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MAP3K Mitogen-activated protein kinase 

kinase kinase 

MAPK Mitogen-activated protein kinases  

MAPKK Mitogen-activated protein kinase 
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MC4 Metacaspase 4 

MeOH Methanol 

ML Middle lamella  

MLG Mixed-linked glucans 

MS-TOF Mass spectrometry-time of flight  

MurNAc N-acetylmuramic acid  

MWCO Molecular weight cut-off  

NASC The Nottingham Arabidopsis Stock 

Centre  

NINJA Novel interactor of jaz  

NLR Nucleotide-binding leucin-rich repeat 

NPK1 Nucleous and phragmoplast-localized 

kinase 1 

NPR Non-expressor of PR  

O2
·−  Superoxide ion 

OGOX1 Oligogalacturonide oxidase 1  

OH· Hydroxyl radical 

ON Overnight 

PBL PBS1-like  

PCR Polymerase chain reaction 

PCW Primary cell wall  

PDA Potato dextrose agar  

Pep Plant elicitor peptide 

PERK Proline-rich extensin-like receptor 

kinase  

PG Polygalacturonase 

PGIP Polygalacturonases inhibitory 

proteins  

PGN Peptidoglycan  

PL Pectate lyases  

PME Pectin methylesterase 

PMEI Pectin methylesterase inhibitor 

PR  Pathogenesis-related 

PRB Plant Response Biotech 

PRP Proline-rich protein 

PRRs Pattern recognition receptor 

PTI Pattern triggered immunity  

R protein Resistance protein  

RALF Rapid alkalinization factors  

RBOH Respiratory burst oxidase homologe 

RG I  Rhamnogalacturonan I 

RG II Rhamnogalacturonan II 

RGS1 Regulator of G-protein signalling 1  

RH Relative humidity 

RLCK Receptor-like cytoplasmic kinases  

RLK Receptor-like kinases  
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RLP Receptor like proteins  

RLU Relative luminescence units 

RNAPII RNA polymerase II  

RNA-seq  RNA sequencing 

ROS Reactive oxygen species  

RPg Receptor protein GPI-anchored 

Rpe Receptor protein extracellular 

qRT-PCR Real time-quatitative PCR 

S Syringyl (lignin subunit) 

SA Salycilic acid 

SAR Systemic acquired resistance  

SARD1 SAR deficient 1 

SCW Secondary cell wall  

SEC Size exclusion chromatography 

Si  SWE at isothermal conditions 

SOBIR1 Suppressor of BAK interacting-

receptor 1 

Sr  SWE using ramp of temperature 

SUMM2 Suppressor of MKK1 MKK2 2 

SWE Subcritical water extrection 

TAIR The Arabidopsis Information 

Resource  

TBS Tris-buffered saline 

TF Transcription factors  

TFA Trifluoroacetic acid 

TLC Thin layer chromatography  

TM Transmembrane 

TPL TOPLESS  

tylAPX Thylakoid-ascorbate peroxidase  

UDP-Glc Uridine diphosphate glucose  

UPM Universidad Politécnica de Madrid 

VQP VQ motif-containing protein 

WAK Wall associated kinase 

XA3XX 33-α-L-arabinofuranosyl-xylotetraose 

XGA Xylogalacturonan  

XTH Endo-transglycosylases/hydrolase 

XyG Xyloglucan 

YPD Yeast peptone dextrose 
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VII. Abstract 

 

Plant cell walls are dynamic and highly controlled structures mainly made up of carbohydrate 

polymers (glycans), lignin and proteins that are the first point of contact during a plant-microbe 

interaction. Pathogens have coevolved with plants developing a wide set of tools to breakthrough that 

barrier, releasing cell wall-derived damage-associated molecular patterns (DAMPs) that are able to 

trigger pattern-triggered immunity (PTI) upon recognition by pattern recognition receptors (PRRs) in 

a similar way to microbe-associated molecular patterns (MAMPs). 

In this Thesis, to better understand plants mechanisms involved in the perception of carbohydrate 

based-structures recognised as DAMPs/MAMPs, we have studied the ability of mixed-linked β-

1,3/1,4-glucans (MLGs), present in some plant and microbial cell walls, to trigger immune responses 

and disease resistance in plants. A range of MLG structures were obtained and tested for their 

capability to induce PTI hallmarks, such as cytoplasmic Ca2+ elevations, reactive oxygen species 

(ROS) production, phosphorylation of mitogen-activated protein kinases (MAPKs), and gene 

transcriptional reprogramming. These analyses revealed that MLG oligosaccharides are perceived by 

Arabidopsis thaliana and identified a trisaccharide, β-D-cellobiosyl-1,3-β-D-glucose (MLG43), as the 

smallest MLG structure triggering strong PTI responses. MLG43 is also perceived by crops such as 

tomato, canola, soybean, maize, pepper and wheat and confers enhanced disease resistance in 

Arabidopsis to the oomycete Hyaloperonospora arabidopsidis and in tomato, pepper and wheat to 

different bacterial and fungal pathogens.  

MLG43 perception mechanism in Arabidopsis was explored. The MLG43-mediated PTI responses 

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

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

the carbohydrate MAMP chitohexaose [β-1,4-D-(GlcNAc)6], that is also perceived by these LysM 

PRRs, indicated that the mechanism of MLG43 recognition could differ from that of chitohexaose, 

that is fully impaired in cerk1 and lyk4 lyk5 plants. Moreover, after a screening of knockout mutant 

Arabidopsis lines impaired in genes encoding different putative carbohydrate-binding ectodomains 

from Wall-associated kinases (WAKs) and Malectin PRR subclasses, several Malectin PRRs resulted 

as candidates to be involved in the perception of MLGs, which should be confirmed in further studies.  

Identification and characterization of cell wall-derived DAMPs/MAMPs implies their extraction 

by using hazardous chemicals and time-consuming methodologies. Subcritical water extraction 

(SWE) has been previously shown to be an environmentally sustainable alternative method for the 

generation of glycan-enriched fractions from cell walls since it only involves the use of water. We 

have explored two different SWE sequential extractions to obtain glycans from Equisetum arvense 

cell walls, that contain PTI-active MLGs, and we have compared the SWE methodology with 

standard wall fractionations based in the use of alkali solutions. We found that SWE fractions were 

able to trigger PTI hallmarks such as Ca2+ influxes, ROS production, MAPKs phosphorylation and 

the overexpression of immune-related genes. Enzymatic digestion of SWE fractions with lichenase 

enriched the availability of active MLGs in the fractions and enhanced PTI responses. Notably, 

application of SWE fractions to pepper prior to pathogen inoculation triggered disease resistance 

against the fungal pathogen Sclerotinia sclerotiorum in comparison with mock-treated plants. These 
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data support the potential of SWE technology in extracting PTI-active fractions from different plant 

materials in a more sustainable way.  

The data generated in the frame of this Thesis support the classification of MLGs as a novel group 

of carbohydrate-based molecular patterns, present both in microbes and plants, that are perceived by 

plants and trigger immune responses and disease resistance. This data, together with modern and 

sustainable cell wall extraction technologies represent an opportunity to enhance crop production by 

the application in the field of molecules obtained from leftovers of different industries, thus 

strengthening the circular bioeconomy. 
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VIII. Resumen 

 

Las paredes celulares de las plantas son estructuras dinámicas y altamente controladas, compuestas 

principalmente por carbohidratos (glicanos), lignina y proteínas, que suponen el primer punto de 

contacto durante las interacciones planta-microorganismo. Los patógenos de las plantas han 

coevolucionado con sus huéspedes desarrollando un amplio conjunto de herramientas moleculares 

para romper esta barrera física. Dicha degradación de las paredes celulares de las plantas provoca la 

liberación patrones moleculares asociados a daño (“damage-associated molecular patterns”; 

DAMPs), que son capaces de inducir el proceso conocido como inmunidad mediada por patrones 

(“pattern-triggered immunity”; PTI) al ser reconocidos por receptores de reconocimiento de patrones 

(“pattern recognition receptors”; PRRs) de forma similar a los patrones moleculares asociados a 

microorganismos (“microbe-associated molecular patterns”; MAMPs). 

Con el objetivo de comprender mejor los mecanismos de las plantas que intervienen en la 

percepción de DAMPs/MAMPs de naturaleza glicídica, en esta Tesis se estudió la capacidad de los 

β-1,3/1,4-glucanos mixtos (mixed-linked glucans; MLGs), presentes en las paredes celulares de 

algunas especies de plantas y microorganismos, de inducir respuestas inmunes y resistencia a las 

enfermedades en plantas. Se obtuvieron y analizaron una serie de estructuras de MLGs, que se usaron 

para determinar su capacidad de inducir eventos marcadores de PTI, como flujos intracelulares de 

Ca2+, producción de especies reactivas de oxígeno (ROS), fosforilación de proteínas quinasas 

activadas por mitógeno (MAPKs) y la reprogramación transcripcional génica. Estos análisis revelaron 

que los oligosacáridos de MLG son percibidos por la especie modelo Arabidopsis thaliana y se 

identificó un trisacárido, β-D-celobiosil-1,3-β-D-glucosa (MLG43), como la estructura mínima de 

glucano mixto que desencadena fuertes respuestas inmunes tempranas. Además, se demostró que 

MLG43 también es percibido por plantas de cultivo como el tomate, la canola, la soja, el maíz, el 

pimiento y el trigo y confiere una mayor resistencia a las plantas de Arabidopsis frente al oomiceto 

Hyaloperonospora arabidopsidis y en tomate, pimiento y trigo frente a diferentes patógenos 

bacterianos y fúngicos.  

A continuación, se exploró el mecanismo de percepción de MLG43 en Arabidopsis. Se observó, 

que las respuestas de tipo PTI inducidas por MLG43 resultaron parcialmente dependientes de los 

PRRs de tipo LysM CERK1, LYK4 y LYK5, ya que fueron más tenues en los mutantes cerk1 y lyk4 

lyk5 que en las plantas silvestres. Sin embargo, los experimentos de elicitación cruzada entre MLG43 

y el MAMP oligosacarídico quitohexaosa [β-1,4-D-(GlcNAc)6], que también es percibido por estos 

PRRs de tipo LysM, indicaron que el mecanismo de reconocimiento de MLG43 difiere del de 

quitohexaosa, ya que en el caso de este último es totalmente dependiente de CERK1, LYK4 y LYK5. 

Por otro lado, a través un cribado masivo de líneas de Arabidopsis con mutaciones en los genes que 

codifican para diferentes ectodominios con potencial unión a carbohidratos pertenecientes a las 

subclases de PRRs de quinasas asociadas a pared (wall-associated kinase; WAKs) y de malectinas, 

se determinó que varios PRRs de tipo malectina son candidatos a estar implicados en la percepción 

de MLGs. Estos resultados abren la puerta a investigaciones futuras acerca del papel de las malectinas 

en la percepción de oligosacáridos de MLG.  

La identificación y caracterización de DAMPs/MAMPs derivados de pared celular implica 

generalmente su extracción mediante el uso de productos químicos peligrosos y metodologías 
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complejas. La extracción con agua en condiciones subcríticas (“subcritical water extraction”; SWE) 

ha sido mostrada previamente como un método alternativo sostenible para la generación de fracciones 

enriquecidas en glicanos a partir de paredes celulares, ya que sólo implica el uso de agua. En esta 

Tesis, se ha explorado el posible uso de la tecnología SWE para obtener glicanos a partir de paredes 

celulares de Equisetum arvense, que contienen MLGs inmunoactivos en plantas, y se ha comparado 

la metodología de SWE con las extracciones clásicas de paredes celulares basadas en el uso de 

soluciones alcalinas. Esta comparación demostró que las fracciones SWE indujeron marcadores de 

PTI similares a los anteriormente indicados para MLG43. Además, la digestión enzimática de las 

fracciones de SWE con liquenasa, enzima que hidroliza específicamente glucanos mixtos poliméricos 

liberando sus oligosacáridos, mejoró la capacidad de estas fracciones para inducir respuestas tipo PTI. 

Finalmente, la aplicación de fracciones SWE a plantas de pimiento antes de la inoculación con 

patógeno indujo una mayor resistencia contra el patógeno fúngico Sclerotinia sclerotiorum en 

comparación con las plantas control. Estos datos apoyan el potencial de la tecnología SWE en la 

extracción de fracciones inmunoactivas de forma sostenible. 

Los datos generados en esta Tesis demuestran que los oligosacáridos de glucano mixto constituyen 

un nuevo grupo de patrones moleculares, presentes tanto en microorganismos como en plantas 

(MAMPs y DAMPs), que son percibidos por las plantas y desencadenan respuestas inmunes y 

resistencia a enfermedades causadas por fitopatógenos. Estos datos, junto con el uso de una tecnología 

de extracción de componentes de pared celular más eficiente que los métodos clásicos, representan 

una oportunidad para mejorar la producción de cultivos mediante la aplicación de moléculas 

obtenidas a partir de residuos de otras actividades industriales en el marco de economía circular.
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1. Introduction 

1.1. Plants interactions with the environment 

Since their domestication more than 10,000 years ago (Purugganan and Fuller, 2009), plants are 

the base of world food production and agriculture activity, which are essential to support world 

population growth and social progress (FAO, 2020). Plants also embody an essential role in natural 

ecosystems being the main source of carbon and energy for other organisms including bacteria, fungi, 

oomycetes and arthropods, which establish different relationships (mutualist, pathogenic, etc.) with 

plants (Lucas, 2020). Plants are sessile organisms continuously exposed to environmental changes 

and challenges, including their colonization by pathogens. Though plants have coevolved with 

pathogens and have developed different resistance strategies against infections, pathogens are a major 

threat for plant health and food security causing yearly important crop losses (Savary et al., 2017; 

Lucas, 2020). A wide set of crop protection strategies are used in agricultural practices, including the 

selection of resistance crop varieties in breeding programs and the use of chemically synthesized 

pesticides (e.g., fungicides and insecticides), which may cause harmful impacts to the environment 

(Sánchez-Bayo et al., 2002; Nicolopoulou-Stamati et al., 2016). Novel crop protection technologies 

and strategies based on preventing the effects of the disease by enhancing natural disease resistance 

mechanisms of plants are emerging based on the rapid progress of our understanding of these 

mechanisms of resistance and microbial perception by plants. The development of such more 

sustainable crop protection technologies will ensure future crop production and will mitigate the 

negative environmental impact associated to some current practices of agricultural production. 

 

1.1.1. Plant-pathogen interactions  

Plants, in contrast to mammals, do not have specialized immune cells, which trigger either innate 

or adaptative (mediated by antibodies) immune responses. Instead, plants have developed a complex 

immune system that is cell-autonomous and is present in all plant cells (Zipfel, 2014; Gust et al., 

2017). Plant responses to pathogens are proposed to consist of different layers of stimuli perception 

and defence (Figure 1.1; Jones and Dangl, 2006; Dodds and Rathjen, 2010; Yuan et al., 2021). The 

plant cell wall has been revealed as an important layer of defence in plant-pathogen interaction both 

as physical shield and as biological regulator of defensive responses (Miedes et al., 2014; Bacete et 

al., 2018; De Lorenzo et al., 2018; Molina et al., 2021). Cell wall not only plays a structural function 

but also is a reservoir of antimicrobial peptides, damage-associated molecular patterns (DAMPs) and 

molecules that participate in processes such as cell-cell interaction and wall-nucleus communication 

(Carpita and McCann., 2000; Bacete et al., 2018). Compositional and structural modifications that 

occur during plant-pathogen interaction may lead to release cell wall-derived signals (see below, 

section 1.5.7) and alter the cell wall integrity (CWI), triggering cell wall adjustments and defence 

responses (Gallego-Giraldo et al., 2020; Bacete et al., 2020; Molina et al., 2021). Indeed, most of cell 

wall architecture alterations caused by modifying the expression of cell wall-related genes produce 

alterations in plant resistance to pathogens which is either enhanced or decreased in comparison to 
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wild-type plants (Delgado-Cerezo et al., 2012; Bethke et al., 2016; Bacete et al., 2018; De Lorenzo 

et al., 2018; Molina et al., 2021).  

 

Figure 1.1. General scheme of plant-pathogen molecular interaction.  Microbe-associated molecular patterns 

(MAMPs) from pathogens and damage-associated molecular pattens (DAMPs) such as those derived from plan cell wall 

degradation are sensed by plant through pattern recognition receptors (PRRs) activating pattern-triggered immunity (PTI). 

Pathogens can produce effectors to block PTI. Effectors may be detected by intracellular nucleotide-binding leucine-rich 

repeat (NLR) receptors activating effector triggered immunity (ETI). PTI and ETI results in enhanced resistance to 

pathogens and pests. 

 

Another layer of plant immunity is based in the perception by plant pattern recognition receptors 

(PRRs) of non-self microbe-associated molecular patterns (MAMPs) or the “self" DAMPs indicated 

above. PRRs are mainly localized at the plasma membrane surface and upon MAMP/DAMP 

recognition trigger a cascade of responses known as pattern triggered immunity (PTI). The majority 

of PRRs are either receptor-like kinases (RLKs; with an extracellular domain (ECD), a 

transmembrane domain and a cytoplasmic kinase domain) or receptor proteins (RLPs) lacking the 

kinase domain. Upon recognition of molecular patterns by ECDs, PTI is activated and this might be 

sufficient to repel the pathogen assault and tissue infection. Nevertheless, pathogens, which have 

coevolved with plants, have developed a set of mechanisms, mediated by the secretion of effectors 

(also called avirulence proteins; Avr) to hijack or interfere with plant PTI activation, to enhance 

pathogens fitness and progression in colonised plant tissues (Bigeard et al., 2015). These effectors 

can be detected by another set of plant intracellular PRRs known as resistance (R) proteins which can 

activate a second layer of response known as effector triggered immunity (ETI) (Jones and Dangl, 

2006; Spoel and Dong, 2012). Most R proteins belong to the nucleotide-binding leucin-rich repeat 

(NLR) superfamily which interfere with the functions of effectors. ETI often leads to hypersensitive 

response, cell death and the production of antimicrobial molecules by surrounding cells (Spoel and 

Dong, 2012). The dynamic where host R proteins match intruder Avrs is classically known as gen-

for-gen resistance (Keen, 1990; Thomma et al., 2011). Notwithstanding, this classic distinction 



Introduction 

5 
 

between PTI and ETI responses is not always clear since in some cases molecules initially classified 

as effectors have been shown to be potentially MAMPs (Thomma et al., 2011), and PRR-mediated 

PTI responses and NLR-mediated ETI responses have been demonstrated to cross-interact and even 

converge in common signalling components and responses (Jones and Dangl, 2006; Yuan et al., 

2021). Further, long-lasting defence responses mediated by hormones can last for several hours or 

days after pathogen detection and enable the whole plant and even surrounding plants to defend 

against pathogens (Conrath et al., 2015). 

 

1.1.2. Plant microbial pathogens 

Heterotrophic microorganisms are entirely dependent of external nutrient supply, some of which 

use alive plants as their primary source. These microorganisms can stablish different symbiotic 

relationship with the plants including mutualism or commensalism like endophytes do, and 

antagonistic symbiosis, like pathogens do. Mutualism and commensalism require a complex 

equilibrium between plant defence responses, plant physiological responses (beneficial) and the 

microbe requirements (Kogel et al., 2006). Based on their lifestyle, microbial pathogens can be 

divided into those that kill plant cells (necrotrophs), those that need a living host to complete their 

life cycle (biotrophs), and those that combine sequentially the two lifestyles during colonization 

(hemibiotrophs) (Figure 1.2).  

 

 

Figure 1.2. Symbiotic development of necrotrophic, biotrophic and hemibiotrophic fungal pathogens.  

Necrotrophs induce host cell death by secreting toxins and develop intracellular hyphae. Biotroph hyphae grow in the 

intercellular spaces, stablish a balanced relationship and form specialized structures by invagination of plant cell 

plasma membranes. Hemibiotrophs initially stablish a biotrophic relationship with the plant which will be switched to 

necrotrophic lifestyle when the microbe has already advanced in the colonization of plant tissues (Kogel et al., 2006; 

Kabbage et al., 2015). 
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Biotrophic relationships are a balanced interaction under environmental, physiological and genetic 

control (Kogel et al., 2006; Baxter et al., 2010), where the pathogen keeps host cells alive and obtain 

nutrients from them through different type of mechanisms like haustoria in the case of 

fungi/oomycetes that are ramified structures in direct contact with host plasma membranes (Voegele 

and Mendgen, 2003). Within the group biotrophic pathogens we can highlight the oomycete 

Hyaloperonospora arabidopsidis whose growth is entirely dependent on the presence of a living host 

(Baxter et al., 2010) and the bacteria Xanthomonas oryzae (Narayanan et al., 2020). Necrotrophic 

interaction, however, is an unbalanced interaction where pathogen secrete effectors, toxins and cell 

wall degrading enzymes (CWDEs) leading to plant cell death (Kabbage et al., 2015). Examples of 

necrotrophic pathogens are the fungi Zymoseptoria tritici (Sánchez-Vallet et al., 2015a), 

Plectosphaerella cucumerina (Muñoz-Barrios et al., 2021), Sclerotinia sclerotiorum (Bolton et al., 

2006) and Botrytis cinerea (Amselem et al., 2011), used in this Thesis. Examples of hemibiotrophs 

are the bacterium Pseudomonas syringae and the fungus Fusarium oxysporum, that switch from 

biotrophic to necrotrophic lifestyle during the colonization of plants (Baxter et al., 2010; Xin and He, 

2013; Kabbage et al., 2015; Chowdhury et al., 2017; Sun et al., 2021). Notably, the lifestyle of many 

pathogens previously considered as biotrophs or necrotrophs is being rewritten as hemibiotrophic 

based on new data, as it occurs in the case of Z. tritici (Sánchez-Vallet et al., 2015a), S. sclerotiorum 

(Kabbage et al., 2015) and Phytophthora nicotianae (Ajengui et al., 2018). 

 

1.2. Molecular patterns in plant immunity 

In spite of some differences already mentioned, plant innate immune system shares several features 

with animals, pointing to an ancient origin of innate immunity (Roland and Beutler, et al., 2010). In 

both cases, danger sensing prevails over the distinction between non-self-molecular patterns (known 

as MAMPs) or self-molecular patterns (known as DAMPs) which is reflected in overlapped defensive 

responses that are triggered by MAMPs and DAMPs (Gust et al., 2017).  

 

1.2.1. Microbe-associated molecular patterns (MAMPs) 

Although MAMPs are under negative selection pressure to evade host immune detection, plants 

are able to recognize conserved epitopes within molecules that are essential for microbe development. 

For this reason, MAMPs are widely distributed among different groups of microbes including 

pathogens, non-pathogenic and saprophytic microorganisms and are recognised by a broad range of 

potential hosts (Newman et al., 2013). While MAMPs from bacteria, fungi, and oomycetes have been 

relatively widely described, no conserved viral MAMP has been identified and the primary plant 

defence to viruses is thought to be based mainly on RNA silencing (Newman et al., 2013). 

1.2.1.1. Bacterial MAMPs 

Currently known bacterial MAMPs include proteins, lipids, glycoproteins and glycolipids, that are 

recognized by a wide range of plant species (Boutrot and Zipfel, 2017). Peptidic bacterial MAMPs 
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(particularly flagellin-derived MAMPs) are the best-characterized ligands. In this section a 

description of the best characterised MAMPs is included in Table 1.1 [updated from Boutrot and 

Zipfel (2017)] that summarises the current knowledge of bacterial MAMPs, and some additional 

details of the best characterised MAMPs are described below. 

Flagellin  

Flagella confers motility to bacteria and increases its adhesion to the host, being essential for 

bacterial pathogenicity (Rossez et al., 2015). Flagellin is the main structural protein of bacterial 

flagella (Newman et al., 2013). Several flagellin epitopes can be perceived by plants (Table 1.1), 

among them, flg22, a 22-amino acids (aa) peptide located at the highly conserved N terminus of 

flagellin, is the most studied one as it is widely recognized as MAMP by plants (Felix et al., 1999; 

Newman et al., 2013; Zipfel, 2014; Fürst et al., 2020). Plants treated with flg22 show PTI hallmarks 

activation such as calcium (Ca2+) influxes, reactive oxygen species (ROS) production, mitogen-

activated protein kinases (MAPK) phosphorylation and overexpression of immune-related genes 

within the first hour after treatment (Chinchilla et al., 2007). Moreover, variable flagellin epitopes 

are differently recognized among plant species and their level of activity varies depending on the 

peptide itself and the host. For example, while Arabidopsis thaliana (Arabidopsis) present a high PTI 

response to flg22, rice defence response is greater against full length flagellin or to flg15, a shortened 

version of flg22 (Takai et al., 2008). In Arabidopsis, flg22 is recognized by the receptor kinase 

Flagellin-sensing 2 (FLS2) together with the co-receptor BR1-associated receptor kinase 1 (BAK1) 

(Gómez-Gómez and Boller, 2000; Chinchilla et al., 2006; 2007; Heese et al., 2007). Other flagella-

derived peptides are also perceived as MAMP such as FlgII28, a 28-aa epitope that induces immune 

responses in several Solanaceae species through PRRs distinct from FLS2 (Cai et al., 2011), such as 

FLS3 described in tomato (Hind et al., 2016).  

Elongation Factor Tu (EF-Tu) 

Elongation factors are proteins associated with ribosomes during the elongation phase of protein 

synthesis. The most abundant bacterial elongation factor is Elongation factor thermo unstable (EF-

Tu) (Jeppesen et al., 2005). Highly conserved N-terminal sequences of 18- or 26-aa (elf18 or elf26, 

respectively) have been shown as responsible sequences triggering immune responses upon 

recognition by EF receptor (EFR) (Table 1.1), that shares downstream signalling with FLS2 in 

Arabidopsis. Accordingly, elf18 and flg22 treatments show overlapped immune response inducing 

the same kinases and the expression of the same pool of immune-related genes (Zipfel et al., 2006; 

Newman et al., 2013). As flagellin, EF-Tu perception varies among plant species. Thus, elf18 did not 

cause any immune responses in rice, instead, EF-Tu middle region named EFa50 trigger full PTI 

responses (Furukawa et al., 2014). 

Peptidoglycan (PGN) 

Peptidoglycan (PGN) is an essential and unique structural component of the bacterial cell wall 

(McDonald et al., 2005; Dziarski and Gupta et al., 2006). PGNs are primarily made up of alternating 

N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) residues linked by β-1,4 bonds. 

In addition, the glycan strands are cross-linked by short peptides attached by an amide linkage to the 
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lactyl group of MurNAc (Vollmer et al., 2008). PGNs from both Gram-positive and Gram-negative 

bacteria are known to trigger immune responses such as ROS production, extracellular pH increase, 

immune-related gene overexpression, and callose deposition in various plant species (Gust et al., 

2007; Newman et al., 2013). MAMPs derived from PGN include the sugar backbone and breakdown 

products such as muropeptides which result significantly more effective at inducing defence 

responses than the intact PGN molecule, however, the exact structure triggering PTI remains unclear 

(Erbs et al., 2008; Gust, 2015). In Arabidospis, lysin motif (LysM) domains LYM1 and LYM3 

together with Chitin elicitor receptor kinase 1 (CERK1) seems to be involved in PGN perception 

(Table 1.1; Willmann et al., 2011; Gust, 2015). 

Lipopolysaccharides (LPS) 

Lipopolysaccharides (LPS) are the main component of the external face of the outer membrane of 

Gram-negative bacteria. This glycolipid is composed of a hydrophobic lipid A, a core hydrophilic 

polysaccharide and a variable repeating unit polysaccharide known as O-antigen (Wang et al., 2010; 

Reeves et al., 2010). LPS, traditionally known as “endotoxin”, are recognized as MAMPs both by 

mammals and plants (Raetz and Whitfield, 2002). LPS derivatives such as lipid A, oligorhamnans of 

degree of polymerization (DP) 3, 6 and 9 from O-antigen or LPS without the O-chain (lipo-

oligosaccharides) also act as MAMPs and induce innate immune responses in plants (Newman et al., 

1995; Dow et al., 2000; Bedini et al., 2005; Silipo et al., 2005; Ranf, 2016). O-antigen has also been 

shown as responsible for induced systemic resistance (ISR) in Arabidopsis (van Loon et al., 1998) 

and its modification has been shown to enhance pathogen fitness (Rapicavoli et al., 2018). 

Interestingly, the PRR Lipooligosaccharide‐specific reduced elicitation (LORE) was firstly described 

as required for LPS‐triggered immune responses (Ranf et al., 2015). However, it has been recently 

shown that the observed activity was due to medium‐chain 3‐hydroxy fatty acids (mc‐3‐OH‐FAs) 

contaminations since both molecules were copurified from bacterial extracts (Table 1.1; Kutschera et 

al., 2019). LPS sensing has been described to be dependent on CERK1 presence in tomato but not in 

Arabidopsis (Desaki et al., 2018), remaining the LPS-perception mechanism in Arabidopsis as yet 

unknown. 

Activators of XA21-Mediated Immunity  

The rice receptor XA21 is, together with FLS2 and EFR, among the most extensively studied PRRs 

and has been known for a long time (Song et al., 1995). Ax21, the proposed ligand, is secreted from 

the bacterial cell through a type-I secretion system (Bahar et al., 2014), triggering immune responses 

in Arabidopsis and rice, such as MAPK phosphorylation and the expression of immune-related genes 

(Park et al., 2010). However, recent data indicated that this information should be revisited (Huedo 

et al., 2018). Moreover, RaxX, a sulphated microbial peptide produced by Xanthomonas oryzae, has 

recently been described to bind XA21 in rice, triggering immune responses (Table 1.1; Pruitt et al., 

2015; Luu et al., 2019). 
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Table 1.1. Bacterial MAMPs and associated PRRs.  

MAMP  Type Origin PRRs PTI in Plant Species References 

Harpin Protein Erwinia amylovora Unknown Nicotiana tabacum 

Arabidopsis thaliana 

Wei et al., 1992 

Dong et al., 1999 

Siderophore Protein Pseudomonas 

fluorescens 

P. putida 

  

Unknown A. thaliana 

Raphanus sativus 

Solanum 

lycopersicum 

Phaseolus vulgaris 

Leeman et al., 1996 

Meziane et al., 2005 

  

Flagellin epitopes:  

 

flg22 to flg15 

Protein P. syringae FLS2 A. thaliana 

S. lycopersicum 

Solanum peruvianum 

Solanum tuberosum  

N. tabacum 

Felix et al., 1999 

Chinchilla et al., 2006 

  

flgII-28 Protein P. syringae FLS3 S. lycopersicum 

Nicotiana 

benthamiana 

Cai et al., 2011 

Hind et al., 2016 

CD2-1 Protein Acidovorax avenae Unknown Oryza sativa Katsuragi et al., 2015 

flg22Atum Protein Agrobacterium 

tumefaciens  

FLS2XL Vitis riparia Fürst et al., 2020 

Nep1-like protein 

(NLP) 

Protein Streptomyces coelicolor 

Bacillus halodurans 

  

Unknown A. thaliana 

N. benthamiana 

  

Qutob et al., 2002 

Böhm et al., 2014 

Oome et al., 2014 

Cold shock protein 

(CSP) epitopes: 

csp22 and csp15 

Protein Staphylococcus aureus CORE N. tabacum 

S. lycopersicum 

Felix and Boller, 2003 

Wang et al., 2016 

EF-Tu epitopes:  

 

elf18 to elf26 

Protein Escherichia coli EFR A. thaliana 

Brassica oleracea 

Brassica alboglabra 

Sinapis alba 

Kunze et al., 2004 

Zipfel et al., 2006 

EFa50 Protein A. avenae Unknown O. sativa Furukawa et al., 2014 

Superoxide 

dismutase (SOD) 

Protein Xanthomonas 

campestris 

E. coli 

Unknown N. tabacum Watt et al., 2006 

Acyl homoserine 

lactones (AHL) 

Protein Serratia liquefaciens 

P. putida 

Unknown A. thaliana 

S. lycopersicum 

Pazzagli et al., 1999 

PeBL1 Protein Brevibacillus 

laterosporus 

Unknown N. benthamiana Wang et al., 2015b 

RaxX and epitope 

RaxX21-sY 

Protein Xanthomonas oryzae  XA21 O. sativa Song et al., 1995 

Pruitt et al., 2015 

Xanthine/uracil 

permease and 

epitope xup25 

Protein P. syringae XPS1 

XPS2 

A. thaliana Mott et al., 2016 

Extracellular 

polysaccharides 

(EPSs) 

Carbohydrate X. campestris Unknown Capsicum annuum Romeiro and Kimura, 

1997 

Lipoteichoic acid 

(LTA) 

Lipid Staphylococcus aureus  Unknown   A. thaliana Zeidler et al., 2004 

cis-11-methyl-2-

dodecenoic acid 

(DSF) 

Lipid X. campestris  Unknown  A. thaliana 

N. benthamiana 

O. sativa 

Kakkar et al., 2015 

Medium-chain 3-

hydroxy fatty acid 

(mc-3-OH-FA) 

Lipid Various bacterial 

species 

LORE  A. thaliana 

N. benthamiana 

Kutschera et al., 2019 

Luo et al., 2020 

Peptidoglycans 

(PGNs) 

Glycoprotein S. aureus LYM1, 

LYM3 

 A. thaliana Gust et al., 2007; 2015 

Erbs et al., 2008 

Willmann et al., 2011 
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Table 1.1. (continuation) Bacterial MAMPs and associated PRRs. 

MAMP  Type Origin PRRs PTI in Plant Species References 

Cyclic lipopeptides Lipopeptide Bacillus subtilis 

Pseudomonas spp. 

  

N/A A. thaliana 

P. vulgaris 

S. lycopersicum 

O. sativa 

Ongena et al., 2005 

Han et al., 2015 

Ma et al., 2017 

  

Lipopolysaccharide

s (LPSs) 

Glycolipid P. fluorescens 

X. campestris 

  

SlCERK1  A. thaliana 

Dianthus 

caryophyllus 

S. lycopersicum 

Van Peer and 

Schippers, 1992 

Ranf et al., 2015 

Newman et al., 1995 

Dow et al., 2000 

Bedini et al., 2005 

Silipo et al., 2005 

Desaki et al., 2018 

Rhamnolipids Glycolipid Pseudomonas 

aeruginosa 

Unknown A. thaliana 

Vitis vinifera 

Varnier et al., 2009 

Sanchez et al., 2012 

 

1.2.1.2. Fungal and Oomycete MAMPs 

Among the best characterized fungal and oomycete MAMPs a wide diversity of biochemical 

composition exists, including those derived from proteins, carbohydrates, lipids and glycolipids 

[Table 1.2; updated from Boutrot and Zipfel (2017)]. This list includes several peptides/proteins that 

were initially classified as effector/Avr proteins and that have been now found to function as MAMPs, 

that are described in Table 1.2. Cell-wall-related MAMPs, of particular relevance for this Thesis, are 

described in more detail below: 

Chitin  

Chitin, a linear polymer of β-1,4-linked GlcNAc residues, constitutes the inner layer of fungal cell 

walls, though is also present in some oomycete cell walls and even in arthropods (Mélida et al., 2013; 

Casadidio et al., 2019; Wanke et al., 2021). Chitin-derived oligosaccharides trigger immune 

responses in a wide group of organisms including mammals and plants (Kaku et al., 2006). Chitin 

effects on plants depends on its DP and acetylation degree and the plant species tested (Gong et al., 

2020). Fully acetylated chito-oligosaccharides of DP 6-8, such as hexaacetyl-chitohexaose, that can 

be released from fungal cell walls during plant-pathogen interaction, (Shi et al., 2019) are strong 

inducers of plant PTI (Kaku et al., 2006; Sánchez-Vallet et al., 2015b; Wang et al., 2017a; Mélida et 

al., 2018; Pusztahelyi, 2018). Mechanism of perception of chito-oligosaccharides is not completely 

uncovered. Different LysM PRRs have been described as involved in chitin perception in Arabidopsis 

such as CERK1 (Miya et al., 2007), Lysin motif‐containing receptor‐like kinases 4 and 5 (LYK4 and 

LYK5) (Wan et al., 2012; Cao et al., 2014), which have been proposed to form a complex during 

chitin perception (Table 1.2; Kaku et al., 2006; Wan et al., 2012; Erwig et al., 2017; Xue et al., 2019). 

Interestingly, Arabidopsis plasmodesmata possess an alternative CERK1-independent chitin 

perception mechanism which involves the LysM domain-containing glycosylphosphatidylinositol 

(GPI)-anchored proteins LYM2 and LYK4 complex (Faulkner et al., 2013; Cheval et al., 2020). In 

rice (Oryza sativa), chitin oligosaccharides are perceived by Chitin elicitor binding protein 

(OsCEBIP) and OsCERK1 has been described as co-receptor (Shimizu et al., 2010; Liu et al., 2016b; 

Wang et al., 2017a). Chitin is also involved in mycorrhizal symbiosis (Shinya et al., 2015), since 

chito-oligosaccharides from fungal pathogens are structurally similar to lipo-chito-oligosaccharide 
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Nod factors produced by rhizobia, and CERK1 is close related to legume Nod factor receptors (NFR) 

NFR1 and NFR5 (Kaku et al., 2006; Pusztahelyi, 2018). Plant discrimination between pathogenic or 

symbiotic signal seems to be at least partially based on the identification of chitin decorations and 

oligomer DP (Sánchez-Vallet et al., 2015b; Zipfel and Oldroyd, 2017; Feng et al., 2019). 

Deacetylation of chitin yields different deacetylated chitin patterns known as chitosan. Chitin 

deacetylation by pathogen chitin deacetylases is used as “hiding mechanism” since chitosan 

production from chitin prevents it from being hydrolysed by extracellular plant chitinases (Gong et 

al., 2020). Consequently, chitin-derived MAMP production is reduced and therefore the detection of 

the pathogen by the plant is reduced (Ride and Barber, 1990; Sánchez-Vallet et al., 2015b; Lopez-

Moya et al., 2019). 

Glucans 

Glucans, polymers built from glucose molecules, are a broad family of polysaccharides widely 

distributed in all kingdoms of life (Synytsya and Novak, 2014). 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 (Aronson et al., 1967; Ramos et al., 2013; Mélida et al., 2018; Wanke et al., 2021). 

These polymers are susceptible to be degraded by plant glucanases during plant-pathogen interaction 

and the resulting fragments can be perceived by plants as MAMPs (Table 1.2; Rovenich et al., 2016). 

