

0AEQ seedlings after treatment with different DAMPs, i.e.

carbohydrate ligands such as CEL3 and OGs (DP10–DP12)
and the peptide AtPep1, and the MAMP flg22. Remarkably,

the three igpAEQ lines were almost fully impaired in CEL3-

mediated Ca2+ burst activation, suggesting that these RKs

are also required for the perception of cellulose-derived

oligosaccharides (Figure 3a,b). In contrast, the Ca2+

responses induced by flg22, OGs and AtPep1 treatments in

the mutants were similar to those observed in Col-0AEQ (Fig-

ure 3c–e). The response of igp5AEQ–igp9AEQ mutants to

CEL3 was also impaired (Figure S5), further supporting the

hypothesis that the mechanisms of perception of MLG43

and CEL3 in Arabidopsis share some components. As addi-

tional cellulose- and MLG-derived oligosaccharides, such as

cellobiose (CEL2), cellotetraose (CEL4), cellopentaose

(CEL5) and MLG34, trigger PTI in Arabidopsis (Locci

Figure 2. Identification of mutations in igp1–igp4 mutants.

(a) Representation of IGP1, IGP2/3 and IGP4 domains: leucine-rich repeat (LRR; blue), malectin (MAL; green), phosphorylase kinase (orange) and phophotrans-

ferase (yellow) of kinase domain (KD; white), N- and C-terminal domains (black lines) and transmembrane domain (TM; gray). Red arrows indicate the position

of the mutations in the coding regions of igp1AEQ, igp2AEQ and igp3AEQ, and the red triangle indicates the insertion of the T-DNA sequence in igp4 (Online data

set). (b) Ca2+ burst measured as relative luminescence units (RLUs) over time in Col-0AEQ, igp1AEQ, igp3AEQ and igp4/at1g56140AEQ seedlings upon treatment

with 100 lM MLG43. Data represent the mean � standard error (n = 4 in Col-0AEQ and n = 8 in igpAEQ). Total Ca2+ was discharged by the addition of 1 mM CaCl2
to the wells and these values were used for the calculation of the total Ca2+ % induced by MLG43 treatment (graph at top right). This is one of three experiments

performed that gave similar results.

� 2022 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), 113, 833–850
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et al., 2019; Rebaque et al., 2021; Souza et al., 2017), we also

determined the Ca2+ burst activated by these glycans in

igpAEQ mutants and Col-0AEQ. The three mutants showed

reduced Ca2+ influxes in comparison with Col-0AEQ upon

treatment with MLG34, CEL4 and CEL5 (Figure 4b,d,e), indi-

cating that the three LRR-MAL RKs are required for the per-

ception of these cellulose- and MLG-derived

oligosaccharides. By contrast, the Ca2+ influxes triggered by

CEL2 were, under our experimental conditions, very low,

even in Col-0AEQ (Figure 4f), suggesting that this disaccha-

ride has low immunogenic activity in Arabidopsis, and that

CEL3 is the cellulose-derived oligosaccharide with the low-

est degree of poyimerization (DP) perceived through the

sensing mechanism involving these RKs (Figure 4c).

Figure 3. Cytoplasmic calcium burst triggered by CEL3 is impaired in igpAEQ mutants.

Ca2+ burst measured as relative luminescence units (RLUs) over time in Col-0AEQ, igp1AEQ, igp3AEQ and igp4AEQ seedlings after treatment with: (a) 10 lM CEL3;

(b) 100 lM MLG43; (c) 0.5 mg mL�1 OGs; (d) 1 lM flg22; and (e) 1 lM AtPep1. Data represent the mean � standard error (n = 4 in Col-0AEQ and n = 8 in igpAEQ).

Data are from one of three experiments performed that gave similar results.

� 2022 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2023), 113, 833–850

838 Marina Mart�ın-Dacal et al.

 1365313x, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tpj.16088 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [11/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



To further validate whether the mechanism of percep-

tion of cellulose- and MLG-derived oligosaccharides in Ara-

bidopsis share some PRRs and signaling components, we

performed cross-elicitation experiments by treating 8-day-

old Col-0AEQ seedlings, first with MLG43 or CEL3, and a few

minutes later with either CEL3 or MLG43. In Col-0AEQ seed-

lings first treated with MLG43, Ca2+ influxes were not

observed upon the second application of CEL3

(MLG43 + CEL3), similarly to what was observed after treat-

ments with CEL3 + CEL3 and MLG43 + MLG43 (Figure S6),

indicating that the mechanisms of perception of MLG43 and

CEL3 share molecular components in Arabidopsis.

To confirm the role of this group of LRR-MAL recep-

tors as potential RKs for cellulose- and MLG-derived

oligosaccharide perception and PTI activation, we first

monitored ROS production in igp1AEQ, igp3AEQ, igp4, Col-0

and rbohD lines, impaired in DAMP/MAMP-triggered ROS

production (Morales et al., 2016), upon treatment with

MLG43, CEL3 and CHI6. The ROS burst was partially

impaired in the igp mutants compared with the Col-0

plants after treatment with MLG43, and was significantly

reduced, even to a higher extent, after CEL3 treatment (Fig-

ure 5a,b). In both cases, the reduction in ROS was not as

noticeable as in rbohD. Notably, the ROS burst in igp

mutants upon treatment with CHI6 and flg22 was not

altered in comparison with Col-0 plants (Figure S7), as

observed for the Ca2+ burst (Figure 3). Next, we tested the

phosphorylation of MAP kinases by Western blot. MPK3

and MPK6 phosphorylation triggered by MLG43 and CEL3

was reduced in igp1AEQ, igp3AEQ and igp4 plants, com-

pared with Col-0 plants, whereas it responded similarly to

Col-0 in response to CHI6 (Figure 5c). MPK4/11 phosphory-

lation was almost undetectable in either CEL3-treated or

MLG43-treated plants, as reported previously (Rebaque

et al., 2021). Last, we performed RT-qPCR analysis to study

the expression of two PTI-marker genes upregulated by

CHI6 and MLG43 (WRKY53 and CYP81F2; M�elida

et al., 2018, Rebaque et al., 2021). The upregulation of

WRKY53 and CYP81F2 in response to MLG43 and CEL3

was partially impaired in igp1AEQ, igp3AEQ and igp4 seed-

lings, compared with Col-0 plants, whereas it was similar

in response to CHI6 (Figure 5d,e). Together, these data

support the role of the three LRR-MAL RKs in the percep-

tion of cellulose-derived oligosaccharides and, to a lesser

extent, in the perception of MLG-derived oligosaccharides.

As previous works reported that MLG perception in

Arabidopsis and rice involved LysM-PRRs (e.g. CERK1,

LYK4 and LYK5 in Arabidopsis; Rebaque et al., 2021, Yang,

Liu, et al., 2021a), we determined ROS production, MPK3/

MPK6 phosphorylation and PTI marker upregulation upon

treatment with MLG43 or CEL3 in seedlings of Col-0, cerk1-

2 and the cerk1-2 lyk4 lyk5 triple mutant, which was gener-

ated in this work (Figure S8). cerk1-2 and cerk1-2 lyk4 lyk5

plants displayed similar ROS kinetics and bursts to those

of Col-0 after CEL3 treatment, and only a minor diminution

upon MLG43 treatment in comparison to Col-0, whereas

this PTI response was greatly impaired after CHI6 treat-

ment (Figure S8). Moreover, a slight reduction of the phos-

phorylation of MPK3/MPK6 in these mutants, compared

with Col-0, was observed upon MLG43 and CEL3 treat-

ment, although it was weaker than that observed with CHI6

(Figure S8). Also, the MLG43-mediated upregulation of

WRKY53 and CYP81F2 was only partially affected in cerk1-

2 and cerk1-2 lyk4 lyk5 plants, whereas it was not altered

upon CEL3 treatment (Figure S8). These data indicate that

MLG43 perception may involve CERK1, LYK4 and LYK5

LysM RKs, as described previously for MLGs in Arabidop-

sis and rice (Rebaque et al., 2021; Yang, Liu, et al., 2021b),

whereas these RKs have almost no contribution to CEL3

perception.

Model structures of IGP1, IGP3 and IPG4 proteins point to

their function as RKs

Malectin (MAL) domains like those present in the ECDs

of the LRR-MAL RK family have been previously

described in animals to bind short glycans, based on the

NMR structure of MAL from Xenopus laevis in complexes

with maltose and nigerose (Schallus et al., 2010). The

MAL domain and MLD are present in at least three fami-

lies of plant RKs (LRR-MAL, MLD-LRRs and CrRLK1Ls;

Yang, Wang, et al., 2021), and the ECDs of several

CrRLK1L members, e.g. ANXUR1 (ANX1), ANX2 and FER-

ONIA (FER), have been crystallized, but no oligosaccha-

ride ligands were identified in ITC binding experiments

(Moussu et al., 2018; Xiao et al., 2019). Phylogenetic anal-

yses of MAL domains of A. thaliana LRR-MAL RK mem-

bers (represented by IGP1/CORK1 and AT1G56145)

revealed that the MAL domain is highly conserved in cru-

ciferous and other dicot species (Figure S9; Yang, Wang,

et al., 2021). On the other hand, the MAL domain of

IGP1/CORK1, IGP3 and IGP4 are evolutionarily divergent

from ANX1 and ANX2 and Xenopus sp. MLD domains

(Figure S9; Yang, Wang, et al., 2021).

The model structures of IGP1/CORK1, IGP3 and IGP4

in the AlphaFold database display a spatial arrangement of

all domains that does not properly describe the expected

organization of these LRR-MAL RKs (Figure S10). There-

fore, to explore the impact of igp1 and igp2/igp3 point

mutations in the KD of these RKs, we first obtained models

with the correct domain organization, as described in the

Experimental procedures. These models provide a com-

plete picture of the proteins to be used as initial geome-

tries for further computational studies (Figure S11). We

then used TM-ALIGN (Zhang & Skolnick, 2005) to evaluate the

structural similarity of MAL domains from IGP1/CORK1,

IGP3 and IGP4 with several entries in the Protein Data Bank

(PDB, https://www.rcsb.org) with MAL and MLD domains

(five plant RKs from CrRLK1Ls and nine human and

� 2022 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), 113, 833–850
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bacteria proteins), including the NMR structures of malec-

tin from Xenopus laevis in complex with maltose (Schallus

et al., 2010), an apo form and a complex with nigerose

(Schallus et al., 2008), and the crystal structure of tandem

MLDs from the ANX1/ANX2 ECDs (Moussu et al., 2018). In

all cases, TM scores between 0.623 and 0.710 were found,

thus indicating highly similar folds of IGP MAL domains to

animal malectin and to plant MLD structures.

Similar structural comparison analyses were per-

formed for the KDs of IGP1/CORK1, IGP3 and IGP4, with

some kinase crystals, like MPK6 from Arabidopsis (5CI6,

Wang et al., 2016; 6DTL, Putarjunan et al., 2019). The struc-

tural alignment data showed that the IGP1/CORK1 KD is

noticeably different from that of the two other RKs because

of the extra loop seen in the intracellular part of its com-

plete structure (indicated by an arrow in Figure S11), which

is not predictable from IGP protein sequence alignments.

Notwithstanding, the conformation of side chains of cat-

alytic residues was found to be identical in wild-type and

mutant structures, a result worth emphasizing as the muta-

tion positions are near the catalytic site in both IGP1/

CORK1 and IGP3 (Figure S11). Next, we tested in silico the

possible structural impact of the single mutations of E906K

in IGP1/CORK1 and G773E in IGP2/IGP3 KDs by generating

new model structures of the KD of wild-type and mutants

with AlphaFold 2. We found that the backbones remained

unaltered, and that E906K in IGP1 and G773E in IGP2/IGP3

had the effect of increasing the surface patch associated

with the mutated position (Figure S11). However, the major

effect of these single mutations was found in the surface

electrostatic potential (Figure S11). The region around

E906 in wild-type IGP1/CORK1 shows a weakly negative

electrostatic character, whereas in the igp1 mutant the

E906 negative charge of IGP1/CORK1 is substituted for a

K906 positive charge, which gives rise to a strongly posi-

tive electrostatic potential in a large area around position

906 (Figure S11). The equivalent region around G773 in

wild-type IGP2/IGP3 displays a weakly positive electrostatic

character, which becomes strongly negative upon the

G773E mutation (Figure S11). It is noted that these electro-

static effects extend over a surface region far larger than

that expected from the small, exposed surface areas of

residues 906 and 773 (Figure S11). These changes in the

KD domains of IGP1/CORK1 and IGP2/IGP3 LRR-MAL RKs

might explain their loss of functionality. Additional muta-

tions in the KD of IGP1/CORK1 have been proven recently

to impair its kinase activity in phosphorylation experiments

performed in vitro with CORK1 recombinant proteins (wild-

type and mutant versions) expressed in Escherichia coli

(Tseng, et al., 2022).

The ECD of IGP1/CORK1 directly binds cellulose-derived

oligosaccharides CEL3 and CEL5

Based on the initial structural models of MAL domains in

the three LRR-MAL RKs and their similarities with the MAL

domain from Xenopus sp. that binds short glycans (Fig-

ure S11; Schallus et al., 2010), we tested whether ECDs of

these LRR-MAL RKs could be glycan receptors for

cellulose- and MLG-derived oligosaccharides. We

expressed the ECDs of IGP1/CORK1, IGP3 and IGP4 in

insect cells and purified them by affinity chromatography.

As the ECD of IGP3 turned out to form aggregates, this

ECD was not suitable for further purification steps and was

not available for binding experiments (Figure S12). Then,

ITC experiments (Sandoval & Santiago, 2020) were carried

out to test the binding of MLG43 and CEL3 to IGP1/CORK1

and IGP4 ECDs. The ITC results proved the existence of

direct interactions between CEL3 and the ECD of IGP1/

CORK1 (KD = 1.19 � 0.03 lM; Figure 6a), but not with the

ECD of IGP4 (Figure S12). However, the results obtained

with ITC clearly indicated that these ECDs did not bind, at

least directly, to MLG43 (Figures 6a,b and S12). Similar

binding experiments were performed with CEL5 and the

ECD of IGP1/CORK1 to determine the specificity of recep-

tor–ligand recognition, and direct binding was also

detected with similar high affinity (KD = 1.40 � 0.01 lM; Fig-
ure 6a). The binding reactions measured for CEL3 and

CEL5 were exothermic, with a single binding site (n = 1)

and very similar values of DH, indicating that extra sugar

subunits in the CEL5 oligomer do not improve the detected

binding. These data support the role of the ectodomain of

IGP1/CORK1 as a receptor for cellulose-derived oligosac-

charides and suggest that IGP4 RK might function as an RK

required for the sensing complex for cellulose- and MLG-

derived oligosaccharides.

DISCUSSION

Plant immunity is activated by a diverse set of ligands

(DAMPs and MAMPs) with different biochemical composi-

tion and structure. These DAMPs and MAMPs are specifi-

cally perceived by diverse sets of ECDs from plant PRRs,

triggering the formation of a ligand–PRR complex that

involves additional proteins that contribute to the function-

ality of the recognition complex (Bigeard et al., 2015;

Boutrot & Zipfel, 2017; Ngou et al., 2022). Some of the best-

characterized DAMPs and MAMPs are oligoglycans from

Figure 4. Calcium burst in response to MLG34- and cellulose-derived oligosaccharides is impaired in igp mutants.

Ca2+ burst measured as relative luminescence units (RLUs) over time in 8-day-old Col-0AEQ, igp1AEQ, igp3AEQ and igp4AEQ seedlings after treatment with: (a)

100 lM MLG43; (b) 100 lM MLG34; (c) 10 lM CEL3; (d) 10 lM CEL4; (e) 10 lM CEL5; and (f) 10 lM CEL2. Data represent the mean � standard error (n = 3 in the case

of Col-0 AEQ and n = 12 in the case of igpAEQ). The x-axis scale in (c) has been shortened for a better comparison of the enhanced response of seedlings to CEL3.

Data are from one of three experiments performed that gave similar results.

� 2022 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), 113, 833–850
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Figure 5. Activation of pattern-triggered immunity (PTI) hallmarks by MLG43, CEL3 and CHI6 in igpAEQ.

(a, b) Reactive oxygen species (ROS) production was monitored as H2O2 production over a period of 50 min by luminol assays and measured as relative lumi-

nescence units (RLUs) in the indicated genotypes; 100 lM MLG43 (a) and 10 lM CEL3 (b) were added 5 min after the transfer to the luminometer of the plate with

seedling and luminol reagents. Data represent mean � standard error (n = 8). Comparison with Col-0 assessed by Student’s t-test (n = 24) at the time of the Col-

0 peak shows statistically significant differences for igp1AEQ and igp3AEQ (P < 0.01) and igp4AEQ (P < 0.001) in response to MLG43. Likewise, all three mutants

show statistical differences at P < 0.001, compared with Col-0, in response to CEL3. rbohD plants impaired in ROS production showed statistically significant dif-

ferences (P < 0.001) with both treatments. These results are from one representative experiment out of three performed that gave similar results. The inset in (b)

has been included in the graph to allow an easy comparison of the RLU data for igp1AEQ and Col-0. (c) Mitogen-activated protein kinase (MAPK) phosphorylation

was analyzed in seedlings of Col-0, igp1AEQ, igp3AEQ and igp4AEQ treated with 100 lM MLG43, 10 lM CEL3, 50 lM CHI6 or water (mock). Western blotting using

anti-pTEpY antibody (anti-p42/44) for phosphorylated MAPK moieties was performed with samples harvested at 10 and 20 min. Mock samples (Mo) correspond-

ing to a 10-min treatment with water were included as basal expression controls. Black arrows indicate the positions of phosphorylated MPK6 (top), MPK3 (mid-

dle) and MPK4/11 (bottom). Anti-MPK3 was used as a total protein control to show the loading of each gel. These results are from one representative

experiment out of two performed that gave similar results. (d, e) RT-qPCR analysis in the indicated genotypes. Expression levels of CYP81F2 (d) and WRKY53 (e)

genes, relative to the housekeeping gene UBC21 (AT5G25769) 30 min after mock treatment (M) or the application of the oligosaccharides (T) are shown. Data

represent mean � standard error of three technical replicates out of three independent biological replicates (n = 3). Statistically significant differences between

MLG43-, CEL3- or CHI6-treated igpAEQ versus treated Col-0 according to Student’s t-test (*P < 0.05, **0.01 < P > 0.001, ***P < 0.001).

� 2022 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2023), 113, 833–850
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fungal chitin (e.g. CHI6) or plant pectins (e.g. OGs), which

are perceived by LysM-PRRs and WAK1/2/FER1-PRRs,

respectively (Brutus et al., 2010; Miya et al., 2007; Tang

et al., 2022). Several glycan ligands derived from cell walls

or extracellular matrixes from plants or microorganisms

that trigger immune responses in plants have recently been

described (Aziz et al., 2007; Barghahn et al., 2021; Claverie

et al., 2018; Denoux et al., 2008; Gust et al., 2007; Kaku

et al., 2006; Klarzynski et al., 2000; M�elida et al., 2018; M�elida

et al., 2020; Rebaque et al., 2021; Versluys et al., 2022;

Voxeur et al., 2019; Wanke et al., 2020; Yang, Liu,

et al., 2021a; Yang, Liu, et al., 2021b; Zang et al., 2019).

Among them are oligosaccharides derived from b-glucans
of plant cell walls, like MLGs (e.g. MLG43, MLG34 and

MLG443), or cellulose (e.g. CEL2, CEL3, CEL4, CEL5 and

CEL6). Here, we describe a group of Arabidopsis thaliana

RKs – IGP1, IGP3 and IGP4 – with LRR-MAL domains in their

ECDs that are required to trigger immune responses medi-

ated by oligosaccharides derived from cellulose (e.g. CEL3–
CEL5) and MLGs (e.g. MLG43 and MLG34) (Figures 1 and 2).

Figure 6. The IGP1/CORK1 ectodomain (ECD) directly binds CEL3- and CEL5-derived oligosaccharides.

(a) Isothermal titration calorimetry (ITC) experiments of ECD-IGP1/CORK1 versus CEL3, MLG43 and CEL5. (b) ITC summary of ECD-IGP1 and ECD-IGP4 versus

CEL3, MLG43 and CEL5. The binding affinities of ECD-IGP1/CORK1 are reported as KD (dissociation constant, in micromoles), DP indicates measured power dif-

ferential between the reference and sample cells to maintain a zero temperature between the cells inside the ITC device, N indicates the reaction stoichiometry

(N = 1 for a 1:1 interaction) and DH indicates the enthalpy variation. Values indicated in the table are means � SDs of independent experiments (n = 2). n.d., no

binding detected.

� 2022 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), 113, 833–850

Novel LRR-MAL-RKs required for plant immunity 843

 1365313x, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tpj.16088 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [11/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



We demonstrate by ITC binding experiments that the IGP1/

CORK1 RK is a PRR for cellulose-derived oligosaccharides,

further supporting its recently proposed function by Tseng

et al. (2022) that identified CORK1/IGP1 in a similar genetic

screening to the one performed here. We demonstrate the

direct interaction of IGP1/CORK1-ECD with CEL3 and with

CEL5 with high affinity (KD = 1.19 � 0.03 lM and

KD = 1.40 � 0.01 lM, respectively), and the absence of bind-

ing with MLG43, at least under the in vitro conditions of ITC

tested (Figures 6 and S12). Our data suggest that the IGP1/

CORK1 RK might be a true PRR receptor for CEL3–CEL5
oligosaccharides, and that IGP3 and IGP4 RKs might func-

tion in Arabidopsis as components of the PRR complex

involved in the perception of these oligosaccharides or the

signaling complex activating downstream PTI responses

(Figure 5). A recent article reports that two LRR RKs, SIF2

(AT1G51850) and SIF4 (AT1G51820), are also required for

the immune responses triggered by cellulose-derived

oligosaccharides and could also be part of the PRR complex

involved in their perception (Zarattini et al., 2021). Also, a

poly(A)-specific ribonuclease (AtPARN, AT1G55870) was

found to be required for the regulation of the immune

responses triggered by CEL3 in Arabidopsis, probably

through a mechanism of degradation of the polyA tail from

specific mRNAs (Johnson et al., 2018). However, this

AtPARN regulatory mechanism of CEL3-mediated

responses acts downstream of CEL3 perception by PRRs at

the cell surface described here.

Our results point to the LRR-MAL RK family as a set of

plant proteins involved in the perception of carbohydrate-

based DAMPs and MAMPs, as previously suggested (del

Hierro et al., 2021). So far, the plant RKs described to be

involved in glycan perception belong to the LysM, WAK

and CrRLK1 RK families (Bellande et al., 2017; Brutus

et al., 2010; Cao et al., 2014; del Hierro et al., 2021; Liu

et al., 2012; Liu et al., 2016; Tang et al., 2022; Wong

et al., 2020). The function of most of these proteins in

oligosaccharide perception and PTI activation was discov-

ered through the isolation and characterization of Ara-

bidopsis mutants (e.g. cerk1, lyk4, lyk5, wak1, wak2 and

fer1). In general, such mutants share redundant functions

with additional RKs, and therefore individually they are

either unaffected or only partially impaired in PTI

responses triggered by specific DAMPs and MAMPs.

Accordingly, higher-order RK mutants that overcome

redundancy must be analyzed to observe PTI-deficient phe-

notypes (Brutus et al., 2010; Cao et al., 2014; D€unser

et al., 2019; Guo et al., 2018; Liu et al., 2012; Liu

et al., 2016; Miya et al., 2007). Similarly, our genetic screen-

ing led to the identification of nine mutants impaired in

glycan perception (igp1–igp9), among them IGP1/CORK1,

IGP2/IGP3 and IGP4 have been isolated as mutants

impaired in MLG43 recognition, and later proven to also

be defective in the perception of cellulose-derived

oligosaccharides (CEL3–CEL5; Figures 3 and 4). These

results suggest that the mechanisms of perception of CEL-

and MLG-derived oligosaccharides overlap in Arabidopsis,

and this is supported by CEL3/MLG43 cross-elicitation

experiments (Figure S6). However, despite the similarities

between the mechanisms of perception of MLG- and CEL-

derived oligosaccharides, some differences might exist

among them. For example, we found that LysM RKs (i.e.

CERK1, LYK4 and LYK5) have a partial contribution in the

perception of MLG43 (Figure S8), as described previously

(Rebaque et al., 2021). In contrast, their role in CEL3 per-

ception is residual as only minor differences in PTI activa-

tion were observed in cerk1-2 and cerk1-2 lyk4 lyk5 triple

mutants in comparison with Col-0 plants treated with CEL3

(Figure S8). The partial requirement of LysM RKs for MLG

perception in Arabidopsis is in line with the described

function of rice LysM RK members in the perception of

MLG-derived oligosaccharides and immune activation.

OsCERK1 has been suggested to be the PRR receptor of

MLG-derived oligosaccharides based on microscale ther-

mophoresis analysis performed with the ECD produced in

baculovirus, whereas OsCeBiP, the rice receptor for chitin-

derived oligosaccharides, has been proposed to be the

MLG co-receptor of CERK1, based on the lack of binding of

its ECD to these MLG ligands (Yang, Liu, et al., 2021b). The

KD values of ECD–OsCERK1 for MLG43 are in the range of

1–2 lM, similar to that found for IGP1/CORK1 binding to

CEL3/CEL5 in this work (Figure 6), and to that of ECD–
OsCeBiP for CHI6 (Yang, Liu, et al., 2021b). Of note, the

perception of CHI6 is neither altered in igp1-igp4 nor

altered in igp5-igp9 mutants (Figures 1 and S2), further

indicating that Arabidopsis IGP1–IGP9 proteins are not

required for CHI6 perception. These data point to separate

mechanisms for the perception of CHI6 and the CEL3- and

MLG43-derived oligosaccharides in Arabidopsis, but also

to some differences in the mechanism of perception of

CEL3 (independent of CERK1, LYK4 and LYK5, and with

IGP1/CORK1 as a true PRR) and MLG43 (requiring CERK1,

LYK4 and LYK5, with the true PRR yet to be determined).

The role of LysM RKs in the mechanisms of perception of

several glycans and in plant–microbe interactions is an

emerging issue (Yang, Wang, et al., 2021). The mecha-

nisms of PTI activation mediated by IGP1, IGP3 and IGP4

LRR-MAL RKs described here also differ from that of pectin

and OG perception involving FER1 and WAK1–WAK2 (Bru-

tus et al., 2010; D€unser et al., 2019; Tang et al., 2022),

respectively, and that of other MAMPs and DAMPs (e.g.

flg22 and AtPEP1), because the Ca2+ burst in igp1AEQ–ig-
p4AEQ upon treatment with these elicitors was similar to

that of Col-0AEQ plants (Figure 3c–e). All these data support

the specific function of IGP1/CORK1, IGP3 and IGP4 RKs in

MLG- and CEL-derived oligosaccharide recognition.

The crystallized structures of ECDs of CERK1- and

chitin-derived oligosaccharides revealed the structural

� 2022 The Authors.
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basis of this recognition (Liu et al., 2012; Yang, Liu,

et al., 2021b). Other plant ECD-RKs like ANX1, ANX2 and

FER1, which harbor two tandem MLDs, have been also

purified and crystallized, but their putative glycoligand(s)

has not been identified (Moussu et al., 2018). Notably, the

MLDs of ANX1, ANX2 and FER1 seem to show some differ-

ences compared with those MAL domains present in the

ECDs of the three IGP RKs identified in this work, which

also contain an N-terminal LRR domain (Figure S11; (Yang

et al., 2021)). We have generated de novo structural mod-

els for the three LRR-MAL RKs, and these models suggest

that IGP1/CORK1, IGP3 and IGP4 have similar structures, in

line with their putative recent evolutionary divergence

(Figure S3), although IGP1/CORK1 has an extra loop in its

KD (Figure S11). Remarkably, MAL domains of these RKs

are structurally very similar to that of the MAL protein of

Xenopus sp., which is involved in oligosaccharide binding,

and to that of plant ANX1/ANX2 from the CrRLK1 family

(Figure S11). In recent reports by Tseng et al. (2022), two

Phe residues conserved in all A. thaliana MAL domains,

but not in MAL from Xenopus sp. (Schallus et al., 2010) are

noted as essential for CEL3 perception and PTI activation,

but this hypothesis has not been validated through binding

experiments. Therefore, we hypothesize that the LRR

domain of ECDs in IGP1/CORK1 might be essential for the

formation of the structural pocket involved in the observed

CEL3 and CEL5 binding. Obtaining crystallized structures

of CEL3/ECD-IGP1 will contribute to decipher the structural

bases of CEL3–CEL5 recognition by LRR-MAL ECD.

We show here that igp1 and igp2/igp3 mutants have

point mutations in their KDs that may impact their func-

tionality (Figure 2). E906K in IGP1/CORK1 and G773E in

IGP3 do not seem to impair the catalytic sites of these RKs,

which are predicted to be almost identical to that of wild-

type KDs (Figure S11). However, such mutations are pre-

dicted to increase the surface patch, resulting in drastic

changes on the surface electrostatic potential of the resi-

dues around the mutated positions (Figure S11). As kinase

activity can be altered by mutations at distant residues

from the active site (McClendon et al., 2014), we can

hypothesize that E906K and G773E mutations might either

affect the catalytic activity of the KDs or interfere with the

interaction of the RK KDs with other RKs, like true PRR for

MLG43 perception, co-receptors proteins of IGP1/CORK1

PRR (e.g. IGP2/3 and IGP4) or additional protein partners.

The exogenous application of glycans enhanced dis-

ease resistance of different plant species to diverse patho-

gens, acknowledging the relevance of these carbohydrate-

based ligands released during plant–microbe interaction in

the regulation of plant disease resistance (M�elida

et al., 2018; Rebaque et al., 2021). This oligosaccharide-

mediated priming effect on PTI and disease resistance has

driven the development of sustainable crop protection solu-

tions based on combinations of active glycans (DAMPs and

MAMPs; Chaliha et al., 2020, Lemke et al., 2022). The discov-

ery of counterpart receptors for these active glycans in

crops would accelerate the selection of the corresponding

genes in breeding programs to enhance crop disease resis-

tance. Notably, the IGP1/CORK1, IGP3 and IGP4 genes are in

a cluster in the A. thaliana genome, indicating recent dupli-

cation events (Yang, Wang, et al., 2021). These genes form

part of a family of at least 13 members that has not been

characterized in detail previously, except for RFK1, a protein

involved in pollen tube growth (Lee & Goring, 2021). This

clade of LRR-MAL RKs seems to be conserved and diversi-

fied in dicots (Fig. S10) and in some monocots, like rice.

However, the few relatives RKs found in grasses are struc-

turally dissimilar and phylogenetically distant (Yang, Wang,

et al., 2021).

The MLG- and cellulose-derived oligosaccharides can

also be released upon alteration of plant cell wall integrity

triggered by other stresses (e.g. salt or drought) or across

plant development (e.g. during cell wall remodeling;

Bacete et al., 2022, Gigli-Bisceglia et al., 2022). During

these processes plant endogenous enzymes can hydrolase

cell wall polysaccharides, as described recently for a Zea

mays (maize) GH17 licheninase that releases MLG43-

derived and other oligosaccharides (Kraemer et al., 2021).

The characterization of the role of glycan-mediated

responses in these additional processes must be deter-

mined to understand their interaction with PTI/disease

resistance responses and their impact on plant fitness.

Also, the regulation of the homeostasis of cell wall-derived

oligosaccharides needs to be analyzed in depth. For exam-

ple, several plant berberine-bridge enzymes control CEL–
oligosaccharide homeostasis by oxidating the anomeric

carbon of CEL3–CEL6 oligosaccharides, thus reducing both

their activity as DAMPs and their preferred use as a carbon

source by fungi (Benedetti et al., 2018). In summary, our

results contribute to further understanding the mecha-

nisms of perception of oligosaccharides by the plant

immune system and to expand the set of families of PRRs

and the ECD structures involved in ligand recognition and

immune activation in plants.

EXPERIMANTAL PROCEDURES

Biological material and growth conditions

The A. thaliana lines used in this study, all in the Columbia-0 (Col-0)
background, were Col-0AEQ, carrying the calcium reporter aequorin
protein (Knight et al., 1991; Ranf et al., 2011), cerk1-2AEQ (Ranf
et al., 2011), rbohD (Morales et al., 2016) and igpAEQ, isolated in this
work. The cerk1-2 lyk4 lyk5 triple mutant was generated by crossing
cerk1-2 and the lyk4 lyk5 double mutant (Rebaque et al., 2021) and
selecting the triple mutants with the oligonucleotides described
(Table S3). The at1g56140 (igp4) and the at1g56120 T-DNA mutants
were obtained from NASC (SALK_005808 and SALK_043782,
respectively). Plants used for cytoplasmatic Ca2+ measurements and
ROS were grown in 96-well plates (with one seedling per well), and

� 2022 The Authors.
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for MAPK phosphorylation and gene expression analyses plants
were grown in 24-well plates (with approx. 10 seedlings per well).
Seedlings were grown under long-day conditions (14 hours of light)
at 19–22°C in half-strength liquid MS medium. Plants were also
grown in a soil–vermiculite (3:1) mixture under a short-day pho-
toperiod (10 h of light/14 h of dark, 21–20°C) or a long-day photope-
riod (14 h of light/10 h of dark, 19–22°C).

Carbohydrates used in the experiments

MLG43 (b-1,4-D-(Glc)2-b-1,3-D-Glc; #O-BGTRIB), MLG34 (b-1,3-D-
(Glc)2-b-1,4-D-Glc; #O-BGTRIA), hexaacetyl-chitohexaose (CHI6; b-
1,4-D-(GlcNAc)6; #O-CHI6), CEL3 (b-1,4-D-(Glc)3; O-CTR), CEL4 (b-
1,4-D-(Glc)4; #O-CTE), CEL5 (b-1,4-D-(Glc)5; #O-CPE) were pur-
chased from Megazyme (https://www.megazyme.com). CEL2 (cel-
lobiose, b-1,4-D-(Glc)2; C7252) came from Sigma-Aldrich (https://
www.sigmaaldrich.com). OGs (galacturonan oligosaccharides
mixture DP10/DP15; GalAa1–4(GalAa1–4)8�13GalA; GAT114) were
from ELICITYL (https://www.elicityl-oligotech.com). Peptides flg22
and AtPEP1 were from EZBiolab (http://www.ezbiolab.com) and
Abyntek (https://www.abyntek.com), respectively.

Genetic screening to identify igp mutants

Col-0AEQ seeds were mutagenized with 0.3% EMS for 17 h. Seeds
were sown in soil–vermiculite (3:1) to obtain next-generation
seeds (e.g. M1 and M2) (Ranf et al., 2012). M2 seedlings were
grown in vitro for 8 days, and cytoplasmic Ca2+ influxes were eval-
uated using a Varioskan Lux Reader luminometer (ThermoFisher
Scientific, https://www.thermofisher.com) upon treatment with
100 lM MLG43, as described (Rebaque et al., 2021). Seedlings with
low response to MLG43 were transferred to soil (230 putative
mutants out of 6400 total seedlings screened), self-crossed and
then the Ca2+ burst was tested in F1 seedlings to confirm the
impaired response to MLG43. Validated igp mutants (igp1AEQ–ig-
p3AEQ and igp5AEQ–igp9AEQ, described here, and igp10AEQ–ig-
p20AEQ, not described here) were selected for further
characterization and backcrossed with Col-0AEQ. Total Ca2+ dis-
charge was performed by treating seedlings with 1 M CaCl2 and
then the Ca2+ burst was measured in the luminometer.

Mapping by whole-genome sequencing and SNP analysis

Tissue from 50 individuals of F2 igp
AEQ 9 Col-0AEQ segregating plants

with impaired response to MLG43 and from control line Col-0AEQ

was harvested and pooled for whole-genome sequencing of gDNA
to identify single-nucleotide polymorphisms (SNPs) associated with
phenotypes in igpAEQ. Sequencing (150-bp paired-end reads) was
performed on an Illumina platform (https://www.illumina.com) to
reach a coverage of 30 million reads (Andrews, 2010), which were
aligned with BWA-MEM 0.7.17 (Macrogen, https://dna.macrogen.com)
against the A. thaliana TAIR10 genome release (Li, 2013). BAM files
were obtained with SAMTOOLS 1.15.1 (http://www.htslib.org). The vari-
ant caller 16GT DOCKER IMAGE was employed to obtain VCF files (Dane-
cek et al., 2021; Luo et al., 2017). From these VCF files, chromosome,
position, reference, alternate and allelic depth (AD) fields were
extracted with BCFTOOLS 1.15.1, and SNPs were subtracted from the
resulting files. Frequency was calculated from AD fields as follows:
[AD-alternate allele/(AD-alternate allele + AD-reference allele)]. SNPs
with frequency values higher than 0.99 were selected for further anal-
yses (Online data set; Table S2).

Determination of PTI responses

Reactive oxygen species (ROS; H2O2) production was determined
in 10-day-old seedlings after treatment with MAMPs and DAMPs

using the luminol assay, as described by Rebaque et al. (2021).
MAPK activation was determined in 12-day-old seedlings grown
on half-strength liquid MS medium and treated with water (mock)
or different oligosaccharides for 0, 10 and 20 mins. Then seedlings
were harvested and Western blotting was performed as described
previously, with a few modifications (Rebaque et al., 2021). Gene
expression analysis was carried out in 12-day-old seedlings grown
on half-strength liquid MS medium, and treated with oligosaccha-
rides (i.e. 100 lM MLG43, 10 lM CEL3 or 50 lM CHI6) or water
(mock) for 30 min. Then total RNA extraction and RT-qPCR analy-
ses were performed as described by Rebaque et al. (2021). Gene
expression and normalization to mock samples were determined
using PFAFFL (Pfaffl, 2001). The oligonucleotides used for PCR are
described in Table S3.

Phylogenetic analysis

The evolutionary history of IGP proteins was inferred using the
minimum evolution (ME) method (Rzhetsky & Nei, 1992). The
bootstrap consensus tree inferred from 1000 replicates is taken to
represent the evolutionary history of the taxa analyzed (Felsen-
stein, 1985). Branches corresponding to partitions reproduced in
less than 50% bootstrap replicates are collapsed. The percentage
of replicate trees in which the associated taxa clustered together
in the bootstrap test (1000 replicates) are shown next to the
branches (Felsenstein, 1985). The evolutionary distances were
computed using the p-distance method (Nei & Kumar, 2000). The
ME tree was searched using the close-neighbor-interchange (CNI)
algorithm (Nei & Kumar, 2000) at a search level of 1. The
neighbor-joining algorithm (Saitou & Nei, 1987) was used to gen-
erate the initial tree. The analysis involved 25 amino acid
sequences. All ambiguous positions were removed for each
sequence pair and a total of 709 positions were present in the final
data set. Evolutionary analyses were conducted in MEGA 6 (Tamura
et al., 2013).

Structure analyses in silico

Model structures of IGP1/CORK1/AT1G56145, IGP3/AT1G56130
and IGP4/AT1G56140 were downloaded from the AlphaFold Pro-
tein Structure Database (Tunyasuvunakool & Adler, 2021). They
present six identifiable domains: N-terminal containing a signal
peptide annotated in PFAM (Mistry et al., 2021), LRR, MAL, TM, KD
and the C-terminal tail. The plDDT metric over most of LRR, MAL
and KDs is ≥90% (Figure S10) (Jumper et al., 2021). To achieve the
proper extracellular/TM/intracellular domain separation, and tak-
ing the IGP4 model as the benchmark, we proceeded as follows:
(i) torsions were applied to backbone dihedral angles in the seg-
ment following MAL (magenta box in Figure S10) with CHIMERA 1.15
(Pettersen et al., 2004); (ii) energy minimization of the extended
segment joining the MAL and TM domains was performed with
CHIMERA 1.15, keeping all the remaining structure fixed; (iii) the
resulting structure was inserted in a pre-equilibrated model of a
bilayer composed of 256 phosphatidylcholine (POPC) lipids with a
pore of radius 8 �A, downloaded from the CHARMM-GUI archive
(Jo et al., 2007), and the protein-bilayer system was parametrized
using the CHARMM 3.6 force field (Huang et al., 2017) with CHARMM-
GUI (Jo et al., 2008); (iv) the protein bilayer system was solvated
with a 16-�A margins solvation box and NaCl 0.150 M salt ions with
VMD 1.9.3 (Humphrey et al., 1996), and the whole structure was
optimized with 10 000 conjugated gradient minimization steps
using NAMD 2.14 (Phillips & Hardy, 2020). The optimized final struc-
ture of IGP4 was then used as the input for modeling the corre-
sponding structures of IGP1/CORK1 and IGP3 with SWISS-MODEL

(Waterhouse et al., 2018) in ‘user template mode’. The structural
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comparisons of MAL and KD were analyzed with the TM-Align
web server (Zhang & Skolnick, 2005) The structural analysis of
mutants IGP1-E906K and IGP3-G773E, and their corresponding
wild-type KDs, was addressed by modeling them separately with
AlphaFold 2 (Jumper et al., 2021) using ColabFold (Mirdita &
Sch€utze, 2022). Poisson–Boltzmann (PB) electrostatic potentials
(EPs) were computed with the Adaptive Poisson Boltzmann Sol-
ver, APBS 3.0.0 (Jurrus et al., 2018) through its plug-in in PYMOL 2.5.1
(Schr€odinger, 2020), solving the nonlinear PB equation in sequen-
tial focusing multigrid mode at 3D grids of 1613 = 4 173 281 points
(approx. 0.5-�A step size), with T = 298 K, ionic concentration of
0.150 M (NaCl), and dielectric constants of 4.00 for proteins and
78.54 for water. The PB EP was then mapped onto molecular sur-
faces computed and rendered with PYMOL 2.5.1 (Schr€odinger, 2020).

Protein expression and purification from insect cells

Codon-optimized synthetic genes corresponding to the ectodo-
mains of AT1G56145 (residues 25–630), AT1G56140 (residues 29–
636) and AT1G56130 (residues 30–636) from Invitrogen GeneArt
were cloned into a modified pFastBac donor vector (Geneva Bio-
tech, https://geneva-biotech.com) harboring the Drosophila BiP
(Smakowska-Luzan et al., 2018) or the 30K Bombyx mori (Soejima
et al., 2013) secretion signal peptides, and with a TEV (tobacco
etch virus protease) cleavable C-terminal StrepII-9xHis tag. Bac-
ulovirus vectors were generated in DH10MultiBac E. coli cells
(Geneva Biotech). Briefly, virus amplification was carried out in
Spodoptera frugiperda Sf9 cells (Geneart, Thermo Fisher Scien-
tific) and was used to infect Trichoplusia ni Tnao38 cells (Hashi-
moto et al., 2012) for protein expression. The cells were grown for
1 day at 28°C and for 2 days at 22°C with gentle shaking. The
secreted proteins were subjected to tandem affinity purification,
using Ni2+ (HisTrap excel, equilibrated in 25 mM KPi, pH 7.8, and
500 mM NaCl; GE Healthcare, https://www.gehealthcare.com) and
Strep columns (Strep-Tactin Superflow high-capacity; IBA, https://
www.iba.de) equilibrated in (25 mM Tris, pH 8.0, 250 mM NaCl,
1 mM EDTA. Affinity tags were removed using His-tagged TEV pro-
tease in a 1:50 ratio at 4°C overnight. Separation of cleavage tags
and aggregated proteins was performed using size-exclusion
chromatography on a Superdex 200 Increase 10/300 GL column
(GE Healthcare) equilibrated in 20 mM citric acid, pH 5.0, 150 mM

NaCl. Proteins were analyzed for purity and structural integrity by
SDS-PAGE.

Analytical size-exclusion (SEC) chromatography

Analytical size-exclusion experiments were performed on a Super-
dex 200 Increase 10/300 GL column (GE Healthcare) equilibrated in
20 mM citric acid, pH 5.0, 150 mM NaCl. A 400-lg portion of protein
(aprox. 6 lM) was injected using a loop of 1 mL, and the sample
was eluted with a flow of 0.5 mL min�1. UV absorbance at 280 nm
was used to monitor the elution of proteins. The peak fractions
were analyzed by SDS-PAGE followed by Coomassie blue stain-
ing.

Isothermal titration calorimetry (ITC)

Experiments were performed at 25°C using a MicroCal PEAQ-ITC
(Malvern Instruments, https://www.malvernpanalytical.com) with
a 200-lL standard cell and a 40-lL titration syringe. Briefly, for
ITC experiments in MicroCal PEAQ-ITC, proteins were gel-filtrated
into the ITC buffer (20 mM sodium citrate, pH 5.0, 150 mm NaCl).
A 3-lL sample of potential ligand (CEL3, CEL5 or MLG43) was
injected at a concentration range between 135 and 400 lM into
the ITC cell containing ECDs of AT1G56145 or AT1G56140 protein

at 9 lM. A total of 13 injections were performed at 150-s intervals
with a 500-rpm stirring speed. Dilution heat was corrected using
the thermograph of the titration of the ligand into the cell con-
taining only buffer as a control. Experiments were performed in
duplicate or triplicate, unless otherwise specified, and data were
analyzed using the MICROCAL PEAQ-ITC analysis software provided by
the manufacturer. All ITC runs used for data analysis have an N
ranging from 0.98 to 1.05. The N values were fitted to 1 in the
analysis.
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Leucine rich repeat-malectin receptor kinases IGP1/CORK1, IGP3 and IGP4 
are required for arabidopsis immune responses triggered by 
β-1,4-D-Xylo-oligosaccharides from plant cell walls 
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A B S T R A C T

Pattern-Triggered Immunity (PTI) in plants is activated upon recognition by Pattern Recognition Receptors 
(PRRs) of Damage- and Microbe-Associated Molecular Patterns (DAMPs and MAMPs) from plants or microor
ganisms, respectively. An increasing number of identified DAMPs/MAMPs are carbohydrates from plant cell 
walls and microbial extracellular layers, which are perceived by plant PRRs, such as LysM and Leucine Rich 
Repeat-Malectin (LRR-MAL) receptor kinases (RKs). LysM-RKs (e.g. CERK1, LYK4 and LYK5) are needed for 
recognition of fungal MAMP chitohexaose (β-1,4-D-(GlcNAc)6, CHI6), whereas IGP1/CORK1, IGP3 and IGP4 
LRR-MAL RKs are required for perception of β-glucans, like cellotriose (β-1,4-D-(Glc)3, CEL3) and mixed-linked 
glucans. We have explored the diversity of carbohydrates perceived by Arabidopsis thaliana seedlings by deter
mining PTI responses upon treatment with different oligosaccharides and polysaccharides. These analyses 
revealed that plant oligosaccharides from xylans [β-1,4-D-(xylose)4 (XYL4)], glucuronoxylans and α-1,4-glucans, 
and polysaccharides from plants and seaweeds activate PTI. Cross-elicitation experiments of XYL4 with other 
glycans showed that the mechanism of recognition of XYL4 and the DAMP 33-α-L-arabinofuranosyl-xylotetraose 
(XA3XX) shares some features with that of CEL3 but differs from that of CHI6. Notably, XYL4 and XA3XX 
perception is impaired in igp1/cork1, igp3 and igp4 mutants, and almost not affected in cerk1 lyk4 lyk5 triple 
mutant. XYL4 perception is conserved in different plant species since XYL4 pre-treatment triggers enhanced 
disease resistance in tomato to Pseudomonas syringae pv tomato DC3000 and PTI responses in wheat. These results 
expand the number of glycans triggering plant immunity and support IGP1/CORK1, IGP3 and IGP4 relevance in 
Arabidopsis thaliana glycans perception and PTI activation. 
Significance Statement: The characterization of plant immune mechanisms involved in the perception of 
carbohydrate-based structures recognized as DAMPs/MAMPs is needed to further understand plant disease 
resistance modulation. We show here that IGP1/CORK1, IGP3 and IGP4 LRR-MAL RKs are required for the 
perception of carbohydrate-based DAMPs β-1,4-D-(xylose)4 (XYL4) and 33-α-L-arabinofuranosyl-xylotetraose 
(XA3XX), further expanding the function of these LRR-MAL RKs in plant glycan perception and immune 
activation.   
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Introduction 

Plants have a complex immune system that comprises several layers 
of defence that function cooperatively to confer broad-spectrum disease 
resistance to pathogens and pests (Ngou et al., 2022). One of these plant 
immunity layers is the so-called Pattern-Triggered Immunity (PTI). PTI 
is based on the recognition of Damage- and Microbe-Associated Mo
lecular Patterns (DAMPs and MAMPs) derived from plants or microor
ganisms, respectively, by plant plasma membrane-resident Pattern 
Recognition Receptors (PRRs) (Nguyen et al., 2021) PRRs are modular 
proteins that harbour an extracellular Ectodomain (ECD) connected to a 
transmembrane domain (TMD), as it occurs in Receptor-Like proteins 
(RLPs). Some PRRs (i.e. Receptor Kinases or RKs) can also have, in 
addition to ECD and TMD, a cytoplasmic kinase domain (KD) (del Hierro 
et al., 2021). Upon DAMP/MAMP recognition by the specific ECD-PRR, 
the formation of an active PRR complex with additional co-receptor 
proteins (e.g., RKs or RLPs) occurs leading to the activation of protein 
kinase signalling cascades [e.g. involving Mitogen-Activated Protein 
Kinases (MPKs) or Calcium-Dependent Protein Kinases (CDPKs)], which 
in turns trigger gene reprogramming and disease resistance responses 
(Bigeard et al., 2015; Boutrot and Zipfel, 2017). The importance of PTI 
in plant defence is illustrated by the fact that disease resistance to 
pathogens is compromised in plants defective in PRRs and/or in their 
counterpart co-receptors. For example, Arabidopsis thaliana mutants 
impaired either in FLS2 RK, which is the PRR recognizing bacterial flg22 
MAMP peptide through its Leucine-Rich Repeats (LRR) ECD, or in its 
LRR-RK co-receptor BAK1, are more susceptible to bacterial pathogens 
(Gómez-Gómez and Boller, 2000; Kemmerling et al., 2007). Similarly, 
Arabidopsis thaliana mutants impaired in LysM-RKs CERK1, LYK5 or 
LYK4, which are required for the perception of chitin oligosaccharides 
(e.g. β-1,4-D-(GlcNAc)6-8, CHI6-CHI8) from fungal walls, have been 
described to be slightly more susceptible to fungal pathogens (Miya 
et al., 2007; Cao et al., 2014). PTI has been shown recently to cooperate 
in disease resistance with Effector Trigger Immunity (ETI) which is 
activated upon recognition of effector molecules from pathogens by 
cytoplasmic plant receptors (Yuan et al., 2021). Some of the pathogens’ 
virulence effectors target PTI components to interfere with plant im
mune activation and/or to block up/hinder the crosstalk between ETI- 
PTI defensive responses (Yuan et al., 2021; Ngou et al., 2022). 