Non-branched β-1,3-D-glucan oligosaccharides of DP higher than 3 (specially DP6) are perceived 

by plants as MAMPs (Yamaguchi et al., 2000; Mélida et al., 2018). Laminarihexaose (β-1,3-glucan 

DP6) trigger in Arabidopsis immune responses such as Ca2+ influxes, MAPK phosphorylation and 

the induction of immune-related genes. The recognition of β-1,3-glucan oligosaccharides by 

Arabidopsis (at least for those of DP>5) is partially dependent on PRRs of LysM family (CERK1, 

LYK5 and LYK4), however a direct interaction between laminarihexaose and the ECDs of these 

LysM proteins has been discarded (Mélida et al., 2018; del Hierro et al., 2021). Despite β-1,3-glucans 

can be classified as MAMPs, we cannot discard the idea of considering them also as DAMPs, since 

these glycan structures (components of callose) are also present in plant cell walls at specific locations 

and under certain conditions (Stone and Clarke, 1992; Carpita and McCann, 2000). It is worth 

highlighting here that some fungal species have α-1,3-D-glucans instead of β-1,3-D-glucans at the 

outer layer of their cell walls as a masking mechanism due to the lack of plant α-1,3-glucan degrading 

enzymes (Geoghegan et al., 2017; Kang et al., 2018; Fujikawa et al., 2012; Wanke et al., 2021). β-

1,3-1,6-D-glucans constituted by a β-1,3 and β-1,6 bounded D-glucose have been partially purified 

from oomycete cell walls and shown to activate plant immunity (Ayers et al., 1976; Ebel et al., 1976; 

Fesel and Zuccaro, 2016; Klarzynski et al., 2000; Yamaguchi et al., 2000). In addition, a β-1,6-1,3-

heptaglucan, formed by a β-1,6-glucan linear chain with β-1,3-glucan branches, derived from the 

plant pathogen Phytophthora sojae (Cheong et al., 1991), is recognised as MAMP by wide range of 

plants such as rice or family Fabaceae (Ayers et al., 1976; Ebel et al., 1976; Klarzynski et al., 2000; 

Yamaguchi et al., 2000; Fesel and Zuccaro, 2016). In addition, although β-1,4-D-glucans have been 

classified as plant DAMPs (showed below: section 1.2.2.1), since they are also the main components 

of oomycetes’ cell walls, they could also be considered as MAMPs (Mélida et al., 2013; Wanke et 

al., 2021). 
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Other MAMPs 

Oomycete cell wall related MAMPs include, in addition to carbohydrates, some peptides/proteins 

like Pep13, a 13-aa peptide derived from cell-wall associated transglutaminases of many 

Phytophthora spp., that is immune-active on parsley and potato (Nürnberger et al., 1994; Brunner et 

al., 2002; Reiss et al., 2011; Severino et al., 2014), and the wall-associated cellulose binding elicitor 

lectin (CBEL) glycoprotein from the oomycete P. parasitica, that trigger defence responses in 

Arabidopsis and tobacco (Khatib et al., 2004). In addition to cell wall related MAMPs, other fungal 

and oomycete molecules have been described to be perceived as MAMPs (Table 1.2). Ave1 peptide 

(avirulence on Ve1 tomato), a conserved peptide identified in several fungi and in the plant 

pathogenic bacteria Xanthomonas axonopodis pv. citri, is able to trigger immune responses in tomato 

plants (Kawchuk et al., 2001). It was proposed as ligand of the PRR Ve1-mediated immunity which 

involves BAK1 and confer resistance to Verticillium spp. (Fradin et al., 2009; de Jonge et al., 2012; 

Song et al., 2018). Fungal ethylene-inducing xylanase (EIX), a β-1-4-endoxylanase, is able to induce 

immune responses in tomato and tobacco plants (Furman-Matarasso et al., 1999; Ron and Avni, 2004) 

and is recognized by two tomato LRR-LRPs (SlEix1 and SlEix) which show similarities with Ve1 

receptor (Ron and Avni, 2004). In addition, MAMPs derived from microbial plasma membranes have 

been described, such as arachidonic acid and ergosterol (Savchenko et al., 2010; Klemptner et al., 

2014). 

Table 1.2. MAMPs from fungi and oomycetes and associated PRR.  

FUNGI      

MAMP Type Origin PRRs PTI in Plant Species References 

Cellulase Protein Trichoderma viridae 

Rhizoctonia solani 

Unknown Arabidopsis thaliana 

Capsicum annum 

Watson and Brooks, 

1984 

Ma et al., 2015a 

Avr9 Protein Cladosporium fulvum Cf-9 Solanum lycopersicum Schottens-Toma and 

Wit, 1988 

Jones et al.,1994 

Luderer et al., 2001 

Ethylene-inducing 

xylanase (EIX) 

Protein T. viride Unknown A. thaliana 

Nicotiana tabacum 

  
  

Fuchs et al., 1989 

Furman-Matarasso et 

al., 1999 

Ron and Avni, 2004 

Benschop et al., 2007 

Avr4 Protein C. fulvum Cf-4 S. lycopersicum Joosten et al., 1994 

Thomas et al., 1997 

Necrosis- and Ethylene-

inducing protein 1 

(Nep1) 

Protein Fusarium oxysporum Unknown A. thaliana 

Erythroxylum coca 

Bailey, 1995 

Keates et al., 2003 

Necrosis-inducing 

protein1 (NIP1) 

Protein Rhynchosporium 

commune 

Unknown Hordeum vulgare Rohe et al., 1995  

Ecp2 Protein C. fulvum Unknown S. lycopersicum Laugé et al., 1998 

Cerato-platanin Protein Ceratocystis fimbriata 

Magnaporthe grisea 

Unknown A. thaliana 

N. tabacum 

Platanus × acerifolia 

Pazzagli et al., 1999 

Yang et al., 2009 

  
Ecp1, Ecp4, Ecp5 Protein C. fulvum Unknown S. lycopersicum Laugé et al., 2000 

Avr2 Protein C. fulvum Cf-2 S. lycopersicum Dixon et al., 1996 

Luderer et al., 2002 

Rooney et al., 2005 

Endopolygalacturonase Protein Botrytis cinerea RLP42 A. thaliana 

Vitis vinifera 

Poinssot et al., 2003 

Zhang et al., 2014b 

Avr3/Six1 Protein F. oxysporum I-3 S. lycopersicum Rep et al., 2004 

Catanzariti et al., 

2015 
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Table 1.2. (continuation) MAMPs from fungi and oomycetes and associated PRR 

FUNGI (continuation)  

MAMP Type Origin PRRs PTI in Plant Species References 

Avr4E Protein C. fulvum Hcr9-4E S. lycopersicum Westerink et al., 

2004 

Thomas et al., 1997 

PemG1 Protein M. grisea Unknown A. thaliana 

Cucumis sativus 

N. tabacum 

Oryza sativa 

Pisum sativum 

S. lycopersicum 

Qiu et al., 2009 

Peng et al., 2011 

  
  
  
  

Nascent polypeptide-

associated complex 

(NAC) α-polypeptide 

Protein Alternaria tenuissima 

B. cinerea 

Unknown N. tabacum Mao et al., 2010 

Zhang et al., 2014c 

Ave1 Protein Verticillium dahlia 

Verticillium albo-atrum 

F. oxysporum 

Cercospora beticola 

Ve1 S. lycopersicum Kawchuk et al., 2001 

de Jonge et al., 2012 

  
  

PevD1 Protein V. dahliae Unknown N. tabacum Wang et al., 2012 

Hypersensitive 

response-inducing 

protein (HRIP) 

Protein A. tenuissima Unknown N. tabacum Kulye et al., 2012 

Serine protease (AsES) Protein Acremonium strictum Unknown Fragaria × ananassa 

A. thaliana 

Chalfoun et al., 2013 

Avr5 Protein C. fulvum Cf-5 S. lycopersicum Dixon et al., 1998 

Mesarich et al., 2014 

Cutinase Protein Sclerotinia sclerotiorum Unknown A. thaliana 

Brassica napus 

Glycine max 

Nicotiana 

benthamiana 

N. tabacum 

O. sativa 

Triticum aestivum 

Zea mays 

Zhang et al., 2014a  

SCFE1 Protein S. sclerotiorum 

B. cinerea 

RLP30 A. thaliana Zhang et al., 2013 

PebC1 Protein B. cinerea Unknown A. thaliana Zhang et al., 2014c 

Hydrophobin Protein Trichoderma 

longibrachiatum  

Unknown S. lycopersicum Ruocco et al., 2015 

Cyclodipeptides Protein Eupenicillium 

brefeldianum 

Unknown N. tabacum Chen et al., 2015 

CS20EP Protein F. oxysporum  Unknown S. lycopersicum Shcherbakova et al., 

2016 

Rapid alkalinization 

factors (RALFs)  

Protein Fusarium spp. FER  N. benthamiana 

S. lycopersicum 

A. thaliana 

Thynne et al., 2016 

Wood et al., 2020 

  
Avr1/Six4 Protein F. oxysporum I Solanum 

pimpinellifolium 

Houterman et al., 

2008 

Catanzariti et al., 

2017 

SnTox1 Protein Stagonospora nodorum Snn1/ 

TaWAK 

T. aestivum Liu et al., 2012b 

Shi et al., 2016 

AvrStb6 Protein Zymoseptoria tritici Unknown T. aestivum Zhong et al., 2017 

β-1,3-glucan Carbohydrate Plectosphaerella 

cucumerina 

CERK1 O. sativa Mélida et al., (2018) 
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Table 1.2. (continuation) MAMPs from fungi and oomycetes and associated PRR 

FUNGI (continuation) 

MAMP Type Origin PRRs PTI in Plant Species References 

Chitin Carbohydrate Various fungal species CERK1, 

LYK4, 

LYK5, 

LYM2, 

OsCEBIP  

A. thaliana Truernit et al., 1996 

T. aestivum 

  
  
  

Ongena et al., 2005 

Miya et al., 2007 

Shimizu et al., 2010 

Petutschnig et al., 

2010 

Oligochitosan Carbohydrate Fusarium solani Unknown A. thaliana 

P. sativum 

Hadwiger and 

Beckman, 1980 

Cabrera et al., 2006 

Invertase and epitope: 

gp8c 

Glycopeptide Saccharomyces 

cerevisiae  

Unknown S. lycopersicum Basse et al., 1992 

Ergosterol Lipid C. fulvum  Unknown S. lycopersicum Granado et al., 1995 

Klemptner et al., 

2014 

Cerebroside Glycolipid Magnaporthe oryzae Unknown O. sativa Koga et al., 1998 

Chrisophanol Anthraquinone Trichoderma harzianum Unknown Brassica oleracea  Liu et al., 2016a 

OOMYCETES           

MAMP Type Origin PRRs PTI in Plant Species References 

Elicitin Protein Phytophthora cryptogea 

Phytophthora capsici 

RLP85/E

LR 

N. tabacum 

Solanum microdontum 

Ricci et al., 1989 

Du et al., 2015 

Transglutaminase 

GP42 and epitopes: 

Pep13 and Pep25 

Protein Phytophthora 

megasperma 

Unknown Petroselinum crispum 

Solanum tuberosum 

  
  

Nürnberger et al., 

1994 

Brunner et al., 2002 

Reiss et al., 2011 

Severino et al., 2014 

Cellulose-binding 

elicitor lectin 

(CBEL)/GP34 

Protein Phytophthora parasitica  Unknown N. tabacum Séjalon et al., 1995 ; 

Khatib et al., 2004  

CBEL epitope: 

CBD2synth 

Protein P. parasitica  Unknown A. thaliana 

N. tabacum 

Gaulin et al., 2006 

NLPs Protein Pythium 

aphanidermatum 

Unknown A. thaliana 

N. tabacum 

Veit et al., 2001 

NLP epitopes: nlp11 

and nlp24 

Protein Hyaloperonospora 

arabidopsidis 

Unknown A. thaliana Oome et al., 2014 

nlp20 Protein P. parasitica RLP23 A. thaliana 

Arabids alpina 

Thlaspi arvense 

Draba rigida 

Lactuca sativa 

Böhm et al., 2014 

Albert et al., 2015 

  

PcF Protein Phytophthora cactorum Unknown S. lycopersicum 

Fragaria vesca 

Fragaria x ananassa 

Orsomando et al., 

2001 

Glycoside hydrolase 

(XEG1) 

Protein Phytophthora sojae Unknown G. max 

S. lycopersicum 

C. annum 

N. benthamiana 

Ma et al., 2015b 

β-1,3-1,6-D-glucan 

heptasaccharide  

Carbohydrate P. megasperma Unknown O. sativa 

S. tuberosum 

V. vinifera 

Fabaceae family 

Ayers et al., 1976 

Sharp et al., 1984 

Klarzynski et al., 

2000 

Fesel and Zuccaro, 

2016 

Glucan-

chitosaccharides 

Carbohydrate Aphanomyces euteiches Unknown Medicago truncatula Nars et al., 2013 

Eicosapentaenoic acid 

(EPA) 

 Lipid Phytophthora infestans Unknown S. tuberosum Bostock et al., 1981 

Arachidonic acid  Lipid P. infestans Unknown A. thaliana 

S. tuberosum 

Bostock et al., 1981 

Savchenko et al., 

2010 
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1.2.1.3. Molecular pattens from other organisms 

In addition to the above-described MAMPs, plants can also perceive molecular patterns from other 

organisms such as viruses, nematodes, insects and parasitic plants that trigger PTI responses in some 

plant species through PRRs that are mostly unknown [Table 1.3; updated from Boutrot and Zipfel 

(2017)]. 

 

Table 1.3. Molecular patterns from viruses, nematodes and insects, and associated PRRs.  

Molecular pattern Type Origin PRRs PTI in Plant Species References 

VIRUSES           

Coat protein (CP) Protein Tobacco mosaic virus  Unknown Nicotiana tabacum Allan et al., 2001 

dsRNA  Protein Oilseed rape mosaic 

virus  

Unknown Arabidopsis thaliana Niehl et al., 2016 

NEMATODES           

Gr-VAP1 Protein Globodera rostochiensis  Cf-2 Solanum lycopersicum  Dixon et al., 1996 

Rooney et al., 2005 

Lozano-Torres et al., 

2012 

Ascarosides 

(ascr#18) 

Glycolipids Meloidogyne incognita 

Meloidogyne javanica 

Meloidogyne hapla 

  

Unknown A. thaliana 

S. lycopersicum 

Solanum tuberosum 

Hordeum vulgare 

Manosalva et al., 

2015 

INSECTS      

Molecular pattern Type Origin PRRs PTI in Plant Species References 

β-galactofuranose Carbohydrate Spodoptera littoralis  Unknown A. thaliana  Bricchi et al., 2013 

Fatty acid–amino 

acid conjugates 

(FACs) 

Lipopeptide Spodoptera exigua 

Schistocerca americana 

  

Unknown A. thaliana 

Zea mays 

  

Alborn et al., 1997 

Roda et al., 2004 

Schmelz et al., 2009 

Phosphatidylcholine 

(DLOPC) 

Phospholipid Sogatella furcifera Unknown Oryza sativa Yang et al., 2014 

Egg-associated 

molecular patterns 

(EAMP) 

Unknown Pieris brassicae LECRK-

I.8 

A. thaliana  Gouhier-Darimont et 

al., 2013 

PARASITIC PLANTS         

Cuscuta factor Unknown Cuscuta reflexa CuRe1 S. lycopersicum 

Nicotina benthamiana 

Hegenauer et al., 

2016 

AVROR7 Protein Orobanche cumana HAOR7 Helianthus annuus Duriez et al., 2019 

 

1.2.2. Damage-associated molecular patterns (DAMPs) 

Although the term “DAMP” was initially used to describe molecules released from dead host cells, 

is currently used to describe danger-signalling molecules that are released from damaged host cells 

during plant-pathogen interaction (e.g., derived from plant cell wall components), but also cytosolic 

molecules that are de novo synthesized (e.g., peptides also named phytocytokins) during this 

interaction and are secreted/released to the apoplast for PRR recognition (see Table 1.4.; Lotze et al., 

2007; Boller and Felix, 2009; De Lorenzo et al., 2018: Hou et al., 2019; Li et al., 2020). Since DAMPs 

are self-molecules that have a physiological function in plants and their concentration increase upon 

infection process, it has been proposed that PRRs could have lower affinity for these molecules acting 

as DAMPs than their receptor involved in their normal physiological pathway (Savatin et al., 2011; 

Shao et al., 2017; De Lorenzo et al., 2018).  
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1.2.2.1. Cell wall-derived DAMPs 

The plant cell wall is the main physical barrier between pathogens and plants. To breakthrough 

this structure, pathogens have coevolved with plants, developing a wide set of tools, including 

CWDEs such as cellulases, polygalacturonases or xylanases which hydrolyse or modify plant cell 

wall polymers (Annis and Goodwin, 1997; Shao et al., 2018; Voxeur et al., 2019; Naveed et al., 2020; 

Lorrai and Ferrari, 2021). Given the diversity of cell wall composition among plant species, the 

CWDE repertoire of a pathogen might determine its plant‐host specificity (Kubicek et al., 2014; Hou 

et al; l2018; Lorrai and Ferrari, 2021). Interestingly, some of these pathogen-encoded CWDEs can 

be sensed by the plant as MAMPs (Table 1.2; Hahn et al., 1981; Walton, 1994; Cosgrove, 2005). The 

activity of CWDEs on plant cell walls leads to the release of a diverse set of molecules that are 

perceived as DAMPs by generally unknown PRRs (Table 1.4; Hou et al., 2019). Indeed, cell wall-

derived carbohydrates that trigger responses in plants are known since 1970’s, they were named as 

“oligosaccharines” and included oligosaccharides derived from pectins and xyloglucan (Aldington 

and Fry, 1993). 

Pectin-derived DAMPs 

Plant cell wall pectins are a source of different DAMPs, like oligogalacturonides (OGs), which 

were the first cell wall-derived molecules described as DAMPs. OGs are released from 

homogalacturonan, the main pectin of dicots primary cell wall, by pathogen-secreted 

polygalacturonases (Ferrari et al., 2013; Savatin et al., 2014a). Homogalacturonan is made up of a 

linear backbone of α-1,4-D-galacturonic acid residues and its roles in plants vary depending on their 

DP and degree of substitution (methylesterification and/or acetylation; Sénéchal et al., 2014). 

Initially, it was thought that only OGs with a DP10-16 trigger immune response in plants (Côté and 

Hahn, 1994), however, OGs of lower DP than 7 have recently been shown to be involved in response 

to pathogens in Arabidopsis, potato, tobacco and tomato (Ferrari et al., 2013; Savatin et al., 2014a; 

Trouvelot et al., 2014; Davidsson et al., 2017; Voxeur et al., 2019). In addition, OGs of higher DP 

than 20 are able to induce PTI responses in tomato in vitro cell cultures, indicating that the optimum 

size (DP) of OGs is related with penetrability rather than specificity of recognition (Reymond et al., 

1995; Trouvelot et al., 2014; Davidsson et al., 2017). In general, OGs signalling events overlap with 

those previously described for MAMPs (Ridley et al., 2001; De Lorenzo et al., 2011; Ferrari et al., 

2013; Benedetti et al., 2015). The diversity of OGs structures generated during Arabidopsis infection 

by B. cinerea has led to propose that in addition to the DP, some chemical modification might expand 

the diversity of active DAMPs (Voxeur et al., 2019). To avoid physiological negative effects of OG 

hyperaccumulation in plants (hyperimmunity and associated fitness costs), OGs can be oxidized 

through a mechanism mediated by plant OG oxidase 1 (OGOX1), turning them inactive and 

maintaining OGs homeostasis (Benedetti et al., 2018). OGs are proposed to be sensed by the Wall 

associated kinase 1 (WAK1) receptor, whose interaction is positively influenced by the formation of 

dimeric “egg-box” structures (see section 1.5.2.1; Cabrera et al., 2008; Brutus et al., 2010). 

Downstream signalling events occurring upon OG perception include Ca2+ influxes, ROS production, 

calcium dependent protein kinases (CDPK) activation and phosphorylation of MAPKs. However, 

only MAPK phosphorylation is required for OG-dependent regulation of immune-related genes and 

for OG-mediated protection to B. cinerea (Galletti et al., 2011; Gravino et al., 2015). In parallel, OGs 
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trigger the inhibition of auxin-induced gene expression, thus reflecting a dual role of OGs in balancing 

plant immunity and development (Savatin et al., 2011; 2014a).  

In addition, methylation state of cell wall galacturonan is related with OGs yielded upon pathogen 

infection, determining disease resistance phenotypes (Ferrari et al., 2008; Raiola et al., 2011; Lionetti 

et al., 2017; Benedetti et al., 2018; De Lorenzo et al., 2019). The activity on pectins of pectin 

methylesterases (PMEs), which are upregulated upon mechanical damage, plant-herbivore interaction 

or fungal infection, leads to the release of methanol, that activates some early defence responses 

including Ca2+ influxes, MAPK activation, ethylene (ET) production, and the expression of immune-

related genes and consequently enhance resistance against pathogens or herbivorous insects (von 

Dahl et al., 2006; Körner et al., 2009; Lionetti et al., 2017; Dixit et al., 2013; Hann et al., 2014; Tran 

et al., 2018).  

Glucans  

As described above (see 1.2.1.2), β-1,3-glucans derived from fungal and oomycete cell walls have 

been identified as MAMPs (Mélida et al., 2018). However, they could also be considered as DAMPs, 

since they are also present in plants as callose, a β-1,3-glucan polymer deposited at specific plant cell 

wall locations upon pathogen infection or wounding stress (Stone and Clarke, 1992; Ellinger et al., 

2013).  

In addition, cellooligosaccharides (oligomeric β-1,4-glucans), which can be released from the 

hydrolysis of cellulose polymers by the action of cellulases and other glucanases (CWDE) of 

pathogens (Grenville-Briggs et al., 2008), have been recently described as plant immune activators 

(Aziz et al., 2007; Souza et al., 2017; Johnson et al., 2018; Locci et al., 2019). Besides being the 

building units of cellulose, the main plant cell wall polymer, β-1,4-glucans are also present in 

oomycete cell walls (Mélida et al., 2013). Cellobiose, the minimal β-1,4-glucan (DP2) triggers plant 

immune responses such as Ca2+ influxes, MAPK phosphorylation and induction of immune-related 

genes such as WRKY30 in Arabidopsis seedlings (Souza et al., 2017). Further, cellobiose treatment 

confers increased resistance in Arabidopsis plants to the bacterial pathogen P. syringae pv. tomato 

DC3000. However, although plant responses to cellobiose share features with MAMPs and OGs, it 

has been suggested to activate a signalling pathway independent of that triggered by MAMPs like 

flg22 or chitin (Souza et al., 2017). Cellotriose (DP3) also triggers immune responses in plants (Aziz 

et al., 2007; Johnson et al., 2018), including the up-regulation of genes encoding Cellodextrin oxidase 

(CELLOX) which oxidizes cellodextrins reducing its immune-activator capability, in a similar way 

than the described OGOX1 mechanism (Benedetti et al., 2018; Locci et al., 2019). Thus, carbohydrate 

oxidation has been recently proposed as a regulator of DAMP homeostasis avoiding their 

hyperaccumulation during infection events and hyperimmunity (Locci et al., 2019; Pontiggia et al., 

2020). In spite of the abundance of these carbohydrates in plant cell wall, no perception mechanism 

has been described yet for β-1,4-glucans, and the involvement of LysM-PRRs as the receptors or co-

receptors has been ruled out (del Hierro et al., 2021). 
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Xyloglucans 

Xyloglucan, the main hemicellulose of dicotyledonous cell walls, are β-1,4-glucans containing 

xylosyl, galactosyl and fucosyl side branches (Carpita and McCann, 2000). Xyloglucan has been 

described as inductor of plant resistance to biotic stresses and abiotic stresses such as cold or drought 

(Pavlova et al., 1996; Salvador and Lasserre, 2010). Oligomeric xyloglucans of DP 7 to 9 have been 

recently shown to trigger MAPK phosphorylation and the induction of immune-related genes in 

Arabidopsis and in grapevine (Vitis vinifera) (Claverie et al., 2018). In addition, foliar pre-treatments 

with a xyloglucan heptasaccharide enhances the resistance in Arabidopsis plants to B. cinerea and H. 

arabidopsidis and induce resistance in grapevine to B. cinerea (Claverie et al., 2018). 

Arabinoxylans 

Arabinoxylans (AXs) are plant cell wall polymers consisting of a backbone of β-1,4-D-xylose 

containing arabinose side decorations on carbons 2 or 3 (or both) of the xylose’s residues. AX 

oligossacharides have been suggested to be released by pathogen secreted GH10 and GH11 endo-

xylanases during infection events (Mélida et al., 2020a). Different AX structures of DP 4 and 5 have 

been recently described as DAMPs, triggering Ca2+ influxes, MAPK phosphorylation and the 

overexpression of immune-related genes. A remarkable active structure, 33-α-L-arabinofuranosyl-

xylotetraose (XA3XX), also triggers a significant ROS production. Perception of XA3XX is 

independent of CERK1 and BAK1 indicating a different mechanism of perception than chitin and β-

1,3-glucans in Arabidopsis. Interestingly, foliar spray treatment with XA3XX is able to enhance the 

resistance of tomato plants (Solanum lycopersicum) to P. syringae pv. tomato DC3000 and the 

resistance of pepper plants (Capsicum annuum) to S. sclerotiorum (Mélida et al., 2020a). 

Mannans 

Plant mannans are polymers of β-1,4-linked mannose. A mixture of DP2-6 mannan 

oligosaccharides has been recently reported to trigger Ca2+ influxes, ROS production, MAPKs 

phosphorylation, expression of immune-related genes, closure of stomata and activation of salicylic 

acid (SA) and jasmonic acid (JA)‐dependent signalling pathways in tobacco (Nicotiana benthamiana) 

(Zang et al., 2019). In addition, foliar pre-treatments with this mixture of mannan oligosaccharides 

are able to enhance the resistance of rice to X. oryzae and of tobacco to P. nicotianae (Zang et al., 

2019). 

Cuticle-derived DAMPs 

Cuticle is a hydrophobic layer that cover epidermal cells of some plant aerial organs being an 

external layer to the primary cell walls of these cells. Cuticle is composed of cutin (polymers of 

hidroxy and epoxy C16 and C18 fatty acids and glycerol) and waxes (long chain hydrocarbon with a 

hydroxyl, carboxyl or carbonyl group) (Riederer, 2006; Kunst and Samuels, 2009). Cutin monomers, 

which are released by the action of pathogen cutinases, have been described to trigger defence 

responses in plants, thus, they have been proposed as DAMPs (Fauth et al., 1998; Buxdorf et al., 

2014; Serrano et al., 2014; Ziv et al., 2018). Nevertheless, the molecular mechanisms of cutin 

monomer perception and cutin monomer-regulated plant immunity remain unclear (Hou et al., 2019). 
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1.2.2.2. Storage carbohydrates   

In addition to cell wall carbohydrates, monosaccharides and other carbohydrates with different 

functions in plants have been reported to play roles in plant-pathogen interaction. Interestingly, these 

sources of carbon and energy can be used by pathogens to their own benefit, probably through the 

secretion of effectors that promote sugar leakage from plant cells (Cohn et al., 2014; Cox et al., 2017; 

Yamada et al., 2016a). Non-cell wall-derived monosaccharides and oligosaccharides with roles in 

signalling in response to plant pathogens are shown in Table 1.4. 

Glucose triggers immune responses such as MAPK phosphorylation and the overexpression of 

Pathogenesis-related (PR) and Cytochrome-P450 (CYP) genes that result in glucosinolate synthesis 

(Bolouri Moghaddam and Van den Ende, 2012; Miao et al., 2013). Plant treatment with sucrose or 

isomers have been shown to trigger immune responses, promote the production of secondary 

metabolites, induce the accumulation of JA and enhance plant resistance to pathogens and insects 

(Sinha et al., 2002; Gómez-Ariza et al., 2007; Li et al., 2014d; Arnault et al., 2016). Trehalose, a 

non-reducing glucose dimer, enhance resistance to necrotrophic fungi and its biosynthesis by 

Trehalose 6-phosphate synthase/phosphatase 11 (TPS11) is promoted upon plant infection (Singh et 

al., 2011; Reignault et al., 2002; Golem and Culver, 2003). Also, maltose and fructose trigger similar 

responses in plants (Hou et al., 2019). Extracellular sugars have been proposed to be sensed by 

Regulator of G-protein signalling 1 (RGS1) in coordination with heterotrimeric G protein (Johnston 

et al., 2007).  

Fructans are plants reserve carbohydrates that can be also found in other organisms including 

plant pathogens and bacteria of animal gut microbiota (Hendry and Wallace, 1993). Fructans are 

complex and diverse structures derived from sucrose by adding β-2,1- and β-2,6-fructosyl residues or 

a mixture of both types of linkages (inulins, levans and graminans, respectively) (Hendry, 1993). 

Plant inulins, which had been shown to reduce postharvest fungi impact (Sun et al., 2013a; Wang et 

al., 2009), have been recently shown to trigger immune responses in plants such as ROS and ET 

production and are able to enhance the resistance in Arabidopsis and lettuce to B. cinerea (Tarkowski 

et al., 2019; Janse van Rensburg et al., 2020). However, the biological role of fructans as MAMPs or 

DAMPs is still unclear (Versluys et el., 2017). 

1.2.2.3. Peptidic DAMPs 

Peptides are the largest and best characterised group of plant DAMPs [Table 1.4; updated from 

Updated from Boutrot and Zipfel (2017); Hou et al., (2019); Li et al., (2020)]. A summary of plant 

DAMPs is included in Table 1.4 and some of them are described in more detail below. 

Systemins 

Systemin is an 18-aa polypeptide generated as wound response from prosystemin, present in the 

cytoplasm of phloem cells of plants from Solanaceae family (Pearce et al., 1991). Systemins were 

the first described peptides triggering systemic disease resistance responses in plants and have been 

described to be present in many Solanaceous species (Choi and Klessig, 2016). Tomato systemin 

induces the neighbouring companion cells and sieve elements of the vascular bundle to synthesize 

JA, which in turn systemically activates the expression of proteinase inhibitor genes (Hause et al., 
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2003; Narváez-Vásquez et al., 2004). Tomato systemin is sensed by tomato LRR-RLK Systemin 

receptor 1 (SYR1) and SYR2 (Wang et al., 2018). 

Plant Elicitor Peptides (Peps) 

Plant elicitor peptide 1 (Pep1) was the first peptide DAMP identified in Arabidopsis (Huffaker et 

al., 2006). This 23-aa peptide is derived from a 92-aa precursor PROPEP1 (Huffaker et al., 2006; 

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 from the cytosolic side of the vacuolar membrane only in cells undergoing 

damage (Hander et al., 2019). MC4 is activated by prolonged increases of the concentration of 

cytoplasmic Ca2+ as triggered by Pep1. PROPEP1 and PROPEP2 are required for flg22-induced 

systemic response and enhanced resistance to P. syringae DC3000 (Ross et al., 2014). In fact, Pep1 

induce enhanced Arabidopsis resistance to various pathogens, including bacterial P. syringae 

DC3000, fungal B. cinerea and the oomycete Phytophthora infestans (Huffaker et al., 2006; 

Yamaguchi et al., 2010; Liu et al., 2013). Two homologous LRR-RLKs PRR, PEPR1 and PEPR2, 

have been identified as Pep1 receptors (Yamaguchi et al., 2006, 2010; Krol et al., 2010). PEPR1 

recognize all eight Peps (Hou et al., 2019) and heterodimerize with its co-receptor BAK1 upon Pep1 

binding, triggering PTI responses (Schulze et al., 2010; Bartels et al., 2013; Ma et al., 2013).   

Rapid alkalinization factors (RALFs)  

Rapid alkalinization factors (RALFs) are a group of diverse peptides widely present across the 

land plants, that can positively or negatively regulate plant immunity (Pearce et al., 2001b; Hou et 

al., 2019). Arabidopsis RALF family contains 39 members, including RALF1 and RALF23 that are 

perceived by the receptor FERONIA (FER), a member of CrRLK1L RLKs, which modulate PTI 

responses (Haruta et al., 2014; Stegmann et al., 2017). 

1.2.2.4. Extracellular nucleotides 

Nucleic acids have been also recently described as self-molecular patterns triggering immune 

responses in plants (Table 1.4). ATP (adenosine 5′-triphosphate) is a well-known energy molecule, 

that recently has been also described as signalling molecule when it is released to the apoplast after 

damage. Extracellular ATP (eATP) acts as DAMP triggering immune responses such as Ca2+ influx, 

ROS production, MAPK phosphorylation and the induction of immune-related genes through its 

perception by the L-type lectin RLK Does not respond to nucleotides 1 (DORN1) (Choi et al., 2014; 

Tanaka et al., 2014). eATP is involved in the biosynthesis of JA and ET and enhanced resistance of 

Arabidopsis to the bacterial pathogen P. syringae (Chen et al., 2017; Tripathi et al., 2018). Self-

external DNA (eDNA) also can act as DAMP (Duran-Flores and Heil 2016; Vega-Muñoz et al., 

2018). The application of fragmented self-eDNA triggers immune responses such as Ca2+ influx, ROS 

production, MAPK phosphorylation and the induction of immune-related genes in bean and maize 

(Duran-Flores and Heil 2018; Barbero et al., 2016) and also has an inhibitory effect on plant growth 

(Walters and Heil 2007). Interestingly, application of non-self-DNA do not trigger immune responses 

(Duran-Flores and Heil 2018). 
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Table 1.4. Proposed plant DAMPs, precursors and receptors.  

DAMP Type Precursor DPa PRRs PTI in Plant Species References 

CELL WALL-DERIVED DAMPS 

Oligogalacturonides 

(OGs) 

Carbohydrate Pectins 10-16 WAK1 

WAK2 

Arabidopsis thaliana 

Glycine max 

Nicotiana tabacum 

Côté and Hahn, 1994 

He et al., 1996 

Brutus et al., 2010 

Voxeur et al., 2019 

<7   A. thaliana Davidsson et al., 2017 

Voxeur et al., 2019 

>20   Solanum lycopersicum 

Zea mays 

G. max 

Reymond et al., 1995 

Methanol Hydrocarbon Pectins 
 

Unknown A. thaliana Dixit et al., 2013 

Hann et al., 2014 

Tran et al., 2018 

β-1,3-glucans Carbohydrate Callose ≥3  CERK1 A. thaliana Mélida et al., 2018 

β-1,4-glucans Carbohydrate Cellulose 2-7 Unknown A. thaliana Aziz et al., 2007 

Souza et al., 2017 

Johnson et al., 2018 

Xyloglucans Carbohydrate Hemiclelluloses 7-9 Unknown A. thaliana 

Vitis vinifera 

Claverie et al., 2018 

Arabinoxylans Carbohydrate Hemiclelluloses 4-5 Unknown A. thaliana 

S. lycopersicum 

Capsicum annuum 

Mélida et al., 2020a 

Mannans Carbohydrate Hemiclelluloses 2-6 Unknown Oryza sativa 

Nicotiana 

benthamiana 

Zang et al., 2019 

Cutin monomers Hydrocarbon Cutin C16/18 Unknown A. thaliana Fauth et al., 1998 

Buxdorf et al., 2014 

Serrano et al., 2014 

Ziv et al., 2018 

STORAGE CARBOHYDATES 

Glucose, sucrose, 

maltose, fructose 

Carbohydrate N/A N/A Unknown  A. thaliana 

N. tabacum 

Solanum tuberosum 

Johnston et al., 2007 

Bolouri Moghaddam 

and van den Ende, 

2012 

Fructans Carbohydrate N/A N/A Unknown A. thaliana 

Lactuca sativa 

Sun et al., 2013a 

Wang et al., 2009 

Tarkowski et al., 2019 

APOPLASTIC PEPTIDES 

Systemins Peptide Prosystemin 18 aa SYR1 

SYR2 

Solanaceae family  Pearce et al., 2001a 

Hause et al., 2003 

Narváez-Vásquez et al., 

2004  

Wang et al., 2018 

AtPep1/AtPep2 Peptide Propep1 23 PEPR1 

PEPR2 

A. thaliana  

Z. mays 

Huffaker et al., 2006 

Yamaguchi et al., 2006 

2010 

Liu et al., 2013 

CAPE1 Peptide PR1 11 Unknown A. thaliana 

S. lycopersicum 

Chen et al., 2014 

Breen et al., 2017 

GmSubPep Peptide Subtilase 12 Unknown G. max Pearce et al., 2010 

Figueiredo et al., 2018 

GmPep914/890 Peptide GmPROPEP914/890 8 Unknown G. max Yamaguchi et al., 2011 
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Table 1.4. (continuation) Proposed plant DAMPs, precursors and receptors. 

DAMP Type Precursor DPa PRRs PTI in Plant Species References 

APOPLASTIC PEPTIDES 

SCOOP12 Peptide PROSCOOP12 13 MIK2 A. thaliana Gully et al., 2019, 

Rhodes et al., 2021 

Inceptins Peptide ATP synthase γ-

subunit proteins 

11 INR Vigna unguiculata 

Z. mays 

Schmelz et al., 2006 

Steinbrenner et al., 

2020 

Zip1 Peptide PROZIP1 17 Unknown Z. mays Ziemann et al., 2018 

GRIp Peptide GRI 11 PRK5 A. thaliana Wrzaczek et al., 2009; 

2015 

PIP1/PIP2 Peptide preproPIPs 13/15 RLK7 A. thaliana Hou et al., 2014 

Najafi et al., 2020 

IDL6 Peptide IDA 14 HAE 

HSL2 

A. thaliana Wang et al., 2017c 

Patharkar et al., 2017 

RALFs Peptide RALF 

preproproteins 

~49 FER A. thaliana 

N. tabacum 

S. lycopersicum 

Pearce et al., 2001b 

Haruta et al., 2014 

Stegmann et al., 2017 

PSKs Peptide PSK precursors 5 PSKR1 

PSKR2 

A. thaliana 

Asparagus officinalis 

O. sativa 

Matsubayashi and 

Sakagami, 1996 

Matsubayashi et al., 

2006; 2013 

Amano et al., 2007 

HMGB3 Peptide N/A N/A Unknown A. thaliana Choi et al., 2016a 

HypSys Peptide ProHypSys 18–20 Unknown Solanaceae family Pearce et al., 2001a 

Pearce, 2011 

Glutamate, 

cysteine, histidine, 

aspartic acid 

Amino acid Cytosolic amino 

acids 

N/A GLR3.3 

GLR3.6 

A. thaliana 

S. lycopersicum 

O. sativa 

Qi et al., 2006 

Stephens et al., 2008 

Li et al., 2013 

Toyota et al., 2018 

Glutathione Peptide Cytosolic 

glutathione 

N/A GLR3.3 

GLR3.6 

A. thaliana Li et al., 2013 

EXTRACELLULAR NUCLEOTIDES 

eATP  Nucleic acid Cytosolic ATP N/A DORN1 A. thaliana Choi et al., 2014 

Tanaka et al., 2014 

Chen et al., 2017 

Tripathi et al., 2018 

eDNA Nucleic acid Cytosolic and 

nuclear DNA 

N/A Unknown 

 

 

Phaseolus vulgaris 

Phaseolus lunatus 

Pisum sativum 

Z. mays 

Duran-Flores and Heil 

2016; 2018 

Vega-Muñoz et al., 

2018 

eNAD(P) Nucleic acid Cytosolic NAD(P) N/A LecRK-

I.8/VI.2 

A. thaliana Wang et al., 2017b; 

2019 

a. DP (degree of polymerization). 
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1.3. Plant Pattern Recognition Receptors (PRRs) 

Plants recognise DAMPs/MAMPs through plasma membrane-localized pattern recognition 

receptors (PRRs), which can be either RLKs or RLPs proteins (Tang et al., 2017). In contrast to 

mammals, no intracellular PRRs have been described for MAMPs and DAMPs perception in plants, 

but some receptor proteins (RP) such as GPI-anchored RP (RPg) and extracellular RP (RPe) lacking 

the membrane anchor have been also described (Figure 1.3b; Maekawa et al., 2011; del Hierro et al., 

2021). In Arabidopsis, there are more than 600 putative PRRs with ECDs but very few receptor-

ligand pairs are well characterized (del Hierro et al., 2021). These PRRs are implicated not only in 

immunity but also in other biological processes such as the regulation of plant growth and 

development, reproduction, symbiosis and tolerance to abiotic stresses (Couto and Zipfel, 2016).  

 

 

Figure 1.3. Classification of Arabidopsis thaliana PRRs according to their glycan-binding ectodomain (ECD). (a) 

Proportion of Arabidopsis PRRs with putative glycan-binding ECD. (b) General scheme of PRRs according to the 

presence of kinase domain (KD), transmembrane domain (TM) or GPI anchor domain: Receptor-like kinases (RLKs), 

Receptor-like protein (RLP), receptor protein (RP) GPI-anchored to plasma membrane (RPg) or extracellular protein 

(RPe). (c) Scheme and proportion of putative glycan-binding PRR-RLK subclasses. Modified from del Hierro et al., 

(2021). 

PRRs can be classified attending to the their ECD, which is a highly variable part that recognizes 

specific ligands and can be shaped by different domains or protein motifs including: i) lectin (Lec)-
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like domain, ii) lysine motif (LysM), iii) leucine-rich repeat domain (LRR), iv) malectin-like domain, 

v) Epidermal growth factor (EGF)-like domain (characteristic of Wall associated kinases; WAKs), 

vi) Pathogenic-related 5 (PR5) thaumatin-like domain (ThaumatinL/PR5), vii) Domain of unknown 

function 26 (DUF26) domain (characteristic of Cysteine-rich receptor-like kinases; CRKs), viii) 

CRinkly-Like (CR4L) and ix) Proline-rich extensin-like receptor kinase (PERK; Couto and Zipfel, 

2016; Bellande et al., 2017; Tang et al., 2017; del Hierro et al., 2021). In Arabidopsis, 329 of 617 

putative PRRs containing ECD domains have been proposed to putatively be able to interact with 

carbohydrates, including RLKs, RLPs and RPs (del Hierro et al., 2021). These potential glycan-

binding PRRs belong to 10 subclasses: C-lectin (1 member), G-lectins (51 members), L-lectins (55 

members), WAKs (38 members), LysM (10 members), Catharanthus roseus receptor like kinase 1-

like (CrRLK1L; with malectin motif; 20 members), malectins (external malectin motif followed by 

an LRR; 51 members), LRR-malectins (external LRR domain followed by a malectin motif; 12 

members), CRKs (68 members) and thaumatin-like, belonging to Pathogenic related 5 family 

(ThaumatinL/PR5; 23 members; see Figure 1.3 adapted from del Hierro et al., 2021). 

 

1.3.1. Lectin-like PRRs 

Lectins are proteins present in all kingdoms of life that have at least one non-catalytic domain with 

the ability to reversibly bind glycans (Bellande et al., 2017). More than 500 different lectins have 

been characterized in plants (Peumans and Van Damme, 1995; De Schutter and Van Damme, 2015; 

Mishra et al., 2019) of which 107 have been described as putative glycan-binding PRRs (del Hierro 

et al., 2021). Lectins can be expressed by the plant as specific response to stresses or pathogens 

(Lannoo and Van Damme, 2014). Lectin-RLKs (LecRKs) can be classified into 3 families (G-, C-, 

L-) attending to their lectin ECD type (Vaid et al., 2012; Singh and Zimmerli, 2013; Lannoo and Van 

Damme, 2014; Wang and Bouwmeester, 2017).  

G-type LecRKs contain a Galanthus nivalis agglutinin (GNA)-related sugar binding domain that 

might be involved in ligand binding (Lannoo and Van Damme, 2014). G-type LecRKs have been 

described to be involved in self-incompatibility reactions in flowering plants and in plant defence to 

biotic and abiotic stresses (Sherman-Broyles et al., 2007; Kim et al., 2010; Sun et al., 2013b). The 

best characterised G-type LecRKs is LORE (Figure 1.3), firstly described as required for LPS‐

triggered immune responses but later on demonstrated to actually recognize bacterial medium-chain 

3-hydroxy fatty acids (Ranf et al., 2015; Kutschera et al., 2019).  

C-type LecRKs are calcium-dependent lectins mostly involved in pathogen recognition in 

mammals and more rarely in plants. At present only one C-type LecRK has been identified in 

Arabidopsis and its function has not been characterized yet (Cambi et al., 2005; Fesel and Zuccaro., 

2016). Interestingly, this C-type LecRK has a homolog in mammals known as Dectin 1 which acts as 

main mammal receptor for β-1,3- and β-1,3-1,6-glucans (Brown et al., 2003; Fesel and Zuccaro., 

2016).    

L-type LecRKs have a legume-like domain consisting in two or four carbohydrate-binding 

subunits which tightly bind Mn2+ and Ca2+ ions responsible for their carbohydrate binding ability 

(Peumans et al., 2001; de Oliveira et al., 2008). L-type LecRKs are the most abundant group of plant 
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LecRKs. Forty-five L-type LecRKs have been identified in Arabidopsis with different expression 

patterns among tissues and developmental stages in response to stimuli (Bouwmeester and Govers, 

2009). Some L-type LecRKs have been reported to be involved in plant resistance to pathogens, 

including bacteria, oomycetes and fungi, and to insects (Bouwmeester, et al., 2011; Gilardoni et al., 

2011; Huang et al., 2013; Singh and Zimmerli, 2013; Huang et al., 2014; Balagué et al., 2017; Wang 

and Bouwmeester, 2017). L-type LecRKs also play a crucial role in the symbiotic interactions of 

legumes with nitrogen fixing microbes (Diaz et al., 1989; Navarro-Gochicoa et al., 2003) and have 

also been reported to act in hormone signalling (e.g., abscisic acid; ABA) and stomatal immunity 

(Singh et al., 2012). A well-known immune‐related L-type LecRKs is DORN1 (Figure 1.3), which 

lacks the conserved Mn2+ and Ca2+ binding residues (Lannoo and Van Damme, 2014). In addition to 

perceive eATP, DORN1 is also implicated in cell wall-plasma membrane contact by the interaction 

with Arg-Gly-Asp (RGD)-containing extracellular ligands (Gouget et al., 2006; Choi et al., 2014; 

Chen et al., 2017). This interaction is a target of Phytophthora brassicae RGD-containing effector 

IPI-O which alters the cell wall-plasma membrane continuum, leading to defence responses 

(Bouwmeester, et al., 2011).  

 

1.3.2. Lysine Motif (LysM) PRRs  

The lysin motif (LysM) is a carbohydrate binding module conserved across all kingdoms that was 

originally identified in bacterial autolysins, that are enzymes degrading cell wall PGN (Joris et al., 

1992; Mesnage et al., 2014). The LysM domain has 44-65 aa (Buist et al., 2008) forming a pair of 

antiparallel beta strands separated by a pair of short alpha helices (Bateman and Bycroft, 2000). In 

Arabidopsis, eight LysM-PRRs have been identified: five LysM-RLKs known as LysM-containing 

receptor kinases (LYKs) and three LysM-RLPs known as LysM domain-containing GPI-anchored 

proteins (LYMs) (Tanaka et al., 2013). LYK1, frequently known as CERK1 (Figure 1.3), has a crucial 

role in the perception of glycan based MAMPs. CERK1 dimerization mediated by chitin 

oligosaccharides of DP 6-8, but not shorter oligosaccharides (DP 3-4), has been described as essential 

for trigger immunity in Arabidopsis (Liu et al., 2012a). Indeed, LYK4 and LYK5 have higher affinity 

for chitin than CERK1, but their kinase domains are not active, therefore, the formation of LYK4/5-

CERK1 heterodimers has been suggested for chitin signalling mechanism (Cao et al., 2014). In the 

case of rice, the LysM-RLP OsCeBIP recognize chitin and, together with OsCERK1, is required for 

chitin signalling (Shimizu et al., 2010; Liu et al., 2016b). CERK1 is also required as co-receptor for 

peptidoglycan perception forming an heteromeric complexes with LYM1 and LYM3 (Willmann et 

al., 2011). In addition, CERK1 has recently been shown to be necessary for the activation of the 

immune responses triggered by β-1,3-glucan oligosaccharides (DP>5) (Mélida et al., 2018). 

However, a direct binding of the β-1,3-glucan hexasaccharide to CERK1 extracellular ECD has not 

been either observed in Isothermal Titration Calorimetry binding assays performed with purified 

ECD-CERK1 nor predicted using recently developed in silico structural molecular dynamics 

simulations (del Hierro et al., 2021), suggesting that CERK1 functions as co-receptor rather than a 

receptor in β-1,3-glucan hexasaccharide perception. The perception of β-1,3-glucans has been 

described to be independent of CERK1 in other species such as rice and tobacco suggesting that β-

glucan recognition may be mediated by multiple receptor/co-receptor proteins (Wanke et al., 2020). 

Furthermore, CERK1 has been placed in importance into plant immunity as has been described to be 
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essential for the effective resistance of plants to fungal pathogens such as Alternaria brassicicola, 

Erysiphe cichoracearum and P. cucumerina (Miya et al., 2007; Mélida et al., 2018), the bacterium 

P. syringae (Gimenez-Ibanez et al., 2009), and the oomycete H. arabidopsidis (Mélida et al., 2018).  

 

1.3.3. Leucine-Rich Repeat (LRR) PRRs 

Leucine-rich repeat (LRR) is a horseshoe-shaped domain rich in the hydrophobic amino acid 

leucine, usually present in tandem from 1 to 30 repetitions forming a solenoid (Kobe and Deisenhofer, 

1994). LRR is the largest subclass of ECDs domain present both in RLKs and RLPs (Bauer et al., 

2001; Wolf, 2017; Smakowska-Luzan et al., 2018). Most of the LRR-containing PRRs characterised 

so far recognise peptide ligands, with a few exceptions like Brassinosteroid insensitive 1 (BRI1), 

which binds the brassinosteroid hormone (Tang et al., 2017). LRR-RLKs seem to form ligand-

dependent heterodimeric interactions with RLKs from Somatic embryogenesis receptor kinase 

(SERK) family (Ma et al., 2016; Couto and Zipfel, 2016) bringing close the cytosolic kinase domains 

of receptor/co-receptor, which upon interaction trigger downstream pathways including MAPKs and 

CDPKs cascades (Wolf, 2017). In the same way, LRR-RLPs must interact with proteins that contain 

cytoplasmic kinase domains (RLKs) such SERK family members or RLK Suppressor of BAK 

interacting-receptor 1 (SOBIR1) (Gust and Félix, 2014; Albert et al., 2015). The LRR-RK SERK3, 

also known as BR1-associated receptor kinase 1 (BAK1), was initially identified as a protein 

interactor and positive regulator of BRI1 (Li et al., 2002; Nam and Li, 2002), but later on it has been 

extensively described its interaction with other LRR-RKs and LRR-RLPs suggesting a relevant role 

of BAK1 as co-receptor necessary to trigger PTI-responses by several PRRs such as FLS2, EFR, 

PEPR1, PEPR2, ReMAX, RLP30 and RLP42, among others (Figure 1.4; Li et al., 2002; Nam and 

Li, 2002; Chinchilla et al., 2007; Heese et al., 2007; Zhang et al., 2013; Zhang et al., 2014b).  

One of the best characterized members of this subclass is FLS2 (Figure 1.4), which recognizes 

flagellin epitopes such as N-terminus of flg22 (Gómez-Gómez and Boller, 2000; Sun et al., 2013c). 

Flg22-FLS2 binding promotes the heterodimerization and reciprocal activation of FLS2 and BAK1 

stabilized by C-terminus of flg22 which is recognized by BAK1 acting as a co-receptor (Chinchilla 

et al., 2007; Sun et al., 2013c). Other well-known LRR-RLK is Elongation factor Tu receptor (EFR), 

which recognizes elf18 epitope of EF-Tu (Zipfel et al., 2006). EFR and FLS2 downstream signalling 

are highly overlapped (Zipfel et al., 2006). 

 

1.3.4. Malectin-like PRRs 

Malectins are putative carbohydrate-binding structures widely distributed in the animal, bacteria 

and plant kingdoms (Schallus et al., 2008). In plants, PRR malectin ECDs can appear in association 

with LRR domains in the extracellular moiety (Schallus et al., 2008; del Hierro et al., 2021). In 

Arabidopsis, malectin-containing PRRs include two subclasses: CrRLK1L and LRR-RLKI (Bellande 

et al., 2017). 

The CrRLK1L subclass, comprises 17 LecRLKs and one LecRLP (Lindner et al., 2012). 

CrRLK1L malectin domains, are homologous to animal malectin (Figure 1.3; Boisson-Dernier et al., 
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2011), which is structurally similar to carbohydrate-binding modules of glycosyl transferases and is 

able to interact with Glc2-N-glycans (Schallus et al., 2008). Given these similarities, CrRLK1Ls have 

been suggested to possess putative carbohydrate binding ECDs, but carbohydrate binding to 

CrRLK1Ls-ECD has not been experimentally validated (Wolf, 2017). Several CrRLK1L have been 

described to be involved in the regulation of cell expansion by monitoring the cell wall structure 

(Lindner et al., 2012) and there are genetic evidences that point to their role in cell wall homeostasis, 

mechano-perception, cell wall integrity maintenance, and growth control (Boisson-Dernier et al., 

2011; Lindner et al., 2012; Nissen et al., 2016). FERONIA (FER), one of the best characterised 

CrRLK1Ls, has been described to bind RALF1 and RALF23 peptides (Haruta et al.,2014; Stegmann 

et al., 2017) and to modulate immune responses through a protein complex involving BAK1 and 

EFR/FLS2 (Stegmann et al., 2017). In addition, it has been recently proposed the role of FER as cell 

wall-damage sensor through its interaction with pectins, suggesting a double role as peptide and 

carbohydrate receptor (Feng et al., 2018; Duan et al., 2020). FER is involved in other biological 

processes such as female gametophytic control of pollen tube reception, root hair formation, plant 

growth, mechano-perception, hormone-mediated signalling, ROS production and apoplast 

acidification (Huck et al., 2003; Shih et al., 2014; Li et al., 2016b; Voxeur and Höfte, 2016). 

The LRR-RLKI in Arabidopsis is a 50 members subclass with an ECD composed of 2 or 3 LRR 

domains and a malectin-like domain (Hok et al., 2011). One of the best characterized LRR-RLKI is 

Impaired oomycete susceptibility 1 (IOS1), which is necessary for resistance to P. siringae (Yeh et 

al., 2016). Nevertheless, its absence reduces the susceptibility of Arabidopsis to the biotrophic 

oomycete H. arabidopsidis (Hok et al., 2011), but do not alter the resistance to necrotrophic fungal 

pathogens (Yeh et al., 2016). This malectin-LRR has been described to play a role as a modulator in 

ligand-dependent PTI activation mediated by CERK1- and BAK1-dependent PRRs such as FLS2 and 

EFR (Yeh et al., 2016). 

 

1.3.5. Wall-associated kinases (WAKs)  

WAKs are a group of RLKs initially involved in cell wall-cytoplasmic communication (Kohorn, 

2001). WAK-ECDs possess an EGF domain (Figure 1.3; Anderson et al., 2001), which was found 

for the first time in mousse as a single polypeptide chain of 53-aa residues (Cohen, 1960; Carpenter 

and Cohen, 1979) and led Stanley Cohen and Rita Levi-Montalcini to receive the Nobel Prize in 

Physiology or Medicine in 1986. In addition, some WAKs might contain a calcium-binding EGF-like 

domain (EGF-Ca2; Verica and He, 2002). WAKs play roles in cell wall elongation (Anderson et al., 

2001; Wagner and Kohorn, 2001), have been suggested to be involved in cell wall integrity 

monitoring (Rui and Dinneny, 2020) and have been described to be necessary for resistance to 

bacterial and fungal pathogens (Verica and He, 2002; Saintenac et al., 2018; Yang et al., 2019). N-

terminal of WAKs is able to bind pectins apparently by a non-covalent link to the Ca2+-induced 

conformation (“egg-box”) of the de-esterified regions of homogalacturonan. However, EGF domains 

seem not to be involved in this interaction (Decreux et al., 2006). Interestingly, WAK1 and WAK2 

have been proposed as OGs receptors, triggering immune hallmarks through Arabidopsis NPK1-

related protein kinase (ANP) MAPKKK family (Figure 1.4; Asai et al., 2002; Kohorn et al., 2009; 

Brutus et al., 2010; Savatin et al., 2014b). Based on these data, it has been proposed that WAKs are 
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able to trigger two types of responses: i) regulation of cell wall expansion by native pectin polymers 

perception; and ii) triggering immune responses after OGs perception (Kohorn, 2016). Nevertheless, 

how these signalling pathways are activated remains to be elucidated. 

 

1.3.6. Cysteine-rich receptor-like kinases (CRKs) 

The Cysteine-rich receptor-like kinases (CRKs), also known as stress-antifungal/salt-response 

receptors, possess an ECD that is composed by cysteine-rich modules containing a DUF26 domain 

(Figure 1.3; Chen, 2001; Gao and Xue, 2012; Delgado-Cerrone et al., 2018; Vaattovaara et al., 2019). 

CRKs constitute the most abundant subclass of PRRs (68 members) with putative carbohydrate-

binding domains (Vaattovaara et al., 2019; del Hierro et al., 2021). Some members of this family 

have been shown to participate in response to abiotic stresses, mainly contributing to the specificity 

in ROS signalling, which triggers transcriptional responses very similar to those triggered by MAMPs 

(Wrzaczek et al., 2010; Tanaka et al., 2012; Idänheimo et al., 2014; Bourdais et al., 2015). Moreover, 

CRKs have been also proposed to be involved in mycorrhiza/rhizobia symbiosis (Quezada et al., 

2019) and it has been demonstrated that several CRK members mediate PTI response in Arabidopsis 

and rice, activating hypersensitive response-associated cell death in response to pathogens (Chen et 

al., 2003; 2004; Chern et al., 2016; Yadeta et al., 2017). CRKs-encoding genes are overexpressed in 

response to pathogens leading to enhanced resistance of plants (Acharya et al., 2007). For example, 

CRK36, first described as abiotic stress-inducible RLK (Tanaka et al., 2012), has also been described 

to interact with other PRRs such as FLS2 and BIK1, triggering PTI and enhancing plant resistance to 

bacterial pathogen P. syringae (Yeh et al., 2015; Lee et al., 2017). 

 

 

1.4. Pattern-triggered signalling and responses 

The interaction between MAMP/DAMP as ligands and their corresponding PRRs triggers an 

intracellular signalling pathway that culminate with a complex set of responses that include early 

responses within few minutes after signal and late responses that can take hours or even days (Couto 

and Zipfel, 2016). Early events include plasma membrane depolarization, an increment in the 

cytoplasmic Ca2+ concentration, ROS production and the activation of CDPKs and MAPKs 

phosphorylation signalling pathways which end-up with the regulation of the expression of immune-

related genes (Figure 1.4; Couto and Zipfel, 2016; Zhou and Zhang, 2020). The transcriptional 

reprogramming, cell wall remodelling and metabolic reorganization, including the biosynthesis of 

plant hormones and antimicrobial compounds, last from hours to days (Couto and Zipfel, 2016). In 

the present Thesis, four PTI signalling events have been mainly studied as PTI hallmarks and are 

described in more detail below: Ca2+ influxes, ROS production, MAPK phosphorylation and the 

overexpression of different immune-related genes. 
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Figure 1.4. Pattern triggered signalling network.  Pattern triggered immunity (PTI) triggered by downstream 

signalling events after ligand-pattern recognition receptor (PRR) interaction such as flagellin epitope flg22 perception 

by FLS2-BAK1 complex, chitin-derived oligosaccharides perception by CERK1-LYK5-LYK4 complex and 

oligogalacturonides (OGs) perception by WAK1/2. After ligand perception, Ca2+ channels are opened and Ca2+ 

influxes lead to the activation Ca2+-binding proteins (in blue) and their downstream targets mediated by transcription 

factors (TFs; in green) which activate the expression of immune-related genes. Some of these Ca2+-binding proteins 

are able to induce the production reactive oxygen species (ROS) which in turns stimulate Ca2+ influxes in surrounding 

cells promoting cell-to-cell communication. Both events are also triggered by PRRs through RLCKs (in grey) 

activation. RLCKs also activate MAPK phosphorylation cascades (in red) which promote the expression of immune-

related genes through specific TF activation and also modulate the activation of hormones (in pink) such as salicylic 

acid (SA), jasmonic acid (JA) and ethylene (ET). Some elements of these network are targeted by pathogen effectors. 

NLRs such as SUMM2 can monitor this event activating effector triggered immunity (ETI). 

 

1.4.1. Calcium (Ca2+) influxes 

Ca2+ ions are involved in many plant cellular processes such as structural functions in cell wall 

(e.g., formation of “egg-boxes” in pectic networks) and membranes (e.g., counter-cation involved in 

membrane polarity) and as a second messenger mediating development processes and signalling 

responses to biotic and abiotic stresses (Kudla et al., 2010; Saito and Uozumi, 2020). The increase of 
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cytoplasmic Ca2+ is an immediate event that occurs few seconds after the stimuli. Ca2+ enters across 

the membranes from apoplast and vacuole by passive fluxes using Ca2+ channels through a positive 

gradient (Lecourieux et al., 2006). These Ca2+ influxes induce the opening of other ion channels, 

provoking the influx of H+ and efflux of K+, Cl- and NO3
- with a consequent membrane depolarization 

(Figure 1.4; Jeworutzki et al., 2010). The duration, amplitude, frequency, spatial distribution and the 

Ca2+ pool involved, known as “Ca2+ signatures” (Webb et al., 1996), depend on the nature, strength 

and duration of the stimulus and is characteristic of different MAMPs and DAMPs, being the first 

layer of specificity (Gust et al., 2007; Aslam et al., 2009; Ranf et al., 2011; Aldon et al., 2018). 

Different Ca2+ signatures may be due to the activation of different Ca2+ channels and its conversion 

into biological responses may be decoded by distinct calcium sensors into specific protein-protein 

interactions, defined phosphorylation cascades or transcriptional responses, which culminate in an 

adequate response like, for example, mutualism versus defence (Kudla et al., 2010; Aldon et al., 

2018; Thor et al., 2020). The capability of Ca2+ signal to trigger a systemic response has been 

evidenced and it could explain the fast signalling observed in PTI responses (Choi et al., 2016b). 

Ca2+-binding proteins and their downstream targets provide a second layer of specificity (Choi et 

al., 2016b). The function and activity of Ca2+-binding proteins are determined by the presence in their 

sequence of a Ca2+-binding motif known as EF-hand (Yap et al., 1999). In plants, Ca2+-binding 

proteins are classified into three sub-groups including calmodulin (CaM) and calmodulin-like 

proteins (CMLs), CDPKs and calcineurin B-like proteins (CBLs; DeFalco et al., 2009; Kudla et al., 

2010; 2018; Reddy et al., 2011). CaMs, CMLs and CDPKs have been shown to be involved in plant 

immune responses. In addition, a diversity of Ca2+ sensors may be behind the capability of plants to 

transform Ca2+ signals into appropriate responses (Ranf et al., 2015).  

CaM is a short four EF‐hand containing Ca2+‐binding protein present in all eukaryotic cells (Kudla 

et al., 2016; Aldon et al., 2018). Ca2+ modify the interaction between CaM and CaM-binding proteins 

(CaMBP), regulating a wide variety of cellular processes by modulating the activity of various 

proteins such as channels, enzymes and transcriptional regulators (Hua et al., 2003; Popescu et al., 

2007a; Poovaiah et al., 2013; DeFalco et al., 2016). Many CaM-binding transcription factors (TF) 

have been characterized, several of them are induced by plant-pathogen interactions and have been 

associated with plant defence responses, being involved in the regulation of SA-related defence 

processes in plants (Wang et al., 2009; Reddy et al., 2011; Pieterse et al., 2012; Truman et al., 2013). 

Thus, it seems clear that CaMs play a pivotal role in the fine tuning of immune responses by acting 

either as a positive or a negative regulator of defence responses (Poovaiah et al., 2013; Aldon et al., 

2018). 

CMLs contain several EF-hand motifs (McCormacket al., 2005; Zhu et al., 2015). Unlike CaMs, 

the expression of CML-encoding genes varies depending on plant developmental stages, tissues, and 

environmental stimuli (Zhu et al., 2015). Although CaM and CML function can be redundant, CML 

has been described to be involved and to be essential for plant resistance to a wide spectrum of 

pathogens such as bacteria, fungi, oomycetes, viruses and herbivores (Heo et al., 1999; Rao et al., 

2014; Vadassery et al., 2012; Nakahara et al., 2012; Li et al., 2014b; Rao et al., 2014; Scholz et al., 

2014). The molecular mechanisms controlled by CMLs remains unclear, but it has been elucidated 

for some members, like CML9, that interacts with TFs (e.g., WRKYs) regulating defence processes 

(Popescu et al., 2007b). 
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CDPKs are important Ca2+-binding proteins that activate defence signalling against various types 

of pathogens (Boudsocq and Sheen, 2013). CDPKs are composed of a variable N-terminal, a kinase 

domain and an autoinhibitory domain linked to a CaM-like domain typically containing four EF-

hands (Harper et al., 1991; Satterlee and Sussman, 1998; Romeis and Herde, 2014). The Arabidopsis 

genome encodes 34 CDPKs and 8 additional CDPK-related kinases (Hrabak et al., 2003). CDPK 

activity depends on the CaM-like domain affinity for Ca2+ since Ca2+-CaM-like domain interaction 

produce a conformational change in the autoinhibitory domain, allowing autophosphorylation and 

downstream phosphorylation events (Boudsocq and Sheen, 2013; Romeis and Herde, 2014). CDPKs 

act alongside and in synergy with the MAPK-dependent signalling cascade promoting immune 

responses in plants. Different CDPKs such as CPK4, 5, 6 and 11 are known to positively regulate 

defence gene expression and phosphorylate Respiratory burst oxidase homologue D (RBOHD), 

activating ROS production and PTI-induced resistance to pathogens (Figure 1.4; Kanchiswamy et al., 

2010; Boudsocq et al., 2010; Dubiella et al., 2013; Couto and Zipfel, 2016; Aldo et al., 2018). CDPKs 

have been shown to be implied in flg22- and OG-triggered immune responses (Gao et al., 2014) and 

to regulate the expression of a specific subgroup of PTI-response genes (Boudsocq and Sheen, 2013) 

such as PHI1, which has been shown to be overexpressed after treatment with pectin-enriched cell 

wall fractions (Bacete et al., 2020). In addition, CPK5 has been proposed to be involved in ROS-

mediated cell-to-cell communication to reach distal sites from the initial MAMP perception area 

(Kadota et al., 2014). Interestingly, some CDPKs have also been shown to perform negative 

regulation in plant defence as their overexpression increase susceptibility to pathogens (Freymark et 

al., 2007; Asano et al., 2012). For example, CPK28 weaken immune responses mediated by BIK1, a 

shared component of several PRR-mediated responses (Figure 1.4; Monaghan et al., 2014), and 

reduce the kinase activity (Bender et al., 2017), suggesting a dual role for Ca2+, and adding another 

layer of immune responses regulation (Aldo et al., 2018). 

 

1.4.2. Reactive oxygen species (ROS) production 

The reactive oxygen species (ROS) shape an evolutionary conserved signal transduction network 

found in all aerobic organisms (Suzuki et al., 2011). ROS include singlet oxygen (1O2), superoxide 

anion (O2
·−), hydrogen peroxide (H2O2) and hydroxyl radicals (OH·). Among them, H2O2 is the most 

stable and often acts as an intercellular and intracellular signal (Baxter et al., 2014; Camejo et al., 

2016). ROS play a central role in plant immune responses to pathogen attack (Suzuki et al., 2011; 

Camejo et al., 2016; Qi et al., 2017; Otulak-Koziel et al., 2020), but also play essential roles in plant 

signalling under abiotic stress conditions and in the regulation of plant growth and development 

(Suzuki et al., 2011; Dietz et al., 2016). In plants, ROS can be produced in various subcellular 

compartments into the cells or at the apoplastic space. In plants, apoplastic ROS are mainly produced 

by cell wall peroxidases, diamine oxidases and plasma membrane-localized NADPH oxidases also 

known as Respiratory burst oxidase homologues (RBOH) (Torres, 2010; Kadota et al., 2015), while 

intracellular ROS are mainly produced in chloroplasts, and peroxisomes/glyoxysomes and to a lesser 

extent in mitochondria (Tripathy et al., 2012; Singh et al., 2016). Since ROS at high concentrations 

are toxic to plants, appropriate levels are maintained by a balance between ROS production and 

scavenging by enzymes such as ascorbate peroxidase 1 (APX1), catalase (CAT), thylakoid-ascorbate 
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peroxidase (tylAPX), mitochondrial oxidase (AOX) and Cu-Zn-superoxide dismutase 2 

(CuZnSOD2) (Miller et al., 2010). RBOHs, which are homologous to the mammalian NADPH 

oxidases (Qi et al., 2017), are the main ROS-generating enzymes in land pants. These oxidases 

transfer electrons from NADPH or FAD to apoplastic oxygen forming O2
−, which is transformed into 

H2O2 spontaneously or by the action of superoxide dismutase (SOD) (Suzuki et al., 2011).  

Arabidopsis encodes 10 RBOH members, including RBOHF and RBOHD, which play multiple 

roles during plant-pathogen interaction, such as cell death regulation or stomatal closure and 

interestingly, RBOHD has been described as a PRR-triggered NADPH oxidase (Figure 1.4; Torres 

and Dangl, 2005; Suzuki et al., 2011; Ranf et al., 2011). RBOHs contain multiple regulatory 

sites/motifs at their N-terminal, including phosphorylation sites, EF hand, and a phosphatidic acid 

(PA)-binding motif, allowing a complex and combinatory regulation of their activity (Qi et al., 2017). 

The binding of Ca2+ to EF hand and CDPKs, also activated by Ca2+, are necessary for RBOHD 

activation (Ogasawara et al., 2008; Boudsocq et al., 2010). For instance, CPK5 phosphorylates 

RBOHD at the N-terminus, activating ROS production and afterwards ROS are able to induce a 

prolonged or a second cytoplasmic Ca2+ elevation and indirectly activate CPK5 (Ranf et al., 2011; 

Dubiella et al., 2013). This mutual regulation seems to play an important role in long distance cell-

to-cell communication of synergistic Ca2+ and ROS waves, regulating systemic signalling during 

biotic and abiotic stresses (Figure 1.4; Mittler et al., 2011; Dubiella et al., 2013; Gilroy et al., 2016). 

However, ROS and Ca2+ bursts appear disengaged in some PTI responses such as those triggered by 

cellobiose, short OGs or β-1,3 glucans, which trigger Ca2+ influxes but not ROS production 

(Davidsson et al., 2017; Souza et al., 2017; Mélida et al., 2018). Moreover, Ca2+-independent 

phosphorylation of RBOHD, such as that mediated by BIK1 (a Receptor-like cytoplasmic kinases, 

RLCK) in response to MAMPs, also takes place and is required but not sufficient for RBOHD 

activation during innate immunity (Li et al., 2014c; Kadota et al., 2014). Additional regulation over 

RBOHD is carried out by the heterotrimeric G proteins which interact for instance with FLS2 and 

BIK1 PRRs (Torres et al., 2013; Liang et al., 2016). G proteins regulate ROS production at two 

levels: i) first, G proteins directly interact with the FLS2 complex and attenuate proteasome-mediated 

turn-over of BIK1 before flg22 perception, ensuring adequate amount of BIK1 protein for MAMP 

responses; and ii) when FLS2 perceive flg22, BIK1 phosphorylates the G protein N-terminal, 

triggering ROS production, likely through an interaction with RBOHD (Torres et al., 2013; Liang et 

al., 2016; Qi et al., 2017). RLCKs may also be implicated in ROS production by RBOHD 

phosphorylation, acting as positive or negative modulators (Couto and Zipfel, 2016). 

 

1.4.3. Mitogen-activated protein kinases (MAPKs) phosphorylation 

MAPKs are present in cytoplasm and nucleus of all eukaryotes and catalyse phosphorylation of 

appropriate protein substrates on serine or threonine residues (Xu et al., 2017; Jagodzik et al., 2018). 

MAPKs play pivotal roles in different cellular processes including growth, development and 

responses to biotic and abiotic stress stimuli and constitute a signalling pathway from MAMP or 

DAMP perception to immune-related transcriptional changes (Zanke et al., 1996; Jagodzik et al., 

2018). MAPK signalling cascade is a branched combination of signalling pathways which involves 

mitogen-activated protein (MAP) kinase kinase kinase kinases (MAPKKKKs), MAP kinase kinase 
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kinases (MAPKKKs or MEKs), MAP kinase kinases (MAPKKs or MKKs) and MAPKs also known 

as MPKs (Figure 1.4; Ichimura et al., 2002; Colcombet and Hirt, 2008; Xu et al., 2017; Jagodzik et 

al., 2018). Arabidopsis genome encodes 20 MAPK, 10 MAPKK, and 80 MAPKKK proteins 

(Colcombet and Hirt, 2008; Suarez-Rodriguez et al., 2010; de Zelicourt et al., 2016). MAPKKKK or 

MEKKs are activated by stimulated PRRs, most likely PRR co-receptors. Then, MEKKs activates 

downstream MAPKK by phosphorylation of two serine or threonine residues which in turn 

phosphorylates MAPK on the threonine and tyrosine residues (Hettenhausen et al., 2012; Jagodzik et 

al., 2018).  

Two main MAPK signalling pathways are modulators of PTI responses: MAPKK4/MAPKK5-

MAPK3/MAPK6 and MEKK1-MAPKK1/MAPKK2-MAPK4 (Figure 1.4; Jagodzik et al., 2018). 

MAPK3 and MAPK6 (also named MPK3 and MPK6) are activated by MAPKK4 and MAPKK5 for 

which MAPKKKs involved in PTI remain unknown (Asai et al., 2002; Suarez-Rodriguez et al., 2007; 

Bigeard et al., 2015). This module positively regulates defence responses (Rasmussen et al., 2012, 

Zhao et al., 2014). MPK3 and MPK6, but also MPK4, phosphorylate the transcription factor 

WRKY33, which induces the antimicrobial phytoalexin camalexin biosynthesis upon different 

pathogen infections (Andreasson et al., 2005; Mao et al., 2011; Qiu et al., 2008). MPK3 and MPK6 

also control the expression of WRKY33-encoding gene which in turn can bind its own promoter, 

suggesting a positive feedback regulation (Mao et al., 2011). MPK3 and MPK6, in response to B. 

cinerea, also phosphorylate the Ethylene-responsive transcription factor 6 (ERF6), which induce the 

expression of immune-related genes, resulting in an increased fungal disease resistance (Meng et al., 

2013). Additionally, MPK6 specifically phosphorylates ERF104, downstream to flg22 perception, 

triggering the transcriptional regulation of immune-related genes (Bethke et al., 2009). 

MAPKK4/MAPKK5-MAPK3/MAPK6 module had been also described to be involved in stomatal 

development and patterning and in inflorescence architecture acting downstream of YODA (Wang et 

al., 2007; Meng et al., 2012), a MAPKKK which has been recently described to regulate a novel 

immune pathway enhancing broad-spectrum disease resistance in Arabidopsis and enhanced 

resistance to P. syringae in tomato plants (Figure 1.4; Sopeña-Torres et al., 2018; Téllez et al., 2020). 

MPK3 and MPK6 have also been described to act downstream to MKK9, promoting ET biosynthesis 

after abiotic and biotic stresses including pathogen infection (Jagodzik et al., 2018). 

Although MPK4 has been related with plant resistance to pathogens (Andreasson et al., 2005; Qiu 

et al., 2008; Hettenhausen et al., 2012), MEKK1-MAPKK1/MAPKK2-MAPK4 was initially 

suggested to negatively regulate immunity, since mapk4 mutants lead to autoimmune phenotypes 

characterized by spontaneous cell death, constitutive defence responses, and dwarf morphology 

(Ichimura et al., 2006; Suarez-Rodriguez et al., 2007; Qiu et al., 2008). However, this effect has been 

described to be caused by ETI activation mediated by Suppressor of MKK1 MKK2 2(SUMM2) 

(Zhang et al., 2012). In summary, MPK4 phosphorylates CaM-binding RLCK 3 (CRCK3; Zhang et 

al., 2017), and SUMM2, through the direct interaction with CRCK3, monitors the integrity of the 

entire MEKK1-MKK1/MKK2-MPK4 cascade (Figure 1.4; Zhang et al., 2017; Zhou and Zhang, 

2020).  

MEKK1-MKK1/MKK2-MAPK4 and MAPKK4/MAPKK5-MAPK3/MAPK6 modules are not 

independent as they converge in hormonal signalling regulation. On the one hand, MAPK3/MAPK6 

module function as positive regulator of ET and SA accumulation (Ichimura et al., 2006; Han et al., 
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2010; Mao et al., 2011) but its activation leads to suppression of JA production (Takahashi et al., 

2007). On the other hand, MAPK4 function as a negative regulator of plant innate immunity and SA 

signalling (Petersen et al., 2000; Andreasson et al., 2005) but positively regulates JA and ET 

responses (Brodersen et al., 2006). 