Many PRR/peptidic DAMP/MAMP pairs triggering PTI have been 
characterized (Boutrot and Zipfel, 2017; Tang and Wang, 2017; Hou 
et al., 2019; Tanaka and Heil, 2021). In addition to peptidic ligands, 
plant PRRs can recognize and bind DAMPs/MAMPs of different 
biochemical nature like carbohydrates, lipids and other molecules 
(Boutrot and Zipfel, 2017; Tang and Wang, 2017). The number of 
carbohydrate-based DAMPs and MAMPs that have been described to be 
recognized by the plant immune system has increased in the last few 
years. However, our knowledge of the specific mechanisms of plant 
defence activation by carbohydrate-based ligands is behind our under
standing of peptide ligands (DAMPs/MAMPs) recognition by plant PRRs 
(Bacete et al., 2018; Lee and Santiago, 2023). Oligosaccharide structures 
present in plant cell walls and microbial extracellular layers are quite 
diverse and can be released or modified by the activity of cell wall 
degrading or modifying enzymes (CWDEs) from microorganisms that 
target plant wall polysaccharides, or by the activity of plant enzymes 
that target plant and/or microbial walls/extracellular layers (aKraemer 
et al., 2021; Chandrasekar et al., 2022). Despite the potential diversity of 
glycan structures in nature that can be perceived as DAMPs/MAMPs by 
plants, only a few ones have been characterized so far. Among glycans 
perceived by plants, and in particular by Arabidopsis thaliana, are chitin 
oligosaccharides (chitohexaose, CHI6), linear β-1,3-glucans (i.e. lami
narinhexaose), β-1,3-glucans with β-1,6-glucan branches, and β-1,6- 
glucan oligosaccharides from fungal/oomycete cell walls and peptido
glycan from bacterial walls (Klarzynski et al., 2000; Kaku et al., 2006; 
Aziz et al., 2007; Gust et al., 2007; Mélida et al., 2018; Wanke et al., 
2020; Chaube et al., 2022). Also, plant immune system perceives 

oligosaccharides derived from plant cell walls polymers (DAMPs) like 
cellulose [β-1,4-glucan; β-1,4-D-(Glc)3-5 or CEL3-CEL5], mixed-linked 
glucans [MLGs: β-1,4-D-(Glc)2-β-1,3-D-Glc (MLG43), β-1,4-D-(Glc)3- 
β-1,3-D-Glc (MLG443)], xyloglucans, xylans, mannans, arabinoxylans 
(e.g. 33-α-L-arabinofuranosyl-xylotetraose or XA3XX) and homo
galacturonans [e.g. oligogalacturonides (OGs) like GalA3] (Klarzynski 
et al., 2000; Kaku et al., 2006; Aziz et al., 2007; Galletti et al., 2008; 
Claverie et al., 2018; Voxeur et al., 2019; Zang et al., 2019; Mélida et al., 
2020; Malivert et al., 2021; Rebaque et al., 2021; Moussu et al., 2023; 
Pring et al., 2023). Moreover, some additional plant sugars that are not 
present in plant cell walls, like fructans, are perceived by plant cells and 
trigger signalling responses (Dobrange et al., 2019; Benkeblia, 2020), 
and some seaweed glycan structures of high molecular weight, like 
sulfated fucans (fucoidans) and alginates, have been also shown to 
active defensive responses in some plant species (Klarzynski et al., 2000; 
Aitouguinane et al., 2020; Aitouguinane et al., 2023; Wang et al., 2023). 

In plants, PRR/carbohydrate ligand characterization at the structural 
level has been mainly restricted to PRRs of the LysM-RK family, which 
harbour ECDs with three LysM domains and have been involved in the 
recognition of several DAMPs/MAMPs including chitin oligomers 
(CHI6-CHI8), peptidoglycans, lipopolysaccharides, and lipo- 
chitooligosaccharides (MYC and Nod factors triggering symbiosis). 
LysM-RKs are also required for the perception of MLGs and β-1,3-glucan 
oligosaccharides (Miya et al., 2007; Willmann et al., 2011; Liu et al., 
2012; Cao et al., 2014; Desaki et al., 2018; Mélida et al., 2018; Wanke 
et al., 2020). Specifically, β-1,3-glucan hexasaccharide (LAM6), MLG43 
and MLG443 are immune-active structures whose recognition depends 
on Arabidopsis thaliana LysM-PRR CERK1 (Chitin Elicitor Receptor Ki
nase 1) (Mélida et al., 2018; Rebaque et al., 2021). However, direct 
binding of LAM6 and/or MLG43 to CERK1 ECD has not been either 
observed in Isothermal Titration Calorimetry (ITC) binding assays per
formed with purified ECD-CERK1 or predicted using in silico structural 
molecular dynamics simulations (del Hierro et al., 2021). Similarly, rice 
LysM RKs have been described to be required for the perception and 
binding of CHI6 and MLGs (e.g. MLG43) (Yang et al., 2021a). In addition 
to LysM-RKs, some Wall Associated Kinases (WAKs) and Malectin-Like 
RKs (e.g. FERONIA, FER) have been involved in the activation of 
adaptative response triggered by pectin-derived oligosaccharides, 
though a direct binding of the corresponding GalAn glycans to their 
ECDs has not been demonstrated (Malivert et al., 2021; Moussu et al., 
2023). Recently, Dai and colleagues (2023) reported that the Lectin-RK 
OsLecRK1 is required to perceive MLGs in rice, and that OsLecRK1 
produced in bacteria binds in vitro MLGs, but the corresponding ortholog 
has not been identified in Arabidopsis thaliana yet. 

In addition to these RKs involved in oligosaccharides perception, 
several Arabidopsis thaliana RKs with Leucine-Rich-Repeat (LRR) and 
Malectin (MAL) domains in their ECDs have been recently characterized 
as components of novel recognition mechanisms for both cellulose and 
MLG-derived oligosaccharides (Tseng et al., 2022; Martín-Dacal et al., 
2023). Several Arabidopsis thaliana mutants impaired in glycan percep
tion (igp; igp1-igp7) were isolated in genetic screening to identify pro
teins (e.g. PRRs) required for immune activation triggered by MLG43 
and CEL3, but not by CHI6 (Martín-Dacal et al., 2023). igp1, igp3 and 
igp4 were found to be altered in three LRR-MAL RKs [AT1G56145 
(IGP1/CORK1 (Cello Oligosaccharide Receptor Kinase 1), AT1G56130 
(IGP2/IGP3), and AT1G56140 (IGP4)] (Martín-Dacal et al., 2023). The 
ECD of IGP1 binds CEL3 and CEL5, but not MLG43 in ITC assays, sup
porting IGP1′s function as a PRR for cellulose oligosaccharides recog
nition and probably as a co-receptor for MLG43 perception (Martín- 
Dacal et al., 2023). LRR-MAL RK family comprises 13 putative members 
in Arabidopsis thaliana, with some of them involved in the regulation of 
pollen migration and fertility (Bordeleau et al., 2022; Lee and Santiago, 
2023; Liu et al., 2024). 

The potential diversity of oligosaccharide structures that are present 
in plant cell walls and extracellular layers of microorganisms is quite 
high (Wanke et al., 2020). However, only a few structures have been 
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demonstrated to be recognized as DAMPs/MAMPs by plants. To further 
characterize novel carbohydrate-based structures (MAMPs or DAMPs) 
perceived by plants, we tested the ability of different oligosaccharide 
structures to trigger early PTI responses in Arabidopsis thaliana. We show 
that oligosaccharides derived from plant polysaccharides like xylans, 
glucuronoxylans, arabinogalactans, and maltose-based glucans are 
perceived by the Arabidopsis thaliana immune system. Notably, we 
demonstrate that perception of DAMPs containing β-1,4-D-(xylose)n, 
like XYL4 and XA3XX (Mélida et al., 2020), is impaired in igp1/cork1, 
igp3 and igp4 mutants, further expanding the function of these LRR-MAL 
RKs beyond β-glucan perception in plants. This work expands the di
versity of characterized glycans perceived as DAMPs by plants and 
supports the relevance of IGP1, IGP3 and IGP4 LRR-MAL RKs in plant 
immunity. 

Material and methods 

Biological material and growth conditions 

Arabidopsis thaliana lines used in this study were in the Columbia- 
0 (Col-0) background. The following Arabidopsis thaliana plants car
rying the calcium reporter aequorin were used for cytoplasmic calcium 
(cyt Ca2+) measurements: Col-0AEQ (Knight et al., 1991), cerk1-2AEQ 

(Ranf et al., 2012), and igp1AEQ, igp3AEQ and igp4AEQ (Martín-Dacal et al., 
2023). The cerk1-2 lyk4-1 lyk5-1 triple mutant used was previously ob
tained in the lab (Martín-Dacal et al., 2023). For MAPKs phosphoryla
tion and gene expression analyses Col-0 wild-type (WT) and mutant 
seedlings were grown in 24-well plates (~10 seedlings per well) under 
long-day conditions (16 h of light: 8 h of darkness) at 19–21 ◦C in liquid 
½ MS medium with 1 % saccharose. Tomato plants (Solanum lycopersi
cum, Moneymaker) were grown in the greenhouse in a mixture of soil 
and vermiculite (3:1) at under 14 h of light/10 h of dark at 24–22 ◦C. 
Wheat plants (Triticum aestivum cultivar Titlis) were grown in green
house in soil-vermiculite (3:1) at under 14 h of light/10 h of dark at 
24–19 ◦C. 

Carbohydrates and peptides used in the experiments 
Hexaacetyl-chitohexaose (CHI6; β-1,4-D-(GlcNAc)6; #O-CHI6), 

CEL3 (β-1,4-D-(Glc)3; O-CTR), xylobiose (XYL2), xylotriose (XYL3), 
23–(4-O-Methyl-α-D-Glucuronyl)-xylotetraose (XUXX), α-D-Maltote
traose (MAL4), XA3XX, and 63-α-D-Maltotriosyl-maltotriose (MAL32) 
were purchased from Megazyme (Wicklow, Ireland). β-1,4-D-Xylote
traose (XYL4) was purchased both from Megazyme (0-XTE) (Wicklow, 
Ireland) and Cymit Química (Barcelona, Spain). The peptide flg22 was 
synthesized by Abyntek (Zamudio, Spain). Oligosaccharides/poly
saccharides used in the experiments are summarized in Table S1. 

β-1,6-D-glucan oligosaccharides were purified from commercial 
pustulan polysaccharide (InvivoGen #tlrl-pst) as detailed below. Fifty 
mg of pustulan was added to 25 mL of 0.2 N HCl and incubated at 100 ◦C 
for 8 h. Afterwards, hydrolysates were cooled down and neutralized by 
adding an equal volume of 0.2 N NaOH. Digestion products were 
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 the mobile phase and the flow 
rates were 0.24 mL/min. Purified oligosaccharides were monitored by 
high-performance liquid chromatography (HPLC). The oligosaccharides 
were injected into an Agilent 1200 Series HPLC equipped with an Agi
lent 6130 quadrupole mass spectrometer (MS) and an Agilent 1200 
Evaporative Light Scattering Detector (ELSD). The purified oligosac
charides 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. 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 Series, LC/ 
MSD XT (Single Quadrupol mit ESI-Jetstream-source). 

Polysaccharides from different sources were also examined, 
including alginate from brown algae (Thermo Fisher Scientific; CAS: 
9005-38-3; (C6H7O7)a(C6H7O7)bNa; Geel, Belgium), fucoidan from 
Undaria pinnatifida (Sigma-Aldrich; CAS:9072-19-9; Saint Louis, USA) 
and arabinogalactan from Larch Wood (TCI; CAS: 9036-66-2; 
[(C5H8O4)(C6H10O5)6]x; Tokyo, Japan). Alginate was applied at 0.5 
g/L, fucoidan at 3 g/L, and arabinogalactan at 0.33 g/L. 

Aequorin luminescence measurements and cross-elicitation experiments 
Arabidopsis thaliana Col-0AEQ 8-day-old seedlings grown in liquid 

medium were used for cytoplasmic calcium (cyt Ca2+) measurements 
using the method previously described (Bacete et al., 2017). Negative 
controls (water = mock) were included in all the experiments. The 
elevation of cytoplasmic calcium concentration was measured as rela
tive luminescence units (RLU) of aequorin luminescence with a Vari
oskan Lux Reader (Thermo Scientific) as described previously (Mélida 
et al., 2018). Cross-elicitation during the refractory period of calcium 
signaling upon the sequential application of two different compounds (e. 
g. XYL4-CEL3, XYL4-XA3XX, XYL4-CHI6, and vice versa), as well as 
XYL4-XYL4 (positive control), and XYL4-water (negative control) were 
performed as previously described (Rebaque et al., 2021). 

Immunoblot analysis of MPKs activation 
Twelve-day-old Arabidopsis thaliana seedlings from different geno

types grown on liquid MS medium in 24-well plates were treated with 
water (mock) and different oligosaccharides for 0, 10 and 20 min, and 
then harvested in liquid nitrogen. Seedlings were homogenized using 
FastPrep Bead Beating Systems (MP Biomedicals) 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-dithiothreitol, 1 mM phenyl
methylsulfonyl fluoride, and phosphatase inhibitor cocktail P9599 
(Sigma)). Total protein extracts were quantified by Bradford assay (Bio- 
Rad). Equal amounts of proteins were separated on Mini-PROTEAN 
TGX, 10 %, 10-well, 30 μL (Bio-Rad) gel and transferred to PVDF 
membranes using Invitrogen™ iBlot™ 2 Gel Transfer Device. Mem
branes were blocked with Protein-Free (TBS) Blocking Buffer (Thermo 
Scientific; Pierce) for 2 h at room temperature. Membranes were incu
bated overnight at 4 ◦C in TBS containing Phospho-p44/42 MAPK 
(Erk1/2) (Thr202/Tyr204) antibody (Cell Signaling Technology) 
(1:1000) or Anti-AtMPK3 (1:2500) (Sigma-Aldrich). The latest was used 
as an internal control for protein loading. Membranes were cleaned 
fourth with TBS containing 0.1 % Tween-20 and incubated with 
horseradish peroxidase-conjugated anti-rabbit antibody (GE-Health
care) (1:5000) in TBS. Membranes were cleaned again and revealed by 
ECL Western Blotting Substrate (Thermo Scientific; Pierce) and detected 
using iBright FL1000 Image System (ThermoFisher Scientific). Finally, 
the membranes were stained with Ponceau-S Red (Sigma Aldrich) to 
ensure the presence of proteins in all the lanes. Western experiments 
were repeated at least twice. 

Gene expression analyses 
For gene expression analysis (qRT-PCR and RNA sequencing), 12- 

day-old Arabidopsis thaliana seedlings grown on liquid MS medium 
were treated with oligosaccharides or water (mock) for 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 (Bacete et al., 2017). UBC21 (At5g25760) expres
sion was used to normalize the transcript level in each reaction. The 
forward and reverse sequences of the oligonucleotides used to monitor 
gene expression levels of WRKY53 (At4g23810), CYP81F2 (At5g57220) 
and UBC21 (At5g25760) are: 

WRKY53: 5́-CACCAGAGTCAAACCAGCCATTA-3́/5́-CTTTACCAT
CATCAAGCCCATCGG-3́; 
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CYP81F2: 5́-TATTGTCCGCATGGTCACAGG-3́/5́-CCACTGTTGT
CATTGATGTCCG-3́; 

UBC21: 5́-GCTCTTATCAAAGGACCTTCGG-3́/5́-CGAACTTGAG
GAGGTTGCAAAG-3́. 

For RNA-seq analyses, samples from three biological replicates for 
each treatment were sequenced using 50 bp Illumina Hiseq 2500. RNA- 
seq read data can be retrieved from the NCBI Sequence Read Archive 
(SRA) under BioProject accession ID PRJNA625401 (BioSample acces
sion SAMN15682114). The initial quality control of sequencing data was 
evaluated using FastQC (v0.11.9) (Andrews, 2010) and multiqc (v1.7) 
(Ewels et al., 2016). This data was then used to filter sequences with the 
Trimmomatic tool (v0.36) (Bolger et al., 2014). For each sample, RNA- 
seq raw reads (paired-end, 150 bp) were trimmed to remove potential 
Illumina adaptor contamination, followed by read trimming and clip
ping of low-quality bases. The remaining reads were aligned to the 
Arabidopsis thaliana TAIR10 reference genome, using the Araport11 
annotation (Cheng et al., 2017) with the STAR aligner (v2.5.3a) (Dobin 
et al., 2013) and specific command-line parameters: 
–outFilterMultimapNmax 20 –alignSJoverhangMin 8 
–alignSJDBoverhangMin 8 –outFilterMismatchNmax 8 –alignIntronMin 
35 –alignMatesGapMax 100,000 –alignIntronMax 20,000. HTSeq 
(v1.99.2) (Anders et al., 2010) was used with the intersection ‘union’ 
option to generate the read counts per gene, based on the RNA-seq 
mapped reads and the Araport11 annotation. Normalization and sta
tistical analyses of differential gene expression were performed with the 
DESeq2 Bioconductor package in R (Love et al., 2014). Genes were 
considered differentially expressed (DEGs), as either up or down regu
lated, if they had a log2-fold change [log2-FC] > 0.58 with an adjusted P 
value ≤ 0.05. The lists of DEGs generated from DESeq2 were used to 
perform functional enrichment analysis against the biological process 
subset of the gene ontology (GO) using the ‘enrichGO’ function of the R 
package clusterProfiler (v4.2.2) (Wu et al., 2021). GO terms were 
considered overrepresented if their False Discovery Rate (FDR) were ≤
0.05. Redundant GO terms were removed using ‘simplify’ function from 
clusterProfiler with z score cutoff of 0.5. Figures of enrichment analysis 
were generated by ggplot2 package (v3.4.4) (Wickham, 2016). 

Tomato disease resistance assays 
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. The third and fourth leaves of three-week-old plants were 
sprayed with 2 mL of an XYL4 solution (450 µM) in water containing 
0,1% Tween 20 (Sigma) as an adjuvant. The adjuvant solution in water 
was used as a mock. Pseudomonas syringae pv. tomato DC3000 infections 
were performed 48 h after pre-treatments according to (Santamaría- 
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 4 different plants at 0- and 7 days post-infection (dpi). Colony 
forming units (cfu) per foliar area were determined after plating serial 
dilutions onto KB plates with rifampicin (25 µg/ml). 

Determination of reactive oxygen species (ROS) production in wheat 
Disks (12.6 mm2) from second leaves of 14-day-old wheat plants 

were pre-treated with 100 µL of 150 nM Luminol L-012 (FUJIFILM Wako 
Pure Chemical Corporation, 120–04891) and 15 µg/mL Peroxidase from 
horseradish (Sigma-Aldrich, P6782). After 16 h incubation in the dark at 
15 ◦C, 50 µL of 750 µM XYL4, 3 µM flg22 or H2O (control/mock) were 
added, and luminescence was measured using Varioskan Lux (Thermo 
Scientific). Eight leaf discs per treatment were used in each experiment. 
The experiment was performed three times independently. 

Results 

A diverse set of oligosaccharides trigger calcium influxes in Arabidopsis 
thaliana 

We used the Aequorin-based cytoplasmic Ca2+ (Col-0AEQ) sensor 
Arabidopsis thaliana system (Knight et al., 1991; Martín-Dacal et al., 
2023) to expand our knowledge on plant/microbial/seaweed oligosac
charides that are perceived by the plant immune system. We measured 
early cytoplasmic Ca2+ influxes (burst) in Col-0AEQ seedlings upon 
treatment with different oligo- and polysaccharides. Oligosaccharides 
tested were molecules derived from plant polysaccharides such as xylans 
(e.g. β-1,4-D-Xylotetraose or XYL4), glucuronoxylans (23–(4-O-Methyl- 
α-D-Glucuronyl)-xylotetraose or XUXX), and α-1,4-glucans (α-1,4-D-Glc 
based maltodextrins: α-D-Maltotetraose (MAL4) and 63-α-D-Malto
triosyl-maltotriose (MAL32)). We found that XYL4 and XUXX triggered 
Ca2+ bursts with different kinetics (Fig. 1A). XYL4 promotes a very fast 
Ca2+ burst in Col-0AEQ, whereas the pentasaccharide XUXX triggered a 
Ca2+ burst similar to that of CHI6 (Fig. 1A). MAL4 and MAL32 also 
elicited a weak, but reproducible Ca2+ burst in Col-0AEQ seedlings 
(Fig. 1A), indicating that Arabidopsis thaliana can perceive α-1,4-glucan- 
derived oligosaccharides in addition to the previously described 
β-glucan-derived ones (Mélida et al., 2018; Rebaque et al., 2021; Martín- 
Dacal et al., 2023). 

To validate PTI activity of XYL4, XUXX, MAL4 and MAL32, we next 
monitored the phosphorylation levels of the protein kinases MPK3, 
MPK6, MPK4 and MPK11 and the up-regulation of PTI-associated genes 
(CYP81F2 and WRKY53) upon treatment of Arabidopsis thaliana Col- 
0 wild-type seedlings with these active glycans. Western-blot assays 
confirmed MPK3- and MPK6-phosphorylation upon application of XYL4 
(250 μM) to Col-0 seedlings, with the maximum phosphorylation levels 
reached at 20 min post-treatment (Fig. 1B). MPKs phosphorylation 
triggered by XYL4 was weaker than those observed after treatment with 
CHI6 included for comparison (Fig. 1B). MPK4/11-phosphorylation was 
almost not-detectable in XYL4-treated plants, which contrasted with the 
observed phosphorylation of these MPKs in Col-0 plants upon CHI6 
treatment (Fig. 1B). MAL4 triggered MPKs phosphorylation to a similar 
level than XYL4 (Fig. 1B), whereas XUXX and MAL32 triggered weaker 
MPKs phosphorylation than XYL4 (Fig. 1B). Expression of two PTI- 
marker genes (WRKY53 and CYP81F2), that are up-regulated by 
several glycans (Mélida et al., 2018), was assessed by qRT-PCR in Ara
bidopsis thaliana Col-0 seedlings 30 min after treatment with these oli
gosaccharides or with water (mock). Of note, we found that these two 
genes were up regulated after treatment with the four analysed glycans 
(Fig. 1C). The level of up-regulation of WRKY53 and CYP81F2 upon 
XYL4 or MAL4 treatment was very similar to those observed after CHI6 
treatment (Fig. 1C), whereas XUXX and MAL32 triggered weaker up- 
regulation of these marker genes (Fig. 1C), which is in line with the 
faint phosphorylation of MPK bands observed in Western blot analyses 
(Fig. 1B). These results further indicated that XUXX and MAL32 are not 
very active DAMPs in Arabidopsis thaliana. 

To expand the list of active oligosaccharides triggering PTI in Ara
bidopsis thaliana, we also measured early cytoplasmic Ca2+ influxes 
(burst) in Col-0AEQ seedlings upon treatment with additional glycans/ 
polysaccharides with distinct composition/structure. We tested the ef
fect on Ca2+ influxes of purified β-1,6-D-(Glc)3-4 oligosaccharides from 
bacterial pustulan (Fig. S1A, and different polysaccharides from plants 
(arabinogalactans) and seaweed (fucoidan and low molecular weight 
alginates). We purified β-1,6-D-(Glc) oligosaccharides with different 
Degree of Polymerization [DP: β-1,6-D-(Glc)3-4; Fig. S1A] and demon
strated that they triggered weak Ca2+ burst and MPK phosphorylation 
(Fig. S1B, C), further confirming that plants perceive β-1,6 glucan 
structures (Chaube et al., 2022) in addition to lineal β-1,3 and branched 
β-1,3/β-1,6 glucans, which are present in laminarin and some fungal cell 
wall glycans (Mélida et al., 2018; Wanke et al., 2020; Wanke et al., 
2023). Moreover, we found that arabinogalactans, fucoidans, and 
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alginates induced Ca2+ bursts, though these responses were observed 
only at very high concentrations (mM level) of these compounds 
(Fig. S2A). Hence our data confirmed the previously described elicitor 
activity of fucoidans and alginates in different plant species (Klarzynski 
et al., 2000; Aitouguinane et al., 2020; Aitouguinane et al., 2023; Wang 
et al., 2023) and highlighted the appropriateness of Arabidopsis thaliana 
as a suitable system to study the mechanisms of perception of these 
glycans and the PRRs involved in their recognition. 