It is worth highlighting in the context of this Thesis that plant perception of glycoligand DAMPs 

or MAMPs, such as OGs, laminarihexaose, chitohexaose and PGN, trigger the phosphorylation of 

MPK3 and MPK6 in all cases that can be detected from 1 to 15 minutes after treatments (Nühse et 

al., 2000, Zipfel et al., 2006; Gust et al., 2007; Miya et al., 2007; Denoux et al., 2008; Mélida et al., 

2018; Bacete et al., 2020). In addition to MPK3 and MPK6 phosphorylation, perception of flg22 and 

some carbohydrates such as chitin, β-1,3-glucans and arabinoxylans also trigger the phosphorylation 

of MPK4 and MPK11 (Bethke et al., 2012; Mélida et al., 2018; 2020).  

 

1.4.4. Receptor-like cytoplasmic kinases (RLCKs) 

Receptor-like cytoplasmic kinases (RLCK) are an additional group of cytoplasmic kinases that 

connect PRR perception and downstream signalling pathways (Liang and Zhou, 2018). Botrytis-

induced kinase 1 (BIK1) is a well-known RLCK involved in the signal transduction of several PRRs 

such as FLS2, EFR, CERK1, LYK5, PEPR1, PEPR2, BAK1 an BRI1, leading to the regulation of 

PTI and resistance to pathogens but also the regulation of root hair growth (Figure 1.4; Veronese et 

al., 2006; Lu et al., 2010; Zhang et al., 2010; Liu et al., 2013; Li et al., 2014c; Kadota et al., 2014; 

Chung et al., 2014; Chen et al., 2016). RLCKs predominantly interact with RLK PRRs and, after 

ligand perception, RLCK is phosphorylated and dissociated from the RLK. For instance, after FLS2 

activation BAK1 phosphorylates and activates BIK1, which is dissociated from FLS2 after having 

been ubiquitinated (Ma et al., 2020). In addition, FLS2 specifically activates Brassinosteroid-

signaling kinase 1 (BSK1), from RLCK-XII subfamily, which has been proposed to phosphorylate 

MAPKKK5 activating MAPK signalling cascade (Figure 1.4; Shi et al., 2013; Yan et al., 2018). 

PBS1-LIKE (PBL) kinases, such as BIK1, are members of membrane-localized RLCK-VII 

subfamily (Zhang et al., 2010). PBLs are involved in calcium channel regulations and play important 

roles in CERK1 downstream signalling (Figure 1.4; Li et al., 2014c; Shinya et al., 2014; Yamada et 

al., 2016b). After CERK1-chitin interaction, CERK1 phosphorylates PBL27 which in turn 

phosphorylates MAPKKK5 activating MAPK3/MAPK6 cascade (Yamada et al., 2016b).  

 

 

1.4.5. Transcriptional regulation of Plant TI 

Transcriptional reprogramming is a major feature of plant immunity and is fine-tuned at multiple 

levels by a highly sophisticated regulatory mechanism (Li et al., 2016a). Transcription of mRNA is 

controlled by the concerted action of RNA polymerase II (RNAPII), general TFs (GTFs), Mediator, 

gene-specific TFs, and other transcription regulators, many of which are regulated by 

DAMP/MAMP-activated MAPK cascades (Li et al., 2016a).  
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MPK3/MPK6 directly phosphorylate and activate Cyclin-dependent kinase C (CDKC), which in 

turn phosphorylate a carboxyl-terminal domain (CTD) of RNAPII, positively regulating plant PTI 

(Buratowski, 2009). This process plays a central role in the regulation of gene expression and is the 

core regulatory mechanism triggered upon MAMP perception to launch prompt host immune 

responses (Cui et al., 2007; Li et al., 2014a). On the other hand, CTD phosphatase-like 3 (CPL3) 

dephosphorylates phospho-CTD performing a negative regulation of plant PTI that seems to depend 

on the biotic stimulus (Li et al., 2014a; 2016a). 

Mediator, an evolutionarily conserved complex protein consisting of 21 conserved and six plant-

specific subunits, is a cofactor that interact with RNAPII, other cofactors, and gene-specific TFs in 

eukaryotes (Kidd et al., 2011). Several Arabidopsis Mediator subunits are implicated in plant 

immunity to bacterial and fungal pathogens through regulation of gene transcription (Kidd et al., 

2011; Zhang et al., 2013; Samanta and Thakur, 2015). For example, MED16 is essential for the 

recruitment of RNAPII to the TF WRKY33 target genes through direct interaction with WRKY33 

(Wang et al., 2015a). Moreover, mediators can be targets of microorganism effectors, as is the case 

for HaRxL44 secreted by H. arabidopsidis, which interacts with MED19a, a positive regulator in SA-

mediated immunity, blocking its activity and thus promoting the pathogenicity (Caillaud et al., 2013).  

RNAPII binds selectively to the promoters of target genes with the assistance of GTF. Several 

subunits of GTFs possess histone acetyltransferase activity, which is generally correlated with the 

active transcription through histone modification and chromatin remodelling and have been related 

with plant defence response to bacterial and fungal pathogens (Ma et al., 2011; Cheng et al., 2013; 

Singh et al., 2014; Ding and Wang, 2015).  

Plant genomes encode around 2000 putative TF genes that have been grouped into more than 70 

families, some of which have been related with immune gene expression acting downstream of 

MAPK cascades or Ca2+ signalling triggered by pathogen infection (Li et al., 2016a). WRKYs are 

an important plant-exclusive gene family of TFs, which are often induced in response to diverse 

pathogens and abiotic stresses and are involved in defence responses (Tsuda and Somssich, 2015). 

WRKY33 is a well characterized TF which regulates ET and camalexin biosynthesis in response to 

pathogens (Qiu et al., 2008; Han et al., 2010; Mao et al., 2011). WRKY33 is directly phosphorylated 

by MPK3/MPK6 such as WRKY22 and WRKY29 (Asai et al., 2002), but are also regulated by MPK4 

through the interaction with VQ motif-containing proteins (VQPs) (Figure 1.4; Qiu et al., 2008). 

WRKYs are also able to bind their own promoter amplifying the signal by positive feedback (Liu et 

al., 2015, Mao et al., 2011). CDPKs such as CPK4, CPK5, CPK6, and CPK11 also phosphorylate 

WRKY members such as WRKY8, WRKY28, and WRKY48, which regulate immune-related gene 

expression via direct binding to the W-box of target genes (Gao et al., 2013). CDPK-mediated 

phosphorylation of WRKYs depends on Ca2+ signatures which may contribute to the specificity of 

gene transcription in PTI and ETI responses (Boudsocq et al., 2010; Gao et al., 2013). Hormones also 

regulate the expression of WRKY TFs as, for example, WRKY53, which is induced by ROS and also 

positively regulated by SA and negatively regulated by JA (Miao and Zentgraf, 2007). Apetala 

2/Ethylene‐response element binding factor (AP2/ERF) superfamily is a large plant-specific TF 

family involved in plant immunity, characterized by the presence of one or two AP2/ERF domains 

that consist of 58 or 59 conserved aa residues (Sakuma et al., 2002). For instance, ERF104 is activated 

when is phosphorylated by MAMP-activated MPK6 (Bethke et al., 2009; Meng et al., 2013) and 

https://www.sciencedirect.com/science/article/pii/S1931312816301470#bib10
https://www.sciencedirect.com/topics/immunology-and-microbiology/multigene-family
https://www.sciencedirect.com/science/article/pii/S1931312816301470#bib2
https://www.sciencedirect.com/science/article/pii/S1931312816301470#bib42
https://www.sciencedirect.com/science/article/pii/S1931312816301470#bib42
https://www.sciencedirect.com/science/article/pii/S1931312816301470#bib49
https://www.sciencedirect.com/science/article/pii/S1931312816301470#bib5
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ERF6 gene expression and activity is activated by MPK3/MPK6 (Meng et al., 2013). In addition, 

members of TF from basic‐helix‐loop‐helix (bHLH) family, basic-domain-leucine-zipper (bZIP) 

family, Myb family and, NAC family have also been described to be involved in plant immune 

responses forming a complex regulatory network (Tsuda and Somssich, 2015; Li et al., 2016b). 

 

1.4.6. Hormonal regulation of innate immunity 

Plant hormones (phytohormones) are small signalling molecules with essential regulatory roles in 

diverse biological processes such as plant growth, development, reproduction and resistance 

responses to biotic and abiotic stresses (Couto and Zipfel, 2016). Plant disease resistance are mainly 

regulated by SA, JA and ET. While SA is usually related with defence response to biotrophs, JA and 

ET are commonly required for resistance to necrotrophs and insects (Pieterse et al., 2012). In addition, 

other hormones are also involved in the regulation of PTI in response to pathogens such as ABA, 

auxins, gibberellins and cytokinins (Pieterse et al., 2012). 

1.4.6.1. Salicylic acid (SA)  

SA is involved in PTI, ETI, systemic acquired resistance 

(SAR) and also in root microbiome symbiosis (Zhang and Li, 

2019). The importance of SA in plant immunity is reflected in 

the evolutionary pressure that has led pathogens to produce 

different effectors that target SA biosynthesis and signalling 

components (Qi et al., 2018). SA induces the expression SARD1 

and CBP60g, key regulators of plant immunity and SAR and 

also the main TF involved in SA synthesis activation (Figure 1.5; 

Ding et al., 2018). Thus, SA also contributes to defence signal 

amplification. Interestingly, CBP60g carries a CaM-binding 

domain, connecting Ca2+ signal with SA synthesis in response to 

pathogens (Wang et al., 2007).  

On the other hand, SA induces the expression of genes 

encoding PRRs such as FLS2, EFR, CERK1, RLP23, RLP30, 

BKK1 and SOBIR1, and also other signalling components such 

as MAPK cascades, G proteins, CDPKs and PR genes (Tateda 

et al., 2014; Ding et al., 2018; Zhang and Li, 2019). The complex 

signalling mediated by SA is exemplified by the Non-expressor 

of PR genes (NPRs) (Figure 1.5; Wu et al., 2012; Ding et al., 

2018). At low SA concentration, NPR3 and NPR4 repress 

defence gene expression, however, when SA concentration 

raises as a result of a pathogen interaction, NPR3 and NPR4 

repression activity is inhibited and NPR1 is activated inducing 

the expression of immune-related genes (Ding et al., 2018).  

 

 

Figure 1.5. Salicylic acid (SA) 

signalling scheme. 

Transcriptomic response downstream to 

SA signalling is activated by NPR1 and 

inhibited by NPR3/4. These responses 

include the production of transcription 

factors (in green) that in turn activates the 

production of SA. This positive feedback, 

together with the production of pattern 

triggered immunity (PTI) signalling 

components leads to systemic acquired 

resistance. 

                                        Transcriptomic 

response downstream to SA signalling is 

activated by NPR1 and inhibited by 

NPR3/4. These responses include the 

production of transcription factors (in 

green) that in turn activates the 

production of SA. This positive 

feedback, together with the production of 

pattern triggered immunity (PTI) 

signalling components leads to systemic 

acquired resistance. 

https://www.sciencedirect.com/science/article/pii/S1931312816301470#bib51


Introduction 

37 
 

1.4.6.2. Jasmonic acid (JA) 

JA has a crucial role in plant protection against microbial 

pathogens and herbivores (Browse and Howe, 2008), being a key 

defence hormone against necrotrophic pathogens (Browse, 2009). 

Several MAMPs, such as flg22, EF-Tu, inceptins and chitin (Kim et 

al., 2014; Schmelz et al., 2007) and DAMPs such as systemins, 

OGs, Pep1 and eATP (Doares et al., 1995; Lee and Howe, 2003) 

trigger JA signalling. Also, tissue damage triggers JA synthesis and 

its conjugation with isoleucine by Jasmonate resistant 1 (JAR1), 

producing JA-Ile, the receptor-active form of JA (Figure 1.6; 

Staswick and Tiryaki, 2004; Thines et al., 2007). At low JA-Ile 

concentration, Jasmonate ZIM (zinc-finger inflorescence meristem) 

domain (JAZ), in combination with Novel interactor of JAZ 

(NINJA) and corepressors such as TOPLESS (TPL) (Pauwels et al., 

2010; Acosta et al., 2013) repress the activity of immune-related TF 

such as Jasmonate insensitive 1/MYC2 (JIN1/MYC2), MYC3 and 

MYC4 (Sheard et al., 2010; Lorenzo et al., 2004). JA-Ile promotes 

the interaction between JAZ and the F-box protein Coronatine 

insensitive 1 (COI1) (Xie et al., 1998), leading to the ubiquitin-

dependent degradation of JAZ, releasing TFs and activating in 

consequence the JA-dependent transcription of immune-related 

genes (Figure 1.6; Thines et al., 2007; Chini et al., 2007; Sheard et 

al., 2010). 

As in the case of SA, pathogen effectors target the JA signalling module disrupting JA-induced 

immune responses (Campos et al., 2014). Interestingly, P. syringae DC3000 produce the effector 

coronatine (COR) which mimics JA-Ile (Xin and He, 2013) and hijack the TF MYC2 to inhibit the 

accumulation of SA disrupting host immune response (Zheng et al., 2012). In contrast, host can 

destabilize MYC2 through FER-mediated phosphorylation, inhibiting JA and COR signalling and 

positively regulating immunity (Guo et al., 2018).  

1.4.6.3. Ethylene (ET) 

ET is a volatile phytohormone with multiple regulatory roles in different biological process such 

as plant growth, flower development, fruit ripening and plant responses to biotic and abiotic stresses 

(Khan et al., 2017). ET synthesis by 1-aminocyclopropane-1-carboxylic acid synthases (ACSs) is 

activated through MAPK6/MAPK3 phosphorylation upon PTI response (Liu and Zhang, 2004). In 

addition, ACS2/ACS6 expression is regulated by WRKY33 which is also activated by 

MAPK6/MAPK3 phosphorylation (Li et al., 2012; Anver and Tsuda, 2015).  

ET receptors are localized at the endoplasmic reticulum, including ET response (ETR) and ET 

response sensor (ERS) and ET insensitive (EIN) proteins (Lacey and Binder, 2014). In the absence 

of ET, ETR1 promotes the phosphorylation of the C-terminal domain of (EIN2) by the kinase 

Constitutive triple response 1 (CTR1), avoiding its translocation to the nucleus. After ETR1  

 

 

 

 

 

 

  

Figure 1.6. Jasmonic acid (JA) 

signalling scheme. 

After JA conversion into active 

JA-Ile conjugation by JAR1, this 

interacts with COI1 that 

destabilize JAZ-NINJA-TPL 

complex letting free MY 

transcription factor leading to 

downstream gene expression. 

 

                                     After JA 

conversion into active JA-Ile 

conjugation by JAR1, this 

interacts with COI1 that 

destabilize JAZ-NINJA-TPL 

complex letting free MY 

transcription factor leading to 

downstream gene expression. 

 



Novel cell wall-derived oligosaccharides trigger immune responses and disease resistance in plants 

38 
 

perception of ET, C-terminal domain of EIN2 is 

dephosphorylated and released, which activate downstream 

signal, leading to the accumulation of the TF EIN3, which in 

turn, activate the expression of a wide set of genes related 

with biotic and abiotic stresses (Figure 1.7; Müller and 

Munné-Bosch, 2015). 

ET interact with many PTI components, amplifying PRR 

signalling after MAMP perception. FLS2 accumulation is 

induced by ET via ERF1 and EIN2, resulting in an enhanced 

response to flg22 (Boutrot et al., 2010; Mersmann et al., 

2010). Moreover, ET induce PROPEP expression leading to 

DAMPs accumulation such as Pep1 (Liu et al., 2013; Anver 

and Tsuda, 2015). In addition, ERFs are involved in the 

regulation of the expression of genes related with salt stress, 

drought, low temperature, heat stress and changes in light 

availability (Muller and Munne-Bosch, 2015) and modulate 

the resistance to fungal pathogens such as B. cinerea, P. 

cucumerina and F. oxyporum (Berrocal-Lobo et al., 2002; 

Berrocal-Lobo and Molina, 2007). 

 

1.4.7. Induced resistance and priming in plant-pathogen interactions 

Some of the above-described phytohormones regulate different types of induced resistance like 

systemic acquired resistance (SAR) induced by SA and induced systemic resistance (ISR), which 

requires JA and ET (Gaffney et al., 1993; Conrath et al., 2015). SAR and ISR can be also induced by 

pathogens and by beneficial soil organisms, respectively (Pieterse et al., 2014; Conrath et al., 2015).  

Defence priming is a “memory effect” in which exposure to a stimulus influences the response to 

a later stimulus (Conrath et al., 2015). Priming confers the capability to respond faster and stronger 

to a stress, enhancing plant resistance to pathogens, pests or abiotic stresses (Figure 1.8; Conrath et 

al., 2015; Balmer et al., 2015; Martinez-Medina et al., 2016). This “memory effect” implicates the 

accumulation of dormant cellular enzymes, such as MPK3/MPK6 and their respective mRNA 

transcripts, that become activated after a second stimulus (Becker et al., 2009), and are involved in 

signal amplification and are needed for full priming and SAR (Becker et al., 2009). The accumulation 

of PRRs also contribute to the memory priming effect. In example, primed-plants show accumulation 

of FLS2 and its co-receptor BAK1 in microsomal fractions, resulting in an enhanced response to 

flg22 (Tateda et al., 2014). In the same way, CERK1 co-receptor is accumulated after priming stimuli 

(Tateda et al., 2014). Interestingly, FLS2-BAK1 complex activated by flg22 (bacterial MAMP) is 

able to induce CERK1 phosphorylation, enhancing glycan (e.g., fungal chitin) triggered response 

(Gong et al., 2019), providing a model of cross-microbial priming between bacterial- and fungal- 

 

Figure 1.7. Ethylene (ET) signalling 

scheme. 

After ET recognition by ETR1, CTR1 

phosphorylation of EIN2 C-terminal is 

annulated allowing its translocation to the 

nucleus leading to downstream gene 

expression. 

                After ET recognition by ETR1, 

CTR1 phosphorylation of EIN2 C-terminal 

is annulated allowing its translocation to 

the nucleus leading to downstream gene 

expression. 
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activated PTI (Zhou and Zhang, 2020). PRR 

accumulation together with MAPK accumulation 

(which act downstream to PRR) could explain why 

plants primed with different MAMPs and DAMPs 

show enhanced defence responses (Conrath et al., 

2015) and open the possibility to use this primed 

effect in crop protection. After stimuli (e. g. 

pathogens), chromatin can suffer modifications that 

prime defence genes for faster and stronger 

transcription such as DNA methylation/acetylation 

and histone modifications (Bruce et al., 2007; Dowen 

et al., 2012; Conrath et al., 2015; González-Bosch et 

al., 2018). These DNA modifications can even be 

inherited by progeny, which show enhanced 

expression of SA-induced genes. This inherited 

effect (named transgenerational priming) is not 

related with an increment of SA levels but to the 

overexpression of SA-inducible promoters such as 

PR1 or WRKY53 via histone modification (Luna et 

al., 2011; Jaskiewicz et al., 2011; Martinez-Medina 

et al., 2016). 

 

 

1.5. The plant cell wall and its roles in the regulation of immune responses 

and disease resistance against pathogens 

The plant cell wall is a dynamic and complex structure that surrounds plant protoplasts as a 

protective barrier, determining the cellular shape and tightly controlling plant growth processes 

(Carpita and McCann., 2000). It is a very well-organized matrix made up of a high diversity of 

molecules, mostly carbohydrates but also proteins and phenolic compounds. The structure and 

composition of the plant cell wall varies along the cell development and with the function of the cell 

in the plant tissues. In an early stage, a pectic layer known as middle lamella is formed during cell 

division. Then, a primary cell wall made of carbohydrate-based polymers (e.g., cellulose, 

hemicelluloses and pectins) and hydroxyproline-rich O-glycoproteins, such as extensins and 

arabinogalactan proteins (AGPs) is deposited at the inner face of the middle lamella. Finally, only in 

some cases, when the cell stops growing, it is developed a thickened secondary cell wall mainly made 

up of polysaccharides and the phenolic polymer lignin (Carpita and McCann, 2000). The main 

components of plant cell wall architecture, illustrated in Figure 1.9, are described below. 

 

Figure 1.8. Cost-benefit of priming priming in plant-

pathogen interactions.  

 Physiological alterations after priming stimulus results 

in a fitness cost. However, upon stress exposure, 

primed plants will show an improved response which 

will be reflected in a resistance to fitness loss, 

representing a benefit in comparison to the losses of 

non-primed plants (Espinas et al., 2016; Martínez-

Medina et al., 2016). 

                                       Physiological alterations after 

priming stimulus results in a fitness cost. However, 

upon stress exposure, primed plants will show an 

improved response which will be reflected in a 

resistance to fitness loss, representing a benefit in 

comparison to the losses of non-primed plants (Espinas 

et al., 2016; Martínez-Medina et al., 2016). 
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Figure 1.9. Plant (Poacease) cell wall section representation and diagram of main cell wall polymers.  “Egg-box” 

structures, boron bridging of ramnogalacturonan II and arabinoxylan diferulic acid cross-link are shown. ML (Middle 

lamella). Based on Capita and McCann (2000). 
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1.5.1. Cellulose  

Cellulose is a non-branched β-1,4-D-glucan polymer hydrogen-bonded into a paracrystalline 

structure known as microfibrils which constitute the main scaffold of all plant cell walls (Figure 1.9; 

Guerriero et al., 2010). Each glucose forms two hydrogen bonds with adjacent glucoses stablishing a 

coplanar orientation that permits the aggregation into microfibrils stabilized by van der Waals 

interactions between the glucopyranose rings (Notley et al., 2004; McNamara et al., 2015). Cellulose 

comprises from 25% to 55% of total lignocellulosic dry biomass, being the most abundant biological 

polymer on Earth (Marriott, 2015; McNamara et al., 2016). Cellulose is synthesized from intracellular 

uridine diphosphate (UDP)-glucose at the plasma membrane by Cellulose synthases (CesA), which 

are grouped into a Cellulose synthase complex (CSC). While it moves across the plasma membrane, 

CSC simultaneously synthesizes 18-24 glucan chains that form a single microfibril (Taylor et al., 

2008; Harris et al., 2010; McNamara et al., 2015; Turner and Kumar, 2018). These movements 

determine the orientation of cellulose microfibrils that seems to be conducted by the interaction 

between CeSA cytoplasmic domain and microtubules (Purushotham et al., 2020). 

 

1.5.2. Pectins 

Pectins are a heterogeneous group of polymers rich in D-galacturonic acid that form a gel matrix 

where other polymers are embedded (Mohnen, 2008). These polymers have been classically grouped 

together by their extractability by Ca2+ chelators are present in most plant species and are the main 

type of polymers in the middle lamella as well as in type I primary cell walls, characteristic of 

dicotyledonous plants (Carpita and McCann, 2000). While cellulose is synthesized at the plasma 

membrane, pectins and hemicelluloses are synthesized in the Golgi apparatus (Scheller and Ulvskov, 

2010). Pectins are involved in multiple processes such as plant growth, development, morphogenesis, 

defence, cell-cell adhesion, signalling, cell expansion, binding of ions, growth factors and enzymes, 

pollen tube growth, seed hydration, leaf abscission and fruit development (Ridley et al., 2001; Willats 

et al., 2001; Mohnen, 2008). Pectin structure in complex, including different backbones and branches, 

that confer them a broad set of shapes, interaction possibilities and functional characteristics (Caffall 

and Mohnen, 2009). The pectic domains are described below. 

1.5.2.1. Homogalacturonan (HG) 

Homogalacturonan (HG), a linear homopolymer of α-1,4-D-galacturonic acid, is the main pectic 

polysaccharide comprising approximately 65% of total pectins and constitute the backbone of 

branched galacturonans (Figure 1.9; Mohnen, 2008). HG is partially methylesterified at the C-6 

carboxyl, may be O-acetylated at O-2 or O-3, and may contain other potentially cross-linking esters 

of uncertain structure (MacKinnon et al., 2002; Mohnen, 2008). Regions of at least nine non-

methylated galacturonic acid units are required for pectin gelation mechanism by the classic “egg-

box” model (Morris et al., 1982), which describes two antiparallel chains that form dimers mediated 

by Ca2+ ions and further aggregate laterally to form multimers (Figure 1.9; Comaposada et al., 2015; 

Krongsin et al., 2015; Cao et al., 2020). This interaction depends on charge density related with the 

extent of de-esterified regions of the HG to yield carboxyl groups. The frequency and length of this 



Novel cell wall-derived oligosaccharides trigger immune responses and disease resistance in plants 

42 
 

junction zones determines the cell wall porosity (Carpita and McCann, 2000). Furthermore, pectins 

can also be tightly associated with other cell wall polysaccharides such as xyloglucans and xylans 

(Nakamura et al., 2002; Mohnen, 2008; Popper and Fry, 2008).  

1.5.2.2. Rhamnogalacturonan I (RGI) 

Rhamnogalacturonan I (RGI) is made of a backbone of the galacturonic acid-rhamnose 

disaccharide repeat [-α-D-galacturonyl-1,2-α-L-rhamnosyl-1-4-]n substituted by a wide range of 

sugars, oligosaccharides and branched oligosaccharides, whose composition depends on the cell type 

and the development stage (Figure 1.9; Ridley et al., 2001). RG-I is the second most abundant pectin 

(Mohnen, 2008). Between 20 and 80% of the rhamnosyl residues are decorated at O-4 with α-L-

arabinose and β-D-galactose residues as single substitutions or as a linear or branched α-1,5-L-

arabinan or β-1,4-D-galactan, respectively (Mohnen, 2008; Sun et al., 2019). In addition, α-1,5-L-

arabinan can appear branched by arabinose, arabinans and galactans, which in turn can appear further 

branched (Nakamura et al., 2001; O’Neill and York, 2018).  

 

1.5.2.3.  Branched galacturonans 

Rhamnogalacturonan II (RGII) 

Rhamnogalacturonan II (RGII) is the most structurally complex pectin and accounts for 10% of 

total pectins on average (O’Neill et al., 2004; Mohnen, 2008). The structure is largely conserved 

across plant species and consists of an HG backbone of at least DP 8 decorated with side branches of 

12 different types of sugars such as D-apiose, D-xylose, L-fucose or L-rhamnose linked by 20 different 

types of bonds (Figure 1.9; O’Neill et al., 2004). RGII can dimerise through apiose units interactions 

mediated by a boron ion yielding a complex macromolecular pectin network (Matsunaga et al., 2004; 

Mohnen, 2008).   

Xylogalacturonan (XGA) 

Xylogalacturonans (XGA) are composed by a HG backbone substituted in a 25-75% by β-1,3-

xylosyl decorations (Figure 1.9; Coenen et al., 2007). Xylosyl branches can be extended with a β-

1,4-linked xylose (Mohnen, 2008). XGA cross-links cellulose microfibrils forming a complex 

network (Carpita and Gibeaut et al., 1993).  

Apiogalacturonan (AGA) 

Apiogalacturonans (AGA) are made of HG backbones substituted by α-1,2-D-apiose or α-1,2-D-

apibiose (Caffall and Mohnen, 2009). Its distribution is limited to aquatic plants such as the 

duckweeds (Lemnaceae family) and the marine seagrasses (Zosteraceae family) (Hart and Kindel, 

1970; Ovodov et al., 1971). The specific AGA abundance in these groups suggests a specifically 

important structural role in the wall framework of these water-born plants (Caffall and Mohnen, 

2009). 
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1.5.3. Hemicelluloses 

Cross-linking glycans or hemicelluloses is a group of cell wall carbohydrates that includes non-

cellulosic polysaccharides except pectins. These polymers can be linked to cellulose microfibrils by 

hydrogen-bonds, covering them or forming a network between them. The composition and structure 

of these polymers differ among species, tissue and growth stage. In this way, the main cross-linking 

glycan of primary cell walls of dicots and about one half of monocots is xyloglucan (XyG) but in the 

cell walls of the Commelinidae subclass of monocots, such role is accomplished by 

glucuronoarabinoxylans (GAXs) (Carpita and McCann et al., 2000). 

1.2.2.1.Xyloglucans (XyG) 

Xyloglucans (XyGs), the most abundant hemicellulose of type I primary cell walls, are made of a 

backbone of β-1,4-D-glucans branched with xyloses through α-1,6-glycosidic linkages (Figure 1.9; 

Carpita and McCann, 2000). These xylosyl units can be further substituted with α-L-arabinose or β-

D-galactose and the galactosyl residues can be further substituted with α-L-fucose (Carpita and 

McCann et al., 2000). Acetylation is a common feature of XyG, having a relevant impact on its 

functionality (Jia et al., 2005). XyGs are constructed by blocks of 6 or 11 sugars and the composition 

depends on the tissue and specie. In this way, XyGs of most of the dicots and non-commelinoids 

monocot are in form of fucogalactoxyloglucans and arabinoxyloglucans, which are the main form in 

Solanales and Lamiales (Carpita and McCann et al., 2000). XyGs interacts with other cell wall 

polymers (Popper and Fry, 2008), mainly coating and cross-linking adjacent cellulose microfibrils by 

non-covalent association, playing an important role in the cell wall rigidity and cell wall loosening 

when are degraded during cell wall elongation, controlling cell growth (Hayashi, 1989; Cosgrove, 

2005; 2016). During cell growth, XyG chains can be cleaved and reconnected by endo-

transglycosylases/hydrolases (XTH) and interactions with cellulose microfibrils are modulated by 

extensins (Sechet et al., 2016). XyG determines tissue tension and are even involved in intracellular 

control of microtubule reorientation (Hayashi and Kaida, 2011; Alonso-Simón et al., 2010; Takeda 

et al., 2002). 

1.2.2.2.Xylans 

Xylans are the main hemicelluloses of secondary cell walls of all Angiosperm species and the 

major non-cellulosic polysaccharide in primary cell wall of commelinoids (Scheller and Ulvskov, 

2010). Xylans are made of a β-1,4-D-xylose backbone substituted with acetyl, α-1,2-glucuronic acid 

or 4-O-methyl-glucuronic acid, and arabinose residues (Figure 1.9; Rennie and Scheller, 2014). 

Glucuronoxylan (GX) is the major hemicellulose in the secondary walls of dicots (Scheller and 

Ulvskov, 2010; Kumar et al., 2016). 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). 

Glucuronoarabinoxylans (GAX), made up of xylans backbones substituted with α-1,2- or α-1,3-L-

arabinose, are the main form of xylans in Poaceae family (grasses). Αlpha-1,3-arabinosyl groups can 

be further substituted with xylose or hydroxycinnamic acids such as coumaric or ferulic acid (Rennie 

and Scheller, 2014). These phenolic residues can cross-link xylans with lignin or other xylans by the 

formation of dicoumaric or diferulic motifs (Figure 1.9; Scheller and Ulvskov, 2010; Hatfield et al., 
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2008). Glucoxylans have been recently described in barley made of a linear chain of β-1,4-linked 

glucoses and xyloses (Little et al., 2019). 

1.2.2.3.Mannans 

Mannans are polymers of β-1,4-D-mannose that are widely distributed and are the main 

hemicelluloses in Charophytes (Popper and Fry, 2003; Scheller and Ulvskov, 2010) and secondary 

cell walls of conifers (Kumar et al., 2016). This backbone can be constituted exclusively by mannose 

or can include β-1,4-D-glucose units (glucomannans), apparently randomly located, but in a 

proportion that varies depending on the species (Figure 1.9; Carpita and McCann et al., 2000; Popper 

and Fry, 2003; Kumar et al., 2016). These polymers are often acetylated and mannose residues can 

be substituted by α-1,6-D-galactose forming galactomannans or galactoglucomannans. Mannans are 

very abundant in early land plants such as in mosses and lycophytes and also play essential roles in 

spermatophytes in spite other hemicelluloses seem to have partially replaced them (Moller et al., 

2007; Scheller and Ulvskov, 2010). 

1.2.2.1.β-1,3/1,4-D-glucans  

β-1,3/1,4-D-glucans or mixed linked glucans (MLGs) are linear polymers of D-glucose linked by 

β-1,4 or β-1,3 bonds in a variable proportion depending on the species (Figure 1.9; Fry et al., 2008; 

Harris and Fincher, 2009; Burton and Fincher 2009). In plants, MLGs were initially thought to be 

exclusive of the Poaceae family (Labavitch and Ray, 1978; Carpita and McCann, 2000; Popper and 

Fry, 2004), however, they have been also found in Equisetaceae family (Sørensen et al., 2008; Fry et 

al., 2008). Moreover, MLGs seem to be widely distributed since they are present in the cell walls of 

other organisms such as lichens (lichenan) (Stone and Clarke, 1992), Phaeophyceae family (Salmeán 

et al., 2017) and fungi (Fontaine et al., 2000; de Groot et al., 2009; Pettolino et al., 2009), and there 

are evidences that point to their presence in bacteria (Perez-Mendoza et al., 2015) Rhodophyta 

(Lechat et al., 2003), Chlorophyta (Eder et al., 2008) and Charophyta (Popper and Fry, 2003). 

Furthermore, arabinoglucan a recently discovered polysaccharide found in mosses, built by a linear 

chain of β-1,4-glucoses and β-1,3-arabinoses has been proposed to share a common evolutionary 

history with MLGs (Roberts et al., 2018).  

MLGs β-1,3 linkages are located after a variable number of β-1,4 linkages, as a “MLG’s species 

signature” (Fry et al., 2008), usually creating cellotriose or cellotetraose domains (…G3G4G4G3… 

or …G3G4G4G4G3… where each “G” represent a β-D-glucose and “3” and “4” indicate 1,3 or 1,4 

linkages; Figure 1.10; Fry et al., 2008). In addition, it is accepted that there are no consecutive β-1,3 

linkages in MLGs (Harris and Fincher, 2009), which confer flexibility in contrast to β-1,4 rigid 

regions (Buliga et al., 1986; Fry et al., 2008). Moreover, non-covalent interaction between hydroxyl 

groups confers gelling properties (Woodward et al., 1983; Böhm and Kulicke, 1999; Li et al., 2006; 

Harris and Fincher et al., 2009). In this way, MLGs may have a structural function cross-linking 

cellulose microfibrils and hemicelluloses (Izydorczyk and MacGregor, 2000; Fry et al., 2008), 

playing an important role in porosity regulation during active growth (Harris and Fincher, 2009). 

MLGs interaction with cellulose differ from other hemicelluloses as the cross-linking degree in others 

is regulated by the degree of substitutions to prevent extensive alignments (Mohnen, 2008), whereas 

in case of MLGs (non-branched polymer) this regulation seems to be mediated by the irregular 

conformation that prevents extensive alignments mediated by long β-1,4 regions (up to 12) and 
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…G4G4G3… repetitions (Figure 1.10; Mohnen, 2008; Tosh et al., 2004; Mikkelsen et al., 2015). In 

addition to their structural function, MLGs are considered storage polysaccharides in Poaceae 

endosperm (Sørensen et al., 2008; Lazaridou and Biliaderis, 2007), being the main energy source in 

the grain of some species upon germination (Morrall and Briggs, 1978; Guillon et al., 2011). 

 

 

Figure 1.10. Diagram of non-covalent interaction between mixed-linked glucans.  Junction zones between 

sequential cellotriosyl units and cellulose-like regions of β-1,3/1,4-D-glucan molecules are represented. 

 

MLGs are synthesised by members of the Cellulose synthase‐like (CSL) subfamilies CSLF, CSLH 

and CSLJ from Glycosyltransferase 2 (GT2) family, that are integral membrane proteins localized in 

Golgi apparatus (Coutinho et al., 2003; Scheller and Ulvskov, 2010; Lombard et al., 2014; Kim et 

al., 2018) and are homologues to CesAs (Little et al., 2018). The heterologous expression of CSLF 

or CSLH genes in plant species that lack MLGs in their cell walls such as Arabidopsis or tobacco 

leads to MLGs accumulation (Burton et al., 2006; Doblin et al., 2009; Kim et al., 2015; Wilson et 

al., 2015). CSLF6 is the best‐characterized MLG synthase as is the main isoform in grasses such as 

barley, wheat and rice (Taketa et al., 2012; Nemeth et al., 2010; Vega-Sánchez et al., 2012). The 

cslf6 loss‐of‐function mutant shows a drastic decrease in the amount of MLG that also affects to the 

cellulose microfibril orientation (Smith‐Moritz et al., 2015; Bain et al., 2021). Mutations or 

interspecies domain swapping of CSLF6 enzymes have been shown to affect the ratio of cellotriose-

cellotetraose units that are responsible for determining the structure and properties of MLGs (Jobling, 

2015; Dimitroff et al., 2016). 

MLG linkage distribution can be analysed after enzymatic digestion with lichenase (EC 3.2.1.73), 

an endo-1,3/1,4-β-D-glucanase with specificity over β-1,3/1,4-D-glucans that hydrolyse β-1,4 

linkages in the reducing end of a glucose that is linked by β-1,3 linkage in the other end (Meikle et 

al., 1994; Li et al., 2006; Fry et al., 2008). As a product of this digestion, a mixture of β-1,4-glucan 

chains with a β-1,3-linked glucose towards the reducing end is obtained (Fry et al., 2008; Simmons 

et al., 2013). The length of these oligomers in normally of three of four monosaccharides, but longer 

oligomers up to DP 11 have been also described (Woodward et al., 1983; Fry et al., 2008; Simmons 

et al., 2013). MLGs are also susceptible to digestion by cellulases (EC 3.2.1.4), endo-1,4-β-D-

glucanases, that hydrolyse β-1,4-glycosidic linkages more randomly (Pérez-Vendrell et al., 1995). As 

the hydrolysis target is not as specific as in the case of lichenase, MLG oligosaccharides released 

after cellulase hydrolysis may carry a β-1,3 linkage at different positions and also 

cellooligosaccharides can be released (Amano et al., 1996). 
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In addition to grasses, MLGs have been found in Equisetum spp. cell walls, representing ~3% of 

the wall dry weight, which mainly consist of cellulose (~50%) and pectins (~40%) (Sørensen et al., 

2008). MLGs in Equisetum spp. are composed of cellotriose and cellotetraose intervals in a ratio of 

~1:4 (Fry et al., 2008; Sørensen et al., 2008). In contrast, MLG of Poales order species possess a 

higher proportion of cellotriose fragments with a ratio of 1.5:1 to 4:1. (Carpita and McCann 2000; 

Fry et al., 2008).  

 

1.5.4. Lignin 

Lignin is a complex phenolic polymer made from oxidative polymerization of three 

hydroxycinnamyl alcohol monomers or monolignols: p-coumaryl, coniferyl and synapil alcohols 

(Boerjan et al., 2003; Liu, 2012) producing p-hydroxylphenyl (H), guaiacyl (G) and syringyl (S) 

units, respectively. The proportion of monolignol units varies among species, tissues and plant 

development stage predominating G and S units (Vanholme et al., 2010). The monolignol proportion 

determines the cell wall recalcitrance to enzymatic degradation, being a detrimental factor in using 

lignocelluloses as a biosource (Liu, 2012; Rebaque et al., 2017). Lignin has been essential for cell 

wall integrity and stems strength since plants land colonization of (Boerjan et al., 2003), but also 

provides a physical barrier that prevent the spread of pathogens, toxins and enzymes (Miedes et al., 

2014).  

 

1.5.5. Proteins 

Proteins are minor but essential components of plant cell walls. Cell wall proteins can be classified 

in two categories: i) structural proteins attached to cell wall and ii) soluble proteins which can be 

immobilized or free in the apoplast, and have enzymatic activities (Lee et al., 2004). Most cell wall 

structural proteins appear in combination with carbohydrates forming glycoproteins and can be 

classified into four groups related with the abundance of certain amino acids or glycan motifs: 

glycine-rich proteins (GRPs), proline-rich proteins (PRPs), arabinogalactan-rich proteins (AGPs), 

and hydroxyproline-rich glycoproteins (HRGPs or extensins) (Showalter et al., 1993; Kumar et al., 

2016). In addition, some proteins are anchored to plasma membrane via glycosylphosphatidylinositol 

(GPI)-anchors forming a continuous plasma membrane-cell wall (Mayor and Riezman, 2004; Liu et 

al., 2015). Soluble proteins include 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 (Marowa et al., 2016). An 

example of such enzymes are extensins, which are pH-dependent proteins active during plant cell 

acid growth, allowing the cell wall-loosening by the disruption of non-covalent binding of cell wall 

(Cosgrove, 2005; Nardi et al., 2015). The synthesis of cell wall proteins occur in endoplasmic 

reticulum and its regulation depends on developmental stage and tissue-specificity and can be altered 

in response to biotic and abiotic stresses (Albersheim et al., 2010; Marowa et al., 2016).  
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1.5.6. Plant cell wall architecture 

Although the plant cell wall is a continuum structure, the composition varies along cell 

development. Thus, we can distinguish 3 different layers: middle lamella (outer layer synthesized in 

the first place), primary cell wall and secondary cell wall (inner layer and last to be synthesised; 

Figure 1.9). 

Middle lamella (ML) is a thin layer synthesised during cell division and forms an interface 

between the primary cell wall of adjacent cells (Carpita and McCann, 2000; Zamil and Geitmann, 

2017). It is mainly composed by pectins, especially HG but also RGI (Zamil and Geitmann, 2017). 

The primary cell wall (PCW) is shaped by a cellulose microfibrils scaffold (15 to 30% of cell 

wall dry weight), that stabilises a matrix of hemicelluloses, pectins and proteins (Carpita and McCann, 

2000). PCW composition varies among plant species, development stage and cell type with two main 

types being distinguished (Carpita and McCann, 2000; Knox et al., 2008). Type I PCW is typical of 

dicotyledonous and non-commelinids plants and is characterised by XyG as the main hemicellulose 

cross-linking cellulose microfibrils. XyG-cellulose network is further cross-linked by a pectin-rich 

matrix (20-30 %) that include a noticeable proportion of structural proteins (Carpita and McCann, 

2000; Caffall and Mohnen, 2009). Type II PCW, exclusive of commelinoids monocots, possess 

GAX as main cross-linking hemicellulose, xyloglucan being in minor amounts (Scheller and 

Ulvskov, 2010). Type II PCWs are relatively poor in pectins and structural proteins, however, possess 

phenolic compounds (mainly hydroxycinnamates) that confer additional cross-linkages to GAX-

cellulose network through ferulate ester bonds (Carpita and McCann, 2000; Scheller and Ulvskov, 

2010). MLGs can be also present as hemicellulosic components of certain species harbouring a type 

II PCW, whose presence is particularly important in endosperm cell walls, accounting for around 

10% (w/w) of the total weight of the grain (Trafford et al., 2013). 

Secondary cell wall (SCW) is a thick layer which is only deposited in some specialized cells (e.g., 

xylem cells) when reach their final stage and is the major component of wood and grass biomass 

(Albersheim et al., 2010; Kumar et al., 2016). SCW is characterized by a higher proportion of 

cellulose and the presence of lignin, having a composition of 40-80% cellulose, 10-40% 

hemicelluloses (mainly xylans), 5-25% lignin and a minority percentage of proteins and pectins 

(Kumar et al., 2016). Cellulose-hemicellulose network of SCW is embedded in an amorphous lignin 

matrix, conferring hydrophobicity and mechanical resistance that can be also cross-linked with GAX 

through hydroxycinnamic acids residues in case of grasses (Hatfield et al., 2017).  

 

1.5.7. Modulation of disease resistance responses by the plant cell wall 

Pathogen resistance phenotypes commonly observed in cell wall mutant plants were initially 

explained by the inability of microbial CWDEs to degrade modified cell wall polymers, suggesting a 

masking effect of plant cell walls that was not suitable for degradation. However, this initial idea has 

been evolved and incorporated the potential constitutive activation of plant immune pathways in the 

cell wall mutants with altered disease resistance responses (Miedes et al., 2014; Bacete et al., 2020; 

Molina et al., 2021). In this regard, a recent work by our research group has described several 
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correlations between cell wall composition modifications in Arabidopsis and the alteration of the 

resistance to specific pathogens and extracted wall fractions from these mutants have been proved to 

trigger stronger immune responses than those activated by the corresponding wall fractions fromo 

wild-type plans (De Lorenzo et al., 2018; Gallego-Giraldo et al., 2020; Bacete et al., 2020; Molina et 

al., 2021). These recent results would be in agreement with the hypothesis of the differential release 

of cell wall-derived DAMPs, as a consequence of an altered polymer assembly, which will trigger 

immune responses. Some of the changes in cell wall composition that have been shown to influence 

plant resistance to pathogens are described below. 

Cellulose plays an important role in plant pathogen interaction as demonstrated by cellulose-

defective plants. Cellulose biosynthesis can be inhibited by impairing CesA genes (Ellis et al., 2002) 

or by chemical inhibition of CesA through specific inhibitors (e.g., isoxaben; Manfield et al., 2004) 

or inhibitors of CSC movement in plasma membrane (e.g., dichlobenil; Mélida et al., 2015). 

Impairment of cellulose biosynthesis alters cell wall integrity (CWI) and composition and induces 

constitutive activation of defence responses such as ET, JA, ROS, ectopic lignification and pectin 

production, leading to plant growth inhibition and pathogen susceptibility reduction (Ellis et al., 2002; 

Caño-Delgado et al., 2003; Hernández-Blanco et al., 2007; Molina et al., 2021). Of note, Arabidopsis 

irregular xylem (irx) cell wall mutants, defective in CesA subunits required for secondary cell wall 

formation, show increased resistance to bacterial and fungal pathogens (Hernández-Blanco et al., 

2007; Escudero et al., 2017; Molina et al., 2021). These phenotypes are explained by the constitutive 

activation of PTI responses that also have a growth cost yielding dwarf plants and reduced seed yield 

(Escudero et al., 2017). However, some PTI responses such as ROS production and MAPK 

phosphorylation appear attenuated in response to MAMPs in these mutant lines, pointing out that 

CWI-mediated immunity might be able to partially compensate the diminished PTI response 

(Escudero et al., 2017). On the other hand, it has been shown the existence of specific cellulose 

synthases involved in defence response to pathogens enhancing penetration resistance, which 

silencing leads to enhanced susceptibility (Douchkov et al., 2016).  

Pectins have been shown to play an important role in the resistance to pathogen penetration 

(Engelsdorf et al., 2017). Alterations in cell wall pectin content and composition by i) modulations 

in pectin biosynthesis, ii) post-synthetic decorations such as acetylation and methylesterification, or 

ii) pectin hydrolysis have been related with changes in plant susceptibility to pathogens (Bethke et 

al., 2016; Lionetti et al., 2017; Molina et al., 2021). Impairing pectin biosynthesis through mutations 

in glucuronate 4-epimerases (GAEs), required to generate the nucleotide-sugar donor, is related with 

the enhanced susceptibility to pathogens such as P. syringae and B. cinerea, however, these results 

vary depending on the impairment in pectin biosynthesis pathways and on the specific pathogen 

(Bethke et al., 2016; Zhang et al., 2016). In contrast, cell wall pectin-enrichment has been related 

with higher resistance to fungal pathogens (Engelsdorf et al., 2017; Bacete et al., 2020). For instance, 

the enrichment in RG-I has been related with enhanced resistance to Ralstonia pseudosolanacearum 

in Arabidopsis plants (Molina et al., 2021). 

Pectin methylesterification is mainly controlled by Pectin methylesterases (PMEs), which in turn 

are regulated by endogenous PME inhibitors (PMEIs), but also by the activity of Pectate lyases (PLs). 

Pectin methylesterification is strongly altered in response to necrotrophic fungi infections (Lionetti 

et al., 2012) by PMEI modulation of PMEs, as occur during B. cinerea infection, pointing to PMEs 
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as mediators of CWI maintenance in plant immunity (Lionetti et al., 2017). Moreover, PMEI 

overexpressing lines were found to be more susceptible to viral infection, indicating the differential 

effect of the degree of pectin methylesterification on disease resistance (Lionetti et al., 2014).  

High degree of methylesterification interferes with fungal penetration altering cell wall stiffness, 

but also represent an example of cell wall polymer “masking” since reduces pectin accessibility and 

degradation by fungal polygalacturonases (PG), CWDEs that depolymerize HG regions (D’Ovidio et 

al., 2004; Lionetti et al., 2007; Raiola et al., 2011). Interestingly, pathogens such as P. syringae are 

also able to promote the production of endogenous plant PG to degrade pectins (Wang et al., 2017c). 

In contrast, plants can produce PG inhibitory proteins (PGIPs) as a defence response against PG 

activity (Spadoni et al., 2006). The overexpression of these PGIPs improves the resistance of plants 

to necrotrophic fungi and bacteria (Kalunke et al., 2015). On the other hand, PLs (that hydrolyse 

unmethylated pectin) are required for powdery mildew infection of Arabidopsis (Vogel et al., 2002) 

and PL-like (PLL) genes are involved in the development of syncytia in Arabidopsis roots during cyst 

nematodes colonization (Wieczorek et al., 2014). 

Changes in hemicelluloses affecting plant-pathogen interaction have been usually, but not 

exclusively, related with shifts in the xylose content (present mainly in xylans and xyloglucans). Cell 

wall xylose increments have been related with an enhancement in Arabidopsis resistance to the 

necrotrophic fungi P. cucumerina and with the AX overaccumulation in barley papillae (Delgado-

Cerezo et al., 2012; Chowdhury et al., 2014). In addition, the degree of fucosilation of XyG has been 

recently related with Arabidopsis enhanced resistance to P. syringae and H. arabidopsidis (Molina et 

al., 2021). In contrast, a reduced xylose content produces the opposite phenotype in Arabidopsis 

(Llorente et al., 2005; Sánchez-Rodríguez et al., 2009; Delgado-Cerezo et al., 2012). Further, 

alterations in xylan acetylation have also been related with resistance or susceptibility to different 

pathogens (Manabe et al., 2011; Pogorelko et al., 2013; Pawar et al., 2016; Escudero et al., 2017).  

Lignin plays an important role in the reinforcement of secondary cell walls. Thus, lignin 

accumulation has been described as a plant defence response to pathogen infection (Bhuiyan et al., 

2009; Hu et al., 2021; Miedes et al., 2014). On the other hand, plant mutants in components of CWI 

signalling pathways that present deficiencies in lignin deposition in response to pathogens show 

increased susceptibility to fungal pathogens (Van der Does et al., 2017). Furthermore, it has been 

recently observed that alterations in lignin synthesis in Arabidopsis entail a cell wall remodelling 

leading to increased cell wall epitopes that trigger innate plant immunity (Gallego-Giraldo et al., 

2020; Xiao et al., 2021).  

Callose is a linear β-1,3-glucan polymer, accumulated by specialized plant cells at specific 

developmental stages that can be also deposited in response to abiotic and biotic stress (Stone and 

Clarke, 1992; Carpita and McCann, 2000). Callose is also a predominant polymer in plant cell 

papillae formed by epidermal cells near to pathogen penetration sites as an inner cell wall 

reinforcement being an early defence response that delay pathogen penetration (Hückelhoven, 2007; 

Chowdhury et al., 2014). However, the roles of callose deposition in papillae in pathogen resistance 

remains unclear yet (Voigt, 2014). While barley mutants impaired in the accumulation of callose 

resulted, as expected, more susceptible to pathogens, the opposite phenotype was found in case of 

Arabidopsis, which was explained by an overexpression of SA-induced genes (Jacobs et al., 2003; 

Nishimura et al., 2003; Chowdhury et al., 2016).  
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1.5.8. The plant cell wall as a source of bioactive compounds 

Cell walls from different organisms such as plants, bacteria and fungi are complex structures made 

up by a diverse variety of polymers and other molecules. Plant cell walls are the main component of 

lignocellulosic biomass that is used for several industrial applications and goods, like paper and wood. 

Moreover, several cell wall components have properties which make them useful as raw material to 

obtain added-value goods in different industrial applications. For these reasons, cell walls have been 

scouted as biosources for the production of different materials in a circular economy framework 

(Rebaque et al., 2017; Rudjito et al., 2019; Carpita and McCann, 2020; Yilmaz-Turan et al., 2020; 

Engelberth et al., 2021). In order to extract such cell wall components of interest, different methods 

have been classically used to disrupt cross-linking attachment between cell wall polymers to 

fractionate cell wall components in relation to the strength with which they are attached to the matrix. 

Those standardized methods require the use of different temperatures and concentrations of chemicals 

such as chelators (1,2-Cyclohexylenedinitrilo tetraacetic acid; CDTA), basic (KOH, NaOH, Na2CO3) 

or acid (HCl or Trifluoro acetic acid; TFA) solutions and harmful compounds like reducing agents 

(NaBH4) (Carpita and McCann, 2000; Bacete et al., 2017) to avoid carbohydrate degradation by the 

oxidation of the reducing end of carbohydrates (Knill et al., 2003; Höije et al., 2015; Bacete et al., 

2017). 

Some MAMPs/DAMPs have been shown to be extractable from microbial/plant cell walls by 

using these established chemical methods (Bacete et al., 2017; 2018; Mélida et al., 2018; 2020; 

Molina et al., 2021). However, these products used for cell wall extractions are commonly labelled 

as “corrosive, health hazardous, serious health hazard, irritating and toxic”, and cannot be released to 

the environment due to their harmful impact. Therefore, removal by additional steps, such as dialysis, 

of hazardous chemicals will be required before being able to use those DAMP-enriched fractions in 

laboratory research and in the field.  

Subcritical water extraction (SWE) has been described as an environmentally friendly method 

to extract polymers from cell walls by using water at high temperatures and under high-pressure 

conditions (Rudjito et al., 2019; Yilmaz-Turan et al., 2020). SWE has been proved to be effective in 

the extractions of pectins from fruits peel (Ueno et al., 2008; Wang et al., 2014), β-glucans from 

Ganoderma lucidum, barley or mushrooms (Jo et al., 2013; Kodama et al., 2016), and feruloylated 

arabinoxylans from wheat bran (Rudjito et al., 2019). Interestingly, the use of SWE to obtain fractions 

enriched in MAMPs/DAMPs from cell wall materials has not been investigated and therefore opens 

an opportunity to obtain, in a sustainable way, cell wall-derived carbohydrates that trigger immune 

responses in plants.  
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2. Objectives 
 

The aim of this Industrial PhD Thesis is to obtain new cell wall-derived biostimulats for the 

protection of plants against pathogen infections. In order to achieve this objective, the following goals 

are proposed: 

 

 

I. Identification and characterization of cell wall-derived carbohydrates that trigger 

immune responses in plants. 

 

II. Validation of the activity in crops of the cell wall-derived carbohydrates. 

 

III. Product optimization and scaling up the production of the most active molecules 

identified for their commercialization. 
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3. Materials and Methods 
 

3.1.  Biological material 

3.1.1. Plants 

Arabidopsis thaliana ecotype Columbia-0 (Col-0) plants were used for most Arabidopsis 

experiments in this Thesis, and the derived mutant lines used are summarized in Table 3.1. For a 

complete description of the properties of the different ectodomains contained by the corresponding 

proteins, see del Hierro et al. (2021). Arabidopsis Col-0 transgenic plants carrying the Apoaequorin 

gene (35S::Apoaequocyt; Col-0AEQ) were used to measure changes in intracellular Ca2+ concentration 

after stimuli (Knight et al., 1991).  

Table 3.1. Arabidopsis mutant lines used in this Thesis. 

Arabidopsis mutants used in MAPK phosphorylation and ROS production assays 

Name Locus Line Background 

lyk4 lyk5 
AT2G23770, 

AT2G33580 

CS850683 

SALK_131911C 

Col-0 

cerk1‑2 AT3G14840 GABI-KAT (096F09) 

bak1-5 AT4G33430 SALK_116202 

sobir1-12 AT2G31880 SALK_050715 

WAK defective mutants 

Name Locus Line Background 

At1g16260 AT1G16260 SALK_029502C Col-0 

At1g17910 AT1G17910 SALK_044048C   

At1g18390 AT1G18390 SALK_019372C   

At1g19390 AT1G19390 SALK_122472C   

At1g25390 AT1G25390 SALK_017846C   

At1g66880 AT1G66880 SALK_021182C   

At1g67000 AT1G67000 SAIL-842D05   

At1g69730 AT1G69730 SALK_059321C   

At1g69910 AT1G69910 SALK_085634C   

At2g46850 AT2G46850 SAIL_438_G01C1 Col-3 

At3g25490 AT3G25490 SALK_141340C Col-0 

At3g53840 AT3G53840 SALK_106202C   

At4g31100 AT4G31100 SALK_052739C   

At4g31110 AT4G31110 SALK_110522C   

At5g02070 AT5G02070 SALK_040066C   

At5g38210 AT5G38210 SALK_130635C   

At5g66790 AT5G66790 SALK_078591C   

rfo1 AT1G79670 SALK_077975C   

wak1 AT1G21250 SALK_209668C    
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Table 3.1. (continuation) Arabidopsis mutant lines used in this Thesis. 

Name Locus Line Background 

wak2 AT1G21270 SAIL_12_D05 Col-3 

wak3 AT1G21240 SALK_080632C Col-0 

wak4 AT1G21210 SAIL_1156_F08 Col-3 

wakl2 AT1G16130 SALK_005142C Col-0 

wakl3 AT1G16140 SALK_122076C   

wakl4 AT1G16150 SALK_002429C   

wakl5 AT1G16160 SALK_053466C   

wakl7 AT1G16090 SALK_207019C    

wakl10 AT1G79680 SALK_132887C   

Malectin defective mutants 

Name Locus Line Background 

At1g07550 AT1G07550 SALK_035103C Col-0 

At1g07560 AT1G07560 SALK_058394C  

At1g07650 AT1G07650 SALK_062027C  

At1g25570 AT1G25570 SALK_086277C  

rlp4 AT1G28340 SALK_039264C  

At1g29720 AT1G29720 SALK_003881C  

At1g29730 AT1G29730 SALK_030077C  

At1g29740 AT1G29740 SALK_027357C  

rkf1 AT1G29750 SALK_111416C  

At1g51800 AT1G51800 SALK_137388C  

At1g51805 AT1G51805 SALK_051190C  

At1g51810 AT1G51810 SALK_200448C  

At1g51820 AT1G51820 SALK_208927C  

At1g51850 AT1G51850 SALK_209134C  

At1g51860 AT1G51860 SALK_035831C  

At1g51870 AT1G51870 SALK_064489C  

At1g51890 AT1G51890 SALK_200112  

At1g51910 AT1G51910 SALK_201390C  

At1g53420 AT1G53420 SALK_012004C  

At1g53430 AT1G53430 SALK_129312C  

At1g53440 AT1G53440 SALK_130548C  

At1g56120 AT1G56120 SALK_043782  

At1g56130 AT1G56130 SALK_144609C  

At1g56140 AT1G56140 SALK_005808C  

At1g72250 AT1G72250 SALK_062285C  

At2g04300 AT2G04300 SALK_205083C  

At2g14510 AT2G14510 SALK_060580C  

At2g19210 AT2G19210 SALK_141901C  
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Table 3.1. (continuation) Arabidopsis mutant lines used in this Thesis. 

Name AGI locus Line Background 

At2g19230 AT2G19230 SALK_061322C Col-0 

At2g22610 AT2G22610 SALK_049342C  

At2g28960 AT2G28960 SALK_073057C  

At2g28970 AT2G28970 SALK_142677C  

At2g28990 AT2G28990 SALK_051317C  

At2g37050 AT2G37050 SALK_143700C  

At3g14840 AT3G14840 SALK_030855C  

At3g46240 AT3G46240 SALK_021833C  

At3g46260 AT3G46260 SALK_069386C  

At3g46270 AT3G46270 SALK_035789C  

At3g46280 AT3G46280 SALK_098065C  

mee39 AT3G46330 SALK_108641C  

At3g46340 AT3G46340 SALK_040269C  

At3g46370 AT3G46370 SALK_209924C  

At3g46400 AT3G46400 SALK_060803C  

At3g46420 AT3G46420 SALK_099093C  

At4g20450 AT4G20450 SALK_148633C  

rhs16 AT4G29180 SAIL_28_F01 Col-3 

At5g16900 AT5G16900 SALK_113523C Col-0 

At5g48740 AT5G48740 SALK_148236C  

At5g59616 AT5G59616 SALK_201418C  

At5g59650 AT5G59650 SALK_022711C  

At5g59660 AT5G59660 SAIL_760_G02  

At5g59670 AT5G59670 SALK_115780C  

 

 

Other plant species used in this Thesis were: Solanum lycopersicum (tomato) variety Moneymaker 

(Thompson & Morgan), Glycine max (soybean) variety Anushka (Monsanto), Zea mays (maize) 

variety LG3490 (Limagrain), Brassica napus (canola) variety Valle de Oro (Fito Agricola), Capsicum 

annuum (pepper) variety Murano (Fito Agricola) and Triticum aestivum (wheat) cultivar Chinese 

Spring (DSP Ltd.). 

 

3.1.1.1. Plant growth conditions 

For in vitro assays, Arabidopsis seeds were surface-sterilized in a laminar flow cabinet with 1:1 

ethanol-bleach for 5 minutes, 80% (v/v) ethanol for 5 minutes, 100% ethanol for 5 minutes and dried 

over sterile filter paper. Sterile seeds were stratified in the dark at 4 ºC for 72 hours and grown in 24-

well plates (10 seeds/well) in 2 ml of 0.5X Murashige and Skoog (MS) basal salt medium (Duchefa, 

Holland) (Murashige and Skoog, 1962) supplemented with 0.25% (w/v) sucrose and 1 mM MES (pH 
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5.7). Plates were placed in phytochambers under 16 hours light/8 hours dark photoperiod. Seedlings 

of Arabidopsis Col-0AEQ for Ca2+ influxes analysis were grown for 8 days and the different genotypes 

for MAPK phosphorylation analysis and gene expression experiments for 12 days. In all cases, MS 

liquid medium was refreshed 2 days before the experiment.  

Arabidopsis plants for ROS production and pathogen-related assays were grown on sterile soil-

vermiculite (3:1) under short day conditions (10 hours of light/14 hours of dark) at 20-21 ºC, light 

intensity of 120 µE/m2s and 65% of relative humidity (RH) after 48 hours of seed stratification at 4 

ºC in the dark. For pathogen assays, RH was set at 75% after inoculation. Crops for ROS experiments 

were grown in soil-vermiculite (3:1) at 19-21 ºC under 12 hours light for 6 weeks (soybean), 4 weeks 

(tomato and canola) or 3 weeks (maize). 

Tomato and pepper plants used for pathogen assays were grown in soil-vermiculite (3:1) in a 

greenhouse at 18-22 ºC. One day before inoculation, RH was set to 75-80%.  

Wheat plants were grown in peat substrate for 17 days in a greenhouse at 15-17 °C under 16 hours 

of light at 60% RH. 

 

3.1.2. Microorganisms 

For preparing Hyaloperonospora arabidopsidis Noco2 inoculum, 7-day-old Arabidopsis plants 

were infected with conidiospores obtained from frozen Arabidopsis infected leaves and grown as 

described (see above 3.1.1.1) for 7 days before inoculum preparation (Escudero et al., 2017). 

Pseudomonas syringae pv. tomato DC3000 was refreshed from frozen glycerol stock on King 

Agar B (KB) medium containing 25 µg/ml Rifampicin and grown at 28 ºC in dark for 36 hours before 

inoculum preparation (Téllez et al., 2020). 

Sclerotinia sclerotiorum was refreshed from mycelia stock on solid potato dextrose agar (PDA) at 

24 ºC for 7 days in the dark. For preparing the inoculum, two agar discs (1 cm2) were transferred to 

150 ml of potato dextrose broth PDB and grown at 24 ºC, shaking at 75 rpm for 7 days before the 

experiment (Chen and Wang, 2005). 

Botrytis cinerea was refreshed from mycelia stock in PDA for 7 days at 24 ºC in dark conditions. 

Two agar discs (1 cm2) were transferred to fresh PDA for 4 days at the same conditions, and then, 

again two agar discs were transferred to new PDA plates and grown at 24 ºC for 15 days under 

ultraviolet (UV) light to trigger sporulation (van der Vlugt-Bergmans et al., 1997).  

Zymoseptoria tritici 3D7 was refreshed from frozen conidiospores stock on solid yeast peptone 

dextrose (YPD) medium at 25 ºC in the dark 4 days before the conidiospores inoculum preparation 

(Schuster et al., 2020). 
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3.2.  Equisetum arvense cell wall preparation and fractionation 

3.2.1. Cell wall isolation 

Equisetum arvense raw material used in this research were kindly provided by Biosearch Life 

(#COPMCOLO001) as dry powdered aerial part of the plant. 

E. arvense dry material was milled using a 160 W coffee grinder. With the purpose of removing 

pigments and other cell materials, 25 ml of MeOH/CHCl3 solution were added per gram of dry 

material and incubated in an orbital shaker for 2 hours at 4 ºC. The solvent was removed by filtration 

through GF/A glass microfiber filters (Whatman, Merck) using a vacuum pump. The incubation in 

MeOH/CHCl3 was repeated overnight and them twice for 3 hours until the solvent did not turn green. 

The resulting pellet was then washed with acetone, filtered and dried. 

The obtained pellets from MeOH/CHCl3 washings were incubated in dH2O (35 ml/g) at 90 ºC for 

1 hour, then cooled down to room temperature and stirred overnight. Water extractions were filtered 

as indicated above. The resulting pellets were incubated in 70% (v/v) EtOH (35 ml/g) at 90 ºC for 1 

hour, cooled and filtered as described above. The resulting pellets were dried after acetone washings 

and considered as Alcohol Insoluble Residues (AIR) (Bacete et al., 2017). 

In order to remove the starch from AIR, 100 mg/ml of material were enzymatically-digested with 

2.5 U/ml α-amylase obtained from porcine pancreas (Sigma type VI-A) in 0.01 M phosphate buffer 

(pH 7.0) for 24 hours at 37 ºC. The filtered and dried final residues were considered as isolated cell 

walls (Rebaque et al., 2017). 

 

3.2.2. Cell wall fractionation 

3.2.2.1. Alkali extraction 

Isolated cell walls were incubated overnight at room temperature in 4% (w/v) KOH solution 

containing 20 mM NaBH4, then centrifuged 10 minutes at 4,400 g and the supernatants were 

collected. This process was carried out twice and the extractions were pulled together. The 

supernatants were then dialyzed using 1 kDa molecular weight cut-off (MWCO) tubing bags 

(Spectra/Por), freeze-dried and the resulting materials were considered as KI fractions. Non-soluble 

pellets from 4% (w/v) KOH extractions were then incubated overnight at room temperature in 36% 

(w/v) KOH containing 20 mM NaBH4, then centrifuged for 10 minutes at 4,400 g and the supernatants 

were collected, dialyzed (1 kDa MWCO) and the resulting freeze-dried materials were considered as 

KII fractions (Bacete et al., 2017). 

3.2.2.2. Subcritical water extraction 

Subcritical water extractions (SWE) were performed using an accelerated solvent extractor Dionex 

ASE 350 (Thermo Fisher Scientific Inc). Three grams of isolated cell walls were mixed with one 

gram of Dionex ASE Prep DE Diatomaceous Earth (Thermo Fisher Scientific Inc) and placed 

between ASE Extraction Cellulose Filters (Thermo Fisher Scientific Inc) into an extraction capsule 
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(Rudjito et al., 2019). Cell wall residues were sequentially extracted under static mode using distilled 

water at isothermal conditions (Si) at 160°C for 10, 30, and 60 minutes. The extractions (Si160:10, 

Si160:20 and Si160:30 respectively) were recovered and freeze-dried. A parallel sequential extraction 

was carried out under static mode using a ramp of temperature (Sr) with distilled water at 100 ºC for 

30 minutes, 120 ºC for 30 minutes and 160 ºC for 30 minutes. The extractions were freeze-dried and 

named as Sr100:30, Sr120:30 and Sr160:30, respectively. 

 

3.3.  Enzymatic digestions 

3.3.1. Lichenase 

Lichenase (EC 3.2.1.73; endo-1,3/1,4-β-D-glucanase from Bacillus subtillis; E-LICHN; 

Megazyme) was used to hydrolyse MLG polymers into MLG oligosaccharides following a specific 

pattern: β-1,4-linked glucans with a β-1,3-linked glucose towards the reducing end (Figure 3.1). 

Polysaccharides (5 mg/ml) were incubated with 1.4 U/ml of lichenase in distilled water for 72 hours 

at 60 ºC. The enzymatic reactions were stopped by freezing the samples and thereafter the digestion 

products were freeze-dried. 

 

 

 

Figure 3.1. Schematic view of possible targets of enzymatic activity over β-1,3/1,4-glucans.  Lichenase 

(blue arrows) and cellulase (red arrows) hydrolysis sites and examples of possible released oligosaccharides. 
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3.3.1. Cellulase 

Cellulase (EC 3.2.1.4; endo-1,4-β-D-glucanase from Aspergillus niger; E-CELAN; Megazyme) 

was used to randomly hydrolyse β-1,4 linkages from polymeric MLGs (Figure 3.1). For cellulase 

digestions, mixtures of 5 mg/ml of substrate and 2.5 U/ml of cellulase in distilled water were stirred 

for 48 hours at 45 ºC. The enzymatic reactions were stopped by freezing the samples and thereafter, 

the digestion products were freeze-dried. 

 

3.3.1. Proteinase-K 

For proteinase K (EC 3.4.21.64) digestions, samples (1 mg/ml) were treated with 1 U/ml of 

Proteinase-K (Omega Bio-tek) overnight at 37 ºC. Afterwards, reactions were stopped by heating for 

20 minutes at 100 ºC. 

 

3.4.  Oligosaccharides purification 

 

3.4.1.  Size exclusion chromatography 

Lichenase digestion products (5 mg) were size-fractionated by size exclusion chromatography 

(SEC) in a 140 ml (16 x 445 mm) Sephadex Biogel P2 Extrafine column (BioRad). Degasified 

distilled water was used as mobile phase with a flow of 0.24 ml/min produced by a Biologic-LP 

instrument (Bio-Rad). Elutions of 1.1 ml were collected and carbohydrate content was measured for 

each one by phenol-sulphuric acid method as described above (see 3.5.1). 

 

3.4.2. Thin layer chromatography 

For thin layer chromatography (TLC), 5 µg of samples (e.g., dry SEC elutions or commercial 

oligosaccharides) were spotted on silica gel 60 TLC plates (Merck) and eluted twice with 1-

propanol/ethylacetate/water (45:35:20 by volume) solution. Oligosaccharide spots were revealed by 

dipping the TLC plates in a solution of 0.5% (w/v) thymol and 5% (v/v) H2SO4 in 96% (v/v) ethanol 

and heated at 80 ºC for 5-8 minutes (Fry et al., 2008). 

 

3.4.1. High pressure anion exchange chromatography 

Lichenase digestion products were analysed by high pressure anion exchange chromatography 

(HPAEC) using a CarboPac PA-200 anion exchange column (4.6 x 250 mm; Dionex) mounted on a 

Dionex ICS 3000 HPAEC system (Thermo Fisher Scientific Inc) equipped with a pulsed 

amperometric detector (PAD). Oligosaccharides were eluted at 0.5 ml min-1 using a linear saline 
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gradient of 30 mM NaOH to 30 mM NaOH/300 mM sodium acetate over 16 minutes and equilibration 

at the initial conditions for 5 minutes. 

 

3.5.  Carbohydrate analysis 

 

3.5.1. Total carbohydrate quantification 

Total sugar amount was determined by the colorimetric method described by Dubois et al. (1956), 

known as phenol-sulphuric acid method. Briefly, 200 µl of sample at 0.1 mg/ml were mixed with an 

equivalent volume of 5% phenol (w/v) in glass tubes. Then, one ml of concentrated sulphuric acid 

(Merck) was added directly over the previous mixture and mixed vigorously with a vortex. Once the 

samples were cooled down, 200 µl of each of them were transferred to a 96-well plate and the 

absorbance measured at 490 nm using a spectrophotometer. Total sugar concentration was calculated 

by the use of a calibration curve of glucose (0-100 µg/ml). 

 

3.5.2. Monosaccharide analysis 

For monosaccharide analysis, dried purified cell wall fractions (0.5 mg) were hydrolysed in the 

presence of 2 M trifluoroacetic acid (TFA) at 121 ºC for 3 hours. Myo-inositol was used as an internal 

standard. The resulting monosaccharides were analysed by HPAEC-PAD (Dionex ICS 3000 system) 

on a CarboPac PA1 anion exchange column (2 x 250 mm; Dionex). Monosaccharides were eluted at 

1 ml/min using a linear saline gradient of 100 mM NaOH to 100 mM NaOH/300 mM sodium acetate 

over 20 minutes (Ruthes et al., 2017).  

 

3.5.3. Mass spectrometry 

For mass spectrometry-time of flight (MS-TOF) analysis, 5 µl of 5 mg/ml sample in 0.1% (v/v) 

formic acid and 50% (v/v) acetonitrile were injected in a SYNAPT HDMS (Waters) instrument with 

a capillary voltage of 2.2 KV and a cone voltage of 30-60 V. 

 

3.5.4. β-1,3/1,4-glucans quantification 

H. arabidopsidis is an obligate biotrophic pathogen of Arabidopsis that cannot be grown out of its 

host (Cabral et al., 2011). This fact makes it impossible grow the oomycete as pure cultures without 

the host. For this reason, H. arabidopsidis cell walls were analysed both in conidiospores and H. 

arabidopsidis-inoculated Arabidopsis plants. 
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H. arabidopsidis conidia were obtained by washing with distilled water 17-day-old infected 

Arabidopsis plants (500 plants approx.) 7 days after the infection by foliar spray with a suspension of 

4·104 conidia/ml. Conidia suspension were centrifuged 10 minutes at 5,000 g. Supernatant and green 

upper layer of the pellets were discarded. Conidia pellets were homogenized with a FastPrep Bead 

Beating System (MP Biomedicals) for 45 seconds at 6.6 m/s and then extracted with 80% (v/v) 

ethanol shaking for 1 hour, centrifuged 10 minutes at 5,000 g and washed again with 80% (v/v) 

ethanol overnight and 1 hour. Dry pellets after acetone washes were considered as H. arabidopsidis 

AIR (Pettolino et al., 2009).  

Arabidopsis-infected and non-infected frozen tissues were homogenised in a mortar and washed 

for 1 hour, overnight and 1 hour with Methanol:Chloroform 1:1 (v/v) and acetone and centrifuged 10 

minutes at 5,000 g. Dry pellets were washed with 80% (v/v) ethanol overnight and 1 hour, centrifuged 

and the resulting pellets were dried and considered as Arabidopsis AIR. β-1,3/1,4-glucans were 

quantified in 10 mg of AIR of the different materials using a commercial β-Glucan Assay Kit (Mixed 

Linkage) (Megazyme) based on the quantification of D-glucose generated after sequential treatment 

with lichenase and β-glucosidase. 

 

3.6.  Carbohydrates and other elicitors used in the experiments.  

Three sources of MLG polysaccharides were used in this Thesis: a hemicellulose-enriched fraction 

isolated from E. arvense cell wall by 4% (w/v) KOH extraction (E-KOH), a commercial preparation 

of β-1,3/1,4-glucans obtained from the endosperm of Hordeum vulgare (barley; B-GLU; Megazyme) 

and a commercial purification of lichenan (β-1,3/1,4-glucans) from Cetraria islandica (C-LICH; 

Elicityl). In order to obtain homogeneous polysaccharide suspensions, samples were heated at 100 ºC 

for 10 minutes and stirred until turbidity disappeared and then they were cooled down before using 

in the experiments. 

Pure MLG oligosaccharides as well as β-1,3-glucans and β-1,4-glucans and the β-1,4-N-

acetylglucosamine hexasaccharide hexaacetyl-chitohexaose (chitohexaose) were obtained from 

different commercial sources showed in Table 3.2.  

Some MLGs (MLG43L and MLG4443L) were also obtained by SEC purification from lichenase 

digestion of C-LICH.  

Chemically synthesized MLGs were provided by Dr. Pfrengle’s group (Max Planck Institute of 

Colloids and Interfaces, Potsdam, Germany). As result of chemical synthesis these oligosaccharides 

possess an aminopentyl linker at their reducing end (Table 3.2). 

In addition, the flagellin-derived peptide flg22 (EZBiolab) was used as positive control in different 

assays. 
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Table 3.2. Oligosaccharides used in this Thesis. 