Mechanism of perception of XYL4 share some components with those of 
CHI6, CEL3 and XA3XX 

Provided that XYL4 triggered a strong and consistent response in 
Ca2+ input, gene expression levels and MAPK phosphorylation, we 
further determine the specificity of PTI responses triggered by XYL4 and 
decipher its mechanism of perception by Arabidopsis thaliana. We per
formed cross-elicitation experiments, using Col-0AEQ seedlings, treated 
with XYL4, CEL3 CHI6, and the DAMP arabinoxylan-derived penta
saccharide XA3XX previously described (Mélida et al., 2020). In these 
experiments, we measured Ca2+ burst in Col-0AEQ seedlings after the 
sequential application of different glycans (Mélida et al., 2020; Rebaque 

***

***

**

*

***

***

***

* *

Fig. 1. Xylotetraose (XYL4) activates immune hallmarks in Arabidopsis thaliana. (A) Cytoplasmic calcium (cyt Ca 2+) influx was measured as relative luminescence 
units (RLU) over time in 8-days-old Arabidopsis Col-0 AEQ (WT) treated with 250 µM of candidate oligosaccharides: 23-(4-O-Methyl-α-D-Glucuronyl)-xylotetraose 
(XUXX), β-1,4-D-Xylotetraose (XYL4), α-D-Maltotetraose (MAL4), 63-α-D-Maltotriosyl-maltotriose (MAL32) and chitin (CHI6, 50 µM). (B) Phosphorylation of 
mitogen-activated protein kinases (MPKs) analysed by Western-blot (WB) in seedlings treated with the indicated compounds or water (mock) and harvested at 10 and 
20 min after treatment application. Dotted lines indicate that bands were cut from the membrane to relocate them in proper order. (C) PTI-related gene expression 
(CYP81F2 and WRKY53) measured by RT-quantitative PCR at 30 min after compound application. Similarly, water-treated seedlings were analysed as negative 
controls. Data represent (A) the mean ± error standard (n = 8) of a representative experiment, (B) representative WB out of two independent experiments performed, 
and (C) the mean ± error standard (n = 3) of three independent experiments. Statistically significant differences between compound-treated plants versus mock- 
treated (M, H2O) were calculated according to Student’s t-test (*P < 0.05, **0.01 < P > 0.001, ***P < 0.001). 
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et al., 2021). As shown in control treatment XYL4-XYL4, a total reduc
tion of second Ca2+ burst (refractory response) was observed upon the 
second treatment of plants with XYL4, showing an RLU kinetic that was 
similar to that of XYL4-H2O control treatment (Fig. 2A, B). Remarkably, 
a strong refractory response was observed in the XYL4-CEL3 combina
tion (Fig. 2C), which was similar to that of XYL4-XYL4 treatment (Fig. 2 
A). Still, the intensity of CEL3 Ca2+ burst is stronger than that of XYL4 
and accordingly sequential application of XYL4-CEL3 did not completely 
abolish CEL3 triggered Ca2+ burst in contrast to CEL3-XYL4 sequential 
application (Fig. 2C). Of note, these results suggest that the mechanisms 
of recognition of XYL4 overlap with those of CEL3, which involve the 
recently characterized IGP1/IGP3/IGP4 LRR-MAL RKs (Martín-Dacal 
et al., 2023). In contrast, a weak refractory response (reduction of Ca2+

burst) was observed when XYL4 and CHI6 were sequentially applied to 
Col-0AEQ seedlings (Fig. 2D), suggesting that the mechanisms of 
perception of XYL4 and CHI6 are not identical, but might share some 
LysM-RK components (Fig. 2B). Notably, Col-0AEQ seedlings showed 
strong refractory responses when XYL4-XA3XX were combined (Fig. 2E), 
but the observed reduction of Ca2+ burst was not total in comparison to 
that observed in the control experiments (XYL4-XYL4: Fig. 2A). Addi
tionally, these data indicated that XYL4 shares some receptor compo
nents required for XA3XX perception, that have not been yet identified. 
Together these data suggest that β-1,4-D-Xyl-based oligosaccharides (i.e. 
XYL4 and XA3XX) and oligosaccharides with β-1,4-D-Glc bonds (i.e. 
CEL3 and MLG43) might share some perception mechanisms. 

The mechanism of XYL4 perception in Arabidopsis thaliana depends on 
IGP1/IGP3/IGP4 LRR-MAL RKs 

To further unravel the perception mechanism of XYL4 in Arabidopsis 
thaliana we tested XYL4-mediated cytoplasmic Ca2+ burst in igp1AEQ, 
igp3AEQ and igp4AEQ mutant lines. igp1AEQ is impaired in IGP1/CORK1, 
the probed PRR pair for CEL3/CEL5 DAMPs ((Martín-Dacal et al., 2023). 
Likewise, igp3AEQ and igp4AEQ are defective in IGP3 and IGP4 RKs that 
might function as co-PRRs in CEL3/CEL5 perception. These three LRR- 
MAL RKs are also required for MLG43 perception (Martín-Dacal et al., 
2023). We monitored early cytoplasmic Ca2+ influx (burst) in these 
mutants upon XYL4 treatment and found that Ca2+ influx in igp3AEQ and 
igp4AEQ lines was fully impaired upon XYL4 treatment, whereas in 
igp1AEQ plants a significant reduction of the burst was observed in 
comparison to Col-0AEQ plants (Fig. 3A), as observed previously for CEL3 
and MLG43 perception (Martín-Dacal et al., 2023). Next, we tested 
MPKs phosphorylation by western blot in igp1AEQ, igp3AEQ, and igp4AEQ 

lines and Col-0 AEQ plants upon XYL4 treatment in comparison with 
CHI6- and mock-treated plants. We found that MPKs phosphorylation 
levels were weaker in the igp1AEQ, igp3AEQ, and igp4AEQ mutants than in 
Col-0 AEQ plants upon XYL4 treatment, whereas phosphorylation trig
gered by CHI6 was not significantly affected in these igp mutants, as 
reported [Fig. 3B; (Martín-Dacal et al., 2023)]. This prompted us to also 
test the up-regulation of two PTI marker genes (i.e. CYP81F2 and 
WRKY53) upon XYL4 treatment in igp mutants and Col-0 wild-type 
plants. We found that up-regulation of such genes was also impaired in 
igp mutants in comparison to Col-0 plants (Fig. 3C). These data confirm 
that the LRR-MAL RKs (IGP1/CORK1, IGP3, and IGP4), that are required 
for CEL/MLG43-dependent PTI activation, also play a role in XYL4 
perception, further expanding the function of this novel group of LRR- 
MAL RK in the perception of additional glycans. 

XA3XX perception in Arabidopsis thaliana also depends on IGP1/IGP3/ 
IGP4 LRR-MAL RKs 

Refractory experiments suggested similarities between XYL4 and 
XA3XX perception mechanisms (Fig. 2C). Additionally, the involvement 
of IGP1/IGP3/IGP4 RKs in XYL4 recognition by Arabidopsis thaliana 
points to a broader role of such RKs in oligosaccharide perception. 
Therefore, we questioned whether these RKs might be also involved in 
XA3XX recognition by plants. We used Col-0AEQ, igp1AEQ, igp3AEQ, and 
igp4AEQ lines to monitor early cytoplasmic Ca2+ influx in these mutants 

upon XA3XX treatment. Notably, Ca2+ influxes in XA3XX-treated 
igp1AEQ, igp3AEQ, and igp4AEQ seedlings were reduced in comparison to 
those in Col-0AEQ (Fig. 4A). The reductions observed upon XA3XX 
treatment were similar to those observed after treatment of these plants 
with XYL4, with stronger impairment in igp3AEQ and igp4AEQ than in 
igp1AEQ (Fig. 3A), as previously described for CEL3 and MLG43 (Martín- 
Dacal et al., 2023). Next, we tested the phosphorylation of MPKs by 
western blot in igp1AEQ, igp3AEQ, igp4 and Col-0 plants upon XA3XX 
treatment. We found that MPKs phosphorylation levels were reduced in 
the igp1AEQ, igp3AEQ and igp4 mutants in comparison to wild-type (Col-0) 
plants, and that this reduction was weaker in igp1 AEQ than in igp3 AEQ 

and igp4 plants (Fig. 4B). As described previously, MPKs phosphoryla
tion triggered by CHI6 treatment, included as a control, was not 
impaired in the igp mutants (Fig. 4B). In agreement with MPKs phos
phorylation levels, we found that the observed up-regulation of PTI 
marker genes CYP81F2 and WRKY53 upon treatment of Col-0 plants 
with XA3XX was significantly impaired in igp3 AEQ and igp4 mutants, 
whereas such reduction was milder in igp1AEQ plants (Fig. 4C). These 
data indicate that IGP1, IGP3 and IGP4 RKs, which are required for PTI 
activation mediated by CEL/MLG43 (Martín-Dacal et al., 2023)and 
XYL4 (Figs. 1 and 3), also play a function in XA3XX perception in Ara
bidopsis thaliana. 

Since LRR-MAL RKs are required for the perception of different oli
gosaccharides, we tested whether the perception of arabinogalactan, 
fucoidans, and alginates, that trigger PTI responses in Arabidopsis thali
ana [Fig. S2; (Wang et al., 2023)] was dependent on these LRR-MAL RKs. 
We used Col-0AEQ, igp1AEQ and igp4AEQ lines (Martín-Dacal et al., 2023) 
to monitor early cytoplasmic Ca2+ influx and upon treatment with these 
polysaccharides. We found that Ca2+ influxes were not impaired in 
igp1AEQ and igp4AEQ lines, further indicating that at least IGP1/COR
K1and IGP4 are not required for the perception of these plant/seaweed- 
derived DAMPs (Fig. S2B). To further corroborate these data, we 
determined phosphorylation of MPKs by western blot in igp1AEQ, igp4 
and Col-0 plants upon treatment with these polysaccharides. We found 
that MPKs phosphorylation levels were not impaired in the igp1AEQ and 
igp4 mutants in comparison to wild-type (Col-0) plants, which con
trasted with the observed reduction of MPKs phosphorylation observed 
in mutants treated with CEL3 (Fig. S2C). These data further confirmed 
that IGP1/CORK1 and IGP4 are not required for the perception of these 
plant-derived (arabinogalactan) and seaweed-derived (fucoidans and 
alginates) glycans. Hence additional mechanisms, yet unknown, might 
be involved in the perception of these polysaccharides by plants. 

XYL4 and XA3XX perception in Arabidopsis thaliana depends partially on 
CERK1, LYK4 and LYK5 LysM receptors 

The refractory experiments between XYL4 and CHI6 suggested that 
the mechanism of perception of these two glycans might share some 
components (Fig. 2C). Accordingly, we used Col-0AEQ and cerk1-2AEQ 

lines to monitor whether early cytoplasmic Ca2+ influxes were impaired 
in cerk1-2AEQ upon XYL4 and XA3XX treatments. Notably, XYL4 and 
XA3XX triggered Ca2+ influxes in cerk1-2AEQ seedlings whereas CHI6 did 
not (Fig. 5A), as described previously (Mélida et al., 2020). Since LysM 
proteins CERK1, LYK5 and LYK4 play redundant functions in CHI6 
perception (Miya et al., 2007; Cao et al., 2014; Mélida et al., 2018), we 
used cerk1-2 lyk4-1 lyk5-1 triple mutant to test MPKs phosphorylation 
upon XYL4 and XA3XX treatments. As shown in Fig. 5B, phosphorylation 
of MPKs in cerk1-2 lyk4-1 lyk5-1 mutant upon CHI6 treatment was fully 
impaired, as predicted from the requirement of CERK1, LYK4 and LYK5 
for its perception (Martín-Dacal et al., 2023). In contrast, phosphory
lation of MPKs in the LysM triple mutant upon XYL4 or XA3XX treatment 
was only slightly reduced (Fig. 5B) indicating that these receptors play 
some minor function in the perception of xylose-containing glycans in 
Arabidopsis thaliana. In line with this minor function of LysM-RKs, the 
up-regulation of the PTI marker genes CYP81F2 and WRKY53 in cerk1-2 
lyk4-1 lyk5-1 lines upon XYL4 or XA3XX treatment was not significantly 
different from that observed in Col-0 plants (Fig. 5C). These results also 
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demonstrated that the mechanisms of perception of XYL4/XA3XX and 
CHI6 are different. 

XYL4 triggered defensive responses in different plant species 
To further characterize the basis of XYL4-mediated PTI activation, 

we performed RNA-seq analyses of Col-0 seedlings treated for 30 min 
with XYL4, CEL3, CHI6 or water (Mock: Fig. 6, Table S2-S3-S4). XYL4 
triggered the differential expression of 185 genes (DEGs), most of which 
(154) were up-regulated (Fig. S6A and Table S2). On the other hand, 
treatments either with CEL3 or CHI6 resulted in 679 and 581 DEGs, 
respectively (Table S3 and S4, Fig. 6), most of them up-regulated (562 by 
CEL3- and 532 by CHI6-treatment). The overlapping of DEGs among the 
three compounds, as shown in the Venn Diagram (Fig. 6A, B), strongly 
points to shared molecular components in the signalling mechanisms 
activated by XYL4 and CEL3/CHI6, as shown above in cross-elicitation 
experiments (Fig. 2). XYL4 up-regulated genes mainly grouped into 
gene ontology (GO) terms related to immune system processes, and 
response to different stimuli, including biotic and abiotic stresses, 
among other GOs (Fig. 6B). Likewise, similar enriched GOs were found 
in response to CEL3 and CHI6, which shared DEGs between them and 
with XYL4 (Fig. S3 and Table S5). Overall, these analyses indicate that 
the transcriptional reprogramming triggered by XYL4 overlaps partially 
with that induced by other well-known DAMPs and MAMPs, such as 
CEL3 and/or CHI6, though with specific DEGs and GOs. The majority of 
shared DEGs upon XYL4, CEL3 and CHI6 treatment are immune and 
stress related genes (Table S5) further confirming the function of these 
glycans in the regulation of plant disease resistance. Among XYL4 spe
cific DEGs some encoded RLPs/RKs and other stress-associated proteins 
(Table S6). Together these data indicate that the mechanism of XYL4 
perception shares some similar components (e.g. RKs) but is not iden
tical to that of CEL3 and/or CHI6, as indicated by the cross-elicitation 
and genetics experiments (Figs. 2, 3, and 5). 

XA3XX has been shown previously to trigger disease resistance in 
tomatoes and peppers against bacterial and fungal pathogens, respec
tively (Mélida et al., 2020). XYL4, like XA3XX oligosaccharide, can be 
released from plants cell walls upon pathogen infection by the activity of 
endo-xylanases or arabinoxylanases (e.g., GH11) secreted by these 
pathogens during colonization, as suggested recently (Mélida et al., 
2020; Pring et al., 2023). Therefore, we tested the elicitor activity of 
XYL4 in three-week-old tomato plants (var. Moneymaker), which were 
treated by foliar spray with XYL4 two days prior spray-inoculation with 
the virulent bacterium Pseudomonas syringae pv. tomato DC3000. 
Notably, bacterial population, determined as colony forming units (cfu) 
per leaf area (cm2), was significantly reduced in the XYL4-pretreated 
tomato plants at 7 days post inoculation compared to mock-treated 
plants (Fig. S4). We also tested if xylooligosaccharides (XYL4, XYL3 
and XYL2) were perceived by monocot crops (i.e. wheat) by determining 
the production of reactive oxygen species (ROS), one of the PTI hall
marks in plants, upon treatment of wheat leaf discs with these glycans. 
As shown in Fig. 7, XYL4 triggered ROS production in wheat leaf discs 
that was weaker than that induced by MAMP flg22 used as a control 
MAMP in the experiment. In contrast, XYL2 and XYL3 were not active in 

(caption on next column) 

Fig. 2. Cross-elicitation during the refractory period of calcium burst triggered 
by XYL4 in combination with CEL3, CHI6, and/or XA3XX. Cyt Ca2+ burst (RLU) 
over time in 8-day-old Col-0AEQ seedlings after sequential treatments with 250 
µM XYL4 followed by 250 µM XYL4 (A), WATER (B), 10 µM CEL3 (C), 50 µM 
CHI6 (D), or 250 µM XA3XX (E) and vice versa. A and B panels represent the 
negative and positive controls of the experiment, respectively. XYL4 as the first 
treatment applied is indicated in purple and any other compound and/or water 
added is indicated in grey. Pointed lines indicate the application time of the 
second glycan/water. Data represent the average RLU values of 4 seedlings (n 
= 4) ± standard deviation. This is a representative experiment of the two 
performed that gave similar results. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 
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triggering ROS (Fig. 7). The activation of XYL4-triggered immune re
sponses in Arabidopsis thaliana, tomato, and wheat suggests that these 
species have the receptors required for XYL4 perception and PTI acti
vation and that xylan-derived oligosaccharides might be used for crop 
protection in tomato and other crops, as reported recently for mixtures 
of oligosaccharides derived from enzymatic hydrolysis of xylans (Pring 
et al., 2023). 

Discussion 

Activation of plant PTI by glycans derived from plant cell walls 
(DAMPs) and extracellular layers from pathogens (MAMPs) is an 
essential process to mount an effective disease resistance response 
during plant microbe-interactions (Bacete et al., 2018; Kongala and 
Kondreddy, 2023; Lee and Santiago, 2023). The structural diversity of 
glycans (DAMPs/MAMPs) that can be perceived by plants has been 
growing in the last years and include linear and branched oligosaccha
rides (generally of DP 3–10) which are mainly homo-oligosaccharides 
composed of D-monosaccharides (e.g. Glc, Xyl, Ara, GalA and Man) 
bound through different types of linkages (e.g. β-1,4, β-1,3, β-1,6 and 
α-1,4) (Klarzynski et al., 2000; Kaku et al., 2006; Aziz et al., 2007; 

Galletti et al., 2008; Claverie et al., 2018; Voxeur et al., 2019; Zang et al., 
2019; Mélida et al., 2020; Malivert et al., 2021; Rebaque et al., 2021; 
Moussu et al., 2023; Pring et al., 2023). Also, branched oligosaccharides 
(e.g. with Ara at position 3 in XA3XX or β-1,6-D-Glc branches in β-1,3-D- 
Glc glycans) have been shown to trigger PTI (Mélida et al., 2020; Wanke 
et al., 2020). These DAMPs/MAMPs can be released from plant cell walls 
and extracellular surfaces of microorganisms by the activity of CWDEs 
secreted by pathogens and plants during their interactions (Wanke et al., 
2023). Thus, plant and microbial cell walls are rich sources of 
carbohydrate-based defence signalling molecules (DAMP and MAMPs) 
that are poorly characterized. Plant pathogens and their hosts have co- 
evolved an arsenal of CWDEs to break down the opponent’s wall dur
ing their interactions (Rovenich et al., 2016). The great arsenal of 
CWDEs from pathogens and plants described (see CAZy database, www. 
cazy.org; (Drula et al., 2021)) and the huge diversity of polysaccharide 
structures present in plant walls (Delmer et al., 2024) and microor
ganism surfaces (Wanke et al., 2023) anticipate that the number of 
carbohydrate-based DAMPs/MAMPs recognized by plant immune sys
tem should grow significantly. 

Here we show that Arabidopsis thaliana perceives β-1,4-D-XYL4 
further confirming previous results demonstrating that Arabidopsis 
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Fig. 3. igp1, igp3 and igp4 mutants are impaired in XYL4 perception. The activation of immunity hallmarks such as cyt Ca 2+ influx (A), phosphorylation of MPKs (B), 
and gene expression triggered by 250 µM XYL4 is defective in igp mutants tested. Experiments were performed as previously described in Fig. 1. Data represent (A) 
the mean ± error standard (n = 8) of two independent experiments performed, (B) a representative WB out of three replicates (dotted lines indicate that bands were 
cut from the membrane to relocate them in proper order), and (C) the mean ± error standard (n = 3) of three independent experiments. Statistically significant 
differences between compound-treated (T) plants versus mock-treated (M, H2O) were calculated according to Student’s t-test (*P < 0.05, **0.01 < P > 0.001, ***P 
< 0.001). 
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thaliana perceives oligosaccharides mixtures derived from xylan hy
drolysis (Pring et al., 2023), including XYL2 disaccharide that triggers 
defensive-related responses and alteration in cell wall composition in 
Arabidopsis thaliana (Dewangan et al., 2023). We also show that Arabi
dopsis thaliana perceived previously undescribed plant-derived glycans 
like 23–(4-O-Methyl-α-D-Glucuronyl)-xylotetraose (XUXX) and α-glu
cans (α-1,4-D-Glc based maltodextrins: α-D-Maltotetraose (MAL4) and 
63-α-D-Maltotriosyl-maltotriose (MAL32)), as well as polysaccharides 
mixtures from plants, like arabinogalactans (Fig. 1 and Fig. S2). The 
perception of XYL4 and XUXX by Arabidopsis thaliana immune system, 
together with the previous description of XA3XX (Mélida et al., 2020), 
XYL2, XYL3 and XYL5 as DAMPs (Dewangan et al., 2023; Pring et al., 
2023), suggest that linear and branched β-1,4-D-XYLn oligosaccharides 
are perceived with different degree of specificity by plant immune sys
tems. Notably, β-1,4-D-XYL4 oligosaccharides with branching at position 
2 show a reduced activity triggering PTI in comparison to XA3XX which 
harbours an Ara at position 3 (Mélida et al., 2020). The observation that 
Arabidopsis thaliana recognizes β-1,6-D-Glc oligosaccharides (purified 
here for the first time from fungal pustulan), as well as fucoidan and low 
molecular weight-alginates (Figs. S1 and S2) is in line with the previous 
description of the effect of these compounds eliciting defensive and 
abiotic stress responses in different plant species (Aitouguinane et al., 
2020; Aitouguinane et al., 2023; Liu et al., 2023), and indicates that 
their mechanisms of perception (e.g. PRRs) are conserved in Arabidopsis 
thaliana. Alginate is mainly composed of two conformational isomer 
residues, D-mannuronic acid (M) and L-guluronic acid (G), constituting 
homopolymeric (MM, GG) and heteropolymeric (MG, GM) sequential 
block structures (Aitouguinane et al., 2020; Aitouguinane et al., 2023). 

Fucoidans from brown marine algae are polysaccharides that consist 
predominantly of sulphated L-fucoses (Klarzynski et al., 2000; Wang 
et al., 2023). Our results and previous data indicate that Arabidopsis 
thaliana perceives glycan structures containing a great diversity of 
monosaccharides, including at least four different types of acidic 
monosaccharides (e.g. D-mannuronic acid and L-guluronic acid in algi
nates; Fig. S2), D-Glucuronyl in XUXX (Fig. 1) and GalA in OGs (Galletti 
et al., 2008; Voxeur et al., 2019; Liu et al., 2023). Also, Arabidopsis 
thaliana perceives glycan structures containing L-monosaccharides (L- 
Arabinose in arabinoxylans, L-Fucose in fucoidans and L-guluronic acid 
(G), in alginates: Fig. S2). 

The molecular mechanisms implicated in the perception of glycans in 
plants are poorly characterized and just a few PRRs and co-PRRs have 
been described to be involved in these recognition processes. These 
PRRs characterised so far include LysM RKs (Kaku et al., 2006; Johnson 
et al., 2018; Yang et al., 2021a), members of the LRR-MAL, WAK, 
Malectin-like and Lectin RKs (Dai et al., 2023; Martín-Dacal et al., 2023; 
Moussu et al., 2023; Liu et al., 2024). However, with a few exceptions 
direct binding of glycans to ECDs of these RKs has not been demon
strated yet (Cao et al., 2014; Martín-Dacal et al., 2023). Here we showed 
that IGP1/CORK1, IGP3 and IGP4 proteins from LRR-MAL RK family, 
which are required for CEL3 and MLG43 perception and downstream 
PTI activation (Martín-Dacal et al., 2023), are also needed for the acti
vation of immune responses triggered by XYL4 and XA3XX, but not of 
other complex glycan structures, like fucoidan, alginates and arabino
galactans (Fig. 2 and Fig. S2). These results corroborate the relevance of 
this new family of LRR-MAL RKs as PRR/co-PRR in the activation of PTI 
in Arabidopsis thaliana and probably in other plant species (see Fig. 8). 

Fig. 4. igp1, igp3 and igp4 mutants are impaired in XA3XX perception. The activation of immunity hallmarks such as cyt Ca 2+ influx (A) and phosphorylation of MPKs 
(B) is defective in igp mutants tested. Experiments were performed as described in Fig. 1. Data represent (A) the mean ± error standard (n = 8) of two independent 
experiments performed, (B) a representative WB out of three replicates (dotted lines indicate that bands were cut from the membrane to relocate them in proper 
order), and (C) the mean ± error standard (n = 3) of three independent experiments. Statistically significant differences between compound-treated (T) plants versus 
mock-treated (M, H2O) were calculated according to Student’s t-test (*P < 0.05, **0.01 < P > 0.001, ***P < 0.001). 
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Our data suggests that IGP RKs are central components in activation of 
immune responses (e.g. transcriptional upregulation of genes) triggered 
by a diversity of glycans with different carbohydrate moieties in their 
composition (Glc, Xyl, Ara) and distinct structures, that include, at least 
CEL3-CEL5, XYL4 and XA3XX, as well as MLG43(Martín-Dacal et al., 
2023)). These DAMPs can be released from plant cell wall poly
saccharides by the action of microbial CWDEs (Fig. 8). Despite the dif
ferential composition and structures of these glycans, they share some 
features that might explain their similar mechanisms of perception by 
IGP1/IGP3/IGP4: i) they are composed of monosaccharides (pentose 
and hexoses) in pyranose conformation; and ii) they have two units 
bound with a β-1,4-D-linkage, including the anomeric carbon (position 
1) that is probably in its reduced form. The differential impairment of 
PTI response upon XYL4 and XA3XX observed in igp4-1 and igp3-1 (fully 
blocked responses), in comparison to igp1-1 (partially impaired), might 
be explained by the fact that igp1 is not a loss-of-function mutant, since a 
similar pattern of impairment of PTI responses has been observed after 
CEL3 and MLG43 treatment (Martín-Dacal et al., 2023). Whether IGP1/ 
CORK1, IGP3 and IGP4 might be the bona-fide PRRs for XYL4 and XA3XX 
require additional characterization and binding assays with their ECDs. 

Likewise, LRR-MAL RK family comprises 13 members in Arabidopsis 
thaliana and it cannot be excluded that some other additional RKs might 
be the bona fide PRRs for XYL4 and/or XA3XX (Yang et al., 2021a; 
Martín-Dacal et al., 2023). Notably, LRR-MAL RK family members are 
present in all the plant species, including monocots, like wheat and rice, 
though the orthologs of IGP1/CORK1, IGP3 and IGP4 in other plant 
species have not been functionally characterized (Yang et al., 2021b; 
Martin-Dacal et al., 2023). Though some of these LRR-MAL RK members 
have been involved in pollen migration and fertility (Lee et al., 2024), an 
alternative function for such PRRs in oligosaccharide perception cannot 
be discarded, since pollen migration and lateral root formation promote 
changes in cell wall integrity and composition (Moussu et al., 2023; Lee 
et al., 2024). Despite the relevance of LRR-MAL RKs in glycan perception 
and PTI activation, additional, uncharacterized mechanisms for oligo
saccharide recognition should exist in Arabidopsis thaliana, because the 
perception of glycans present in arabinogalactan proteins and seaweed 
glycans triggering defensive responses (i.e., fucoidan and alginates) is 
not altered in igp1/cork1 and igp4 mutants (Fig. S2). 

Here we also showed that the mechanisms of perception of XYL4 and 
XA3XX might require the LysM-RKs CERK1, LYK5 and LYK4, probably 

Fig. 5. CERK1, LYK4, and LYK5 LysM RKs have a minor role in XYL4 and XA3XX perception. The activation of immunity hallmarks such as cyt Ca2+ influx (A) in 
cerk1-2AEQ mutant line, and phosphorylation of MPKs (B) and gene marker expression (C) in cerk1-2 lyk4 lyk5 triple mutant line are partially impaired after treatment 
with 450 µM of XYL4 or XA3XX. Experiments were performed as previously described in Fig. 1. Data represent (A) the mean ± error standard (n = 8) of two in
dependent experiments performed, (B) a representative WB out of three replicates (dotted lines indicate that bands were cut from the membrane to relocate them in 
proper order), and (C) the mean ± error standard (n = 3) of three independent experiments. Statistically significant differences between compound-treated (T) plants 
versus mock-treated (M, H2O) were calculated according to Student’s t-test (*P < 0.05, **0.01 < P > 0.001, ***P < 0.001). 
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acting as redundant co-receptors. These LysM-RKs, which are required 
for CHI6 perception and PTI activation (Fig. 8), have been shown to 
function as putative co-receptors for MLG43 and β-1,3-Glc oligosac
charides (e.g. LAM6) (Mélida et al., 2018; del Hierro et al., 2021; 
Rebaque et al., 2021). Notably, perception of CHI6, that can be released 
from fungal cell wall by the action of plant CWDEs, does not requires 
IGP1/CORK1, IGP3 or IGP4 RKs, indicating that these sets of receptors 
(LysM-RKs and LRR-MAL RKs) control different PTI signalling pathways 

(Fig. 8). PTI responses triggered by CHI6 and XYL4 are shown here to 
activate transcriptional responses that share over 80 % of the up- 
regulated genes, further demonstrating a very high gene reprogram
ming overlap upon treatment with these glyco-ligands (Figs. 6 and 8). 
These data are in line with previous transcriptomic analyses comparing 
Arabidopsis thaliana responsive genes to single-linked β-1,3- (DAMP/ 
MAMP) and β-1,4-glucans (DAMPs) and chitin (MAMP) that revealed 
that a significant percentage of DEGs were common between glucans 

Fig. 6. XYL4 triggers the differential regulation of immunity-associated genes in Arabidopsis thaliana. (A)Venn diagrams of the number of the differentially expressed 
genes (DEGs) up-regulated (left) and down-regulated (right) upon treatment of Arabidopsis thaliana Col-0 seedlings with either XYL4 (250 µM), CEL3 (50 µM) or CHI6 
(50 µM). The total number of DEGs is indicated with the glycan and the overlapped genes are shown in the circles. (B) GO enrichment analysis of biological process 
among the up DEGs upon treatment with XYL4. See material and methods for additional details. 
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and chitin treatments (Souza et al., 2017; Johnson et al., 2018; Mélida 
et al., 2018). 

As previously described for XA3XX (Mélida et al., 2020), we show 
here that XYL4 is perceived by different plant species (tomato and 
wheat) and that pre-treatment of these species with XYL4 triggers PTI 
responses (i.e. in wheat; Fig. 7) and crop protection (i.e. in tomato; 
Fig. 4S). These data support that LRR-MAL RK orthologs of IGP1/ 
CORK1, IGP3 and IGP4 are present in other plant species, including 
wheat and tomato, that deserve further characterization (Yang et al., 
2021b; Martin-Dacal et al., 2023). These data are also in line with the 
recent demonstration of the activity of mixtures of oligosaccharides 
from xylan hydrolysis on crop protection (Dewangan et al., 2023; Pring 
et al., 2023). Similarly, several studies have reported the use of alginate 
in agriculture to stimulate plant growth and development (Liu et al., 
2023) and to induce plant resistance mechanisms, but the molecular 
bases of these responses have not been determined (Klarzynski et al., 
2000; Aitouguinane et al., 2020; Aitouguinane et al., 2023; Wang et al., 
2023). Together these results confirm the potential of glycans to activate 
PTI and to develop biological products that boost crop natural defence 
against pathogens, contributing to replacing chemical pesticides and 
implementing more sustainable agriculture practices. In the last years, 
several glycan-based agrobiological products have been successfully 
developed to be used in agriculture (e.g. products based on cell walls/ 
extracts of brown Seaweed, laminarin, or chitin). However, the identi
fication of active glycans in these complex mixtures and the determi
nation of their mechanism of perception (e.g. identification of PRRs) by 
crops is essential to further expand a glycańs science-based technology 
in agriculture. 
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tigation, Formal analysis. Sara González-Bodí: Writing – original draft, 
Software, Methodology, Investigation, Formal analysis, Data curation. 
Laura Bacete: Methodology, Investigation, Formal analysis. Hugo 
Mélida: Writing – original draft, Validation, Supervision, Methodology, 
Investigation, Formal analysis, Conceptualization. Andrea Sánchez- 
Vallet: Writing – original draft, Investigation, Formal analysis, 
Conceptualization. Antonio Molina: Writing – original draft, Valida
tion, Supervision, Project administration, Methodology, Investigation, 
Funding acquisition, Formal analysis, Data curation, Conceptualization. 

Declaration of competing interest 

The authors declare the following financial interests/personal re
lationships which may be considered as potential competing interests: 
Antonio Molina reports financial support was provided by Spanish 
Research Agency. Patricia Fernandez-Calvo reports financial support 

Fig. 7. XYL4 activates ROS production in wheat⋅H2O2 accumulation in wheat leaves of cultivar Titlis upon treatment with 250 µM of XYL2, XYL3, or XYL4⋅H2O2 
levels were estimated by measuring for 45 min the relative luminescence units (RLU) using the luminol-20 assay. The peptide flg22 (1 µM) and H2O were used as 
positive and negative controls, respectively. The total ROS production is displayed on the right side of the panel. The standard error of the mean (n = 8) is shown. 
Asterisks (*) indicate significant differences (*p < 0.05) with the negative control according to the Kruskal-Wallis test. This is one of the three experiments performed 
with similar results. 

P. Fernández-Calvo et al.                                                                                                                                                                                                                      

https://doi.org/10.13039/501100011033
https://doi.org/10.13039/501100011033
https://doi.org/10.13039/501100011033
https://doi.org/10.13039/501100011033
https://doi.org/10.13039/501100011033)
https://doi.org/10.13039/501100011033)


The Cell Surface 11 (2024) 100124

13
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Antonio Molina1,2,*, Lucı́a Jordá1,2,*, Miguel Ángel Torres1,2, Marina Martı́n-Dacal1,2,
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1Centro de Biotecnologı́a y Genómica de Plantas, Universidad Politécnica de Madrid (UPM) - Instituto Nacional de Investigación y Tecnologı́a Agraria y Alimentaria

(INIA/CSIC), Campus de Montegancedo UPM, Pozuelo de Alarcón (Madrid), Spain
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ABSTRACT

Beyond their function as structural barriers, plant cell walls are essential elements for the adaptation of

plants to environmental conditions. Cell walls are dynamic structures whose composition and integrity

can be altered in response to environmental challenges and developmental cues. These wall changes

are perceived by plant sensors/receptors to trigger adaptative responses during development and upon

stress perception. Plant cell wall damage caused by pathogen infection, wounding, or other stresses leads

to the release of wall molecules, such as carbohydrates (glycans), that function as damage-associatedmo-

lecular patterns (DAMPs). DAMPs are perceived by the extracellular ectodomains (ECDs) of pattern recog-

nition receptors (PRRs) to activate pattern-triggered immunity (PTI) and disease resistance. Similarly, gly-

cans released from the walls and extracellular layers of microorganisms interacting with plants are

recognized as microbe-associated molecular patterns (MAMPs) by specific ECD-PRRs triggering PTI re-

sponses. The number of oligosaccharides DAMPs/MAMPs identified that are perceived by plants has

increased in recent years. However, the structural mechanisms underlying glycan recognition by plant

PRRs remain limited. Currently, this knowledge is mainly focused on receptors of the LysM-PRR family,

which are involved in the perception of various molecules, such as chitooligosaccharides from fungi and

lipo-chitooligosaccharides (i.e., Nod/MYC factors from bacteria and mycorrhiza, respectively) that trigger

differential physiological responses. Nevertheless, additional families of plant PRRs have recently

been implicated in oligosaccharide/polysaccharide recognition. These include receptor kinases (RKs)

with leucine-rich repeat and Malectin domains in their ECDs (LRR-MAL RKs), Catharanthus roseus

RECEPTOR-LIKE KINASE 1-LIKE group (CrRLK1L) with Malectin-like domains in their ECDs, as well as

wall-associated kinases, lectin-RKs, and LRR-extensins. The characterization of structural basis of gly-

cans recognition by these new plant receptors will shed light on their similarities with those ofmammalians

involved in glycan perception. The gained knowledge holds the potential to facilitate the development of

sustainable, glycan-based crop protection solutions.

Key words: Arabidopsis thaliana, cell wall, damage-associated molecular patterns, DAMPs, disease resistance,

glycans, oligosaccharides, pattern-triggered immunity, PTI, pattern recognition receptor, PRRs
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Plants are under continuous biotic stresses caused by their expo-

sure to microbial populations, pathogens, and pests. Despite the

diversity of biotic and other environmental challenges to which

plants are exposed, they can reprogram their physiological pro-

cesses to respond to these conditions. This ability of plants is

facilitated by a variety of complex and efficient mechanisms of

adaptation, which include diverse molecular monitoring systems

that perceive stresses-derived signals and trigger specific adap-

tative responses (Engelsdorf and Hamann, 2014; Wolf, 2022;

Alonso Baez and Bacete, 2023; Bender and Zipfel, 2023).

Among these adaptative responses is the activation of disease

resistance to pathogens, which is costly because implies the

allocation to defense of resources (e.g., signaling components

and antimicrobial molecules) and this might compromise

plants’ development, reproduction, and offspring (Denancé

et al., 2013; Lozano-Durán and Zipfel, 2015; Karasov et al.,

2017; Monson et al., 2022). Thus, activation of plant disease

resistance mechanisms against pathogens and pests is tightly

regulated and includes cell autonomous monitoring systems to

perceive pathogen infection and specific mechanisms to fine-

tune the intensity and duration of the responses (Lozano-Durán

and Zipfel, 2015; Wolf, 2022; Bender and Zipfel, 2023).

One of these plant monitoring systems is the cell wall that

surrounds all plant cells. Cell walls are dynamic structures that

provide mechanical support, orchestrate cell growth, and influ-

ence cell differentiation and fate, thereby shaping the overall

architectural structure of the plant (Yong et al., 2005; Zhang

et al., 2021b, 2021c; Wolf, 2022; Delmer et al., 2024). Plant

cell walls have relevant functions as safeguards against both

biotic and abiotic stresses that can alter wall composition and

structure, and accordingly cell wall integrity (CWI) (Miedes

et al., 2014; Benedetti et al., 2018; Gigli-Bisceglia and

Testerink, 2021; Molina et al., 2021; Baez et al., 2022; Gigli-

Bisceglia et al., 2022; Wolf, 2022). CWI alterations occur

during plant-microbe interactions since plant walls represent

physical barriers that pathogens must overcome and break

down by the action of cell wall degrading modifying enzymes

(CWDEs) secreted by microorganisms (Zheng et al., 2021).

Upon CWI alterations, activation of the signaling process

takes place through different sets of receptors/sensors that

trigger specific adaptative responses, including the de novo

synthesis or the modification of wall components, as well as

plant cell wall remodeling (Feng et al., 2018; Bacete and

Hamann, 2020; Zhao et al., 2021; Bacete et al., 2022; Gigli-

Bisceglia et al., 2022; Wolf, 2022). Modifications of plant CWI

by exogenous chemical treatments (e.g., by using inhibitors

of polysaccharide synthesis) or genetically, by impairing or

overexpressing cell wall-related genes in some species

(e.g., Arabidopsis thaliana), have contributed to understand

the impact of some plant cell wall modifications on plant

development, but also on disease resistance phenotypes

(Denness et al., 2011; Miedes et al., 2014; Tateno et al., 2016;

Ogden et al., 2023).

In addition to the cell wall monitoring system, plants have evolu-

tionary acquired the capacity to detect conserved pathogen-

derived (‘‘non-self’’) ligands, known as microbe-associated mo-

lecular patterns (MAMPs), by plasma membrane-anchored

pattern-recognition receptors (PRRs), which are mainly receptor

kinases (RKs) and receptor-like proteins (RPs) (Bender and Zipfel,
700 Molecular Plant 17, 699–724, May 6 2024 ª 2024 The Author.
2023). These types of receptors can also perceive ‘‘plant-self’’-

derived damage-associated molecular patterns (DAMPs), which

are released or synthesized upon plant tissue damage/infection

by pathogens (De Lorenzo and Cervone, 2022). MAMP/

DAMP recognition by PRRs activate pattern-triggered immunity

(PTI) and disease resistance responses. Plant immune system

also recognizes microbial effectors (Avr proteins, not conserved

between microbial strains) through intracellular receptors that

might be encoded by resistance genes (R), activating effector-

triggered immunity (ETI) (Li et al., 2016; Boutrot and Zipfel,

2017; DeFalco and Zipfel, 2021). PTI and ETI have recently

been shown to function cooperatively in disease resistance

(Yuan et al., 2021).
Plant cell walls: Biochemically diverse structures that
are not just physical barriers

Pathogens attempting to colonize plant tissues must overcome

plant cell wall barriers, which are sometimes reinforced with a

cuticle composed of hydrophobic compounds (Arya et al.,

2021). All plant cells are surrounded by a primary cell wall

(PCW), whereas those cells that have completed their cellular

expansion or reinforced their walls for functional specialization,

such as xylem cells, have also secondary cell walls (SCWs)

(Carpita and McCann, 2020). Plant cell walls are mainly

composed of carbohydrate-based polymers (cellulose, pectins,

and hemicelluloses) integrated by different monosaccharide moi-

eties (e.g., glucose, xylose, arabinose, galacturonic acid, and

rhamnose) bound by diverse types of linkages. These linkages

determine the linearity or degree of branching of the polysaccha-

rides. Moreover, glycan moieties of the polysaccharides can

have different biochemical decorations (acetylations, esterifica-

tions, methylations, aminations, etc.), undergo modifications

(oxidation or reduction), or be bound to ions/cations (e.g., calcium,

boron), making the structure of cell wall polysaccharides

extremely diverse and complex (Burton et al., 2010; Carpita and

McCann, 2020; Delmer et al., 2024). Moreover, polysaccharide

structures can be modified through linkages established among

them and with other cell wall components such as proteins,

lignin, and suberin (Delmer et al., 2024). Plant cell walls of

eudicots and monocots exhibit substantial variations in the

composition and structure of PCWs (type I in eudicots and type

II in grasses) and SCWs, that we are still far from characterizing,

although significant progresses have been done in the last years

(Zhang et al., 2021b; Cosgrove, 2024; Addison et al., 2024;

Delmer et al., 2024).

PCW of eudicots (type I) mainly consist of cellulose arrays

composed of b-1,4-D-glucan chains (Carpita and Gibeaut,

1993). These chains are synthesized at the plasma membrane

by cellulose synthase (CESA) complexes and are subsequently

assembled into semi-crystalline microfibrils (Pear et al., 1996;

Burton et al., 2010; Turner et al., 2018). These microfibrils gain

stability through their interaction with other b-1,4 backbones,

mainly xyloglucans (XyG), that are the main hemicelluloses in

type I PCW. XyG, that have a complex array of side chain

substitutions, are synthesized at the Golgi apparatus by cellulose

synthase-like proteins from ‘glycosyltransferase 2 family and

are transported to the plasma membrane via vesicle trafficking

(Kim et al., 2020). The interaction points between cellulose-

hemicelluloses determine the biomechanical properties of the
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cell wall and serve as target for expansins and other proteins for

cell wall remodeling and cell expansion (Park and Cosgrove,

2012; Zhang et al., 2021a). These arrays of fibers are embedded

in a matrix of pectins, primarily comprising a-1,4-D-galacturonic

acid (GalA) chains that form the structural backbones of homoga-

lacturonans (HG). HG are decorated with diverse sugar branches

in rhamnogalacturonan I and rhamnogalacturonan II polymers

(Atmodjo et al., 2013). HG are synthesized in the Golgi and

secreted in acetylated and methyl-esterified forms (at the carbox-

ylic residue) into the apoplast. Here, they undergo deacetylation by

pectin acetyl esterases and/or demethylation by cell wall pectin

methylesterases (Pelloux et al., 2007; Sinclair et al., 2020;

Delmer et al., 2024). The demethylated regions of HG can bind

Ca2+ ions, leading to the formation of "egg-box" structures that

contribute to form gels and stabilize the cell wall (Zdunek et al.,

2021). In addition, pectin methylesterase inhibitors regulate pectin

methylesterase activity, loosening the pectin matrix to control cell

adhesion and cell expansion (Wormit and Usadel, 2018; Coculo

and Lionetti 2022). HG demethylation can also affect the

biomechanical properties of the cell wall by rendering pectin

susceptible to enzymatic depolymerization by pectin lyases and

polygalacturonases (PGs) (De Lorenzo and Cervone, 2022;

Cosgrove, 2024). Besides these glycan polymers, highly

glycosylated arabinogalactan proteins (AGPs) are covalently

linked to hemicelluloses and pectins (Tan et al., 2013). These

AGPs influence cell adhesion during growth and development by

establishing glycosylphosphatidyl-inositol (GPI) links with the

plasma membrane (Leszczuk et al., 2023).

The composition of the type II PCW of grasses differs from that

of dicots (type I) in the class and relative abundance of non-

cellulosic polysaccharides, proteins and phenolic compounds

(Carpita and Gibeaut, 1993; Vogel, 2008). PCW of grasses is

mainly composed of a structural framework of cellulose fibers

interconnected with arabinoxylans and glucuronoarabinoxylans.

Pectins and proteins are less prominent than in dicots, and their

structural role is carried out by unbranched and unsubstituted

chains of mixed-linked b-1,3/b-1,4-glucans (MLGs) (Vogel,

2008). Moreover, these walls are characterized by the presence

of significant quantities of phenylpropanoid molecules including

lignin, ferulic acid and p-coumaric acid, and suberin in some

cells, that are crosslinked to polysaccharides to provide rigidity

and mechanical strength to cell walls (Hatfield et al., 2016).

SCWs are composed of robust matrixes primarily consisting of

cellulose microfibrils, intertwined with various hemicelluloses,

particularly xylans and glucomannans, and mannans (Sarkar

et al., 2009; Kumar et al., 2016; Delmer et al., 2024). This

structural framework is further strengthened by crosslinking

with lignin, resulting in a rigid and impermeable barrier that

imparts durability to plant cells (Kang et al., 2019). There is

considerable variability in the fine structures of primary or

secondary wall polymers (e.g., degree of xylan and pectin

acetylation or pectin methylation) within a given phylogenetic

group of plants, and even a plant species. Moreover, cell wall

composition and structure vary significantly between different

tissues (e.g., leaves vs. roots) and even between one cell

and its adjacent cells. All these chemical differences have an

obvious impact on the three-dimensional architectures and

physicochemical properties of plant walls, and on the diversity

of wall structures found in plants. We are still far from getting a
detailed characterization of wall composition and structure at

the cellular level, and in vivo mechanical and biochemical prop-

erties of cell wall, although some technological progress might

contribute to decipher this key question in plant biology

(Alonso Baez and Bacete, 2023). Among these emerging non-

destructive tools enabling simultaneous in vivo visualization of

many cell wall features are Brillouin microscopy, multi-target

optical nanoscopy, and Raman spectroscopy (Haas et al.,

2020; Mateu et al., 2020; Bacete et al., 2022), and some

technologies such as metabolic click chemistry labeling for

imaging of cell wall polysaccharides in living cells, or proximity

labeling to identify proteins that are physically close to wall

bait proteins (Herburger et al., 2022; Kumar et al., 2022; Morel

et al., 2022; Ropitaux et al., 2022).

The heterogeneity of plants walls is also reflected in the diverse

mechanisms that pathogens have evolved to breach them, like

the secretion of diverse CWDEs, such as cellulases, PGs, or xy-

lanases. CWDEs represent a significant portion of the encoded

proteins of plant-pathogenic fungal genomes, further indicating

their relevance for breaching and modifying the walls and sug-

gesting that microbial CWDEs’ repertoire might determine

plant-microbe specificity and colonization (Kubicek et al.,

2014). The arsenal of CWDEs of microbes is quite diverse and

is classified into different groups in the carbohydrate-active

enzyme (CAZYme) database (http://www.cazy.org; Drula et al.,

2022). CWDEs can either hydrolyze/break down linkages be-

tween glycan moieties, add/release groups to glycan moieties,

or modify wall glycans/polysaccharides through oxidation or

reduction. This diversity of activities of microbial CWDEs illus-

trates the complexity of plant wall structures that microorgan-

isms must encounter and degrade to get into the cell or to

release free glycans that they might use as energy source or

building blocks for the biosynthesis of new biomolecules of the

microorganisms. The diversity of CWDE activities existing in na-

ture has recently expanded with the identification of human/an-

imal microbiomes that can degrade walls and oligosaccharides

from plant biomass during digestion (Delannoy-Bruno et al.,

2022). The observed expansions in the number of genes within

specific CAZYme and peptidase families in the genomes of plant

pathogens, compared with non-phytopathogenic microbial

genomes, further corroborates the contribution of CWDEs to

plant pathogens colonization capacities (Drula et al., 2022;

Dort et al., 2023).
Modification of cell wall integrity/composition
influences plant disease resistance

Cell wall modifications caused by pathogens during plant cell

colonization can be perceived by plant cell wall monitoring

systems to trigger defensive responses. Accordingly, mutations

affecting plant genes encoding functions related with the syn-

thesis of cell wall components might cause wall modifications

that can be perceived by plant monitoring systems and have

an impact on plant disease resistance outcome (Miedes

et al., 2014; Bacete et al., 2018). These phenotypic alterations

have been particularly documented in Arabidopsis thaliana

(Arabidopsis) mutants impaired in cell wall-related genes and

supports the relevant role of this extracellular matrix on plant

immunity (Bacete et al., 2018; Molina et al., 2021). For

example, mutants impaired in CESA complexes required for
Molecular Plant 17, 699–724, May 6 2024 ª 2024 The Author. 701



Molecular Plant Plant cell wall-mediated disease resistance
the synthesis of cellulose are usually associated to specific

enhanced disease resistance phenotypes. Arabidopsis cev1

and rsw mutants, affected in CESA3 and CESA1 genes,

respectively, required for PCW cellulose biosynthesis, display

enhanced resistance to several biotrophic powdery mildew

fungi such as Golovinomyces cichoracearum, G. orontii, and

Oidium lycopersicum (Ellis et al., 2002a, 2002b), but did

not display altered susceptibility to the necrotrophic fungus

Plectosphaerella cucumerina or the soil-borne bacterium

Ralstonia solanacearum (Hernández-Blanco et al., 2007).

In contrast, Arabidopsis irx5-1/irx3-1/irx1-6 mutants, affected,

respectively, in CESA4/CESA7/CESA8 required for SCW

cellulose biosynthesis, are more resistant than wild-type plants

to P. cucumerina, R. solanacearum, and the necrotrophic

fungus Botrytis cinerea, among other pathogens (Hernández-

Blanco et al., 2007; Molina et al., 2021). Similarly, mutations in

CESA complex-associated proteins involved in cellulose depo-

sition also alter cell wall properties and have an impact on im-

munity. For example, Arabidopsis plants impaired in the endo-

glucanase KORRIGAN (KOR1) show a reduction in the rate of

cellulose deposition and enhanced colonization by the bacte-

rium Pseudomonas syringae, but restricted invasion by B. cin-

erea (López-Cruz et al., 2014). This mutant, as well as plants

defective in other components of the CESA complex such as

CHITINASE-LIKE1 (CTL1) and the GPI-anchored plant-specific

COBRA protein, display less growth of the vascular pathogens

Fusarium oxysporum and R. solanacearum in comparison with

wild-type plants (Menna et al., 2021). Thus, alteration in the

cellulose framework usually results in significant modifications

of plant disease responses to different pathogens.