Acronym Name Source 

β-1,3/1,4-D-glucans (Mixed linkage glucans; MLGs) 

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

Cambridge Glycoscience 

MLG43L  
Purified from lichenase (Megazyme) 

digestion of lichenane (Elicityl) 

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

MLG443 β-D-Cellotriosyl-1,3-β-D-glucose 
Megazyme (O-BGTETB) 

Cambridge Glycoscience 

MLG434+344 
(80%) β-D-Cellobiosyl-1,3-β-D-cellobiose + (20%) β-D-

Glucosyl-1,3-β-D-cellotriose 
Megazyme (O-BGTETC) 

MLG4443 β-D-Cellotetraosyl-1,3-β-D-glucose Cambridge Glycoscience 

MLG4443L  
Purified from lichenase (Megazyme) 

digestion of Lichenane (Elicityl) 

MLG34’ β-D-Glucosyl-1,3-β-D-cellobiose (linker) 

Max Planck Institute of Colloids and 

Interfaces 

(Chemically synthesized MLGs) 

 

MLG434’ β-D-Cellobiosyl-1,3-β-D-cellobiose (linker) 

MLG34443’ 
β-D-Glucosyl-1,3-β-D-cellotetraosyl-1,3-β-D-glucose 

(linker) 

MLG43344’ 
β-D-Cellobiosyl-1,3-β-D-glucosyl-1,3-β-D-cellotriose 

(linker)  

MLG44434’ β-D-Cellotetraosyl-1,3-β-D-cellobiose (linker) 

MLG44343’ 
β-D-Cellotriosyl-1,3-β-D-cellobiosyl-1,3-β-D-glucose 

(linker) 

MLG4343443’ 
β-D-Cellobiosyl-1,3-β-D-cellobiosyl-1,3-β-D-cellotriosyl-

1,3-β-D-glucose (linker) 

β-1,3-D-glucans (Laminarioligosacharides; Lam) 

Lam2 Laminaribiose Megazyme (O-LAM2) 

Lam3 Laminaritriose Megazyme (O-LAM3) 

Lam4 Laminaritetraose Megazyme (O-LAM4) 

Lam5 Laminaripentaose Megazyme (O-LAM5) 

Lam6 Laminarihexaose Megazyme (O-LAM6) 

β-1,4-D-glucans (Cellooligosaccharides; Cello) 

Cello2 Cellobiose Sigma (C7252) 

Cello3 Cellotriose Megazyme (O-CTR-50MG) 

Other  

Chitohexaose Hexaacetyl-Chitohexaose Megazyme (O-CHI6) 
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3.7.  Calcium influxes assays 

Arabidopsis 8-day-old liquid-grown transgenic seedlings of ecotype Col-0 carrying the calcium 

reporter aequorin (Col-0AEQ; Knight et al., 1991) were used for cytoplasmic calcium (Ca2+
cyt) 

measurements using the method previously described by Bacete et al. (2017; Figure 3.2). Seedlings 

were placed in a 96-well white plate containing 100 µl of 10 µM coelenterazine ((2-(p-

hydroxybenzyl)-6-(p-hydroxyphenyl)-8-benzyl-imidazol[1,2-a]pyrazin-3-(7H)-one; PJK GmbH) 

and let rest overnight at room temperature in the dark. For Ca2+ influxes analysis after the treatment 

with potential ligands, seedlings were treated with 100 µl of a 2X solution immediately before 

luminescence measurements. Adequate positive and negative controls were carefully selected and 

included in all experiments. Aequorin-based luminescence produced after treatments was recorded 

for 20 minutes (300 ms of integration time) with a Varioskan Lux Reader (Thermo Scientific).  

 

 

Figure 3.2.  Scheme of bioluminescence system based on Ca2+ reaction with Apoaequorin-Coelenterazine 

complex. Aequorin is a Ca2+-binding photoprotein composed of an apoprotein (apoaequorin) and a prosthetic 

group coelenterazine (luciferin molecule). Transgenic plants constitutively express the apoaequorin which, in 

presence of molecular oxygen, spontaneously forms the functional holoprotein (aequorin) with the exogenously 

added coelenterazine. When cytoplasmic calcium rises, three calcium ions occupy three EF-hand calcium binding 

sites, producing a conformational change in aequorin that behaves as an oxygenase converting coelenteracine into 

an excited coelenteramine which upon transition to ground state emits blue light at a wavelength of 490 nm. 

 

For dose-response analyses, dimers and trimers of MLGs, β-1,3-D-glucans and β-1,4-D-glucans 

were analysed in an upward concentration range from dilutions unable to trigger Ca2+ influxes to 

signal saturation. Seedlings were treated with 50 µl of a 3X solution before luminescence 

measurements. Total relative luminescence units (RLU) were obtained by calculating the integral 

under the kinetic curve in each case. The estimated effective doses (EED) were calculated using total 

RLUs and an “R” script based on the package drc v2.6-10 and high-quality plots were constructed 

using the extension package ggplot2 as described by Ritz et al., (2015). 

For cross-elicitation analysis, seedlings contained in 100 µl of the above-described coelenterazine 

solution were treated with 50 µl of a 3X solution of the first ligand. Then, after 10 minutes of 

Varioskan luminescence reading, 50 µl of a 4X solution of the second elicitor were added and the 

luminescence was measured for 10 additional minutes (Figure 3.3). 

 

 

 



Novel cell wall-derived oligosaccharides trigger immune responses and disease resistance in plants 

68 
 

 

Figure 3.3. Cross-elicitation assays procedure scheme.   Using Arabidopsis Col-0 carrying the calcium reporter 

aequorin (Col-0AEQ), the ligand A was first added to seedlings and luminescence emitted is measured for 10 minutes. 

Next, second ligand was added and luminescence measured for 10 additional minutes. 

 

For the analysis of pH effects on Ca2+ influxes triggered by MLGs, samples were acidified with a 

precise concentration of formic acid. Total accumulated luminescence (Total RLU) was obtained by 

calculating the integral under the kinetic curve using the SkanIt™ 4.0 Software (Thermo Scientific). 

 

3.8.  ROS burst assays 

H2O2 production upon elicitation was monitored by using the luminol-peroxidase method 

(Bisceglia et al.,2015; Figure 3.4). Four mm diameter leaf discs were carefully obtained from 5-week-

old Arabidopsis plants using a cork borer, placed in white 96-well plates (Sigma) with 150 µl of 

distilled water and incubated overnight at room temperature. The day after, distilled water 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). Luminescence was measured as RLUs after treatments 

using a Varioskan LUX reader, reading every 42 seconds (300 ms of integration time). Total RLUs 

were obtained by calculating by the integral under the kinetic curves using the SkanIt™ 4.0 Software. 

For ROS burst assays in other plants, a similar procedure to that described in case of Arabidopsis 

was followed using 3-week-old maize plants, 4-week-old tomato plants, 4-week-old canola plants 

and 6-week-old soybean plants grown as specified above (section 3.7). 

 

 

 

 

 

 

Figure 3.4. Chemiluminescence reaction 

between luminol and hydrogen peroxide (H2O2) 

catalysed by horseradish peroxidase (HRP).   

In the presence of H2O2, HRP oxidizes Luminol 

that is converted in excited aminophtalate which, 

upon transition to ground state, emits light at a 

wavelength of 490 nm. 
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3.9.  MAPK phosphorylation analysis 

Twelve-day-old Arabidopsis seedlings, grown as described in section 3.7, were treated with 

different oligosaccharides and distilled water (mock) for 0, 5, 10 and 20 minutes, and fast-frozen with 

liquid nitrogen. Seedlings were homogenized using a FastPrep Bead Beating System (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 phenylmethylsulfonyl fluoride, and phosphatase inhibitor cocktail 

#P9599 (Sigma)). Total protein extracts were quantified by the Bradford assay (Bio-Rad). Proteins 

(40 µg) were separated using 10% Mini-PROTEAN TGX Precast protein gels and transferred to 

nitrocellulose membranes using the iBlot Gel Transfer system (Invitrogen). Membranes were blocked 

with Protein-Free Blocking Buffer (TBS; Thermo Scientific) for 2 hours at room temperature. 

Thereafter, membranes were incubated overnight at 4 ºC in TBS containing Phospho-p44/42 MAPK 

(Erk1/2) (Thr202/Tyr204) antibody (Cell Signalling Technology; 1:1000) or Anti-AtMPK3 (1:2500) 

and Anti-AtMPK6 (1:10000) antibodies (Sigma-Aldrich). Membranes were then washed with TBS 

containing 0.1% (w/v) Tween-20 and incubated with horseradish peroxidase-conjugated anti-rabbit 

antibody (GE-Healthcare) (1:5000) in TBS. Blots were finally developed using the ECL Western 

Blotting Substrate (Thermo Scientific; Pierce) and imaged using an iBright FL1000 Image System 

(ThermoFisher Scientific). Membranes were also stained with Ponceau-S Red (Sigma Aldrich). 

 

3.10. Gene expression analysis 

3.10.1. RNA extraction and cDNA synthesis 

Arabidopsis seedlings, tomato and wheat plants grown as described in section 3.7, were treated 

with different oligosaccharides or water (mock) solutions for 0 and 30 minutes and collected in liquid 

nitrogen.  

For RT-qPCR, RNA was extracted from frozen samples as described by Jordá et al. (2016). Total 

RNA was quantified by a NanoDrop ND-1000 spectrophotometer (Nanodrop Technologies Inc.) and 

quality was checked by running samples in 1.5% (w/v) agarose gels. In order to remove possible 

DNA contaminations, samples were treated with DNAse (TURBO DNA-freeTM Kit, Invitrogen, 

ThermoFisher). Then, cDNA was synthetized using Transcriptor First Strand cDNA Synthesis Kit 

(Roche Applied Science) following to the manufacturer’s protocol. For RNA-seq analyses, RNA was 

purified using the RNeasy Plant Mini Kit (Qiagen) according to the manufacturer’s protocol.  

 

3.10.2. Real-time quantitative PCR  

qRT-PCR analyses were performed as previously reported (Delgado-Cerezo et al. 2012). UBC21 

(At5g25760) expression was used to normalize the transcript level in each reaction in the case of 

Arabidopsis, SlUBQ (LOC543683) in the case of S. lycopersicum and CDC48 

(TraesCS4A02G035500) in the case of T. aestivum. Oligonucleotides used are detailed on Table 3.33.  



Novel cell wall-derived oligosaccharides trigger immune responses and disease resistance in plants 

70 
 

 

 

3.10.3. Transcriptomic analysis 

RNA-seq analyses were performed by sequencing and analysing three biological replicates for 

each treatment as previously described (Mélida et al., 2020a). RNA-seq read data can be retrieved 

from the NCBI Sequence Read Archive (SRA) under BioProject accession ID PRJNA625401 

(BioSample accession SAMN15682114). Significant (p < 0.05) enrichments were determined using 

the hypergeometric test with Bonferroni step down correction. To determine differentially expressed 

Table 3.3. Oligonucleotides used in this Thesis 

Arabidopsis thaliana 

Gene Locus Forward oligonucleotide Reverse oligonucleotide 

UBQ21  AT5G25760  GCTCTTATCAAAGGACCTTCGG  CGAACTTGAGGAGGTTGCAAAG  

CYP81F2  AT5G57220  TATTGTCCGCATGGTCACAGG CCACTGTTGTCATTGATGTCCG  

WRKY53  AT4G23810  CACCAGAGTCAAACCAGCCATTA CTTTACCATCATCAAGCCCATCGG 

FRK1 AT2G19190 ATCTTCGCTTGGAGCTTCTC TGCAGCGCAAGGACTAGAG 

PHI1 AT1G35140 TTGGTTTAGACGGGATGGTG ACTCCAGTACAAGCCGATCC 

NHL10 AT2G35980 TTCCTGTCCGTAACCCAAAC CCCTCGTAGTAGGCATGAGC 

PROPEP1 AT5G64900 CCTCGACCAAACCCTCAGAG CCTCCTTCGGCTGTTTCGAA 

NUDT7 AT4G12720 TGCTGGTGCTTTGGTCATCA CAGTAGGCAGCTTCCACACA 

FH4 AT1G24150 GGCGGAGGAGAAACAGAGTC ACCCTTCACGAGCTAAAGCC 

Table 3.3. (continuation) Oligonucleotides used in this Thesis 

Solanum lycopersicum 

Gene Locus Forward oligonucleotide Reverse oligonucleotide 

SlUBQ LOC543683 TGCTTCAGCTTTGATGACTGGA AATAACAGGAACCAGCAGCGG 

SlPTI5 LOC544042 ATTCGCGATTCGGCTAGACATGGT AGTAGTGCCTTAGCACCTCGCATT 

SlWRKY53  LOC101258576 CAACATCGCCAGAGAAACAAG GGGTCATTCTCGTCCAAGTC 

Triticum aestivum 

Gene Locus Forward oligonucleotide Reverse oligonucleotide 

TaCDC48 TraesCS4A02G035500 GTCCTCCTGGCTGTGGTAAAAC AGCAGCTCAGGTCCCTTGATAC 

TaGTFS TraesCSU02G009000 TTCATCACCGAGAGGCTAATCAC ATTACCCTGGTCCTCATCACC 

TaDP TraesCS5B02G390900 AGTACAAGATCCATCTCCGCCA GTACGACACATGCACATACCCT 

TaI13 TraesCS5B02G281000 ATGAGCTCCTCAGAGAAGGTG GGGATTGTGTTCCATGGTGAC 

TaF/R TraesCS5D02G049200 AATCATCAACATGGCGTCCC CAGGGTGGTTAGGGTCTGT 

TaLR TraesCS3D02G473200 ATCCTCTACTCGCAAAGGCAG AAGGTTCACCATTCGTCCCAG 

TaCH2 TraesCS2D02G349400 AACTACTGCGACACGAATTACCC TTGGTCATCCAGAACCAGAACG 
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genes, t-tests were performed for the treatments against Mock values. N-fold ≥ 2 was used to prove 

up-regulation and an n-fold ≤ 0.5 was applied to select down-regulated genes. ClueGO 2.5.6 app for 

Cytoscape was used to determine which Gene Ontology (GO) categories were statistically 

overrepresented in the differentially expressed set of genes. Enrichment p-value was determined by 

Enrichment/Depletion (Two-sided hypergeometric) test and corrected by Bonferroni step down 

method. GO terms at hierarchy level 3 with a p-value < 0.01 were grouped in a minimum of 15 genes 

per group and connected by a κ score level ≥ 0.4. 

 

3.11. Molecular dynamics simulations 

Geometries for MLG43-PRRs complexes were firstly obtained with docking calculations 

(AutoDock Vina) using the crystal structures of AtCERK1-ECD (PDB code: 4ebz), AtBAK1-ECD 

(PDB code: 4mn8.B), AtSOBIR1-ECD (PDB code: 6rih). MLG43 ligand was built and optimized in 

vacuum with Chimera. Cubic spatial grids of 27 Å side centered PRR binding site were used for pose 

search in Vina calculations. In all cases, three docking conformations were selected as the three 

replicates for each complex. Each AtPRR-ECD-MLG43 or MLG43-MLG43 docking complex was 

then immersed in a solvation box with 12 Å padding in the three dimensions using TIP3P water model 

and neutralizing the system by adding Na+ and Cl- ions setting salt concentration to 0.15 M with VMD 

1.9.3 (del Hierro et al., 2021). Geometries of the molecular systems thus constructed were optimized 

at 5,000 steps of conjugate gradient algorithm with NAMD 2.13v (Phillips et al., 2005) in molecular 

mechanics calculations using the CHARMM force field. Energy terms contributing to protein-ligand 

interactions were computed using molecular dynamics following a previously established method 

(del Hierro et al., 2021). 

 

3.12. Pathosystems 

 

3.12.1. Arabidopsis thaliana - Hyaloperonospora arabidopsidis 

The model pathosystem A. thaliana-H. arabidopsidis was used to analyse the capacity of MLGs 

to increase the resistance of plants against a biotrophic oomycete pathogen. Arabidopsis plants were 

grown in soil-vermiculite (3:1) under short day conditions (10 hours of light/14 hours of dark) at 21-

20 ºC and 75% RH. Two-week-old Arabidopsis plants were treated by foliar spray using 0.1 ml of 

MLG43 solution in water (0.1 mg/ml or 0.5 mg/ml). Two-days after treatment, plants were spray-

inoculated with 0.1 ml of conidia suspension (4·104 conidia/ml) of H. arabidopsidis isolate Noco2. 

Presence of H. arabidopsidis in plants was quantified at 7 dpi as the abundance of conidia in leaves, 

counted using a Neubauer chamber, and relativized to plant fresh weight. 
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3.12.2. Solanum lycopersicum - Pseudomonas syringae DC3000 

S. lycopersicum-P. syringae pathosystem was used to study the capacity of MLGs to enhance the 

resistance in plants against a bacterial pathogen. Three-week-old tomato plants (S. lycopersicum, 

Monymaker) were sprayed with 2 ml of a 0.125 mg/ml MLG43 solution (0.25 mg/plant) containing 

2.5% (w/v) UEP-100 (Croda) and 2.5% (w/v) Tween 24 MBAL (Croda) as adjuvants. Adjuvant 

solution was used as mock. P. syringae pv. tomato DC3000 infections were performed 48 hours after 

pre-treatments according mainly to Santamaría-Hernando et al., 2019. Briefly, plants were sprayed 

with a suspension of the bacterium (108 cfu/ml) with 0.002% (w/v) Silwet L77 and two tomato leaf 

discs were collected from 4 different plants at 0- and 11-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).  

 

3.12.3. Capsium annuum - Sclerotinia sclerotiorum  

C. annuum-S. sclerotiorum pathosystem was used to study the capacity of MLGs to enhance the 

resistance in plants against necrotrophic fungal pathogens. Five-week-old pepper plants (C. annuum) 

were treated using 5 ml of a 0.05 mg/ml MLG43 or B-GLU+L solution (0.25 mg/plant) containing 

0.5% (w/v) UEP-100 and 0.05% (w/v) Tween 24 MBAL as adjuvants. Adjuvant solution was used 

as mock. Two-days after treatment, plants were moved to a 75% RH greenhouse chamber and spray-

inoculated with 5 ml of a 250 cfu/ml suspension of S. sclerotiorum homogenized mycelia according 

to Chen and Wan (2005). Disease symptoms were determined at 5 and 9 dpi in all leaves of each plant 

(n = 24) using a scale from 0 to 5 where 0 = no symptoms; 1 = little necrotic spots (< 10% of leaf 

area); 2 = two or more notable necrotic spots (10 – 25% of leaf area); 3 = big necrotic area (25 – 50% 

of leaf area); 4 = more than 50% of leaf area affected; 5 = leaf senescence (Figure 3.5). 

 

3.12.4. Capsium annuum - Botrytis cinerea 

C. annuum-B. cinerea pathosystem was used to study the capacity of MLGs to enhance the 

resistance in plants against a necrotrophic fungal pathogen of high agronomic interest. Five-week-old 

pepper plants (C. annuum) were treated with 2 ml of a 0.125 mg/ml MLG43 solution (0.25 mg/plant) 

or B-GLU+L using a concentration range between 0.25 to 6.25 mg/plant for dose-response 

experiments. Two-days after treatment, plants were moved to a 75% RH greenhouse chamber and 

spray-inoculated with 3 ml of Gamborg’s B5 medium containing 106 B. cinerea conidia (Benito et 

al., 1998). Disease symptoms were determined at 5 and 9 dpi in all the leaves of each plant (n = 12) 

using a scale from 0 to 5 where 0 = no symptoms; 1 = little necrotic spots (< 10% of leaf area); 2 = 

two or more notable necrotic spots (10 – 25% of leaf area); 3 = big necrotic area (25 – 50% of leaf 

area); 4 = more than 50% of leaf area affected; 5 = leaf senescence (Figure 3.5). 
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Figure 3.5. Representative images of disease index scales used to evaluate pepper-Sclerotinia sclerotiorum (left) 

or pepper-Botrytis cinerea (right) pathosystems.  Disease index ranges from 0 to 5, where 0 = no symptoms; 1 = 

little necrotic spots (< 10% of leaf area); 2 = two or more notable necrotic spots (10 – 25% of leaf area); 3 = big necrotic 

area (25 – 50% of leaf area); 4 = more than 50% of leaf area affected and 5 = leaf senescence.  
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3.12.5. Tritisum aestivum - Zymoseptoria tritici 

T. aestivum-Z. tritici pathosystem was used to study the potential of MLGs to enhance resistance 

in Poaceae plants to pathogens. Seventeen-day-old wheat plants (T. aestivum L.) were treated with 1 

ml of MLG43 at 0.25 mg/ml or 0.75 mg/ml containing 0.5% (w/v) UEP-100 and 0.05% (w/v) Tween 

24 MBAL as adjuvants. Adjuvant solution was used as mock. Twenty-four hours later plants were 

spray-inoculated with 1 ml of a 5·106 spores/ml suspension of Z. tritici inoculum (Swiss strain 

ST99CH_3D7) in 0.1% (v/v) Tween-20 (Zhan et al., 2005). Trays were placed into sealing bags to 

keep humidity at 100% for 3 days. For symptom evaluation, second leaves were mounted on paper 

sheets, scanned with a flatbed scanner (CanoScan LiDE 400) and analysed using automated image 

analysis (Stewart et al., 2016). Data analysis and plotting were performed using RStudio v.1.0.143. 

Confidence intervals of the medians were determined using the ‘boot’ package and Kolmogorov–

Smirnov (KS) tests for statistical significance with the ‘matching’ package in RStudio. 

 

3.13. Informatic resources 

3.13.1. Literature search 

PubMed from the National Center for Biotechnology Information (NCBI; 

http://www.ncbi.nlm.nih.gov/). 

3.13.2. Arabidopsis mutants search 

The Nottingham Arabidopsis Stock Centre (NASC; http://arabidopsis.info/). 

3.13.3. Primer design 

Primer3Plus (https://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi)  

Basic Local Alignment Search Tool (BLAST; https://blast.ncbi.nlm.nih.gov/Blast.cgi). 

3.13.4. Gene sequences search 

The Arabidopsis Information Resource (TAIR) Gene Search (https://www.arabidopsis.org).   

Araport; Thale Mine (https://www.araport.org/). 

3.13.5. Gene ontology analysis 

TAIR Gene Ontology (https://www.arabidopsis.org). 

Cytoscape (Cline et al., 2007; http://www.cytoscape.org/), including ClueGO (Bindea et al., 2009). 

Thale Mine (Data mining on Arabidopsis thaliana Col‑0 for the ARAPORT project: 

https://www.araport.org). 

http://arabidopsis.info/
https://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://www.arabidopsis.org/servlets/Search?action=new_search&type=gene
https://www.araport.org/
https://www.arabidopsis.org/tools/bulk/go/
https://www.araport.org/
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3.13.6. In silico protein-ligand and docking analysis and visualization 

Chimera: Build Structure tool and Minimize Structure tool (Pettersen et al., 2004). 

AutoDock Vina (Trot and Olson, 2010).  

VMD 1.9.3: Add Solvation Box tool (Humphrey et al., 1996). 

CHARMM-GUI: PDB-Reader Tool (Jo et al., 2008; Lee et al., 2016). 

Swiss-Model (https://swissmodel.expasy.org/; Waterhouse et al., 2018).  

Phyre2 (http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index; Kelley et al., 2015) 

3.13.7. Statistical analysis and curve fitting 

R software (R Development Core Team, 2008; https://www.r-project.org/). 

3.13.8. Data collection and managing and figures packaging 

SkanIt™ Software 4.0 (ThermoFisher Scientific). 

NanoDrop® ND-1000 (ThermoFisher Scientific). 

LightCycler® 480 Software 1.5 (Roche Life Science). 

iBright Analysis Software (ThermoFisher Scientific). 

Microsoft Office 365: Word, Excel and PowerPoint. 

Adobe Photoshop 2020. 

Adobe Illustrator 2020. 

 

 

  

https://swissmodel.expasy.org/
http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index
https://www.r-project.org/
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4. Results 

4.1.  Mixed-linked glucans trigger immune responses and disease resistance in 

plants 

4.1.1. MLG oligosaccharides trigger calcium influxes in Arabidopsis 

Recent discoveries have demonstrated that non-branched β-1,3 and β-1,4 glucans trigger PTI 

responses in plants (Wawra et al., 2016; Souza et al., 2017; Claverie et al., 2018; Johnson et al., 2018; 

Mélida et al., 2018; Wanke et al., 2020; del Hierro et al., 2021). However, the capacity of linear 

glucans containing both types of β-1,3 and β-1,4 linkages (β-1,3/β-1,4-glcans) to trigger plant 

immunity responses remained undetermined. To resolve this question, we tested the ability of cell 

wall fractions enriched in MLGs to trigger immune responses in Arabidopsis seedlings. These cell 

wall fractions were obtained from different sources containing polymeric MLGs: β-1,3/1,4-glucans 

from barley (B-GLU), KOH cell wall fraction extracted from E. arvense cell wall (E-KOH) and 

lichenan (a mixture of β-1,3/1,4-glucans) from C. islandica (C-LICH). Aequorin-based Ca2+ sensor 

line of Arabidopsis (Col-0AEQ; Ranf et al., 2011) was used to monitor whether early cytoplasmic Ca2+ 

influxes occurred upon treatment of Arabidopsis seedlings with these polymeric MLG suspensions. 

None of these MLG polymeric suspensions induced Ca2+ influxes in comparison to the well-known 

MAMP chitin hexasaccharide [chitohexaose, β-1,4-D-(GlcNAc)6] (Figure 4.1a). The lack of activity 

of these polymeric MLG suspensions could be explained by the inability of long glycan polymers to 

reach and be recognized by plant PRRs located at plasma membranes. A similar lack of PTI effect 

has been observed with other polymers, like homogalacturonan, arabinoxylans and β-1,3-glucans, 

that contain oligomeric motifs in their structures (e.g., DP lower than 12) that are immune-active 

carbohydrates (Davidsson et al., 2017; Mélida et al., 2018; 2020; Souza et al., 2017). To generate 

MLG oligosaccharides with lower DP than that of polymeric fractions, enzymatic digestion of these 

polymeric MLG was performed with two hydrolases: i) lichenase (L; EC 3.2.1.73), a glucan 

endohydrolase that catalyses the hydrolysis of β-1,4 bonds immediately following β-1,3 bonds, but 

does not catalyse the hydrolysis of purely β-1,3- or β-1,4-linked glucans (Henrissat and Bairoch, 

1993; Planas, 2000); and ii) cellulase (C; EC 3.2.1.4), an endo-β-1,4-D-glucanase that cleaves β-1,4 

bonds within the inner cellooligosaccharide backbone of MLGs. Interestingly, both digestion 

products (MLG+L and MLG+C) activated plant Ca2+ influxes (Figure 4.1a,b), indicating that, in 

contrast to MLG polymers, enzymatic-released MLG oligosaccharides can trigger early immune 

responses in Arabidopsis.  

Oligosaccharides released after lichenase digestion included MLG43, MLG443, MLG4443 and 

other oligosaccharides of higher DP as revealed by thin layer chromatography (TLC) (Figure 4.1c), 

whereas cellulase digestion products consisted of a more randomized mixture, that contained short β-

1,4-glucan oligosaccharides (cellobiose and cellotriose) and MLGs (e.g., MLG344 and MLG434). 

Therefore, since lichenase treatment yielded an MLG-enriched mixture free of PTI-active 

cellooligosaccharides, we selected lichenase as a more suitable enzyme to generate MLG 

oligosaccharides in order to follow up and characterize their immune activity in plants. 

 



Novel cell wall-derived oligosaccharides trigger immune responses and disease resistance in plants 

80 
 

 

 
 

 
Figure 4.1. Oligosaccharides released after lichenase digestion of MLG polysaccharides trigger cytoplasmic 

calcium elevations.  Calcium influxes measured as relative luminescence units (RLU) over the time in 8-days old 

Arabidopsis Col-0AEQ seedlings after treatment with 0.25 mg/ml of (a) β-1,3/1,4-glucans of barley (β-glucan; B-

GLU), 4% KOH fraction of Equisetum arvense cell wall (E-KOH) and lichenan from Cetraria islandica (C-LICH) 

untreated or treated with lichenase (+L) or (b) cellulase (+C). 50 µM chitohexaose was used as positive control. 

Undigested materials (0.25 mg/ml), enzyme suspensions (L or C) and distilled water (mock) were used as negative 

controls. Data represent mean ± SD (n = 8) in all panels. (c) Thin layer chromatography analysis of 15 µg of 

lichenase and cellulase digestion products of B-GLU, E-KOH and C-LICH using 1-propanol/ethyl-acetate/water 

(9:7:4 by volume) as mobile phase. Right lanes indicate the migration of commercial laminarioligosaccharides 

(Lam), cellooligosaccharides (Cello) and MLG oligosacharides (MLG43 and MLG443) used as markers. 
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4.1.2. MLG43 is the main product of lichenase digestions 

Lichenase digestion products were initially analysed by size exclusion chromatography (SEC). 

Samples were separated through a high resolution sepharose column and carbohydrates content of 

the eluted fractions were quantified by phenol-sulphuric acid method as detailed in the methodology 

section (Figure 4.2; Dubois et al., 1956). Chromatograms of the lichenase digestion products obtained 

from B-GLU (B-GLU+L) displayed two main peaks, the highest one corresponding to a trisaccharide 

and the second to a tetrasaccharide (Figure 4.2a; Figure 4.3). The SEC profile of the digestion 

products of C-LICH (C-LICH+L) also contained two main peaks, one corresponded to a trisaccharide 

and the second to a DP>4 oligosaccharide (Figure 4.2b; Figure 4.3). In contrast, E-KOH (E-KOH+L) 

digestion products contained carbohydrates of high DP and produced the lowest yield of low DP 

carbohydrates as its elution profile showed only a weak intensity peak corresponding to a tetramer 

oligosaccharide (Figure 4.2c).  

 

 

SEC elutions of B-GLU+L and C-LICH+L were analysed by TLC (Figure 4.3). Three standard 

mixtures of commercial glucans (DP<7) were used: MLGs (MLG43 and MLG443), β-1,3-glucan-

oligosaccharides (laminarioligosaccharides of DP 2-6: Lam2-Lam6) and β-1,4-glucan-

oligosaccharides (cellooligosaccharides of DP 2 and 3: Cello2 and Cello3). The main peak shared by 

B-GLU+L and C-LICH+L coeluted with commercial trimer standard MLG43 (β-D-cellobiosyl-1,3-

 

Figure 4.2. Size exclusion chromatography 

elution profiles of lichenase digestion products 

(+L) from different β-1,3/1,4-glucans sources.  

 (a) Barley (β-glucan; B-GLU), (b) lichenan from 

Cetraria islandica (C-LICH) and (c) 4% KOH 

fraction of Equisetum arvense cell wall (E-

KOH). Data shown in all panels are representative 

chromatograms from one experiment of the at least 

ten performed that gave similar results. 
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β-D-glucose; Figure 4.3a), as can be also observed in high pressure anion exchange chromatography 

(HPAEC) analysis of B-GLU+L and C-LICH+L (Figure 4.3b,d,e). The second peak of B-GLU+L, 

identified as a tetramer, co-migrated with commercial MLG443 (β-D-cellotriosyl-1,3-β-D-glucose) 

which was detected only in trace amounts in C-LICH+L. From this data, and given the specific 

activity of lichenase, we concluded that this MLG trimer and tetramer were MLG43 and MLG443, 

respectively. Likewise, we deduced that the second peak of C-LICH+L was a MLG pentamer, most 

likely MLG4443. MLGs with higher DP did not migrate in the TLC or did not separate properly, so 

we classified them as MLGs of High DP (MLG-HDP).  

 

 

Figure 4.3. Purification of MLG oligosaccharides from lichenase (L)-digested polysaccharides.  (a, c) Size exclusion 

chromatography elution profiles of 5 mg of lichenase digestion products from different β-1,3/1,4-glucans sources. (a) 

Barley (β-glucan; B-GLU) and (c) lichenan from Cetraria islandica (C-LICH). Thin layer chromatography profiles of 

each of the fractions (5 µg) using 1-propanol/ethyl-acetate/water (9:7:4 by volume) as mobile phase are shown overlaid. 

Right lanes indicate the migration of commercial laminarioligosaccharides (Lam), cellooligosaccharides (Cello) and 

MLG oligosacharides (MLG43 and MLG443) used as markers. (b, d, e) High pressure anion exchange chromatography 

(HPAEC) profiles of 5 mg of lichenase (L)-digested polysaccharides and commercial MLG oligosaccharides. (b) B-

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

purified MLG43 from lichenan (MLG43L; pooled fractions 38 to 44 of the elution profile shown in panel (c). Data shown 

in all panels are representative chromatograms from one experiment of the at least ten performed that gave similar results. 
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To further confirm the composition of C-LICH+L and B-LICH+L lichenase digestion products, 

they were qualitatively analysed by time-of-flight mass spectrometry (TOF-MS). The results showed 

the presence of peaks corresponding to hexose oligosaccharides ranging from DP3 to DP6 (Figure 

4.4a,b).  

 

 

Figure 4.4. Mass spectrometry analysis of MLG oligosaccharides from lichenase (L)-digested polysaccharides. 

Time-of-flight mass spectrometry (TOF-MS) profiles of: (a) Lichenase digestion of lichenan from C. islandica (C-

LICH+L) and (b) barley β-glucan (B-GLU+L); (c) MLG43L and (d) MLG4443L isolated from by size exclusion 

chromatography from C-LICH+L; and commercial (e) MLG43 and (f) MLG443 obtained from barley. Relative intensity 

to maximum peak is represented.  
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SEC elutions corresponding to MLG43 peak (fractions #39-45) from C-LICH+L were pooled 

together, freeze-dried and considered as isolated MLG43 (MLG43L). Following the same strategy, 

elutions #28 to 31 were pooled in order to clarify the composition of the second main peak. Earlier 

elutions were pooled together as fractions MLG-HDPL. TOF-MS analysis of MLG43L showed a 

peak at 505 m/z (504+1; H+), that confirmed the composition of main SEC peak as a trimer (Figure 

4.4c), in addition to oligohexoses of different DPs. The MS profile of the second SEC peak showed 

one main peak at 829 m/z corresponding to a pentamer (828+1; H+) and, given the lichenase 

specificity, it was proposed to be MLG4443 (MLG4443L; Figure 4.4d). MLG-HDPL MS analysis 

showed a main peak at 991 m/z corresponding to a hexamer (990+1; H+) with presence of pentamer 

and heptamer (828 m/z and 1154 m/z respectively). Isolated MLG43L clearly co-eluted with the 

respective commercial pure MLG43 by HPAEC (Figure 4.3e) and no other carbohydrates were 

observed in HPAEC analysis, confirming the purity of MLG43L SEC elution. 

 

 

4.1.3. MLGs from different sources trigger immune response in Arabidopsis seedlings 

In order to confirm that lichenase-released oligosaccharides were plant immune-active structures, 

we screened the activity of MLG oligosaccharides (DP 3-8) from different sources in addition to those 

isolated from lichenase digestion products. The compounds tested included commercial MLG 

oligosaccharides obtained by purification of barley, Equisetum after enzymatic digestions, and 

chemically synthesized MLG oligosaccharides provided by Dr. Pfrengle’s group (Max Planck 

Institute of Colloids and Interfaces, Potsdam, Germany; Figure 4.5). Commercial MLG 

oligosaccharides with DP between 3 (minimal MLG length) and 5 were able to trigger Ca2+ influxes 

in Arabidopsis Col‑0AEQ seedlings (Figure 4.5a-b). Interestingly, MLG-HDPL mixture (DP>5) was 

also active in the calcium monitoring system (Figure 4.5c). Differences in signal intensity among 

similar structures from different natural sources were observed and may be assigned to differences in 

purity between the compounds obtained from commercial sources (higher than 95% according to 

manufacturers). In fact, some carbohydrate impurities were observed in TLC analyses (Figure 4.6). 

To further demonstrate the activity of MLGs, chemically synthesized MLG structures were tested 

in Col‑0AEQ seedlings (Figure 4.5). These analyses confirmed that MLG oligosaccharides of higher 

DP (6 and 8) were also active in triggering Ca2+ influxes, and identified several additional immune 

active MLGs (Figure 4.5d-f; e.g., MLG44343’, MLG44434’, MLG43344’, MLG4343443’). These 

synthetic MLG structures cannot be generated through lichenase digestions, that will necessarily 

result in MLGs with a unique β-1,3 linkage placed next to the reducing end (Figure 3.1), and can not 

release structures like MLG44434’ or MLG43344’ (Figure 4.5f). The lack of Ca2+ influx induction 

by chemically synthesized MLG oligosaccharides with DP 3 and 4 may be explained by the presence 

of an aminoalkyl linker at their reducing end (Figure 4.5f; Dallabernardina et al., 2017; Bartetzko and 

Pfrengle, 2019), which might interfere with PRR binding as has been described for reducing end 

alterations in OGs-WAK1 interaction (Cabrera et al., 2008). In fact, the presence of this aminoalkyl 

linker explained that these synthetic structures did not migrate in TLC (Figure 4.6). Based on these 

results, we identified the trisaccharide β-D-cellobiosyl-1,3-β-D-glucose (MLG43) as the minimal 

active MLG oligosaccharide (Figure 4.5a-c). 
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Figure 4.5. Mixed-linked glucan (MLG) oligosaccharides trigger cytoplasmic calcium elevations in Arabidopsis. 

 Calcium influxes were measured as relative luminescence units (RLU) over the time in 8-day-old Arabidopsis Col-0AEQ 

seedlings after treatment with (a) commercial MLGs (50 M) purified from barley (Megazyme), (b) commercial MLGs 

purified from Equisetum arvense (Cambridge Glycoscience), (c) MLGs purified from lichenase digesion of lichenan from 

Cetraria islandica or (d and e) synthetic MLGs. Non-active synthetic MLGs are shown separately (e) for better resolution. 

50 M chitohexaose was used as positive control and distilled water (mock) was used as negative control. (f) Structural 

scheme of the different MLG oligosaccharides used in the experiments. β-D-cellobiosyl-1,3-β-D-glucose (MLG43) 

structure is highlighted over the different structures. Data represent mean ± SD (n = 8) in all panels. These data are from 

one representative experiment of the at least three performed that gave similar results. 
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Figure 4.6. Thin layer chromatography analysis of different mixed-linked glucans (MLGs) structures from 

different sources.  Fifteen µg of commercial MLGs purified from barley (Megazyme) and from Equisetum 

arvense (Cambridge Glycoscience) and chemically synthetized MLGs were spotted and eluted using 1-

propanol/ethyl-acetate/water (9:7:4 by volume) as mobile phase. Right lanes indicate the migration of commercial 

laminarioligosaccharides (Lam), cellooligosaccharides (Cello) and MLG oligosacharides (MLG43 and MLG443) 

used as markers. 

 

4.1.4. MLG43 trisaccharide activate several PTI hallmarks in Arabidopsis through a 

novel sensing mechanism  

To further analyse MLG immune activity in plants, we first checked that the activity of commercial 

MLG43 was not associated to potential contaminations/traces triggering Ca2+ influxes. With this aim, 

we performed cross-elicitation assays with purified MLG43L and commercial MLG43 using the 

Arabidopsis Col‑0AEQ sensor system. These analyses were performed by subsequent application of 

two ligands in 10 minutes interval when Arabidopsis seedlings are in refractory period and are not 

able to respond again to the same stimulus or to activate the same signalling pathway (Felix et al., 

1993). These assays showed that MLG43L and commercial MLG43 had a refractory period of 

calcium influx (lack of signal after application of the second compound), indicating that both MLGs 

have equivalent activity (Figure 4.7). 
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Figure 4.7. Cross-elicitation during the refractory period of calcium signalling between commercial (MLG43) and 

purified MLG trisaccharide (MLG43L).  Data show the elevation of cytoplasmic calcium concentration, measured as 

relative luminescence units (RLU), over the time in 8-days old Arabidopsis Col-0AEQ seedlings after treatments with 50 

µM MLG43 or MLG43L. Distilled water (mock) was used as negative control. Arrow indicates the application time of 

the second elicitor within the refractory period of the first elicitation. Data represent mean ± SD (n = 4) of a representative 

experiment of the three independent experiments performed that gave similar results. 