Alteration of thebiosynthesis and/or structure ofwall pectins (e.g.,

degree of methyl-esterification and acetylation) also affect path-

ogen resistance (Bethke et al., 2016). Mutants with enhanced

or reduced pectin content show altered disease resistance

against different pathogens. For example, Arabidopsis powdery

mildew-resistant (pmr) mutants, impaired either in a pectin

acetyltransferase that transfers acetyl groups to GalA (pmr5;

Chiniquy et al., 2019) or in a pectate lyase–like protein (pmr6-1;

Vogel et al., 2002), exhibit cell walls with increased total

pectins and enhanced resistance to powdery mildew fungi (G.

cichoracearum and Erysiphe orontii) (Vogel et al., 2002, 2004)

and the hemibiotrophic fungus Colletotricum higginsianum

(Engelsdorf et al., 2017), whereas they are highly susceptible to

B. cinerea (Wang et al., 2017; Chiniquy et al., 2019) and are

unaffected in their resistance to P. cucumerina (Hernández-

Blanco et al., 2007; Molina et al., 2021). Similarly, Arabidopsis

gae1 gae6 double mutant that is impaired in genes encoding

glucuronate 4-epimerases required for pectin precursor UDP-D-

GalA biosynthesis and displays strong reduction in GalA, total

uronic acids, and pectin in its cell walls, is slightly more suscepti-

ble to P. syringae pv. maculicola ES4326 bacterium and shows

enhanced susceptibility to B. cinerea isolates (Bethke et al.,

2016). In contrast, Arabidopsis plants expressing constitutively

a fungal PG that degradesHG, aswell as loss-of-functionmutants

for QUASIMODO2 (QUA2) gene, encoding a pectin methyltrans-

ferase relevant for HG biosynthesis, show reduced growth and

almost complete resistance to B. cinerea, probably explained in

this case by the accumulation of reactive oxygen species

observed in the mutant in comparison with wild-type plants (Du

et al., 2020; Lorrai et al., 2021).
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Immunity-related phenotypes have been also documented

for some plant mutants with reduced content and/or structural

alterations in composition of hemicelluloses (Bacete et al.,

2018). For example, mutants in the Arabidopsis xylosidase

XYL1, which affects XyG structure, and in GPI-linked IRX6/

COBL4 and vacuolar H+-ATPase Arabidopsis DE-ETIOLATED

3 (DET3), which have increased xylose content, display

enhanced resistance to P. cucumerina (Delgado-Cerezo

et al., 2012). Moreover, mutations affecting side chains of

hemicelluloses (e.g., degree of acetylations) also influence

disease resistance (Pogorelko et al., 2013), as it has been

observed in REDUCED WALL ACETYLATION 2 (RWA2) mutant

impaired in an O-acetyltransferase that shows an overall reduc-

tion of acetylation on several polymers and enhanced resistance

to the biotrophic oomyceteHyaloperonospora arabidopsidis and

B. cinerea fungus, but not to P. syringae and P. cucumerina

(Manabe et al., 2011; Pawar et al., 2016). In contrast, mutations

in the plant-specific polysaccharide O-acetyltransferase

ESKIMO1 (ESK1), involved in xylan acetylation, show enhanced

resistance to P. cucumerina but not to the biotrophic pathogens

tested (Escudero et al., 2017).

In addition to the cell wall structural polymers, callose, a b-1,3-D-

glucan that can be found in several locations within a plant, has

been described to play a major role in both development and

plant defense processes. Callose is deposited between the

plasma membrane and the cell wall, forming papillae at sites

where fungal penetration occurs, effectively hindering pathogen

intrusion (Voigt, 2014; Wang et al., 2021). Induction of plant

callose deposition at the cell wall upon pathogen infection relies

on several plant callose synthase enzymes, such as GLUCAN

SYNTASE-LIKE 5 (GSL5)/POWDERY MILDEW RESISTANT 4

(PMR4). Depletion of callose in Arabidopsis gsl5/pmr4 mutant

leads to contrasting outcomes in terms of immunity, since gls5/

pmr4 exhibits enhanced resistance to various powdery mildew

fungal species, P. syringae and H. arabidopsidis (Jacobs et al.,

2003; Flors et al., 2008). On the other hand, gls5/pmr4 displays

increased susceptibility to the grass powdery mildew fungus

Blumeria graminis and the necrotrophic fungus Alternaria

brassicicola (Nishimura et al., 2003; Flors et al., 2008). These

data support the role of callose deposition in preventing fungal

penetration at papillae (Ellinger et al., 2013). Furthermore,

callose also inhibits pathogen spread through its accumulation

at plasmodesmata and other plant tissues, as shown in callose-

degrading b-1,3-glucanase (AtBG_paps) mutants that have

reduced virus spread (Zavaliev et al., 2013).

Alteration (biosynthesis or modification) of complex cell wall

components like AGPs also leads to modification in plant dis-

ease resistance. Loss-of-function mutants of ARABINOXYLAN

PECTIN ARABINOGALACTAN PROTEIN 1 (APAP1), an AGP

that is covalently attached to pectin and hemicellulose (Tan

et al., 2013), displays increased susceptibility to P. syringae

(Kim et al., 2023). Conversely, mutants in arabinokinase1

protein (ara1), which cannot metabolize exogenously added

arabinose (Sherson et al., 1999), display enhanced resistance

to this pathogen (Kim et al., 2023). Also, alteration of the

cell wall lignin content leads to susceptibility phenotypes

(reviewed by Miedes et al., 2014). Arabidopsis mutants in

lignin biosynthetic genes encoding phenylalanine ammonia-

lyase (Huang et al., 2010), caffeic acid o-methyltransferase
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(Quentin et al., 2009), and cinnamyl alcohol dehydrogenase

(Tronchet et al., 2010) displaying reduced lignin deposition are

more susceptible to various bacterial and fungal pathogens

(Miedes et al., 2014). Of note, Arabidopsis lines with similar

lignin contents, but strikingly different lignin compositions

resulting from the overexpression or loss of function of the

enzyme ferulate/coniferaldehyde 5-hydroxylase (F5H) exhibit

differential transcriptional expression of defense genes

(Gallego-Giraldo et al., 2018). Similarly, Arabidopsis ccr1-3

mutant in cinnamoyl CoA reductase (CCR) protein shows

reduced lignin content and differential resistance to pathogens

(Gallego-Giraldo et al., 2018; Liu et al. 2023a, 2023c). Also,

overexpression of genes of the ligno-suberin pathway in tomato

enhances resistance to R. solanacearum by restricting its move-

ment (Kashyap et al., 2022). This is likely because these phenolic

compounds function as a physical barrier that restricts pathogen

from the infection site and hinders its further spread through

vascular tissues (Lee et al., 2019).

Interestingly, some loss of function lines with alterations in PTI

signaling components (e.g., heterotrimeric G-protein complex

and some PRRs, such as ERECTA RK) exhibit changes in their

cell wall structure, linking the activation of immune pathways to

cell wall remodeling (Sánchez-Rodrı́guez et al., 2009; Delgado-

Cerezo et al., 2012). In addition, mutants in signaling pathways

mediated by hormones, such as arr6 plants, which are impaired

in ARABIDOPSIS RESPONSE REGULATOR 6 (ARR6) involved in

cytokinin signaling regulation, show important alterations in cell

wall composition and display differential resistance patterns, being

more resistant than wild-type plants to P. cucumerina but more

susceptible to R. solanacearum (Bacete et al., 2020). Similarly,

mutants in components of abscisic acid (ABA) pathway

show alterations in their cell walls and differential resistance to

pathogens (Delgado-Cerezo et al., 2012; Sánchez-Vallet et al.,

2012). In summary, all these data clearly illustrate the relevance

of plant cell walls in disease resistance patterns. However, with

some exceptions (Molina et al., 2021), correlations between

specific wall structure content/modifications and disease

resistance phenotypes have not been established yet. In these

few examples, complex and diverse defensive mechanisms are

proposed to explain the disease resistance phenotype observed

(Bacete et al., 2018; Molina et al., 2021).
From cell wall alterations to immune signaling activation

Mutants impaired in cell wall-associated genes or transgenic

lines overexpressing this group of genes are generally affected

in the structure/composition of their cell walls in comparison

with wild-type plants. These modifications might compromise

or facilitate the degradability of the wall barrier by pathogen

CWDEs, or/and might lead to the activation of some plant im-

mune pathways contributing to disease resistance, thus explain-

ing the genotype-specific disease resistance phenotypes

observed in these plants. In a screening of Arabidopsis cell wall

mutants performed to determine the specific contribution of plant

cell walls to disease resistance against pathogens with different

parasitic styles, a significant set of cell wall mutants were found

to be affected in disease resistance to at least one of the patho-

gens tested (Molina et al., 2021). These genotypes exhibit a high

diversity of wall compositions (Molina et al., 2021), as revealed by

glycome profiling performed with a set of monoclonal antibodies
that detect specific wall carbohydrate moieties (Ruprecht et al.,

2017). Mathematical modeling of glycome profiling data of

these Arabidopsis wall mutants led to the identification of

specific correlations between the amount of specific wall

carbohydrate moieties in the wall fractions of these Arabidopsis

genotypes and their disease resistance phenotypes to specific

pathogens. These analyses demonstrated that some of the

observed phenotypes in the Arabidopsis mutants tested could

be linked to specific cell wall composition/structure alterations,

such as the correlation found between the level of fucosylated

xyloglucans in wall extracted fractions of a set of Arabidopsis

genotypes and their degree of resistance to P. cucumerina

(Molina et al., 2021). These data might suggest that the disease

resistance phenotypes observed in these genotypes were just

due to changes in their wall barriers that are not overcome by

pathogens. However, pectin-enriched cell wall fractions ex-

tracted chemically from the walls of such mutants (e.g., arr6

and irx10) triggered in Arabidopsis wild-type plants enhanced

PTI hallmarks (e.g., calcium burst) comparedwith those observed

after treatment with wild-type plant wall fractions, suggesting that

fractions of thesemutants contain DAMPs (i.e., oligosaccharides)

that are either absent or present at lower concentrations in wild-

type plant wall fractions (Molina et al., 2021). Similarly, glycans

(DAMPs) extracted with water from cell walls of Arabidopsis lignin

mutant ccr1-3 were shown to be enriched in a galacturonic acid

trisaccharide (GalA3) and other DAMPs that trigger upregulation

of defensive genes in wild-type plants (Gallego-Giraldo et al.,

2018; Liu et al., 2023c). These ccr1-3 DAMPs probably are

released from glucuronic acid-containing xylan oligosaccharides

that are enriched in these mutants. This release of DAMPs seems

to be impaired in mutants in the MLL-RK FERONIA (FER).

Notably, such wall fractions do not trigger immune responses in

mutant plants impaired in five wall-associated RKs (WAK1–

WAK5) (Liu et al., 2023a). These examples demonstrate that

plant cell wall modifications by impairing the expression of cell

wall-related genes can lead to the release of wall DAMPs that

trigger PTI and disease resistance responses.

Differential modulation of canonical immune pathways has

been also suggested previously to account for the immune phe-

notypes displayed by many plant cell wall mutants (Bacete

et al., 2018; Wolf, 2022). For example, Arabidopsis mutants

affected in cellulose and pectin synthesis show constitutive

activation of defensive pathways regulated by hormones, such

as jasmonic acid (JA), ethylene (ET), ABA, or salicylic acid (SA).

Indeed, cev1 displays constitutive activation of JA and ET

signaling, and JA signaling was shown to be concomitant to its

enhanced resistance phenotypes (Ellis et al., 2002a). Also,

immunity phenotypes in the endo-1,4-b-glucanase mutant kor1

are linked to increases in JA and SA signaling and callose

deposition (López-Cruz et al., 2014). On the other hand,

enhanced resistance to vascular pathogens F. oxysporum and

R. solanacearum displayed by several Arabidopsis mutants in

PCW-CESA complex-associated proteins depends on constitu-

tive activation of ET rather than JA signaling (Menna et al.,

2021). By contrast, enhanced immunity phenotypes caused

by the disruption of SCW CESA8/IRX1 and CESA4/IRX5

genes are dependent on the accumulation of antimicrobial

compounds and ABA signaling rather than JA/ET or SA pathways

(Hernández-Blanco et al., 2007). Also, the altered immunity of

esk1 plants seems to depend primarily on the accumulation of
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antimicrobial peptides and tryptophan-derived secondary me-

tabolites (Escudero et al., 2017). Interestingly, callose depletion

in the gsl5/pmr4 mutant imbalances hormone signaling with

a hyperactivation of SA pathway that is concurrent with

downregulation of JA signaling (Nishimura et al., 2003; Flors

et al., 2008). Whether constitutive activation of these canonical

defensive pathways in the indicated cell wall mutants occurs

through either wall-derived DAMPs or uncharacterized signaling

molecules is unknown and deserves further investigation.

Remarkably, alteration of immunity displayed by cell wall mutants

is not always mediated by canonical signaling pathways, since

enhanced disease resistance phenotypes of some Arabidopsis

cell wall mutants cannot be explained by upregulation of canonical

PTI or the expression patterns of phytohormone-related (SA, JA,

ET, and ABA) marker genes (Molina et al., 2021). Similarly, other

reports describing the transcriptomic profiling of plant cell wall

mutants revealed the differential constitutive regulation of non-

canonical defensive genes in these plants in comparison with

wild-type ones (Gallego-Giraldo et al., 2018). For example,

pmr5- and pmr6-mediated resistance has been proposed to

depend on the activation of alternative forms of defense (Vogel

et al., 2002, 2004). Additional studies suggest that immunity

phenotypes of some mutants impaired in hemicellulose

synthesis involve alternative pathways such as brassinosteroid-

and strigolactone-mediated signaling (Ramı́rez and Pauly, 2019).

Together these data provide strong evidence for the significant

role of plant cell walls in immunity modulation, suggesting that

in some cases immune responses could be triggered by

uncharacterized wall-derived DAMPs. However, we cannot

exclude that other mechanisms of disease resistance activation

(no-DAMP dependent) might contribute to the observed pheno-

types of some of these cell wall mutants.
From cell walls to wall-derived DAMPs/MAMPs
triggering immune responses

During plant-microbe interaction coevolution, pathogens have ac-

quired a wide range of mechanisms to breach plant cell walls,

including an arsenal of CAZymes, which specifically hydrolyze or

modify different cell wall components to break downwall structural

barriers (Drula et al., 2022). The activity of these enzymes on plant

cell wall polysaccharides leads to the release of active glycans

triggering PTI, further confirming plant cell walls as vast sources

of DAMPs that have not been characterized in detail (Mélida

et al., 2020; Rebaque et al., 2021; Pring et al., 2023). In recent

years, numerous studies have uncovered novel plant cell wall

bioactive fragments (DAMPs) as well as new glycan-derived

MAMPs that are relevant to plant immunity (Table 1). DAMPs

include fragments of b-1,4-D-glucosyl cellulose-derived products

or cellodextrins with a degree of polymerization (DP) from two to

nine moieties of glucose (e.g., b-1,4-D-(Glc)3-5 or CEL3-CEL5)

(Aziz et al., 2007; Souza et al., 2017; Johnson et al., 2018; Locci

et al., 2019), and oligogalacturonides (OGs), which are a-1,4-D-

GalA oligomers generated by the action of plant or pathogen

PGs on the pectin HG (Benedetti et al., 2015; Voxeur et al.,

2019). Also, b-1,4-linked hemicellulose-derived DAMPs have

been identified, including those derived from XyG (b-1,4-D-glucan

backbone with xylosyl [Xyl (X)]-, galactosyl-, and fucosyl-type

branching, mainly with a DP of 7), mannans (b-1,4-D-(Man)2-6)

released by the action of endo-1,4-b-mannosidases, arabinoxy-
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lan-derived oligosaccharides (such as the pentasaccharide 33-

a-L-arabinofuranosylxylotetraose or XA3XX) and xylan-based oli-

gosaccharides (b-1,4-D-(Xyl)2-6), which are released by the action

of endo-xylanases (Table 1) (Zang et al., 2019; Mélida et al., 2020;

Pring et al., 2023; Fernández-Calvo et al., 2024). The diversity of

plant and seaweed oligosaccharides/polysaccharides that can

be perceived by plants have expanded recently by showing that

also glucuronoxylans, a-1,4-D-glucans and different polysaccha-

rides from plants and seaweeds activate PTI reponses in Arabi-

dopsis (Fernández-Calvo et al., 2024).

Interestingly, other carbohydrate-based molecular patterns

represent a group of glycans that can be classified as DAMPs

and MAMPs, since they can be released from both microbial

and plant walls. This group includes the non-branched 1,3-

b-D-(Glc)6-12 glycans, such as laminarinhexaose (LAM6; 1,3-

b-D-(Glc)6), that are present in 1,3-b-D glucans of fungal cell

walls and in plant callose, and can be released upon pathogen

degradation of plant callose or degradation of fungal cell

walls by plant CWDEs (Table 1). In addition, unbranched

MLGs, such as b-1,4-D-(Glc)2-b-1,3-D-Glc (MLG43), are pre-

sent in some groups of plants (e.g., grasses or Equisetum sp.),

but also in oomycetes and microbial cell walls (Table 1)

(Chowdhury et al., 2014; Mélida et al., 2018; Barghahn et al.,

2021; Rebaque et al., 2021; Martı́n-Dacal et al., 2023). DAMPs

can also be generated through the action of inherent plant

CWDEs and might accumulate in the extracellular matrix where

they are perceived alongside microbial MAMPs by plant

PRRs activating PTI (Bender and Zipfel, 2023). Since plant

genomes encode several hundreds of CAZymes that can

potentially target plant cell wall polysaccharides during plant

development and in response to different stresses (Drula et al.,

2022), the contribution of these plant enzymes to the release

of DAMPs needs further investigation.

Cell walls and extracellular outer layers ofmicroorganisms are also

a source of carbohydrate-based ligands perceived as MAMPs

(reviewed by Wanke et al., 2021). The best characterized

carbohydrate-based MAMPs are oligosaccharides derived

from fungal chitin (chitooligosaccharides [Cos], such as b-1,4-D-

(GlcNAc)6-8 or CHI6-CHI8] (Table 1). However, bacterial

compounds derived from lipopolysaccharide and peptidoglycan,

and 1,6-b-D-glucans, have been described to trigger immune

responses in different plant species (Table 1) (Khokhani

et al., 2021; Chaube et al., 2022). In addition, 1,3-b-D-Glc

oligosaccharides with 1,6-b-D-Glc branches can also trigger

immunity in plants (Table 1) (Wanke et al., 2020, 2023). Notably,

some complex exopolysaccharides from endophytic fungi, as

well as lipo-chitooligosaccharid from symbiotic bacteria (Nod

factor) and from arbuscular mycorrhizal fungi (MYC factors), are

also perceived by plants. However, these molecules activate

symbiotic processes, instead of immune responses, through

recognition mechanisms involving mainly RKs with lysin motif

(LysM) ECDs (Khokhani et al., 2021; Chandrasekar et al., 2022;

Kelly et al., 2023).

The relevance of some of the above-described glycans in acti-

vating plant disease resistance is supported by the fact that

pre-treatments of plants (Arabidopsis and different crops) with

these DAMPs boost plant defense responses by triggering

signaling cascades that generate a profound transcriptomic



Glycan
Representative oligosaccharide(s)
DAMP/MAMP Source PRRa (co-PRR)b PTI in plants Reference

Cellulose CEL2-CEL9: b-1,4-D-(Glc)2-9 plants

oomycetes

IGP1/CORK1 (IGP3, IGP4) Arabidopsis, tomato, lettuce Aziz et al. (2007)

Souza et al. (2017)

Johnson et al. (2018)

Zarattini et al. (2021)
Martı́n-Dacal et al. (2023)

He et al. (2023)

Mixed-linked b-1,3/
1,4-glucans (MLGs)

MLG43: D-cellobiosyl-
(1,3)-b-D-Glc

MLG34/MLG443

plants (monocots)
Equisetum

sp. oomycetes

(IGP1/CORK1, IGP3, IGP4)
OsLECRK1/OsCERK1

(OsCeBIP)

Arabidopsis, rice, barley,
tomato, pepper

Rebaque et al. (2021),
Yang et al. (2021a), 2021b

Barghahn et al. (2021)

Dai et al. (2023)

Homogalacturonan

(HG)

oligogalacturonides (OGs):

a-1,4-D-(GalA)9-15
GalA3: a-1,4-D-(GalA)3

plants LRX8-RALF4 (FER/LLGs)

LRX1-RALF22 (FER/LLGs)

(WAK1-WAK5)
(RFO1/WAKL10, FER)c

Arabidopsis, tomato,

grapevine, and several

plant species

Benedetti et al. (2015)

Voxeur et al. (2019)

Liu et al. (2023a)
Moussu et al. (2023)

Huerta et al. (2023)

Schoenaers et al., 2024

Arabinoxylans XA3XX: 3
3-a-L-

arabinofuranosylxylotetraose

plants (IGP1/CORK1, IGP3, IGP4) Arabidopsis, tomato, pepper Mélida et al., 2020

Fernández-Calvo et al. (2024)

Xylans b-1,4-D-(Xyl)2-5 plants (IGP1/CORK1, IGP3, IGP4) Arabidopsis, tomato, wheat Dewangan et al., 2023

Pring et al. (2023)

Fernández-Calvo et al. (2024)

Mannans b-1,4-D-(Man)2-6 plants nd Rice, tobacco Zang et al. (2019)

Xyloglucans Heptamaloxyloglucan plants nd Arabidopsis, grapevine,
wheat, soybean

Claverie et al. (2018)

Linear
b-1,3-D-glucans

LAM6: 1,3- b-D-(Glc)6
LAMINARIN: b-1,3-D-(Glc) > 10

plants
fungi

oomycetes

(CERK1, LYK4, LYK5) Arabidopsis, barley,
Brachypodium distachyon

Nicotiana benthamianad

Mélida et al., 2018
Wanke et al. (2020)

Branched
b-1,3-D-glucans

b-1,3-D-(Glc)n/b-1,6-D-Glcn
branched

(decasaccharide)

fungi
oomycetes

LjEPR3/LjEPR3a (CERK1) Lotus japonica, Arabidopsis,
rice, barley, tobacco

Kelly et al. (2023)
Wanke et al. (2020), 2023

Chitin CHI6-CHI8: b-1,4-D-(GlcNAc)6-8
COs: chitin-oligosaccharides

fungi
insects

LYK5, LYK4 (CERK1)
OsCEBIP (OsCERK1)

(MtCERK1, MtLYR4)

(LjCERK6)
(VvLYK5-1, VvLYK1-1)

grapevine, and several
plant species

Cao et al. (2014),Liu et al., 2012,
2016

Xue et al. (2019)

Khokhani et al. (2021)
Roudaire et al. (2023)

b-1,6-D-Glucans b-1,6-D-(Glc)2-9 fungi (CERK1) Arabidopsis Chaube et al. (2022)

Fernández-Calvo et al. (2024)

Table 1. Glycan structures that induce PTI responses in plants.
aPRR has been identified by direct ECD/PRR-glycan binding assays (e.g., ITC, thermophoresis, crystal structure determined). Os,Mt, Lj, and Vv indicate the names of the plant species. The rest of the PRRs

and co-PRRs indicated are from Arabidopsis thaliana.
bco-PRR has been identified genetically or not direct binding to DAMP/MAMP has been determined.
cDirect binding to DAMP/MAMP has been shown, but proof of the PRR function deserves further characterization.
dNicotiana benthamiana only perceives long b-1,3-D-glucans (LAMINARIN).
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reprogramming of plant cells, at local and systemic levels

(Table 1) (Souza et al., 2017; Johnson et al., 2018; Mélida et al.,

2020; Gamir et al., 2021; Rebaque et al., 2021; He et al., 2023).

For example, exogenous application of OGs to Arabidopsis,

tomato and grapevine plants confers disease resistance against

B. cinerea (Aziz et al., 2004; Ferrari et al., 2007; Gamir et al.,

2021). Moreover, expression of PGs and PG-inhibiting proteins

(PGIPs) in Arabidopsis plants leads to OGs accumulation in the

apoplast and increased resistance to B. cinerea and bacterial

pathogens (Benedetti et al., 2015; Xiao et al., 2024).

Also, treatment with xyloglucans induce phytoalexin synthesis

in soybean and protect grapevine and Arabidopsis from

B. cinerea, and wheat kernels from Fusarium culmorum

(Claverie et al., 2018). Similarly, XA3XX and MLG-derived glycans

(e.g., MLG43) protect tomato and pepper plants against P. syrin-

gae and the fungus Sclerotinia sclerotiorum, respectively (Mélida

et al., 2020; Rebaque et al., 2021), XYL4 confers enhanced resis-

tance in tomato against P. syringae (Fernández-Calvo et al.,

2024), and MLGs protect rice from Magnaporthe oryzae

infection (Yang et al., 2021a). Pre-treatment of tobacco and rice

plants with oligomannans (DP 2-6) provide enhanced resistance

to the oomycete Phytophthora nicotianae and the bacteria Xan-

thomonas oryzae, respectively (Zang et al., 2019). Of note,

some chitin-based mixtures and seaweed extracts enriched in

b-glucans are commercial products with recognized effective-

ness in crop protection, further corroborating the role of glycan-

based elicitors in plant immunity and the potential of glycan-

based technologies in sustainable agriculture (Bacete et al.,

2018; Malerba and Cerana, 2019). The immune responses

triggered by these DAMPs/MAMPs conferring enhanced resis-

tance to pathogens show clear overlapping, but it seems that

they do not activate exactly the same downstream molecular

signaling events/responses, such as reactive oxygen species

(ROS) production with different intensity, transcriptional re-

sponses, or metabolites accumulation (Claverie et al., 2018;

Mélida et al., 2018; Rebaque et al., 2021). An in depth

characterization of specific downstream signaling components

involved in glycan-mediated responses is needed.

Despite the progress in the characterization of DAMPs and

MAMPs, we are just starting to determine glycan structures that

might be perceived by plants. The diversity and complexity of

glycan ligands that can be potentially recognized as DAMPs/

MAMPs by plants is illustrated by the following facts: (1) over

20 different monosaccharides can form the backbone and/or

ramifications building blocks of wall polysaccharides, (2) these

carbohydrate moieties can be bound through a high number of

different glycosidic linkages, (3) monosaccharides can have

different biochemical decorations (i.e., acetylation, methylation,

amination, etc.), and (4) glycans can differ in their DP, although

DAMP/MAMPs identified so far have a narrow DP range from 2

to 12, and the majority are linear glycans (Latgé and Calderone,

2002; Mélida et al., 2013; Srivastava and Kapoor, 2017).

Thus, a great variety of uncharacterized DAMPs/MAMPs can

be generated from plant cell wall and microbial extracellular

layer polymers by the action of CAZYmes from plants and mi-

crobes released or secreted during disease progression (Guzha

et al., 2022; Kim et al., 2023). Novel methodologies are needed

to identify in vivo pathogen-driven cell wall modifications and to

purify the released DAMPs, although some progress has been

done recently (Voxeur et al., 2019; Haas et al., 2020; Voxeur
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and H€ofte, 2020; Morel et al., 2022; Ropitaux et al., 2022).

Since most of the putative glycans that can be released from

plant walls and function as DAMPs have not been purified or

chemically synthesized, the full diversity of oligosaccharides

that PRRs might perceive remains unexplored.
Homeostasis of DAMPs/MAMPs determines amplitude
of plant immune responses

Long-lasting or intense activation of defensive signaling path-

ways can generate hyper-immunity that might cause cell death

and plant development alterations (Berry and Argueso, 2022).

For example, OG overaccumulation leads to reduced plant

growth and even lethality (Benedetti et al., 2015). Accordingly,

plants must control the generation and levels of active DAMPs

and the exposure to DAMPs and MAMPs that trigger PTI, given

their fundamental role modulating growth-defense trade-offs

(Pontiggia et al., 2020; Molina et al., 2021). In plants, cell wall

remodeling is a relevant process that takes place during cell

expansion and growth (Delmer et al., 2024), and therefore some

mechanisms are needed to fine-tune the turnover/metabolism

of cell wall-derived signals during non-pathogenic (e.g., cell

expansion) and pathogenic conditions (De Lorenzo and

Cervone, 2022). Until recently, plant mechanisms modulating

homeostasis of cell wall-derived danger signals were unknown.

Notably, several plant enzymes have recently been identified

that are able to modify the released DAMPs thereby fine-tuning

their eliciting capacity and the amplitude of the defense re-

sponses triggered (Benedetti et al., 2018; Locci et al., 2019).

The Arabidopsis superfamily of FAD-binding berberine bridge

enzyme such as (AtBBE-like) has turned out to play relevant func-

tions in the homeostasis of certain DAMPs. Of note, the expres-

sion of several AtBBE-like genes has been shown to be upregu-

lated during infection and upon plant treatment with MAMPs/

DAMPs (Benedetti et al., 2018; Mélida et al., 2018, 2020; Locci

et al., 2019; Pontiggia et al., 2020; Costantini et al., 2023). Four

OG-oxidases (OGOXs) and one cellodextrin oxidase (CELLOX)

from the AtBBE-like family have been found to oxidize the

anomeric carbon of some oligosaccharides. OGOXs specifically

oxidate the anomeric carbon of OGs with different DP to inacti-

vate them (Benedetti et al., 2018), while CELLOX oxidizes the

anomeric carbon of CEL3-CEL6 and some MLGs (e.g.,

MLG43), but not that of glucose (Locci et al., 2019). The

oxidized OGs and CEL-oligos are biologically less active at trig-

gering PTI than the reduced ones, probably because PRRs

have lower affinity for these modified glycans (Figure 1). It has

also been described that these oxidized glycans are less

accessible to fungal lytic enzymes (PGs and endoglucanases),

limiting fungi access to carbon sources (glycans of low DP) that

they can use for the energetic catabolism and as building

blocks for biosynthetic processes, thus reducing pathogen

proliferation (Figure 1) (Locci et al., 2019; Zarattini et al., 2021).

Interestingly, CEL3, the most powerful cellulose-derived

DAMPs activating PTI (Locci et al., 2019; Martı́n-Dacal et al.,

2023), is the best substrate for CELLOX (Locci et al., 2019),

highlighting the fundamental role of these modifying enzymes in

the regulation of the activity and homeostasis of cell wall-

derived DAMPs (Figure 1). It should be noted that oxidation of

OGs and CEL-oligos generates H2O2, which plays an essential

function in the subsequent strengthening of the cell wall and

in cell signaling mediated through the extracellular H2O2



Figure 1. Release and homeostasis of cell wall-derived DAMPs triggering immune responses in plants.
CWDEs secreted by pathogens hydrolyze cell wall polysaccharides (e.g., cellulose and HG) releasing glycans that can be used by pathogens as source of

carbons for their energetic catabolism and/or building blocks for biosynthesis. Some of the released glycans, such as CEL3-CEL5 and OGs, can be

perceived as DAMPs by plant PRRs (e.g., IGP1/CORK1 andWAK RKs, respectively) that might form complexes with some additional RKs functioning as

co-PRRs (e.g., IGP3/IGP4 and other WAKs, respectively; see Figure 2). Binding of glycan by PRR activate PTI signaling and transcriptional regulation of

several immune genes, such as those encoding PRRs and co-PRRs, that might replenish these proteins at the plasma membrane. Pathogens also

secrete lytic polysaccharide monooxygenases (LPMOs) that oxidatively cleave cell wall polysaccharides, such as cellulose, releasing C1 oxidized oli-

gosaccharides with lower PTI activity. Whether PRRs/co-PRRs binding glycans are internalized by endocytosis upon ligand binding, as described for

some ligand-LRR RK complex (FLS2-BAK1-flg22) is unknown. Genes encoding BBE-like enzymes are also upregulated upon pathogen infection and

DAMP treatment, and BBE proteins (CELLOXs and OGOXs) are secreted to the apoplast to oxidize glycans (e.g., CEL3 and OGs) at the anomeric carbon

(-COOH at C1) probably lowering their binding affinity by PRRs. Oxidized oligosaccharides (-COOH at C1) are poor substrates for energetic catabolism of

pathogens hindering their colonization. Question marks indicate open topics that deserve further investigation. The glycan structures were drawn using

the code described by Cheng et al. (2017). IGPs and WAK RK domains are described in Figure 2.
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sensor HPCA1 (Wu et al., 2020; Scortica et al., 2022). AtBBE8 has

been proposed to oxidize some wall-derived oligosaccharides in

Arabidopsis guard cells in response to infection by P. syringae

and the human pathogen Salmonella enterica, although its activ-

ity on oligosaccharides has not yet been proven (Rodrigues

Oblessuc et al., 2019).

Several carbohydrate oxidase BBE-like enzymes have also been

identified in other plant species such as the cellobiose oxidase in

Physcomitrella patens (PpCBOX), which oxidizes CEL2 and

lactose but not glucose nor CEL3, and the hexose oxidase from

the red algaeChondrus crispus and the oxidases fromHelianthus

annus (HaCHOX) and Lactuca sativa (LsCHOX), which are able to

oxidize glucose, as well as CEL-derived oligomers (Custers et al.,

2004). Given the large number of members of the BBE-like family

in plant genomes, it cannot be ruled out that these and other ox-

idases might be involved in the modification of other cell wall-

derived eliciting molecules, constituting a battery of enzymes to

cope with alterations of cell wall during pathogen infection or

developmental processes, such as cell wall expansion or seed
formation (Locci et al., 2019; Scortica et al., 2022). An in-depth

biochemical characterization of these families of enzymes that

affect DAMPs homeostasis is necessary to determine extracel-

lular conditions (e.g., redox state or pH at apoplast) that influence

their activity.

Remarkably, oligosaccharide oxidases are not exclusive to

plants. They are also present in the genomes of pathogens

and saprotrophs that encode a wide repertoire of enzymes

capable of modifying and reducing the eliciting activity of

DAMPs/MAMPs by selectively oxidizing oligosaccharides

at the C1 position (Pontiggia et al., 2020). Some of the

best characterized oxidases are fungal glucooligosaccharide

oxidases (GOOX-T1 and GOOX-VN) from Sarocladium strictum

(previously known as Acremonium strictum), which exhibit high

catalytic activity on substrates such as cello-oligosaccharides

(particularly CEL3) and xylo-oligosaccharides (Fan et al., 2000;

Foumani et al., 2011). GOOX-T1 crystal structure revealed that

its active site contains a relatively open groove for carbohydrate

binding compared with other carbohydrate oxidases that
Molecular Plant 17, 699–724, May 6 2024 ª 2024 The Author. 707
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preferentially act on monosaccharides. This difference could

explain why these fungal oxidases display a strong substrate

preference toward oligosaccharides (Huang et al., 2005). A

xylo-oligosaccharide oxidase (XylO) from the thermophilic fun-

gus Myceliophthora thermophila was also reported to oxidize

xylotetraose, xylotriose, xylobiose, lactose, cellobiose, and

D-xylose (Ferrari et al., 2016). And a chito-oligosaccharide oxi-

dase from Fusarium graminearum has been identified (Heuts

et al., 2008). In addition to these oxidases, microorganisms

secrete during plant colonization lytic polysaccharide

monooxygenases, which are powerful redox enzymes that

oxidatively cleave recalcitrant polysaccharides, such as

cellulose, releasing oligosaccharides with C1 oxidized that

show lower PTI activity than oligosaccharides released by the

action of cellulases (Figure 1) (Zarattini et al., 2021).

During plant colonization, pathogens should control the release

of cell wall-derived signals (DAMPs) to weakness or delay PTI

activation. It has been shown that changes in the expression pat-

terns of certain fungal CWDEs in genetically modified microbial

lead to unexpected virulence phenotypes that contrast with those

of wild-type strains (Yang et al., 2021a; Dora et al., 2022; Gámez-

Arjona et al., 2022). For example, overexpression of some fungal

CWDEs upregulated during plant colonization resulted in fungal

strains that were less virulent than the corresponding wild-type

ones, probably due to enhanced release of DAMPs and strong

activation of PTI that hinder fungal colonization (Yang et al.,

2021a; Dora et al., 2022; Gámez-Arjona et al., 2022). This

observation further supports that the balance between plant

cell wall degradation during pathogen colonization and the

perception by PRRs of DAMPs derived from CWDE activity might

determine the progression of colonization and disease resistance

outcome (Figure 1).

Pathogens also secrete a battery of virulence factors to under-

mine host defense responses by decreasing the amount

of MAMPs (modification or degradation) available for plant

perception (Sánchez-Vallet et al., 2015). During infection,

microorganisms are exposed to the activity of plant CWDEs

that can hydrolyze microbial surfaces at the contact point with

the plant cells. As a result of the activity of host CWDEs (e.g., chi-

tinases and glucanases secreted into the apoplast), many fungal

oligosaccharides (MAMPs) derived from main fungal wall

polysaccharide components, such as chitin or b-1,3-glucans,

are released on the pathogen-host interface (Geoghegan et al.,

2017; Wanke et al., 2021; Dora et al., 2022). Chitin is one of the

main targets for biochemical modification of phytopathogenic

fungi to counteract the plant immune response (Khokhani et al.,

2021). Several fungi have chitin deacetylases that deacetylate

chitin to generate chitosan, a less active MAMP (Xu et al., 2020;

Dai et al., 2021; Rizzi et al., 2021; Gámez-Arjona et al., 2022;

Xiao et al., 2023). Hydrolysis of chitin oligosaccharides is also

a strategy of some pathogens, such as the fungus M. oryzae,

which expresses a chitinase (MoChia1), to hydrolyze chitin

oligomers into monomeric GlcNAc (Yang et al., 2021a).

Also, some fungi secrete several b-1,3-glucanosyltransferases

(GH72) and exo-b-1,3-glucanase (Ebg1) to suppresses b-1,3-

glucan-triggered plant immunity (Samalova et al., 2017; Yang

et al., 2019; Liu et al., 2023b). These enzymes are relevant for

fungal cell wall remodeling and integrity as well as for pathogen

virulence. Notably, some primary structures of these fungal
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enzymes are recognized by plants as MAMPs. To counteract

this recognition, fungi employ a camouflage strategy by secreting

proteins, such as EF1a ofM. oryzae that hijacks Ebg1 in the apo-

plast to prevent activation of plant cell immune responses by

these enzymes (Liu et al., 2023b). Also, it has been reported

that certain exopolysaccharides and polysaccharides from

fungal walls contain a well-defined b-1,3/b-1,6-decasaccharide

released by the action of host CWDEs that does not trigger immu-

nity and can scavenge reactive oxygen species, functioning as a

fungal counter-defensive strategy to subvert host immunity

(Chandrasekar et al., 2022; Kelly et al., 2023). Last, many fungal

pathogens secrete LysM domain-containing effector proteins

during host colonization to deregulate chitin-induced plant immu-

nity and successfully establish infection. Such effectors coop-

erate to form a composite groove with ultra-high (picomolar)

chitin-binding affinity that outcompetes plant PRRs for binding

to chitin (Tian et al., 2022).

Some plant enzymes can also contribute to the homeostasis of

microbial MAMPs as has been described recently (Wanke

et al., 2023). In barley, two members of the plant glycoside

hydrolase family 81-type glucan-binding protein (GBP1 and

GBP2) are b-glucan interactors. Mutation of GBP1 and GBP2

genes led to decreased colonization of barley by beneficial root

endophytes (e.g., Serendipita indica) and arbuscular mycorrhizal

fungi (e.g., Rhizophagus irregularis), but also by fungal pathogens

such as Bipolaris sorokiniana and Blumeria hordei. This reduced

colonization was associated to an enhanced PTI responses of

barley cells, implying that GBP1 is involved in the degradation

of active b-glucan MAMPs from the fungi and suggesting

that the degradation of these MAMPs is critical for the establish-

ment of symbiotic associations with beneficial fungi (Wanke

et al., 2023).
Plant receptors for glycan perception and activation of
immune responses

Plant perception of DAMPs/MAMPs occurs through different

types of receptor proteins that function as PRRs activating PTI re-

sponses. Characterized PRRs belong to three main classes of

proteins: RKs and RPs with ECDs attached to the plasma mem-

brane by a transmembrane domain, and receptor-proteins that

lack transmembrane domain and whose ECDs are either

attached to the plasma membrane by a GPI-anchor (RPg) or

are extracellular proteins (RPe) (Bellande et al., 2017; Del Hierro

et al., 2021). The number of RK/RP/RPg/e proteins in plant

genomes is larger than the PRR counterparts in animal

genomes (Bacete et al., 2018), supporting the relevance of

these receptors in plant development and adaptation to

environmental challenges. These receptor proteins comprise

more than 600 members in Arabidopsis and, in general,

represent 2%–3% of genes of plant genomes. Most of these

receptors are found in genomic clusters, indicative of rapid

evolution by duplication and gene shuffling (Shiu and Bleecker,

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

Clark, 2011; Li et al., 2016; Franck et al., 2018; Del Hierro et al.,

2021; Yang et al., 2021b; Ortiz-Morea et al., 2022). RKs are the

most numerous receptors and can be subdivided into nearly 60

subfamilies that are already present in liverworts and mosses,

suggesting that during land plant evolution RK diversity was

acquired early (Lehti-Shiu et al., 2009; Bowman et al., 2017;
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Dievart et al., 2020), which is in line with the relatively few domain-

gain events detected for RKs through evolution (Lehti-Shiu et al.,

2009; Man et al., 2020). Plant RK/RP/RPg/e are classified into

different types based on their ECD predicted structures,

the most abundant receptors being those with leucin-rich

repeat (LRR) domains in their ECDs. Other types of described

structural domains in receptors ECDs are: LysM (generally

containing 3 LysM domains), lectin domains (LEC with either G,

L, or C type domains), Malectin (MAL), LRR-MAL, MAL-like do-

mains (MLL) (present in CrRLK1L), proline-rich extensin-like

domain (in PERKs and extracellular proteins such as extensins),

epidermal growth factor-like domain (in wall-associated kinases

[WAKs] and WAK-like receptors) and not well characterized do-

mains present in CRinkly-like (CR4L), pathogenic-related Thau-

matin-like (ThaumatinL/PR5), and cysteine-rich receptor kinases

(CRK/DUF26) (Del Hierro et al., 2021; Zeiner et al., 2023). Some in

silico analyses indicate that more than half of the plant receptors

might potentially bind glycoligands based on ECD similarities

found with carbohydrate binding domains from microorganism

or carbohydrate receptor domains (CRD) from mammals (Del

Hierro et al., 2021). However, only in a few cases have crystal

structures of ECDs been obtained, and most of these crystals

do not contain the ligand in the binding pocket.

ECDs of plant receptors show high-affinity recognition for

different type of ligands: (1) signaling peptides and hormones

functioning as developmental cues (Santiago et al., 2013, 2016;

Stegmann et al., 2017; Tang et al., 2017), (2) MAMPs from

different biochemical nature (peptides, glycans, lipids, etc.),

and (3) diverse types of DAMPs, such as glycans and nucleotides,

or phytocytokine peptides that trigger PTI or other physiological

responses (Boutrot and Zipfel, 2017; Li et al., 2020; Hou et al.,

2021). Upon MAMP/DAMP recognition by ECD-PRRs, formation

of protein complexes with other RKs and RPs (co-receptors or

co-PRRs) takes place and signaling is initiated by the kinase

activity of some RKs forming part of the complex (Bender and

Zipfel, 2023). Plant RKs typically exhibit serine/threonine kinase

specificity, contrasting with the tyrosine specificity of animal

receptor tyrosine kinases involved in activation of innate

immune responses (Shiu et al., 2004; Greeff et al., 2012). Early

downstream signaling events includes cytoplasmic calcium

burst, production of ROS by NADPH oxidases (e.g., RBOH pro-

teins), phosphorylation of mitogen-activated protein kinases)

and calcium-dependent protein kinases, and gene transcriptional

regulation, among other molecular responses (Greeff et al., 2012;

Dangl et al., 2013; Bender and Zipfel, 2023). All these

downstream processes activated upon ligand recognition by

ECD-PRR have been described in several recent articles and

are not described here (Saijo et al., 2018; DeFalco and Zipfel,

2021; Ngou et al., 2022; Bender and Zipfel, 2023).

Despite the structural diversity of ligands that can be bound by

plant ECD-PRRs, most of the best-characterized ECD-PRR/

ligand pairs at the structural level are LRR-ECD/peptide ones,

such as FLAGELLIN-SENSITIVE 2 (FLS2)/flg22 (MAMP from

bacterial flagellum), EF-Tu RECEPTOR (EFR)/elf18 (MAMP from

bacterial elongation factor protein), or PEP1 RECEPTOR 1

(PEPR1)/PEP1 (phytocytokine peptide) (Bartels and Boller,

2015; Boutrot and Zipfel, 2017; Gully et al., 2019; Peng et al.,

2018). These LRR-ECD/peptide pairs have been successfully

crystalized with the ligand in the binding pocket, and in some
cases with the co-PRR included in the crystal structure

(e.g., RKs of SOMATIC EMBRYOGENESIS RECEPTOR-LIKE

KINASES family, such as BRI1-ASSOCIATED KINASE 1 [BAK1]

RK for FLS2, EFR, and PEPR1: Boutrot and Zipfel, 2017; Li

et al., 2020; see Figure 2). In contrast to the numerous peptidic-

ECD structures of RKs determined, the number of crystal

structures of PRR/glycan pairs characterized so far is limited to

a few examples: LysM-chitin in PTI and LysM-LCOs/COs in

symbiosis (Liu et al., 2012; Gysel et al., 2021; Khokhani et al.,

2021) and a recent example of LRR-extensin involving

FERONIA RK (Moussu et al., 2023; Schoenaers et al., 2024). A

detailed knowledge of the binding mechanisms of glycans

(MAMPs/DAMPs) by ECD-PRR structures is needed (Lee and

Santiago, 2023).
LysM receptors: A versatile group of proteins with
differential functions in plant-microbe interactions

LysM-PRRs are involved in the direct binding of several ligands

such as COs (such as CHI6-CHI8) and LCOs, and are also

required for the activation of signaling triggered by other

carbohydrate-based ligands such as peptidoglycans, b-1,3-D-

glucans, lipopolysaccharides, and MLGs in Arabidopsis and

other plant species (Table 1 and Figure 2) (Miya et al., 2007;

Willmann et al., 2011; Desaki et al., 2018; Mélida et al., 2018;

Yang et al., 2021a; Rebaque et al., 2021). Arabidopsis LysM-

PRRs subclass has 10 members, 5 of them are RKs (CHITIN

ELICITOR RECEPTOR KINASE 1 [CERK1]/LYK1 [LysM

RECEPTOR KINASE], LYK2, LYK3, LYK4, and LYK5), 2 RPs

(At5g62150 and At4g25433), and 3 putative RPg/e (LysM

DOMAIN CONTAINING PROTEIN 1 [LYM1], LYM2, and LYM3)

(Faulkner et al., 2013; Bellande et al., 2017). In the Arabidopsis

plasma membrane, LYK5 perceive chitin oligomers (CHI6–

CHI8), after which CERK1 associates with it to activate immune

signaling (Figure 2 and Table 1) (Petutschnig et al., 2010; Liu

et al., 2012; Wan et al., 2012; Cao et al., 2014). LYK4 can

additionally associate with CERK1 in a chitin-dependent

manner, but this association requires LYK5 (Figure 2) (Xue

et al., 2019). Since, the kinase domains of LYK4 and LYK5

have negligible activity in vitro (Wan et al., 2012; Cao et al.,

2014), it has been suggested that the active kinase of CERK1 ini-

tiates signaling upon recruitment of LYK4/LYK5. However, in

plasmodesmata, LYM2 forms a complex with LYK4 upon chitin

perception in a CERK1-independent mechanism (Figure 2;

Faulkner et al., 2013; Cheval et al., 2020). CERK1 is also involved

in the perception of bacterial peptidoglycans, with the contribu-

tion of LYM1 and LYM3 members, but the exact structure

from peptidoglycan recognized by these receptors is unknown

(Willmann et al., 2011; Gust et al., 2017). Recent results

with single and double LysM Arabidopsis mutants have

demonstrated that CERK1, LYK4, and LYK5 also participate in

the perception of 1,3-b-glucans, such as LAM6, and MLGs

(Figure 2 and Table 1) (Mélida et al., 2018; Wanke et al., 2020).

However, Arabidopsis CERK1-ECD and LYK5-ECDs do not

bind LAM6 in isothermal titration calorimetry (ITC) analyses

and might not bind MLGs based on in silicomolecular dynamics

prediction of ECD-MLGs (Del Hierro et al., 2021), further

suggesting that CERK1 and LYK5 would play a function as co-

PRRs in LAM6 and MLG perception (Figure 2 and Table 1).

Arabidopsis LYK2 has been also shown to be required for

chitin perception and to induce resistance against B. cinerea
Molecular Plant 17, 699–724, May 6 2024 ª 2024 The Author. 709



Figure 2. Plant receptors involved in the perception of different glycan structures in plant immunity or symbiosis.
Representation of receptors (PRRs) and co-receptors (co-PRRs) from Arabidopsis thaliana (top) and from other plant species (bottom) described to be

required for different glycan perception. Glycan names indicated in purple correspond to DAMPs/MAMPs that have been demonstrated to be bound by

the indicated PRRs, protein receptors (e.g., LRX8), or RALF peptides, either by in vitro binding experiments or by structural characterization, and are

shown in close interaction with the corresponding receptor. The co-PRRs involved in glycan perception are also depicted. Glycans highlighted in white

have been shown to require these PRR-co-PRRs complexes to trigger immune/symbiotic responses, but direct binding by PRR has not been

demonstrated. FLS2-BAK1-flg22 recognition complex is included for comparison. Overlapping of RK domains indicates that PRR-coPRR interaction has

been demonstrated. The different structures of plant receptors (RK/RP/RPe/g) and the domains in their ECDs are indicated in the inset and described in

the main text. The crystal structure PDBs of AtCERK1, OsCEBiP, FER, and EPR3 ECDs and LRX8 are indicated in the text. MtLYK3 and MtNFP from

M. truncatula are the corresponding pair/orthologs of LjNFR1 and LjNFR5 from L. japonicus shown in the figure. The structures of glycans represented

have been obtained from different sources. FLS2-BAK1-flg22 recognition complex is included for comparison.

Molecular Plant Plant cell wall-mediated disease resistance
and P. syringae triggered by non-carbohydrate MAMPs, such as

flg22 (Giovannoni et al., 2021).

In rice (Oryza sativa) chitin is perceived by the LysM-RP CHITIN

ELICITOR BINDING PROTEIN (OsCEBiP), but immune signaling

is activated by recruitment of OsCERK1 (Figure 2 and Table 1)

(Shimizu et al., 2010; Kouzai et al., 2014; Takagi et al., 2022).

Notably, OsCERK1, but not OsCEBiP, seems to bind MLGs

(MLG43 and MLG443) based on microscale thermophoresis

(MST) assays, but crystal structures of this complex have not

been obtained (Yang et al., 2021a). OsCEBiP and OsCERK1

form a protein complex in rice protoplast upon treatment with

MLGs, as previously shown for chitin (Figure 2) (Yang et al.,
710 Molecular Plant 17, 699–724, May 6 2024 ª 2024 The Author.
2021a). In grapevine, LysM RK VvLYK5-1 recognizes chitin olig-

omers through its association with VvLYK1-1 (Roudaire et al.,

2023). Together these data demonstrate the relevance of LysM-

ECDs in perception of glycan-based MAMPs/DAMPs.