 

We next determined dose-dependence and estimated effective dose (EED; 50% of total signal) of 

MLG43 in Arabidopsis seedlings, treating the plants with concentrations ranging between 200 nM to 

5 mM. All these concentrations activated a calcium burst to a different extent (Figure 4.8a) and an 

EED for MLG43 of 265 M was determined (Figure 4.8b). Based on these data a concentration of 

50 M MLG43 was selected as an adequate final concentration for further experiments. MLG43 dose-

dependence analyses were compared with all the possible combinations of β-1,4 and β-1,3-linked 

glucan dimers and trimers: cellobiose (Cello2), cellotriose (Cello3), laminaribiose (Lam2), 

laminaritriose (Lam3) and MLG34 (Figure 4.8c,d). Results showed that Cello3 was active at lower 

concentrations than the other oligosaccharides tested, but MLG43 was able to trigger more intense 

Ca2+ influxes at saturation concentrations (Figure 4.8c). Kinetics were similar between the two MLGs 

analysed (MLG43 and MLG34), but MLG34 produced less intense responses than MLG43 (Figure 

4.8c,d). Lam3 was active only at high concentrations and its intensity was the lowest among all the 

structures tested. 
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The higher activity of Cello3 (Figure 4.8) and MLG434+344 (Figure 4.5a) triggering Ca+2 burst 

in comparison to MLG43may explain why cellulase digestion products of MLG polymers, that 

contains these oligomers, showed a higher activity triggering Ca2+ influxes than lichenase digestion 

that contains MLG43, but not Cello3 and MLG434+344 (Figure 4.1). 

 
Figure 4.8. Dose Response analysis of MLG43 in 8-days old Arabidopsis Col-0AEQ seedlings. (a) Increase of 

cytoplasmic calcium concentration was measured as relative luminescence units (RLU) over the 5 initial minutes after 

elicitation with MLG43 at different concentrations. (b) Total response measured as total relative luminescence units 

(RLU) along 20 minutes after elicitation with MLG43 at different concentrations. Arrow indicates estimated effective 

dose (EED; 50% of total signal). (c) Total response measured as total RLU along 20 minutes after the treatment with 

different concentrations of different β-glucan trimers: MLG43 (β-D-cellobiosyl-1,3-β-D-glucose), MLG34 (β-D-glucosyl-

1,3-β-D-cellobiose), cellotriose (β-1,4-D-glucans) and laminaritriose (β-1,3-D-glucan). (d) Calcium influx measured as 

relative luminescence units (RLU) over the time in 8-days old Arabidopsis Col-0AEQ seedlings after treatment with 50 

µM of β-D-cellobiosyl-1,3-β-D-glucose (MLG43), β-D-glucosyl-1,3-β-D-cellobiose (MLG34), cellobiose (Cello2) and 

laminaribiose (Lam2). Data represent mean ± SD (n = 8). (e) Structural scheme of the different oligosaccharides used in 

the experiments. 
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Figure 4.9. Pattern-triggered immunity hallmarks activation by MLG43 (50 M) in Arabidopsis. (a) Reactive 

oxygen species (ROS) production in Arabidopsis leaf-discs of 5-weeks old Col-0 plants by Luminol reaction measured 

as relative luminescence units (RLU) over the time. Data represent mean ± SD (n = 8) from one experiment out of three 

performed that produced similar results. Chitohexaose (5 M (a and b) and 50 M for gene expression (c and d)) and 

distilled water (mock) were used as controls in this and rest of experiments. (b) Mitogen-activated protein kinases 

(MAPK) phosphorylation in 12-day-old seedlings determined by Western Blot using anti-pTEpY antibody for 

phosphorylated MAPK moieties at different time points (5, 10 and 20 minutes). Arrows indicate the position of 

phosphorylated MPK6 (top), MPK3 (middle) and MPK4/11 (bottom). Anti-MPK6 and Anti-MPK3 labeling show equal 

amount of protein. Ponceau red-stained membranes show equal loading. Data shown are from one experiment of the five 

performed that gave similar results. (c) Quantitative RT-PCR analysis in 12-day-old Arabidopsis seedlings. Relative 

expression levels to UBC21 (At5g25769) gene at 30 minutes normalized to their expression levels in mock-treated 

seedlings were shown. Data represent mean ± SD of three technical replicates from two biological replicates (n = 6) out 

of three independent biological replicates analysed that gave similar results. Statistically significant differences between 

MLG43 and chitohexaose according to Student’s t-test (* p < 0.05). In all cases, data are representative from one out of 

three independent experiments with similar results. 

 

MLG43 capability to activate immune response in plants was analysed by measuring additional 

PTI hallmarks in Arabidopsis plants within first 30 minutes after being treated with this trisaccharide. 

Previous reports using luminol-based assays to quantify reactive oxygen species (ROS) production 

in leaf discs treated with a β-1,3-glucan hexasaccharide (laminarihexaose) or a β-1,4-glucan 

disaccharide revealed an absence of ROS production, even after applying high concentrations (0.5-1 

mM) of these glucans (Souza et al., 2017; Mélida et al., 2018). In contrast, we found that MLG43 

triggered an ample ROS burst when applied at 50 M on Arabidopsis leaf discs, thought it was weaker 

than that triggered by chitohexaose (Figure 4.9a). We next monitored the phosphorylation of mitogen 

activated protein kinases (MAPK; MPK3/MPK6/MPK4/MPK11) and the up-regulation of PTI-

marker genes upon treatment of Arabidopsis seedlings with MLG43. Western-blot assays confirmed 

MPK3- and MPK6-phosphorylation after application of MLG43 (50 M) to Arabidopsis seedlings, 
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with phosphorylation peak at 10 minutes post-treatment (Figure 4.9b). MPK4/11-phosphorylation 

was almost not-detectable in MLG43-treated plants, which contrasted with the observed 

phosphorylation upon chitohexaose treatment, that was used as control in the experiment (Figure 

4.9b). Up-regulation of six PTI-marker genes (CYP81F2, WRKY53, FRK1, PHI1, NHL10 and 

PROPEP1) was assessed by qRT-PCR in Arabidopsis seedlings 30 minutes after treatment, and we 

found that all these genes were similarly up-regulated after MLG43 or chitohexaose elicitation in 

comparison to mock-treated seedlings (Figure 4.9c). 

 
Figure 4.10. Functional classification of differentially expressed genes in Arabidopsis upon MLG43 treatment.  (a) 

Venn diagram of shared overexpressed between MLG43 and chitohexaose (both at 50 M). RNA-seq data were obtained 

from the combination of three biological replicates of 12-day-old Arabidopsis Col-0 plants at 30 minutes after treatment 

with MLG43 or chitohexaose. (b) Biological process Gene Ontology (GO) term enrichment map of the overexpressed 

genes in 50 M MLG43. GO term enrichment is expressed by node size. Enrichment p-value determined by 

Enrichment/Depletion (Two-sided hypergeometric) test and corrected by Bonferroni step down method is represented by 

colour scale. Only GO terms with a p-value < 0.01 are shown. Links between groups indicates shared genes (κ score level 

≥ 0.4). 
 

To further characterise the basis of MLG43-mediated immunity, we performed RNA-seq analyses 

of Col-0 seedlings treated for 30 minutes with MLG43 or chitohexaose (Figure 4.10a). Incubation 

with MLG43 induced the miss-regulation of 1229 genes, most of which (1122) were up-regulated 

(Figure 4.10a, Annex III). On the other hand, treatments with chitohexaose resulted in 1988 miss-

regulated genes, with 691 genes being exclusively up-regulated by chitohexaose and 909 shared by 

both glycoligands (Figure 4.10a, Annex IV and Annex V). MLG43 up-regulated genes mainly 

grouped into gene ontology (GO) terms related to defence response, immune system processes, 

response to different stimuli, including biotic and abiotic stresses and signal transduction (Figure 

4.10b). Based on transcriptomic data (Annex II), additional genes beyond PTI-markers (e.g., GOs: 
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0005975 (carbohydrate metabolic process) and 0007010 (cytoskeleton organization)) were selected 

for expression analyses. In addition to PTI-marker genes already described, we validated the up-

regulation of NUDT7 (At4g12720) and FH4 (At1g24150) genes in MLG43-treated Col-0 plants, in 

comparison to mock-treated plants (Figure 4.9d). These analyses suggest that MLG43-induced 

responses are highly similar to those triggered by the well-characterized MAMP chitohexaose (Figure 

4.10; Figure 4.11).  

 
Figure 4.11. Comparative functional classification of differentially expressed genes in Arabidopsis upon MLG43 

and chitohexaose treatments. RNA-seq data were obtained from the combination of three biological replicates of 12-

day-old Arabidopsis Col-0 plants at 30 minutes after treatment with MLG43 or chitohexaose (both at 50 M). Biological 

process Gene Ontology (GO) term enrichment map of (a) shared overexpressed genes between MLG43 and chitohexaose 

treatments and (b) the overexpressed genes after chitohexaose treatment. GO term enrichment is expressed by node size. 

Enrichment p-value determined by Enrichment/Depletion (Two-sided hypergeometric) test and corrected by Bonferroni 

step down method is represented by colour scale. Only GO terms with a p-value < 0.01 are shown. Links between groups 

indicates shared genes (κ score level ≥ 0.4). 
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4.1.5. MLGs are components of Hyaloperonospora arabidopsidis cell wall and trigger 

enhanced disease resistance of Arabidopsis to this oomycete pathogen  

MLGs are undoubtedly present in the cell wall of several plants, algae, lichen-forming ascomycete 

symbionts, fungi and bacteria, but most likely not in dicot plant species such as Arabidopsis 

(Zablackis et al., 1995; Burton et al., 2006). Several lines of evidence also point to the presence of 

MLGs in the cell wall of several plant pathogens harbouring glucan-rich extracellular envelopes such 

as oomycetes, fungi and some bacteria, but the presence of MLGs in these organisms has been 

reported only in a few cases (Lee and Hollingsworth, 1997; Fontaine et al., 2000; Pettolino et al., 

2009; Mélida et al., 2013; Pérez-Mendoza et al., 2015; Samar et al., 2015). We searched for the 

presence of MLGs in the cell wall of the Arabidopsis oomycete pathogen Hyaloperonospora 

arabidopsidis, belonging to the Peronosporales order, like the Phytophthora species, that contain up 

to 85% of glucans in their cell walls (Mélida et al., 2013). We obtained Alcohol Insoluble Residues 

(AIR, equivalent to partially purified cell walls) from H. arabidopsidis Noco2 conidiospores and 

found that these AIRs contained on average 27.9 µg of MLGs per mg of dry weight (Figure 4.12a).  

We next determined if MLGs were present in the hyphae of H. arabidopsidis, which are formed 

during plant colonization, since this pathogen can not be cultivated in vitro. H. arabidopsidis 

stablishes a biotrophic interaction during plant colonization with its hyphae growing in between plant 

cells and making not possible to separate fungal material from plant material for MLG quantification. 

Thus, to figure out if MLGs are present in H. arabidopsidis hyphae, we purified AIR fractions from 

non-inoculated and H. arabidopsidis-inoculated Arabidopsis plants, which were extensively to 

remove H. arabidopsidis sporangiophores from leaves surface, prior to their mechanical disruption 

for AIR preparation, to remove H. arabidopsidis sporangiophores from leaves surface. Interestingly, 

we found that only AIR from H. arabidopsidis-inoculated plants contained MLGs (29.6 µg per mg 

of AIR-dry weight; Figure 4.12a), that would derive from intracellularly grown of H. arabidopsidis 

hyphae on Arabidopsis leaves since conidiospores had been washed out. These data demonstrate that 

at least in the Arabidopsis-H. arabidopsidis pathosystem plant cells are exposed to this oomycete 

MLGs.  

Since exposure of plants to active MAMP/DAMPs prior to subsequent pathogen attack may allow 

a more efficient plant defence through PTI activation, we tested whether a pre-treatment with MLG43 

of Arabidopsis Col-0 wild-type plants before infection with the oomycete would improve Arabidopsis 

disease resistance to the compatible and virulent Noco2 isolate. Of note, we observed a reduction of 

up to 60% in conidiospore/mg of plant fresh weight at 7 days post inoculation (dpi) in Col-0 plants 

pre-treated with MLG43 in comparison to untreated plant (Figure 4.12b). 
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Figure 4.12. Mixed-linked glucans are components of the cell walls of Hyaloperonospora arabidopsidis and 

trigger Arabidopsis disease resistance to this oomycete pathogen. (a) β-1,3/1,4-glucan quantification in alcohol 

insoluble residues (AIRs) of H. arabidopsidis (Hpa isolate Noco2) conidiospores and of Arabidopsis Col-0 plants 

non-infected (mock-treated) or infected with H. arabidopsidis (Noco2) 7 days post inoculation (dpi) with 

conidiospores (24-day-old Arabidopsis plants). Inoculated plants were extensively washed prior AIR preparation 

to release H. arabidopsidis conidiospores from plant tissues. Data represent average ± SD (n = 3). Dashed line 

indicates the detection limit of the method used. (b) Arabidopsis plants were foliar pre-treated with MLG43 at two 

different concentrations 2 days prior inoculation with H. arabidopsidis (Noco2). Presence of H. arabidopsidis in 

plants was quantified at 7 dpi (24-day-old) as the abundance of conidiospores in inoculated per mg plant fresh 

weight. Data represent mean ± SE (n = 30). Statistically significant differences to mock according to Student’s t-

test (* p < 0.05; ** p < 0.01). 

 

 

4.1.6. MLGs trigger immune response and enhance disease resistance in crops 

We next tested whether MLG43-triggered disease resistance could be a suitable technology for 

crops protection. In a first instance, ROS production by leaf discs of four species of agronomic interest 

(tomato, canola, soybean and maize) was analysed after treatments with different MLG trisaccharides 

and tetrasaccharides (MLG43, MLG34, MLG443 and the mixture of MLG344 + MLG434). All the 

different MLG structures tested were able to trigger ROS production in the four plant species with 

different levels of intensity (Figure 4.13). These results indicated that at least tested crops have the 

mechanisms to perceive MLGs.  
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Figure 4.13. Reactive oxygen species (ROS) production activation in crops after treatment with mixed-linked 

glucans (MLGs).  ROS produced by leaf-discs of (a) tomato, (b) canola, (c) soybean and (d) maize measured by Luminol 

reaction as relative luminescence units (RLU) over the time after the treatment with 0.5 mg/ml of MLG43 or 

MLG434+344 mixture. 100 nM flagellin 22 (flg22) and distilled water (Mock) were used as controls. Data represent 

mean ± SD (n = 8). 

 

We next evaluated the effectivity of pure MLG43 to enhance crops (tomato, pepper and wheat) 

disease resistance against bacterial or fungal pathogens. Three-week-old tomato plants 

(Moneymaker) were treated by foliar spray with 0.25 mg/plant MLG43 two days prior inoculation 

with the bacterium Pseudomonas syringae pv tomato DC3000 (108 cfu/ml). Notably, bacterial 

growth, determined as colony forming units (cfu) per leaf area, was significantly reduced in the 

MLG43-pretreated tomato plants at 11 dpi compared to mock-treated plants (Figure 4.14a). 

Moreover, MLG43 treatment leaded to up-regulation of two tomato PTI-marker genes, SlWRKY53 

and SlPTI5 (Liu et al., 2019; Figure 4.15). A similar approach was followed in pepper plants that 

were pre-treated with 0.25 mg/plant MLG43 two days prior inoculation with the necrotrophic fungi 

Sclerotinia sclerotiorum or Botrytis cinerea. MLG43-treated pepper plants showed, in comparison to 

mock-treated plants, a reduction in their disease symptoms index at 9 dpi with S. scletotiorum (Figure 

4.14b), and at 5 and 9 dpi with B. cinerea (Figure 4.14c). The activation of MLG43-triggered immune 

responses in tomato and pepper further indicate that these crops, like Arabidopsis, have the PRRs and 

co-PRRs required for MLGs perception.  
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Figure 4.14. MLG43 pre-treatment confers enhanced disease resistance against bacterial and fungal pathogens 

to tomato and pepper plants.  Plants were sprayed with MLG43 (0.25 mg/plant) 2 days before pathogen challenge. 

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

inoculation (dpi) in tomato plants. Data represent mean ± SE (n = 8). (b) Disease symptoms index produced by 

Sclerotinia sclerotiorum at 5 and 9 dpi in leaves of pepper plants. Data represent mean ± SE (n = 24). (c) Disease 

symptoms index produced by Botrytis cinerea at 5 and 9 dpi in leaves of pepper plants. Data represent mean ± SE (n 

= 12). Disease indexes (0-5) examples for (b) and (c) are shown in Figure 3.5. Statistically significant differences to 

mock according to Student’s t-test (* p < 0.05; ** p < 0.01). All the disease experiments were performed at least four 

times and one representative experiment is shown. 

 

Figure 4.15. qRT-PCR analyses of the expression 

of PTI-related genes up-regulated in tomato 

Moneymaker plants treated for 60 minutes with 

MLG43 (0.25 mg/plant).  Relative expression levels 

to the SlUBC (LOC543683) gene are shown. Values 

are means ± SD, n = 3 from two independent 

experiments. Asterisks indicate treatments with 

significant differences to mock according to 

Student’s t-test (* p < 0.05). These results are from 

one of the two representative experiments performed 

that gave similar results. 

 

Crop species from Poaceae order such as wheat, maize, barley or rice contain MLGs in their cell 

walls. We next tested the potential of MLGs treatment to enhance the resistance in 17 day-old wheat 

plants treated by foliar spray with 0.25 mg/plant or 0.75 mg/ml MLG43 24 hours before to be 

inoculated with the fungal pathogen Zymoseptoria tritici 3D7. As shown in Figure 4.16a, the 

percentage of leaf area covered by leaf lesions was clearly reduced in plants pre-treated with MLG43 

in comparison with the mock-treated samples. Moreover, the expression of wheat immune-related 

genes (TaGTS, TaDP, TaI13, TaF/R, TaLR, and TaCH2) was analyzed by qRT-PCR in samples 

harvested at 3 hours after treatment with MLG43 (0.25 mg/plant or 0.75 mg/ml) and the expression 

values were standardized to the wheat’s housekeeping gene TaCDC48. As shown in Figure 4.16b 

MLG43 triggered the up-regulation of the tested genes in comparison to untreated plants. These 

results demonstrated that the improvement in pathogen resistance in wheat produced by MLG43 foliar 

treatment is mediated by PTI responses. 
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Figure 4.16. MLG43 pre-treatment confers enhanced disease resistance in wheat plants against the fungal 

pathogen Zymoseptoria tritici 3D7.  Wheat plants were foliar-treated with MLG43 (0.25 mg/ml or 0.75 mg/ml) 

24 hours prior fungal inoculation. (a) Percentage of leave coverage by lesions at 20-days post-inoculation (dpi) in 

wheat plants. Data represent mean ± SE (n = 16). (b) Quantitative RT-PCR analysis of immune-related genes in 

wheat. Relative expression levels to TaCDC48 (TraesCS4A02G035500) gene at 3 hours were shown. Data 

represent mean ± SD of three technical replicates from three biological replicates (n = 9). Statistically significant 

differences between MLG43 and mock according to Student’s t-test (* p < 0.05; ** p < 0.01). 
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4.2.  Unveiling the perception mechanism of MLGs in Arabidopsis 

4.2.1. MLGs and chitohexaose perception mechanisms share some features but are 

not identical. 

Given the high similarity in global gene reprograming triggered both by MLG43 and chitohexaose 

(Figure 4.11), we wondered whether downstream signalling pathway is shared between MLG43 and 

the chitin-derived MAMP. In order to check if refractory stages would exist between these two 

glycoligands, cross-elicitation experiments were carried out using the Arabidopsis Col‑0AEQ line. As 

described above, seedlings were treated with 50 µM chitohexaose 10 minutes after the treatment with 

50 µM of MLG43 within the refractory period, and the inverse treatment was also performed. 

Controls were also included with successive treatments with the same compound to probe that the 

same stimulus was not able to trigger an immune response 10 minutes after the first application 

(Figure 4.17).  

 

Figure 4.17. Cross-elicitation during the refractory period of calcium signalling between MLG43 and chitohexaose. 

Data show the elevation of cytoplasmic calcium concentration, measured as relative luminescence units (RLU), over the 

time in 8-days old Arabidopsis Col-0AEQ seedlings after treatments. Arrow indicates the application time of the second 

elicitor within the refractory period of the first elicitation. Data represent mean ± SD (n = 4) of a representative experiment 

of the three independent experiments performed that gave similar results. 

Cross-elicitation experiments demonstrated the absence of such refractory periods, since Ca2+ 

burst was not fully blocked. However, second peaks in both MLG43/chitohexaose treatments were 

slightly lower than the corresponding ones when they were dispensed the first, further suggesting that 

the mechanisms of perception of MLG43 and chitohexaose and the PRRs involved are not identical 

but might have some overlapping. 
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Figure 4.18. MLG43-triggered reactive oxygen species (ROS) production in Arabidopsis PRRs co-receptor 

mutants.  ROS production in 5-weeks old Arabidopsis leaf-discs of Col-0 plants and cerk1-2, lyk4 lyk5, bak1-5 and 

sobir1-12 mutants impaired in PRR co-receptors treated with 50 M MLG43. (a) Luminol reaction measured as total 

relative luminescence units (RLU) accumulated along 60 minutes. Chitohexaose (5 µM), flg22 (100 nM) and distilled 

water (mock) were used as controls. (b) ROS production kinetic after 50 M MLG43 treatment measured by Luminol 

reaction as RLU over the time. (c) Detail of ROS production in cerk1-2 and lyk4 lyk5 mutants after treatment with 50 M 

MLG43. Data represent mean ± SD (n = 8) from one experiment out of three performed that produced similar results. 

 

LysM-PRRs have been described in various species as co-receptors for glycan-based molecular 

patterns such as chitin, peptidoglycan, β-1,3-glucans and lipopolysaccharides (Miya et al., 2007; 

Willmann et al., 2011; Desaki et al., 2018; Mélida et al., 2018). In particular, the LysM-PRR CERK1 

has a crucial role in glycan-based-MAMP perception. In addition to CERK1, the LysM-PRRs LYK5 

and LYK4 have been involved in chitohexaose perception as receptor and co-receptor, respectively 

(Liu et al., 2012a; Cao et al., 2014; del Hierro et al., 2021). To further characterise the molecular 

mechanisms of MLG43-mediated immunity, ROS production was tested by luminol-peroxidase 

system in leaf discs of wild-type plants and cerk1 single and lyk4 lyk5 double mutants upon MLG43 

treatment. ROS bursts were impaired in the mutants treated with MLG43 in comparison with wild-

type plants (Figure 4.18a), whereas, as previously described , ROS production was fully impaired in 

chitohexaose treated mutants (Mélida et al., 2018: Figure 4.18a,b). However, in lyk4 lyk5 double 

mutant, a weak ROS kinetic was still observed after MLG43 treatment (Figure 4.18c). In addition to 

LysM-PRRs, BAK1 and SOBIR1 are well described PRR co-receptors involved in the activation of 

signal transduction following perception of different DAMPs/MAMPs (Perraki et al., 2018; van der 

Burgh et al., 2019). Thus, we also tested ROS production in bak1-5 and sobir1-12 mutants upon 

treatment with MLG43 and chitohexaose and found that it was not altered in comparison to wild-type 
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plants , whereas the perception of flg22 was blocked in bak1-5, as described previously (Lu et al., 

2010; Figure 4.18a,b) suggesting that MLG43 perception does not depend on BAK1 and SOBIR1.  

 

 
Figure 4.19. Phosphorylation of MAPKs upon treatment of PRR co-receptos mutants with MLG43. Mitogen-

activated protein kinases (MAPK) phosphorylation in 12-days old Arabidopsis seedlings of Col-0 plants and cerk1-2, 

lyk4 lyk5, bak1-5 and sobir1-12 mutants impaired in PRR co-receptors treated with 50 M MLG43. Western Blot using 

anti-pTEpY antibody for phosphorylated MAPK moieties at different time points (5, 10 and 20 minutes). Black arrows 

indicate the position of MPK6 (top), MPK3 (middle) and MPK4/11 (bottom) proteins. Anti-MPK6 and Anti-MPK3 were 

used as total protein controls. Anti-MPK6 and Anti-MPK3 labeling show equal amount of protein. Ponceau red-stained 

membranes show equal loading. Chitohexaose (5 µM) and distilled water (mock) were used as controls. These results are 

from one representative experiment of the three performed that gave similar results. 

 

Next, phosphorylation of MAPK was tested by western-blots in wild-type plants and cerk1, lyk4 

lyk5, bak1-5 and sobir1-12 mutants upon MLG43 treatment. We found that, despite band intensity 

did not changed at 5 minutes after treatment, MAPK phosphorylation levels were weaker at longer 

times (10 and 20 minutes) in the cerk1 and lyk4 lyk5 mutants than in wild-type plants, whereas it was 

not altered in bak1-5 and sobir1-12 mutants (Figure 4.19). As reported previously, MAPK 

phosphorylations were fully impaired upon chitohexaose treatment in cerk1 and lyk4 lyk5 (Mélida et 

al., 2018; Cao et al., 2014; Figure 4.19). These data indicate that MLG43 perception partially depends 

on CERK1, LYK5 and LYK4 PRRs, that might function as co-receptors, as previously described for 

the β-1,3-glucan elicitor laminarihexaose (Mélida et al., 2018).  
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To further corroborate these data, we performed in silico computational analysis to determine 

protein-glycan interaction energies applying a molecular dynamics simulation methodology recently 

developed by our group (del Hierro et al., 2021). This analysis confronted optimized CERK1, BAK1 

and SOBIR1 ectodomain (ECD) structures with MLG43 in solvent boxes (Table 4.1). ECD-glycan 

ΔG determinations resulted in positive or close to zero ΔG energy values, which indicate that no 

direct binding events between these ECDs and MLG43 took place during the molecular dynamics 

simulations (Table 4.1). These analyses with the ECDs of main co-receptors together with MAPK 

phosphorylation and ROS production analysis in ECD-KO-mutants lines indicated that MLG43 

perception and signal transduction is mediated by a non-yet characterized immune complex that does 

not involve BAK1 or SOBIR1 and that probably involves LysM-PRRs as redundant co-receptors. 

Table 4.1. In silico determination of ECD-PRR/MLG43 interaction energies. 

PRR ECD (PDB) E
elec

1

 E
vdW

1

 E
int

2

 G
np

3

 G
pol

4

 G
sol

5

 ΔG 
6
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BAK1 (4MN8.B) -26.45 ± 1.8 -16.2 ± 4.1 -42.75 ± 5.9 0.5 ± 0.3     45.2 ± 10   45.7 ± 9.8  2.9 ± 4.0 

SOBIR1 (6R1H) -25.5 ± 3.8 -20.8 ± 3.8 -46.35 ± 7.7 0.2 ± 0.4 43.35 ± 13.2 43.5 ± 12.7 -2.85 ± 4.9 
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 free energies (kcal mol
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) estimated from the empirical linear relation to the solvent-accessible surface area 

(SASA) G
np

 =  (SASA) + b, where the parameter values depend on how the polar contribution to solvation is obtained. Values were  = 0.00526 kcal 

mol
-1

 Å
-2

 and b = 0.918 kcal mol
-1

. SASA values were calculated with the SPDBV tool;
 4

 G
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 free energies (kcal mol
-1

) obtained by solving the 

Poisson-Boltzmann equation with the PBEQ Solver tool implemented in CHARMM-GUI; 
5

 G
sol
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pol; 

 

G = E
int

 + G
sol; Energy values 

under 1kT (k: Boltzmann constant, T: absolute temperature) are considered irrelevant. At normal thermodynamically temperature of 298 K, noisy kT 

values start below 0.6 kcal/mol. 

  

 

4.2.2. PRRs might be involved in MLG43 perception   

Next, we followed different complementary strategies to characterise the perception mechanisms 

involved in MLG-triggered signalling. First, we selected a collection of 80 Arabidopsis ecotypes to 

perform genome-wide association mapping (GWAs) based on their differential ROS production upon 

treatment with MLG43 in comparison with the well characterised MAMP peptide flg22. However, 

the sensitivity of this analysis was not good enough and lacked reproducibility (data not shown). 

Then, we decided to use a more direct approach by testing the expression of MLG43-induced marker 

genes in knockout mutant Arabidopsis lines impaired in genes encoding different carbohydrate-

binding ectodomains from wall-associated kinases (WAKs) and Malectin PRR families (Brutus et 

al., 2010; del Hierro et al., 2021). CYP81F2 and WRKY53 expression was assessed by qRT-PCR in 

Arabidopsis mutant seedlings 30 minutes after treatment and compared with mutants’ response to 

chitohexaose treatment (Figure 4.20; Figure 4.21). The response of the different mutant to both 

glycans resulted not homogeneous and the expression values ranged from around Col-0 results. 

Among the different mutants tested, we found that the up-regulation of these genes upon MLG43 

treatment was notably reduced in some Malectin mutant lines such as At1g56140, At2g37050, 

At2g28960 or At2g22610 (Figure 4.21). Noteworthy is the low level of expression of At1g56140 upon 

MLG43 treatment which was reduced by less than half in comparison to Col-0 plants, whereas its 

response to chitohexaose did not differ from that of Col-0 plants (Figure 4.21).  
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Figure 4.20. Screening of the response to MLG43 of Wall-associated kinases (WAK)-defective Arabidopsis 

mutants.  Quantitative RT-PCR analysis in 12-day-old Arabidopsis seedlings of CYP812F2 (a and b) and WRKY53 (c 

and d) genes. Relative expression levels to Col-0 normalized to UBC21 (At5g25769) at 30 minutes after treatment with 

50 µM MLG43 or 5 µM chitohexaose are shown. Dashed line indicates equal level of expression than Col-0. Data 

represent mean ± SD of three technical replicates. Statistically significant differences to Col-0 according to Student’s t-

test (⁎ p<0.05; ⁑ p<0.01). 
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Figure 4.21. Screening of the response to MLG43 of Malectin-defective Arabidopsis mutants.  Quantitative RT-PCR 

analysis in 12-day-old Arabidopsis seedlings of CYP812F2 (a and b) and WRKY53 (c and d) genes. Relative expression 

levels to Col-0 normalized to UBC21 (At5g25769) at 30 minutes after treatment with 50 µM MLG43 or 5 µM 

chitohexaose are shown. Dashed line indicates equal level of expression than Col-0. Data represent mean ± SD of three 

technical replicates. Statistically significant differences to Col-0 according to Student’s t-test (⁎ p<0.05; ⁑ p<0.01). 
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4.2.3. MLG molecular interactions and pH effects on MLG43 activity 

The interaction of MLG polymer with other cell wall carbohydrates and therefore their role as 

cross-linking polymer has been described to be mediated by non-covalent interactions (Harris and 

Fincher, 2009). MS analyses of commercial and purified MLG oligosaccharides showed artefactual 

peaks in some of the samples despite the purity observed by TLC and HPAEC (Figure 4.4; Figure 

4.6). These peaks (marked as an asterisk) displayed m/z ratios that could correspond to the 

combination of two MLG oligosaccharides plus a positive ion (H+, Na+ or K+ adducts). In the case of 

MLG43L there was an important peak at 1009.3 m/z that could correspond to two glucan trimers plus 

a proton adduct (504·2+1; H+), together with peaks at 1031 m/z (504·2+23; Na+) and at 1047 m/z 

(504·2+39; K+) corresponding to sodium and potassium adducts, respectively. These peaks also 

showed up in the commercial MLG43 MS profile (Figure 4.4). In case of MLG443 MS-TOF analysis, 

the peak corresponding to 1333 m/z could be assigned to a double tetramer plus a proton (666·2+1; 

H+) and even a peak at 1656 m/z (828·2+1; H+) was noticeable in the case of MLG4443L. Together 

these results pointed to potential interactions between MLG oligomers, at least under MS analytical 

acidic conditions. To explore these types of interactions, we performed in silico binding analysis of 

two MLG43 molecules. Interestingly four possible positions of energetically favourable interactions 

were identified, showing binding energy values equal or under -6 kcal/mol (Figure 4.22) which are 

considered evidence of interaction based on del Hierro et al. (2021). These results supported the 

existence of binding interaction between MLG oligosaccharide. 

Figure 4.22. In silico modelling of the interaction between MLG43 molecules.  (a) 3D binding models of two ML43 

molecules in a 12 A water box with 0.15 M NaCl at neutral pH. (b) Table of binding energy results of the four replicates. 
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Next, we wondered whether these interactions between MLG oligomers could include cations and 

whether such ions could influence MLG43 perception by PRRs. Considering this hypothesis and 

bearing in mind that local pH (H+ concentration indicator) might impact the formation of MLG 

oligomers and their PTI activity, we tested the effects of pH in the responses produced by MLGs and 

chitohexaose in the Col‑0AEQ sensor system (Figure 4.23). The pH was adjusted at six different values 

between 4 and 5.6 (distilled water) by using formic acid in order to avoid the disturbance in ion 

equilibrium produced by salts included in common buffers. While calcium influx responses remained 

stable between pH 4.5 and 5.6 upon both treatments, the response to MLG43 treatment was notably 

reduced at pH 4 (Figure 4.23b,d) in contrast to chitohexaose treatment that showed an increased 

response at acidic pH (Figure 4.23a,d). Interestingly, there was an increment in total calcium influx 

at pH 4.5 in the case of MLG43. This increment was due to a change in the observed kinetic which 

showed a second wide peak, whereas the main peak remained identical (Figure 4.23b). 

 

 

 

Figure 4.23. Differential effect of pH on Calcium influxes in Col‑0AEQ after treatment with MLG43 or chitohexaose.  

Calcium influxes were measured as relative luminescence units (RLU) over the time in 8-day-old Arabidopsis Col-0AEQ 

seedlings after treatment with (a) 50 µM chitohexaose, (b) 50 µ MLG43 or (c) distilled water at different pH conditions. 

(d) Total (RLU) accumulated along 20 minutes in 8-day-old Arabidopsis Col-0AEQ seedlings after treatment with 50 µM 

MLG43 or chitohexaose at different pH conditions. Statistically significant differences to pH 5.6 condition according to 

Student’s t-test (* p<0.05; **p<0.01). Data represent mean ± SD (n = 8) in all panels. 
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4.3.  Strategies for develop an MLG-based product for plant protection 

Previous results obtained with MLGs in crop protection experiments (e.g., Figure 4.14; Figure 

4.16) prompted us to issue a European Patent application to protect the intellectual property of the 

“MLG technology” developed in the frame of this Thesis project (Mélida et al., 2020b). Next, the 

industrial development of an MLG-based commercial product was initiated using different 

methodologies and plant feedstocks to obtain a feasible and competitive agronomic product, since the 

use of purified molecules (e.g., MLG43) as agrobiological products for commercial purpose might 

not be feasible based on the production costs. Two industrial processes were identified as main stages 

for obtaining active MLGs from raw materials: i) Physicochemical treatments for MLG extraction 

from natural sources and ii) enzymatic production of MLG oligosaccharides from polymeric sources.  

 

4.3.1. Differential SWE of plant cell walls yielded glycan enriched fractions with 

different carbohydrate composition 

First, we explored the potential of using other raw materials and extraction methodologies as 

source of active MLGs. Since classical cell wall fractionation methods are based mainly in the use of 

chemicals that must be removed to develop a product for agricultural field applications (e.g., alkali 

solutions), we explored an alternative fractionation method, subcritical water extraction (SWE), based 

on the use of water at high pressure and temperature conditions for extraction. This SWE 

methodology has been optimized recently for the extraction of different glycans from plant biomass 

(Rudjito et al., 2019; Yilmaz-Turan et al., 2020). 

We used E. arvense cell walls as raw material to test the effectiveness of SWE in extracting PTI-

active glycans and compared this methodology with standard KOH wall extraction (Bacete et al., 

2017; Rebaque et al., 2017). Using an established methodology (Fry et al., 2008), a cell wall fraction 

was obtained from E. arvense raw material, that was subjected either to chemical 4% KOH extraction 

(E-KOH) or to SWE using different conditions: isothermal (Si) extraction at 160 ºC for different times 

(10, 20 and 30 minutes) or extraction with sequential temperature ramp (Sr: 100 ºC, 120 ºC and 160 

ºC) for 30 minutes each (see Figure 4.24).  

 
Figure 4.24. Scheme of Equisetum arvense cell wall isolation and fractionation using different methods. 
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The efficiency of the different SWE conditions tested in glycans extraction was determined by 

freeze-drying the material extracted and determining the mg obtained per gram of AIR raw material. 

Total dry material extracted with SWE ranged between 25 to 33% (w/w) of initial cell wall material, 

a yield that was higher than that obtained with KOH extraction (~22%; Figure 4.25a). The isothermal 

sequential extraction at 160 ºC (Si) produced higher yields than Sr extraction using a ramp of 

temperatures from 100 ºC to 160 ºC (Sr: Figure 4.25a). As expected, the first fractions obtained either 

using Sr (Sr 100: 30) or Si (Si 160:10) yielded more material (~15 and 20%, respectively) than the 

subsequent fractions obtained at higher temperature (120 ºC and 160ª for Sr) or longer period of 

extractions (30 and 60 minutes for Si). The amount (% w/w) of extracted dry material with Sr 100:30 

or Si 160:10 treatments were similar to those obtained with E-KOH extraction (Figure 4.25a). 

Regarding the proportion of carbohydrates in the fractions, classical alkali extractions were more 

enriched than SWE ones (50% vs. 15-30%; Figure 4.25b), however requirement of dialysis step after 

KOH chemical extraction is a major drawback when it comes to scaling up the process.  

 
Figure 4.25. Equisetum arvense cell wall fractions analysis.  E. arvense cell wall fractions were obtained by different 

extraction methods: Subcritical water extraction (SWE) fractions obtained after a ramp of temperatures [30 minutes at 

100 ºC (Sr100:30), 30 minutes at 120 ºC (Sr120:30) and 30 minutes at 160 ºC (Sr160:30)], or SWE isothermal 

fractionation [160 ºC 10 minutes (Si160:10), 20 minutes (Si160:20) and 30 minutes (Si160:30)] and chemical fractions 

obtained by incubation with 4% KOH (E-KOH). (a) Total extraction yield as dry weight of extraction relative to initial 

amount, (b) total sugar composition and (c) monosaccharide analyses expressed as percentage of total sugar are 

represented. Data represent mean ± SD (n = 3).  