The crystal structure of Arabidopsis CERK1 ECD (PDB: 4EBZ) is

one of the few glycan-ECD pair structures characterized so far

(Liu et al., 2012). In the crystal structure of CERK1, CHI6–CHI8

is bound in the LysM2 pocket, and this binding allows the

carbonyl oxygen of the N-acetyl moieties to form hydrogen

bonds with the backbone amide nitrogens of the main chain sta-

bilizing the binding. The lack of N-acetyl moieties in chitosan (de-

acetylated chitin) explains its lower immunogenic activity in
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comparison with chitin (Liu et al., 2012). The crystal structures of

rice OsCEBiP (PDB: 5JCE) (Liu et al., 2012, 2016) and of the

fungal chitin-binding protein Ecp6 (PDB: 4B8V), which binds

chitin oligosaccharide (Sánchez-Vallet et al., 2013), further

support the relevance of LysM2 in CHI6-CHI8 binding.

Intriguingly, LysM receptors participate in both symbiotic and im-

mune signaling in some plant species (e.g., legumes and rice)

through distinct LysM receptor complexes, recognizing chitin

from fungal cell walls or LCOs produced by mycorrhiza fungi

(MYC factors) and bacteria (Nod factors) (Madsen et al., 2003;

Radutoiu et al., 2003; Zhang et al., 2015; Khokhani et al., 2021).

In Medicago truncatula, MtCERK1 (also known as MtLYK9) and

MtLYR4 form a receptor complex to directly bind CHI8 triggering

immune responses, but they seem to be also needed to initiate

symbiotic responses (Figure 2 and Table 1) (Bozsoki et al.,

2017; Feng et al., 2019). In Lotus japonicus, LjCERK6 (the ortho-

log of MtCERK1) participates in chitin-induced immune signaling

(Figure 2 and Table 1). In contrast, LCOs are perceived at the

plasma membrane by a pair of LysM-RKs: in L. japonicus are

Nod Factor Receptor 1 (LjNFR1) and Nod Factor Receptor 1

(LjNFR5), and inM. truncatula are Nod Factor Perception Protein

(MtNFP) and MtLYK3 (Figure 2) (Madsen et al., 2011; Bozsoki

et al., 2017; Murakami et al., 2018). Each receptor pair is

composed of an RK with an active kinase domain (LYK), such

as LjNFR1 orMtLYK3, and one RKwith an inactive kinase domain

(LYR), such as LjNFR5 or MtNFP (Figure 2) (Madsen et al., 2011;

Bozsoki et al., 2017; Murakami et al., 2018). Upon LCO binding,

these receptors complex with an LRR-RK (e.g., SYMBIOSIS RE-

CEPTOR KINASE in L. japonicum [LjSYMRK]/DOES NOT MAKE

INFECTION PROTEIN 2 in M. truncatula [MtDMI2]), which likely

acts as a co-receptor and initiates signal transduction in the

common symbiosis pathway (Endre et al., 2002; Stracke et al.,

2002; Yoshida and Parniske, 2005). Results obtained in M.

truncatula nfp cerk1 double mutant, impaired in both LCO and

CO perception, indicated that a combination of fungal chitin

and LCOs triggers the plant signal transduction through a

common symbiosis pathway (Feng et al., 2019). Of note,

chimeric receptor analysis and structural comparisons of LysM-

RKs involved in symbiosis and immunity indicate that the

outermost of the three LysM domains, LysM1, is the primary

determinant of chitin oligosaccharide binding in LjCERK6 and

LCO binding in LjNFR1 (Broghammer et al., 2012; Bozsoki

et al., 2020; R€ubsam et al., 2023), which contrast with the

function of LysM2 in AtLYK5 binding of CHI6.

Another member of the LysM-RK family in L. japonica is EPR3

(EXOPOLYSACCHARIDE RECEPTOR 3) involved in the percep-

tion of bacterial carbohydrate-based exopolysaccharides (EPS).

Perception of EPS occurs downstream of primary LCO (Nod

factor) signaling and is required for the formation of nitrogen-

fixing nodules (Kelly et al., 2013). The structure of the EPR3

ectodomain was resolved (PBD: 6QUP), revealing that it

represents a unique class of plant RKs with a distinctive

modular ectodomain arrangement (Wong et al., 2020). In vitro,

the EPR3 ectodomain binds EPS from several rhizobial

species, including micro-symbionts unable to nodulate in Lotus

sp., suggesting that the receptor may have a broader role in

monitoring glycans from various root-associated microbes

(Wong et al., 2020). Recently, the L. japonica glycan RK

EPR3a, which is closely related to the EPS receptor EPR3, has
been also characterized (Kelly et al., 2023). Fungal infection

and intracellular arbuscule formation are reduced in epr3a

mutants, such as previously described in epr3 plants (Wong

et al., 2020; Kelly et al., 2023). EPR3a ectodomain binds

in vitro cell wall glucans in affinity gel electrophoresis assays,

and exopolysaccharide binding is detected in MST assays

with affinities comparable with those observed for EPR3 (Kelly

et al., 2023). Notably, both EPR3a and EPR3 bind a well-

defined b-1,3/b-1,6-decasaccharide derived from exopolysac-

charides of endophytic and pathogenic fungi (Figure 2 and

Table 1). The presence of EPR3a and EPR3 genes in both

eudicot and monocot plant genomes suggest a conserved

function of these RKs in glycan perception (Kelly et al., 2023).
WAKs: A group of receptors involved in triggering
pectin-mediated immune responses

OGs, originated from the HG component of wall pectins, are the

proposed ligands forWAKRKs that have epidermal growth factor

(EGF)-like domains in their ECDs (Liu et al., 2023a). However, the

EGF-like domain, which is also present in mammalian receptors,

is found exclusively in extracellular proteins or regions of trans-

membrane proteins, and functions primarily in mediating

protein–protein interactions (Haltom and Jafar-Nejad, 2015).

OG perception by WAKs has been implicated directly in

immunity and is also speculated to function during symbiotic

interactions (Rui and Dinneny, 2020; Su, 2023). The N-terminal

part of WAK1 ECD has been proposed to act as a putative OG-

binding domain since it associates with demethylesterified pectin

or polygalacturonic acid, with a clear preference for pectate in the

Ca2+ crosslinked configuration (Figure 2). In contrast, EGF-like re-

peats have not been demonstrated to participate in binding pec-

tins (Decreux and Messiaen, 2005; Decreux et al., 2006; Kohorn

et al., 2009). WAK ECDs appear to bind shorter fragments of

HG and OGs, but not monomeric GalA or other types of pectins

(Kohorn et al., 2009). Recently, an Arabidopsis wak1/wak5

quintuple mutant impaired in WAK1–WAK5 receptors was

shown to be impaired in the perception of cell wall extracts of

ccr1 that contain several OG-derived DAMPs such as GalA3, sug-

gesting that these WAKs are likely redundantly involved in

perceiving ccr1-wall DAMPs and GalA3 (Liu et al., 2023a).

Recombinant ECD of WAK1 fused to glutathione S-transferase

was expressed in Escherichia coli was found to bind GalA3

in vitro (i.e., in protein gel blot analysis and enzyme-linked immu-

nosorbent assay) (Liu et al., 2023a). However, in vivo and/or

direct binding assays (e.g., ITC) would be needed to further

confirm WAK/GalA3 binding. Likewise, WAK-like (WAKL) protein

RESISTANCE TO FUSARIUM OXYSPORUM 1 (RFO1) has been

proposed recently to function as sensor of the pectin methylation

status in Arabidopsis cell walls to modulate root growth and de-

fense (Huerta et al., 2023). However, the crystal structure of

WAK1–WAK5 or WAKL/RFO1 ECD have not been obtained and

the potential pocket(s) of WAK/WAKL ECDs involved in the

binding of OGs (e.g., GalA3) are unknown. Moreover, wak1/

wak5 quintuple mutant was shown to be impaired in PTI triggered

by CHI6 and flg22, suggesting a role for these WAKs beyond

OG perception (Kohorn et al., 2021). Clarifying the role of WAK

and WAKL RKs in the control of CWI and PTI responses is

needed since they are essential components in plant disease

resistance. Indeed, several crop disease resistance QTLs

have been shown to encode WAK genes (Zuo et al., 2015;
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Dmochowska-Boguta et al., 2020; Huerta et al., 2023; Zhang

et al., 2023).

CrRLK1 receptors: Regulation of cell wall integrity and
immune responses

CrRLK1 proteins, harboring tandem MLL domains in their ECDs

(Yang et al., 2021b), have been involved in the regulation of

multiple immune responses and development processes, such

as pollen tube germination, which is associated with cell wall

remodeling (Lee and Goring, 2021; Goring, 2023). However, the

molecular mechanism employed by CrRLKs to modulate immu-

nity and development through perception of cell wall components

have not been revealed until recently. Several ECDs of CrRLK1,

such as ANXUR 1 (ANX1), ANX2, and FER, have been crystalized

(PDB: 6FIG, 6A5C, and 6A5E, respectively) (Moussu et al., 2018;

Xiao et al., 2019). In some cases, these ECDs (e.g., FER) have

been shown to bind pectin in vitro (Lin et al., 2022), but crystal

structures of ECDs bound to pectins or OGs have not been

obtained yet. Instead, some of these ECD-CrRLK1 structures

have been shown to bind RAPID ALKALINIZATION FACTOR

(RALF) peptides (Moussu et al., 2020). Therefore, it was unclear

if pectin binding by these ECDs was direct or indirect (Lee and

Santiago, 2023). Recently, this question has been solved by

showing that the apoplastic LRR extensin LRX8 protein

interacts with RALF4 peptide forming a complex that specifically

interacts with demethylesterified pectins in a charge-dependent

manner through RALF4’s polycationic surface (Moussu et al.,

2023). Notably, RALF4 has a dual structural and signaling

role by assembling extracellular wall polymers in a complex

that involves LRX8, FER, and LORELEI/LORELEI-LIKE GPI-

ANCHORED PROTEINS (LLGs) (Figure 2 and Table 1). This

complex regulates CWI during pollen growth in Arabidopsis

(Moussu et al., 2023). A similar type of complex has been found

in root growth involving LRX1, RALF22, FER, and LLGs

(Schoenaers et al., 2024). Based on these recent data it seems

that the MLL domains of ANX1/ANX2/FER/BUPS1 (BUDDHA’S

PAPER SEAL 1) ECDs might not directly bind glycans in contrast

to what has been reported for MAL domains from animals, such

as Xenopus sp., for which MAL domain-glycan crystal structures

(PDB: 2k46) were obtained (Schallus et al., 2008). Notably, FER

was also identified in a genetic screening performed to identify

suppressors of constitutive defensive gene activation of

Arabidopsis ccr1-3 mutant. fer loss-of-function mutants are

affected in cell wall remodeling and fer ccr1-3 double mutant is

impaired in in the release of ccr1-3-specific DAMPs (Liu et al.,

2023a). Additional analyses might be required to clarify the

putative function of FER in sensing the initial wall damage in

ccr1-3 plants, and the potential involvement of FER in perception

of wall polysaccharides should not be excluded.

LRR-MAL RKs: Novel players in glycan perception and
immune response activation

Two recent parallel studies have identified Arabidopsis LRR-MAL

RK family members as new players in the perception of cellulose-

derived oligosaccharide (CEL3–CEL5) and in the activation of im-

mune responses. The ECD of theCELLO-OLIGOMERRECEPTOR

KINASE1 (CORK1)/IMPAIRED INGLYCANPERCEPTION1 (IGP1)

RK (At1g56145) has been convincingly demonstrated to directly

bind CEL3 and CEL5 in ITC assays and to be necessary to trigger

immune responses upon CEL-derived oligosaccharide binding
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(Figure 2 and Table 1) (Tseng et al., 2022; Martı́n-Dacal

et al., 2023). The ECDs of LRR-MAL RKs are composed of

12 LRR domains followed by a MAL domain that differs from the

MLL domain of CrRLK1 ECDs (Yang et al., 2021b). Some

members of LRR-MAL RKs, which encompasses 13 genes in Ara-

bidopsis (Yang et al., 2021b), have been related to plant disease

resistance (Le et al., 2014), but also to plant reproduction and

fertility by promoting early compatible pollen responses in

pistil (Lee and Goring, 2021), or to brassinosteroid-associated

responses (Xu et al., 2014). Some of these processes are

associated with changes in cell wall composition (Rajaraman

et al., 2016; Lee and Goring, 2021). MAL domains present in

mammal and Xenopus sp. proteins bind glycans and are

structurally similar to MAL domains of LRR-MAL RKs (Schallus

et al., 2008). Therefore, it had been hypothesized that plant MAL

domains of LRR-MAL RKs might bind glycans. However, other al-

ternatives for CEL3/CEL5binding to IGP1/CORK1ECD rather than

binding to MAL domains might be feasible, such as a potential

binding pocket comprising the two domains (MAL and LRR),

which upon glycan binding induces receptor conformational

change and kinase domain activation of IGP1/CORK1. Also, it

should not be excluded that LRR domains might bind glycans

based on the heterogenicity of biomolecules that plant LRR do-

mains can bind (e.g., brassinosteroids and peptides) (Sun et al.,

2013a; Sun et al., 2013b; Bojar et al., 2014; Rhodes et al., 2021).

Besides CORK1/IGP1, two additional members of the LRR-MAL

RK family (IGP3/At1g56130 and IGP4/At1g56140) were identified

in the Arabidopsis genetic screening performed to identifymutants

impaired in glycan (igp) perception. All the igp mutants described

so far (igp1/igp3/igp4) are impaired in both CEL3/CEL5 and

MLG43 perception, but not in CHI6 or OG recognition (Figures 1

and 2 and Table 1) (Martı́n-Dacal et al., 2023). Since IGP1 and

IGP4 were not able to bind MLG43 in ITC experiments, and

IGP4 does not bind CEL-derived oligosaccharides (Martı́n-Dacal

et al., 2023), we speculate that IGP1 and IGP4 might function as

co-PRRs in the perception of MLG43 and CEL3, respectively

(Figures 1 and 2 and Table 1). This group of LRR-MAL RKs have

been recently shown to be involved in activation of PTI responses

triggered by other glycans, such as the DAMPs XYL4 and XA3XXX,

further demonstrating its relevance in glycan-mediated PTI activa-

tion (Figure 2) (Fernández-Calvo et al., 2024). Getting the crystal

structure of IGP1 and the other IGPs will clarify the function of

this novel RK family in glycan perception and plant PTI

activation. Also, the functional characterization of the rest of the

family members will contribute to clarify whether LRR-MAL RKs

perceive a diversity of carbohydrate-based DAMPs/MAMPs.
Lectin RKs: Less explored plant receptors with possible
roles in immune response

LEC domains in plant receptors have been involved in the carbo-

hydrate binding activity of proteins from fungal species. G, L, and

C lectin domains have been identified in the ECDs of plant RKs,

but until recently few information was available on their binding

activity. The rice LECTIN RECEPTOR KINASE1 (OsLecRK1),

but not the OsLecRK2, have been shown to bind different

MLGs but not CEL4 in MST assays (Figure 2 and Table 1) (Dai

et al., 2023). These assays were performed with recombinant

purified MBP-OsLecRK1-His and MBP-OsLecRK2-His pro-

duced in bacteria (Dai et al., 2023). Since OsCERK1 and



Plant cell wall-mediated disease resistance Molecular Plant
OsCEBiP have been also involved in MLG perception in rice

(Yang et al., 2021a), it would be interesting to test the homo- or

heterodimerization of OsLecRK1and OsLysM RKs. The potential

interaction between OsCERK1 and OsLecRK1 might explain the

mechanism of MLG perception in cereals and might help to

clarify the putative role of Arabidopsis LecRK1 ortholog in MLG

perception. Additional characterization of LEC RKs, including

crystal structures of ECDs, will be required to clarify the rele-

vance of this ECD in glycan perception and immune activation

in plants.

LRR-RKs involved in cell wall integrity regulation:
Looking for carbohydrate ligands and regulatory
mechanisms

Several other Arabidopsis RKs have been involved in the regula-

tion of CWI responses or developmental/adaptation to stress pro-

cesses that might involve either CWI alterations and/or glycan-

based DAMPs. For example, a recent study revealed that the

LRR-RK STRUBBELIG (SUB) participates in the response to

cellulose biosynthesis inhibition independently from THESEUS

1 (THE1) RK and LRR-RK MALE DISCOVERER 1-INTERACTING

RECEPTOR LIKE KINASE 2 (MIK2) (Chaudhary et al., 2021). This

study also suggests that SUB activity might be regulated by the

cell wall, since cellulose synthesis inhibition can phenocopy

misspecification of epidermal cell fate and alteration of ovule

morphology observed in sub mutants (Chaudhary et al., 2020).

MIK2 LRR-RK is also involved in regulating abiotic and biotic

stress (Hou et al., 2021) and is needed for disease resistance to

F. oxysporum vascular fungus (Van der Does et al., 2017),

suggesting that MIK2 is an integrator of development and stress.

However, the ligands for the ECD-MIK2 domain described so far

are RALF peptides and not glycans (Hou et al., 2021; Rhodes

et al., 2021). Also, the receptor protein RLP44 has been involved

in cell wall state regulation through brassinosteroid signaling

(Wolf et al., 2014). Like in the case of MIK2 and SUB-RK, ECD-

RLP44 binding (direct or indirect) of cell wall-derived glycans (pec-

tins) has not been demonstrated. Additional LRR-RKs, such as the

Arabidopsis STRESS-INDUCED FACTOR 2 and 4 (SIF2, SIF4),

have been shown to be required, together with BAK1 and THE1,

for PTI activation mediated by cellulose oligosaccharides derived

from the activity of fungal lytic polysaccharide monooxygenases

(Zarattini et al., 2021). Similarly, FEI1 and FEI2 LRR-RKs have

been described to regulate together with the extracellular

glycoprotein FASCICLIN-LIKE ARABINOGALACTAN PROTEIN

4 (FLA4), a signaling pathway that acts in response to environ-

mental conditions to modulate cell wall structure in response to

various growth regulators (Seifert, 2021). Whether these LRR-

RKs that have been described to be involved in CWI regulation

would bind directly wall polysaccharides or glycans (DAMPs)

needs to be determined at the structural level.

Perception of glycans by mammal protein receptors:
Lessons to characterize plant PRR-glycan perception

Since the number of elucidated 3D structures, either by X-ray

crystallography or NMR, of ECDs from plant RKs with bound gly-

cans is very short, we might learn from receptor/glycan binding

properties of 3D structures from CRD from mammalian recep-

tors. Glycan-binding proteins are found in all living organisms,

but in mammals they have been well studied due to their signifi-

cant roles in cell trafficking, cell adhesion, immunity, and infec-
tion, and the 3D structures of many receptor/glycan complexes

have been characterized at the structural level. One of the most

important groups of mammalian glycan receptors are lectins,

which selectively recognize a wide variety of glycans, and that

are grouped in some main types: C-type lectins, galectins,

selectins, and siglecs (Varki et al., 2022). They regulate

pathogen recognition (e.g., dendritic cell-specific intercellular

adhesion molecule-3-grabbing non-integrin [DC-SIGN]), but

also are involved in other functions such as cell adhesion

(e.g., selectins, DC-SIGN, and galectins), intracellular trafficking

(e.g., galectins), and glycoprotein clearance and turnover (e.g.,

mannose receptors) (Fuchsberger et al., 2023). Glycan-binding

receptors embedded in the plasma membranes of mammalian

cells can initiate or inhibit signaling in several different ways.

However, in mammals, unlike plants, there are no examples of re-

ceptors binding glycans in which a cell surface CRD is linked in a

single transmembrane polypeptide to a kinase domain on the

cytoplasmic side of the membrane (Taylor and Drickamer,

2014). In contrast, there are multiple examples of receptor

polypeptides that contain extracellular CRDs and intracellular

motifs that serve as targets and anchoring points for soluble

cytoplasmic kinases and phosphatases. Some of the best

studied examples are the immunotyrosine inhibitory motifs in

the cytoplasmic domains of many of the siglecs such as CD22

(Siglec 2) on B lymphocytes (Macauley et al., 2014).

Mammal lectins are specialized in the recognition of particular

glycans, and their CRDs are characterized by exposed binding

sites with one aromatic residue, such as Trp or Tyr, to establish

CH-p interactions with the sugar CH groups, and polar residues,

such as Arg, His, Gln/Asn, and Glu/Asp, to establish complex

H-bond networks to anchor the glycan (Varki et al., 2022). The

molecular pattern recognized by galectins are b-galactosides,

while DC-SIGN, an innate immune C-type lectin receptor, recog-

nizes mannose and fucose glycans, siglecs bind sialic acids, and

selectins bind surface glycans containing Lewis blood group

family-related structures such as sialyl Lewisx (SLex) and sialyl

Lewisa (SLea) oligosaccharides (Varki et al., 2022).

Galectin-3 (hGal-3), a lectin of biomedical interest in histo blood

group antigens A and B determination, have been shown through

a combination of structural and computational techniques to bind

these rigid natural antigens. Restriction of the conformational flex-

ibility by the branched fucose (Fuc) residue of the ligands modu-

lates the thermodynamics and kinetics of the hGal-3 binding pro-

cess, illustrating the importance of glycan flexibility for CRD

binding (Gimeno et al., 2019). DC-SIGN immune receptor recog-

nizes carbohydrate-based MAMPs of various bacteria, fungi, vi-

ruses, and protozoa. The structural bases for selective recognition

of oligosaccharides by DC-SIGN and DC-SIGNR were stablished

more than 20 years ago once the crystal complex of DC-SIGN and

GlcNAc2Man3 was obtained (PDB: 1k9i) (Feinberg et al., 2001).

This characterization contributed to the determination of the

structural mechanisms for distinct ligand-binding and targeting

properties of the receptors DC-SIGN and DC-SIGNR (Guo

et al., 2004), such as the crystal structure of the DC-SIGN

carbohydrate recognition domain complexed with Man4 (PDB:

1sl4). DC-SIGN also binds the pentamannoside epitope within

the complex structure of Candida albicans mannan (Krylov et al.,

2023), consisting of a-(1/2)-linked mannose chains with one

inner a-(1/3)-linked unit. Despite all this progress in recognition
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of glycans by mammal receptors, one main difference with plant

ECD-PRRs is that, in general, the structural complexity of glycans

perceived by mammal CRDs is higher than the known DAMPs/

MAMPs perceived by plants. Therefore, it might be difficult to

correlate mammalian CRD/glycan binding mechanisms with

glycan binding by plant ECD-PRRs, although some of this

mammalian CRD knowledge can be incorporated to optimize in

silico molecular dynamics simulations of glycan-receptors in

plants.
Open questions in plant immunity mediated by plant cell
walls

Although significant progress has been made in the characteriza-

tion of the function of plant cell wall on plant disease resistance

and in the mechanisms of immunity triggered by carbohydrate-

based DAMPs/MAMPs, there are still several fundamental ques-

tions that need to be addressed. Among these question we can

remark the following: (1) What is the biochemical composition of

active DAMPs released from plant cell walls upon plant infection

by pathogens? (2) Are glycans released from plant cell walls

upon alteration of CWI caused by other biological processes,

such as abiotic stresses or development? (3) If this is the case,

are these glycans identical to DAMPs released upon pathogen

infection and do they trigger signaling responses (e.g., PTI)? (4)

What are the main domains (ECDs) of plant receptors involved in

theperception of glycans (DAMPs/MAMPs)? (5)What are the bind-

ing pockets of these plant ECDs-receptors involved in glycans

recognition? (6) What are the co-receptors (co-PRRs) involved in

the formationof theglycan–PRRcomplex required fordownstream

PTI activation apart from those alreadydetermined forCHI6-LysM-

RK and RALF-LRX complexes characterized so far? (7) How do

plants regulate the homeostasis of released glycans from plant

cell walls? (8) How do plants distinguish glycans released from

plant cell walls during the development process/abiotic stresses

from those generated during pathogen infection by the activity

of CWDEs (see Figure 1)? (9) Are the PRRs/co-PRRs exposed

to endocytosis, like other PRRs (e.g., FLS2), upon glycan

binding (see Figure 1)? (10) Would it be possible to perform

reliable in silico structural predictions of glycan/ECD-PRR recogni-

tion using molecular dynamics tools based on AlphaFold

protein structural progress (Jumper et al., 2021; Varadi and

Velankar, 2023) and knowledge gained in the characterization of

mammalian CRD/glycan pairs and plant ECD-glycan crystal

structures? To answer these and additional questions,

progress in 3D ECD-receptor determination and glycan binding

pocket identification will be required (Lee and Santiago, 2023).

Also, in silico synthesis of diverse glycan structures using novel

chemical methodologies would be needed, since these pure

structures should be employed in genetic and functional

screenings designed to identify novel DAMP/MAMP receptors,

co-receptors, and downstream signaling components, and to

determine ECD-PRR binding specificities (Chaube et al., 2022).

Moreover, genetic screening and the use of genome editing

to generate high-order (multiple) mutants in putative glycan PRR

gene families will be required to overcome receptor redundancy

in plants. These required efforts will contribute to identify

glycan/receptor pairs that can allow the development of novel

sustainable agriculture solution for crop protection by treating

plants, harboring the appropriate PRRs, with cell wall-derived

glycans (pure or mixtures of ligands) that might trigger adaptative
714 Molecular Plant 17, 699–724, May 6 2024 ª 2024 The Author.
responses to biotic stresses and probably to abiotic stresses.

Last, the identification of genetic traits impacting on CWI and cell

wall-mediated disease resistance (e.g., PRRs and co-PRRs) will

contribute to improve crop adaptation to environmental changes.
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Gavrin, A., Gysel, K., Thygesen, M.B., Andersen, K.R., et al. (2019).

A combination of chitooligosaccharide and lipochitooligosaccharide

recognition promotes arbuscular mycorrhizal associations in Medicago

truncatula. Nat. Commun. 10:5047. https://doi.org/10.1038/s41467-

019-12999-5.
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