 

Monosaccharide analysis of SWE fractions pointed to an important presence of arabinogalactans, 

glucans and galacturonans reflected in a high proportion of arabinose, galactose, glucose and 



Results 

107 
 

galacturonic acid (Figure 4.25c). Glucose-containing carbohydrates extraction resulted more 

effective at 160 ºC than in fractions obtained at lower temperatures. However, according to our 

results, 4% KOH treatment yielded the highest proportion of glucose in the extracted fraction (Figure 

4.25c). Alkali extractions also showed important proportion of xylans and mannans that resulted less 

representative in SWE extractions (Figure 4.25c). 

 

4.3.2. E. arvense cell wall fractions obtained by SWE trigger calcium influxes in 

Arabidopsis Col-0AEQ seedlings 

Ca2+ influxes upon treatment of Arabidopsis Col-0AEQ with SWE/E-KOH fractions were used as a 

first readout method to monitor early PTI responses (Knight et al., 1991; Ranf et al., 2011). The 

previously characterised MAMP chitohexaose was used as positive control and distilled water was 

included as negative control in these studies (Mélida et al., 2018; Figure 4.26a). Most of SWE 

fractions obtained induced Ca2+ influxes in Col-0AEQ (Figure 4.26b-c) that were of the same intensity 

than that observed in chitohexaose treated plants (Figure 4.26a). Fractions corresponding to 

extractions at higher temperatures (Si160:20, Si160:30, Sr120:30 and Sr160:30) produced 

luminescence peaks more intense than the rest of fractions tested, indicating that they triggered 

stronger Ca2+ bursts (Figure 4.26b,c). This intensity of Ca2+ influxes contrasted with the lack or null 

activity of SWE fractions obtained at low temperature (Sr100:30) or for short time of extractions at 

high temperature (Si160:10; Figure 4.26b-c). E-KOH fraction was not able to induce Ca2+ influxes in 

accordance with previous data (Rebaque et al., 2021; Figure 4.26d).  

 

Figure 4.26. Subcritical water extractions of Equisetum arvense cell wall trigger cytoplasmic calcium elevations in 

Arabidopsis.  Calcium influxes measured as relative luminescence units (RLU) over the time in 8-days old Arabidopsis 

Col-0AEQ seedlings after treatment with (a) distilled water (Mock) and 50 µM chitohexaose, 0.25 mg/ml of (b) subcritical 

water extraction (SWE) fractions obtained after a ramp of temperatures [30 minutes at 100 ºC (Sr100:30), 30 minutes at 

120 ºC (Sr120:30) and 30 minutes at 160 ºC (Sr160:30)], or (c) SWE isothermal fractionation [160 ºC 10 minutes 
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(Si160:10), 20 minutes (Si160:20) and 30 minutes (Si160:30)] and (d) chemical fractions obtained by incubation with 4% 

KOH (E-KOH). Samples were preheated 10 minutes at 100 ºC. Data represent mean ± SD (n = 8) in all panels. 

Of note, the Ca2+ influxes were observed when the samples were pre-heated for 10 minutes at 100 

ºC and cooled down prior addition to Col-0AEQ seedling (Figure 4.26), whereas most of the extracts 

yielded lower or null Ca2+ influxes when they were not pre-heated before seedling treatment (Figure 

4.27). 

 

 

Figure 4.27. Non-preheated subcritical water extractions of Equisetum arvense cell wall trigger low 

cytoplasmic calcium elevations in Arabidopsis.  Calcium influx measured as relative luminescence units (RLU) 

over the time in 8-days old Arabidopsis Col-0AEQ seedlings after treatment with (a) distilled water (Mock) and 50 

µM chitohexaose, 0.25 mg/ml of non-preheated (b) Subcritical Water Extraction (SWE) fractions obtained after a 

ramp of temperatures [30 minutes at 100 ºC (Sr100:30), 30 minutes at 120 ºC (Sr120:30) and 30 minutes at 160 ºC 

(Sr160:30)], or (c) SWE isothermal fractionation [160 ºC 10 minutes (Si160:10), 20 minutes (Si160:20) and 30 

minutes (Si160:30)] and (d) chemical fractions obtained by incubation with 4% KOH (E-KOH). Data represent 

mean ± SD (n = 8) in all panels. 

 

In order to exclude the possibility that the Ca2+ bursts triggered by these fractions would be 

mediated by proteins, SWE and KOH fractions were treated with proteinase-K and their activity on 

Col-0AEQ tested (Figure 4.28). In these experiments, the MAMP peptide flg22 was used as enzymatic 

digestion control, since its activity is lost after proteinase treatment, whereas the glycan MAMP 

chitohexaose was used as control (Mélida et al., 2020a; Figure 4.28). We found that Ca2+ influxes 

observed were similar either for proteinase-K treated SWE or SWE untreated fractions, revealing that 

SWE fractions activity was not inactivated by proteinase treatment, as previously observed with 

chitohexaose (Mélida et al., 2020a) demonstrating that the active DAMPs of these fractions are not 

of proteinaceous nature. As expected, E-KOH fractions remained unable to trigger Ca2+ influxes 

whereas flg22 treated with proteinase K lost its PTI activity (Figure 4.28).  
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Figure 4.28. Calcium influxes in Arabidopsis triggered by Proteinase-K-treated (+K) Equisetum arvense cell 

wall fractions.  Calcium influx measured as relative luminescence units (RLU) over the time in 8-days old 

Arabidopsis Col-0AEQ seedlings after treatment with (a) distilled water (Mock), 50 nM flg22 and 50 µM chitohexaose, 

0.25 mg/ml of (b) subcritical water extraction (SWE) fractions obtained after a ramp of temperatures [30 minutes at 

100 ºC (Sr100:30), 30 minutes at 120 ºC (Sr120:30) and 30 minutes at 160 ºC (Sr160:30)], or (c) SWE isothermal 

fractionation [160 ºC 10 minutes (Si160:10), 20 minutes (Si160:20) and 30 minutes (Si160:30)] and (d) chemical 

fractions obtained by incubation with 4% KOH (E-KOH). Samples in panels b-d were preheated 10 minutes at 100 

ºC. Data represent mean (n = 8). 

 

 

4.3.3. E. arvense cell wall SWE fractions trigger several PTI hallmarks in Arabidopsis 

Next, we tested the activity of SWE fractions triggering other PTI hallmarks, like ROS production, 

MAPK phosphorylation and immune-related gene expression up-regulation. SWE extracts triggered 

ROS production in the first 20 minutes after treatment in contrast with E. arvense E-KOH fraction 

which, similarly to mock-treated plants, did not (Figure 4.29).  

To further confirm the downstream immune activity of the SWEs, we next studied by Western blot 

the phosphorylation of mitogen-activated protein kinases (MPK3/MPK6/MPK4/MPK11) in 

Arabidopsis seedlings treated with the different SWE. MPK3 and MPK6 phosphorylation were 

detected at 5, 10 and 20 minutes after treatment with Sr and Si fractions (Figure 4.30a-c). Surprisingly, 

KOH fractions did active MPK3 and MPK6 phosphorylation at these time points despite such 

fractions did not trigger Ca2+ influxes and ROS production (Figure 4.26; Figure 4.29). In addition, 

MPK4/11-phosphorylation was only slightly detected in plants treated with KOH extraction and 
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chitohexaose. Interestingly, while the MAPK phosphorylation peak was generally reached at 10 

minutes after treatments, in plants treated with Si160:20 this peak appeared earlier (5 minutes; Figure 

4.30b). It should also be noted that SWE Sr100:30 and Si160:10 fractions, which showed the lowest 

signals in Ca2+ influx assays, seemed to activate the highest MPK3 phosphorylation level (Figure 

4.30a,b). 

 

 

Figure 4.29. Reactive oxygen species production is triggered in Arabidopsis after treatment with Equisetum 

arvense cell wall fractions.  Production of ROS was measured by Luminol-peroxidase reaction as relative 

luminescence units (RLU) over the time in Arabidopsis leaf-disc treated with (a) distilled water (Mock), 100 nM 

flagellin (flg22) and 50 µM chitohexaose, 0.25 mg/ml of (b) subcritical water extraction (SWE) fractions obtained 

after a ramp of temperatures [30 minutes at 100 ºC (Sr100:30), 30 minutes at 120 ºC (Sr120:30) and 30 minutes at 

160 ºC (Sr160:30)], or (c) SWE isothermal fractionation [160 ºC 10 minutes (Si160:10), 20 minutes (Si160:20) and 

30 minutes (Si160:30)] and (d) chemical fractions obtained by incubation with 4% KOH (E-KOH). Samples shown 

in panels b-d were preheated 10 minutes at 100 ºC. Data represent mean (n = 4). 

 

Activation of expression of PTI-marker genes (CYP81F2, WRKY53, FRK1, PHI1, NHL10 and 

PROPEP1) was analysed by qRT-PCR in Arabidopsis seedlings 30 minutes after treatment with SWE 

extracts and E-KOH fraction. As shown in Figure 4.30d, all the studied genes were significantly up-

regulated in plants treated with all SWE and E-KOH fractions in comparison with mock-treated 

plants, and the level of gene up-regulation was similar to that observed in plants treated with 

chitohexaose (Figure 4.30d).  
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Figure 4.30. Pattern-triggered immunity hallmarks activation by Equisetum arvense cell wall fractions in 12-days 

old Arabidopsis seedlings.  E. arvense cell wall fractions were obtained by different extraction methods: Subcritical 

water extraction (SWE) fractions obtained after a ramp of temperatures [30 minutes at 100 ºC (Sr100:30), 30 minutes at 

120 ºC (Sr120:30) and 30 minutes at 160 ºC (Sr160:30)], or SWE isothermal fractionation [160 ºC 10 minutes (Si160:10), 

20 minutes (Si160:20) and 30 minutes (Si160:30)] and chemical fractions obtained by incubation with 4% KOH (E-

KOH). MAPK phosphorylation was determined by Western Blot using anti-pTEpY antibody for phosphorylated MAPK 

moieties at different time points (5, 10 and 20 minutes) after the treatment with Equisetum arvense cell wall (a) Sr 

fractions, (b) Si fractions and (c) E-KOH fraction, distilled water (Mock) and 5 µM chitohexaose. (d) Relative expression 

levels to UBC21 (At5g25769) gene analysed by quantitative RT-PCR analysis in 12-days old Arabidopsis seedlings at 30 

minutes after each treatment. Data represent mean ± SE (n = 2). Statistically significant differences to mock according to 

Student’s t-test (* p<0.01;). Data shown in all panels are from one experiment of the three performed that generated 

similar results. 

 

4.3.4. Lichenase treatment increments the immune activity of Equisetum arvense cell 

wall fractions  

Based on carbohydrate determination, it was hypothesized that SWE and E-KOH fractions should 

contain different polysaccharides (e.g., arabinogalactans, pectins and MLGs) and oligosaccharides of 

high DP (>6), that might be the source of immune active molecules like MLGs (e.g., MLG43 and 

MLG434). These immune active molecules could be released from these fractions upon their 

treatment with some enzymes, like lichenase or cellulases (Rebaque et al., 2021). Accordingly, SWE 
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and E-KOH fractions were subjected to lichenase (EC 3.2.1.73) treatment (+L), a glucan 

endohydrolase that catalyses the hydrolysis of β-1,4 bonds immediately following β-1,3 bonds, but 

does not catalyse the hydrolysis of purely β-1,3- or β-1,4-linked glucans (Henrissat and Bairoch, 

1993). The capacity of these lichenase (L)-treated E-KOH and SWE fractions in inducing PTI 

responses in Arabidopsis was compared with that of undigested fractions. Notably, treatment of all 

the fractions with lichenase increased Ca2+ bursts significantly in Si160:30+L, Si160:20+L, 

Sr120:30+L and Sr160:30+L fractions (Figure 4.31b-c), indicating that these fractions contained 

MLGs that upon lichenase treatment will release active DAMPs like MLG43. Similarly, E-KOH+L 

showed Ca2+ bursts in contrast to untreated KOH fraction that did not trigger Ca2+ influxes (Figure 

4.31d; Rebaque et al., 2021). 

 

Figure 4.31. Calcium influxes in Arabidopsis triggered by Equisetum arvense cell wall fractions before (dash line) 

and after having been treated with Lichenase (+L; solid line).  Calcium influx measured as relative luminescence units 

(RLU) over the time in 8-days old Arabidopsis Col-0AEQ seedlings after treatment with (a) distilled water (Mock), 50 µM 

chitohexaose and lichenase suspension; 0.25 mg/ml of preheated (10 minutes at 100 ºC) cell wall fractions (0.25 mg/ml) 

obtained by subcritical water extraction (SWE) fractions obtained after a ramp of temperatures [30 minutes at 100 ºC 

(Sr100:30), 30 minutes at 120 ºC (Sr120:30) and 30 minutes at 160 ºC (Sr160:30)], SWE isothermal fractionation [160 

ºC 10 minutes (Si160:10), 20 minutes (Si160:20) and 30 minutes (Si160:30)] or chemical fraction obtained by incubation 

with 4% KOH (E-KOH). Data represent mean (n = 4). 

 

MLGs present in E. arvense cell walls have been shown to trigger immune responses in plants (see 

Chapter 4.1 and Rebaque et al., 2021) and based on the increased immune activity of lichenase-treated 

fractions, they were extractable by SWE or alkali (Figure 4.31). To further characterize the 

oligosaccharides contained in these active fractions, lichenase-digested fractions were subjected to 

TLC analysis to determine the presence of glucan oligomers with a degree of polymerization (DP) 

lower than six. TLC of SWE+L fractions obtained at the longest extraction times (Sr160:30, Si160:20 

and Si160:30) and E-KOH+L fractions showed spots co-migrating with the MLG trimer and tetramer 

(MLG43 and MLG443) (Figure 4.32). Based on the staining intensity of the bands observed, the 

highest MLG oligomer concentration appeared in Sr160:30+L fraction, which was the most active 
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triggering Ca+2 bursts among those tested (Figure 4.31b), suggesting a correlation between the content 

of MLG43 in fraction and its activity (Rebaque et al., 2021). Moreover, TLC data indicate that SWE 

extracts contain MLGs (e.g., MLG43 and MLG443) that upon treatment with lichenase are released, 

as previously shown for the chemically (KOH) extracted fractions (Rebaque et al., 2021).  

 

 

Figure 4.32. Thin layer chromatography (TLC) of lichenase-digested Equisetum arvense cell wall fractions. TLC 

was performed with Equisetum arvense cell wall fractions (15 µg) obtained by subcritical water extraction (SWE) 

fractions obtained after a ramp of temperatures [30 minutes at 100 ºC (Sr100:30), 30 minutes at 120 ºC (Sr120:30) and 

30 minutes at 160 ºC (Sr160:30)], or SWE isothermal fractionation [160 ºC 10 minutes (Si160:10), 20 minutes (Si160:20) 

and 30 minutes (Si160:30)] and chemical fraction obtained by incubation with 4% KOH (E-KOH), before and after 

lichenase digestion, using 1-propanol/ethyl-acetate/water (9:7:4 by volume) as mobile phase. Right lanes indicate the 

migration of commercial laminarioligosaccharides (Lam), cellooligosaccharides (Cello) and MLG oligosacharides 

(MLG43 and MLG443) used as markers. TLC shown is from one run representative of three independent ones with 

similar results. 

 

4.3.5. SWE fractions enhance resistance in pepper plants against the pathogen 

Sclerotinia sclerotiorum  

In order to check the potential of SWE fractions to enhance the crops resistance to pathogens, one 

fraction from each SWE extraction sequence (Sr160:30 and Si160:20) was selected to be applied to 

pepper plants 48 hours before inoculating them with the fungal pathogen S. sclerotiorum. Lichenase-

untreated/treated Sr160:30 and Si160:20 were chosen for these disease resistance analyses due to 

their highest activity in Ca2+ influxes assays (Figure 4.31). Since E-KOH did not trigger Ca2+ influxes, 

only E-KOH+L was selected for comparison in the experiments. Pepper pre-treatments with SWE 

fractions enhanced the resistance of plants against the pathogen as can be observed by a significant 

decrease of disease symptoms at 9 dpi (Figure 4.33). In contrast, E-KOH+L fraction was not able to 

significantly reduce the disease symptom index produced by S. sclerotiorum in pepper. On the other 
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hand, although lichenase digestions of SWE fraction showed reduced impact of the pathogen, no 

significant differences were observed between digested and non-digested SWE fractions. These data 

suggest that the main PTI activity of SWE fractions was not due to MLGs. The biochemical nature 

and characterization of these additional DAMPs of SWE remain to be determined.  

 

 

Figure 4.33. Treatment of pepper plants with subcritical water extractions of Equisetum arvense cell wall enhance 

the disease resistance to Sclerotinia sclerotiorum. Plants were foliar-treated with 0.125 mg/ml of SWE extractions 

(Sr160:30 and Si160:20; dashed bars) and their lichenase digestion products and lichenase-digested KOH extraction (E-

KOH+L) 2 days prior pathogen inoculation. Disease symptoms index produced by Sclerotinia sclerotiorum were 

quantified at 5 (light color) and 9 dpi (dark color) in leaves of pepper plants. Data represent mean ± SE (n = 24). Disease 

indexes (0-5) examples for (b) and (c) are shown in Figure 3.5. Statistically significant differences according to Student’s 

t-test (* p < 0.05; ** p < 0.01). All the disease experiments were performed at least four times and one representative 

experiment is shown. 

 

 

4.3.6. Optimization of enzymatic digestion of MLGs for production of immunoactive 

oligosaccharides for crop protection   

To optimize the development and possible application of MLG43-derived technology in 

agriculture, we would need to set-up the enzymatic process for oligosaccharide release from raw 

material naturally enriched in MLGs in addition to improve the extraction processes from these 

natural MLG43 sources (see above, sections 4.3.1-4.3.5). With this aim, we analysed the capability 

of non-purified lichenase digestion product to enhance the resistance to pathogens in plants. Thus, 

we treated barley β-glucan with lichenase (B-GLU+L) as methodological model for MLG production 

optimization, based on the observed high activity of B-GLU+L triggering Ca2+ influxes (Figure 4.1) 

and the substrate availability. Following previous approaches, the obtained B-GLU+L mixture was 
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sprayed on pepper plants at different concentrations (0.025 to 6.25 mg/plant) without the addition of 

any adjuvant two days before inoculation with the necrotrophic fungus B. cinerea. Notably, B. cinerea 

infection was reduced at 5 dpi and 9 dpi in plants pre-treated with B-GLU+L in a dose range between 

0.065 to 1.25 mg/plant in comparison to non-treated plants (Figure 4.34). Lower concentrations B-

GLU+L (0.025 mg/plant) had an intermediate effect on disease reduction that was not significant in 

comparison with non-treated plants. Higher doses of B-GLU+L had lower effectivity, that might be 

explained by the negative impacts of PTI activation on plants development and fitness or by the use 

of MLGs as nutrients by the pathogen, thought these hypotheses need to be experimentally studied 

(Riou et al., 1991; McLeod et al., 2003).  

 

 

Figure 4.34. Pre-treatment of pepper plants with lichenase digested (+L) barley β-glucan (B-GLU+L) confers 

enhanced disease resistance to B. cinerea. Plants were sprayed with 2 ml of B-GLU+L in a range of concentrations 

between 0.025 mg/plant to 2.5 mg/plant 2 days before spraying with a conidiospore suspension (~3.3·105 conidia/ml) of 

B. cinerea. Disease symptoms index produced by B. cinerea were determined at 5 and 9 dpi in leaves of pepper plants. 

Data represent mean ± SE (n = 12). Disease indexes (0-5) examples are shown in Figure 3.5. Statistically significant 

differences between treatments and mock according to Student’s t-test (* p<0.05; ** p<0.01). 

 

With this knowledge, an intermediate dose (0.25 mg/plant) was selected for further testing the 

protection effectiveness of B-GLU+L solutions in tomato and pepper plants challenged with 

additional pathogens. As previously described, three-week-old tomato plants (Moneymaker) were 

treated by foliar spray with 0.25 mg/plant B-GLU+L two days prior inoculation with the bacterium 

P. syringae pv tomato DC3000 (108 cfu/ml) and we found that bacterial population in leaves was 

significantly reduced at 6 dpi in B-GLU+L treated plants in comparison to non-treated plants (Figure 

4.35a). Similarly, 5-weeks-old pepper plants pre-treated with 0.25 mg/plant B-GLU+L two days prior 

inoculation with the necrotrophic fungi S. sclerotiorum were found to develop lower disease symptom 

index at 9 dpi in in comparison to non-treated ones (Figure 4.35b). These results indicate that non-

purified MLG oligosaccharides mixtures present in lichenase-digested samples extracted from natural 
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raw sources (e.g., obtained through SWE and/or alkali) enhance disease resistance in different crops 

to bacterial and fungal pathogens. 

 

Figure 4.35. B-GLU+L pre-treatment 

confers enhanced disease resistance against 

bacterial and fungal pathogens to tomato 

and pepper plants. Plants were sprayed with 

B-GLU+L (0.25 mg/plant) 2 days before 

pathogen challenge. (a) Colony forming units 

(cfu) of Pseudomonas syringae pv. tomato 

DC3000 per leaf area at 0- and 6-days post-

inoculation (dpi) in tomato plants. Data 

represent mean ± SE (n = 8). (b) Disease 

symptoms index produced by Sclerotinia 

sclerotiorum at 5 and 9 dpi in leaves of pepper 

plants. Data represent mean ± SE (n = 24). 

Disease indexes (0-5) examples for (b) are 

shown in Figure 3.5. Statistically significant 

differences according to Student’s t-test (* 

p<0.05; ** p<0.01). All the disease 

experiments were performed at least four times 

and one representative experiment is shown. 

 

 

4.3.7. Lichenase digestion of barley β-glucan (B-GLU+L) as a starting point for the 

development of an agrobiological product  

In view of the favourable results with B-GLU+L in the prevention of pathogen damage on crops, 

enzymatic digestion was optimized using B-GLU as MLG substrate model. Lichenase digestion yield 

was determined under different treatment conditions (digestion time and enzyme concentration). 

Suspensions of 5 mg/ml B-GLU in distilled water were placed at optimal temperature (60 ºC) and 

enzyme was added at 1, 0.1, 0.05, and 0.02 U/ml. The digestions were stopped by freezing the samples 

at 1, 3, 6 and 24 hours after enzyme incubation, and the digestion yields were analysed by TLC. 

Maximum yield of MLG43 was reached at 3-6 hours using 1 U/ml of lichenase (Figure 4.36). Samples 

obtained at lower enzyme concentration produced only partial digestions in the time incubation 

analysed.  

Next, storage stability of B-GLU+L solution was also tested in order to obtain a long lasting (at 

least 1 year) and stable product at different storage conditions (4 ºC and -20 ºC) active ingredient 

(MLGs mixture). The solution was subjected to different temperatures and times of conservation and 

then analysed by TLC and compared with freshly prepared B-GLU+L solution. It is worth 

highlighting that not noticeable differences were observed between stored and freshly prepared 

digestion products (Figure 4.37), indicating that digestion products are stable for at least one year at 

4 and -20 ºC, which further support the feasibility of using these B-GLU+L solution as the active 

ingredient for product formulations and commercialization (Figure 4.37). 
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Figure 4.36. Optimization of lichenase 

digestion for production of active MLG 

oligosaccharides. Thin layer chromatography 

analysis of lichenase digestion of 5 mg/ml β-

1,3/1,4-glucans of barley (β-glucan; B-GLU) 

resuspended in distilled water and treated with 

different enzyme concentrations (U/ml) and 

different times of incubation (1, 3, 6 or 24 

hours). Right lanes indicate the migration of 

commercial MLG oligosacharides (MLG43 

and MLG443) used as markers. 

 

 

 

Figure 4.37. Storage stability test of MLG 

oligosaccharide suspensions.Thin layer 

chromatography analysis lichenase (+L)-

digested β-1,3/1,4-glucans of barley (β-

glucan; B-GLU) storage at 4 ºC and -20 ºC for 

1 year. Markers indicate the migration of 

MLG oligosaccharides (MLG443 and 

MLG43). 
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5. Discussion 
 

Cell walls are dynamic and highly controlled structures that are the first point of contact during a 

plant-microbe interaction (Geoghegan et al., 2017; Bacete et al., 2018; Lampugnani et al., 2018; Rui 

and Dinneny, 2020). Evolutionary arms race has provided plants and their microbial interactors with 

a large collection of cell wall-degrading enzymes to shoot down the opponent’s wall (Rovenich et al., 

2016). Therefore, cell walls are rich sources of carbohydrate-based defence signalling molecules 

(DAMPs and MAMPs), which however remain poorly characterised. In this Thesis, it has been 

demonstrated that some structures contained in mixed-linked β-1,3/1,4-glucans (MLGs) are perceived 

as molecular patterns by different plant species triggering immune responses. This Thesis also 

demonstrates that we can take advantage of those natural processes to develop products that could 

enhance crop protection against pathogens. In particular, we identified a minimal structure, the 

trisaccharide β-1,4-D-(Glc)2-β-1,3-D-Glc (MLG43), which at low concentrations triggers several PTI-

hallmarks in Arabidopsis. Indeed, a transcriptomic study performed in this Thesis showed that 

MLG43 and the well-known MAMP chitohexaose (β-1,4-D-(GlcNAc)6) activate transcriptional 

responses that share almost 81% of the overexpressed genes, further demonstrating a very high gene 

reprogramming overlap upon treatment with these immune-active glycoligands. These data are in line 

with previous transcriptomic analyses comparing the Arabidopsis 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 miss-regulated genes were shared between glucans and chitin treatments 

(Souza et al., 2017; Johnson et al., 2018; Mélida et al., 2018). 

Structurally, the most similar oligosaccharides to MLG43 are glucans with solely β-1,3- or β-1,4-

linkages (Stone and Clarke, 1992). Cellulose-derived oligomers (β-1,4-glucans) are plant cell wall-

derived DAMPs that trigger signalling cascades sharing some similarities with the responses triggered 

by chitin and the well-characterized DAMPs oligogalacturonides derived from plant pectic 

polysaccharides (Aziz et al., 2007; Ferrari et al., 2013; Benedetti et al., 2015; Souza et al., 2017; 

Johnson et al., 2018). Cellooligomers (DP3 or higher) and MLG43, as well as chitin, are active on 

plants at nanomolar concentrations (Kaku et al., 2006; Johnson et al., 2018), which are significantly 

lower than those required to trigger PTI responses by β-1,3-glucans and xyloglucan (containing a β-

1,4-linked glucose backbone), which are in the high micromolar range (Klarzynski et al., 2000; Aziz 

et al., 2003; Mélida et al., 2018; Claverie et al., 2018). Interestingly, in spite of the high β-1,3-glucans 

and xyloglucans doses required to be perceived by plants, they were able to improve protection in 

several pathosystems. For instance, xyloglucan increased grapevine and Arabidopsis resistance 

against the fungus B. cinerea or the oomycete H. arabidopsidis, respectively, while β-1,3-glucans 

improved, among others, tobacco and grapevine protection against bacterial (Erwinia carotovora), 

fungal (B. cinerea) and oomycete (Plasmopara viticola) pathogens (Klarzynsky et al., 2000; Aziz et 

al., 2003; Claverie et al., 2018). Given the high abundance of β-1,3-glucans in the cell walls of brown 

Seaweed, laminarin-based products have been successfully developed to be used in agriculture as 

activators of plant natural defence against pathogens. Similarly, pre-treatments with the single-linked 

β-1,4-glucan cellobiose reduced P. syringae growth on Arabidopsis seedlings, though high doses 

were required to observe such effect (Souza et al., 2017). 
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Notably, in this Thesis, it has been demonstrated that a glucan trisaccharide combining both β-1,3- 

and β-1,4-linkages (MLG43) is also perceived by Arabidopsis and other plant species such as tomato, 

canola, soybean, maize, pepper and wheat. Indeed, pre-treatments of Arabidopsis, tomato, pepper and 

wheat with MLG43 prior to pathogen inoculation confers enhanced disease resistance and significant 

protection against oomycete, bacterial and fungal pathogens, supporting that different plant species 

in addition to Arabidopsis harbour the PRRs required for MLGs recognition. This perception, at least 

in Arabidopsis, seems to be independent of the co-receptors BAK1 and SOBIR1, and only partially 

dependent on CERK1, LYK4 and LYK5 LysM-PRRs, contrary to chitin and β-1,3-glucans, which 

were fully impaired in the cerk1-2 mutant (Liu et al., 2012a; Cao et al., 2014; Mélida et al., 2018). 

Despite these differences in PRR-complexes involved in the perception of these carbohydrate-based 

MAMPs/DAMPs, they transcriptionally activate very similar downstream gene reprograming, as 

reported in other MAMPs comparisons (Bjornson et al., 2021). Arabidopsis PRR involved in the 

direct perception of MLG43 has not been characterised yet but could be one of the 329 potential 

glycan binding PRRs described in Arabidopsis. Among these PRRs, there are 83 with malectin (MD) 

or malectin-like (MLD) motifs in their ECDs. Malectin ECD motif is present in all animals and has 

high affinity towards Glc2-N-glycans such as nigerose and maltose (Schallus et al., 2008). 

Specifically, in Arabidopsis, MD and MLD PRRs group in three subfamilies: CrRLK1L (only have 

one or two MLDs in their ECD), MLD-LRR (a malectin-like domain followed by an LRR domain) 

and LRR-MD (an LRR domain followed by a malectin motif) (del Hierro et al., 2021). In a first 

attempt to identify the mechanism of perception of MLG43, we have screened PTI activity on 

Arabidopsis prr by knockout mutants treated with MLG43 and several MD/MLD-PRRs were found 

to be potential candidates to be involved in MLGs perception since their PTI response was 

significatively lowered in comparison to that of wild-type plants (Figure 4.21). These findings 

represent the starting point for future work in the characterization of the MLG perception system in 

plants. 

In plant cell walls, MLG polysaccharides have been reported to interact with each other and with 

other non-cellulosic polysaccharides via hydrogen bonds between hydroxyl groups (Tosh, 2004; 

Harris and Fincher, 2009). Our in silico analysis results were in line with this idea as they show 

energetically favourable interactions between MLG43 molecules at neutral pH (Figure 4.22). In 

addition, MS analysis showed possible evidences of interaction in pairs of MLG trisaccharides that 

could involve the presence of a cation (Figure 4.4c-f). These findings pave the way for future research 

in understanding the perception mechanism and mode of action of MLGs. Apoplastic pH has been 

widely described to be involved in processes that concern the plant cell walls, such as stem and root 

tropisms, leaf expansion or even response to the fungal toxins and to have a crucial role in cell growth 

(Cosgrove, 2005; Phyo et al., 2019). Apoplastic pH is around 5.5 at cell basal stage (Carpita and 

McCann, 2000; Barbez et al., 2017) and decrease under pH 5 during cell elongation, reaching pH 

values that favour cell wall loosening and at which expansins, enzymes involved in plant cell wall 

expansion, are active (McQueen-Mason et al., 1992; Cosgrove, 2005; Barbez et al., 2017). Besides 

that, interaction between cations and carbohydrates has been previously described in other 

polysaccharides such as pectin or alginate which interact with Ca2+ ions forming the called “egg-box” 

model (Morris et al., 1982; Cao et al., 2020). This polymer-cation-polymer interaction, that has been 

described as relevant factor for the ligand-PRR interaction of other cell wall-derived carbohydrate 

DAMPs, such as the recognition of OGs by WAK1 (Cabrera et al., 2008), is vulnerable at low pH 
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levels as dissociation of hydroxyl and carboxyl groups of carbohydrates is reduced losing its polarity 

(Cao et al., 2020). Thus, since MS-TOF measurements that identified the MLG43 pairs were 

performed at low pH conditions, we wondered whether MLG43 molecules would interact in vivo and 

if such putative interactions might be pH-dependent. Our results revealed that pH changes have a 

different effect in Ca2+ influxes triggered by MLG43 and chitohexaose. There was an increment in 

chitohexaose-triggered Ca2+ influxes at pH 4 that showed a more intense luminescence kinetic that 

could be explained by an increment of chemiosmotic gradient. However, in the case of MLG43 the 

increment was significant at pH 4.5 by the appearance of a second peak that increased by the reduction 

of pH and then sharply dropped at pH 4. It is pertinent to note here that changes in Ca2+ signatures 

could be reflected in downstream signalling pathways (Aldon et al., 2018). Thus, changes in MLG 

perception due to apoplastic pH may affect the plant response. Since apoplastic pH is also altered 

upon plant-pathogen infection (Brown et al., 2014; Falhof et al., 2016; Kesten et al., 2019), further 

research must be carried out to elucidate if the role of MLG or other glycoligands is modulated by 

apoplastic pH. 

Our data support that MLGs represent a novel group of molecular patterns perceived by plants. 

Since this capability of plants to sense MLGs and trigger immune responses must be under positive 

selection, several important biological questions are raised about the different source of MLGs that 

plants are exposed to during plant/pathogen interactions, and the mechanisms of MLGs recognition 

by plants. Notably, some plant phylogenetic groups, like Poaceae species, harbour MLGs in their cell 

walls that can release immune-active MLGs (MLG43) upon the catalytic break-down during infection 

by fungal/oomycete cell wall degrading enzymes, like cellulases, and accordingly MLG43 could be 

classified as a self-molecular-pattern or DAMP (Yang et al., 2021; Barghahn et al., 2021). However, 

other plant species, including Arabidopsis, tomato and pepper used in this Thesis do not seem to 

contain MLGs in their cell walls, but we have demonstrated here that they are able to perceive MLG43 

and to trigger immune responses. In these cases, MLG43 will be perceived as a non-self-molecular-

pattern or MAMP. In line with this hypothesis, we have shown in this Thesis that the oomycete H. 

arabidopsidis harbours MLGs in the cell walls of conidiospores and intracellularly growing hyphae 

in Arabidopsis infected plants. This finding is in line with previous reports indicating the presence of 

MLGs in the cell wall of several microorganisms, though these glucan structures remain poorly 

characterized (Lee and Hollingsworth, 1997; Fontaine et al., 2000; Pettolino et al., 2009; Mélida et 

al., 2013; Samar et al., 2015; Pérez-Mendoza et al., 2015). There are many groups of microbes whose 

cell wall contain high proportions of glucans, but MLG presence has been probably underestimated 

to date since MLG constituent units (1,4 and 1,3-linked glucosyl residues) can be the building blocks 

of other microbial better characterized polymers (e.g., laminarin, glycogen and cellulose). For 

instance, plant pathogens such as oomycetes Phytophthora infestans and Phytophthora parasitica 

contain over 85% of glucans in their cell walls, including a high proportion of both 1,4 and 1,3-linked 

glucosyl units (Mélida et al., 2013). However, the presence of polymers combining both types of 

linkages (MLGs) has not been investigated in detail yet. A good example illustrating this is that the 

cell wall composition of the closely related oomycete H. arabidopsidis is really unknown, however 

results obtained in the frame of this Thesis have demonstrated that it contains at least a 3% of MLGs 

in an extracted wall fraction. The enhanced resistance to H. arabidopsidis of Arabidopsis plants pre-

treated with MLG43 clearly demonstrate that MLGs are perceived as MAMPs. At the same time, 

MLGs, which are present in cell walls of plants from Poaceae order such as maize and wheat, were 
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also perceived by both plant species. Therefore, in the particular case of plant species naturally 

harbouring MLGs, these novel molecular patterns could be considered as DAMPs. Thus, MLGs 

transcend the classification of plant immune trigger molecules into MAMP and DAMP groups 

supporting that this classification should be taken just as a tool to ease the study of molecular patterns 

but not as closed and immutable groups. In this sense, further work unveiling perception mechanisms 

and the specific immune pathways triggered by MLGs in different species will help to further 

decipher their biological functions.  

The complexity and diversity of plant cell walls makes them a potential source of a wide range of 

molecules of different nature and with promising opportunities for multiple industrial applications 

(Rebaque et al., 2017; Rudjito et al., 2019; Carpita and McCann, 2020; Yilmaz-Turan et al., 2020; 

Engelberth et al., 2021). For the purpose of obtaining cell wall-derived molecules to develop a crop 

biostimulant product, classical chemical-based extractions present impediments that make them 

unfeasible. For instance, the resulting fractions must be neutralised, producing an enormous 

concentration of salts (>50 g/l) that cannot be applied to the crop fields and that would have to be 

eliminated, generating large amounts of chemical wastes, and multiplying production costs. In this 

Thesis, we propose SWE as an alternative to obtain cell wall fractions that can be directly used in the 

development of products to be used in agriculture. SWE has been already explored as a possible 

technique to obtain cell wall polymers for different applications and has been successfully scaled up 

from the laboratory to pilot industrial plants (Kilpeläinen, et al., 2014; Rudjito et al., 2019; Yilmaz-

Turan et al., 2020). SWE has been shown to be a sustainable alternative to classical extractions that 

make possible to scale analytical extractions to industrial production. Alkali extraction of cell wall 

fractions has been previously shown to give higher extraction yield than SWE although the latest 

present qualitative advantages (Yilmaz-Turan et al., 2020). Interestingly, our results show that we 

can obtain similar extraction yields from E. arvense cell walls by SWE and alkali extraction, but in 

the case of SWE using only distilled water as solvent avoiding neutralization steps, and in shorter 

times than those required for alkali extraction. 

E. arvense KOH cell wall fraction has been described as not active triggering Ca2+ influxes neither 

ROS production in Arabidopsis (Figure 4.1; Figure 4.29; Rebaque et al., 2021). Only when KOH 

fraction is lichenase-digested, the released MLG oligossacharides trigger PTI responses in plants. In 

contrast, we have observed that “crude” SWE fractions (non-digested with enzymes) triggered those 

early responses. Therefore, the extraction by this technique is yielding active molecules that were not 

obtained by classical alkali extractions. This differential activity of E. arvense KOH and SWE 

fractions could be related with the extraction of glycan with different composition or by the oxidation 

of reducing end of glycans by KOH, that could result in the modification of glycans three-dimensional 

structure (Knill and Kennedy, 2003). Indeed, the lack of activity in some chemically synthesised β-

glucan structures containing an aminoalkyl motif at their reducing end has been previously described 

(Rebaque et al., 2021). Other putative explanation for the activity of SWE fractions would be the 

partial degradation of carbohydrates upon SWE extraction into molecules of lower DP (Ruthes et al., 

2017) that could go through the cell wall and be sensed by the plant, which is not the case of complex 

polysaccharides. The PTI activity of SWE fractions is further supported by their effect on enhancing 

disease resistance responses when applied to crops and Arabidopsis (Figure 4.33). This is 
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undoubtedly the most important element for the success of a novel potential biostimulant product, 

like that developed in this Thesis.  

In summary, this Thesis expand the current knowledge of the diversity of glycan-based molecular 

patterns recognised by plant immune systems, support the use of glycans as products for the 

modulation of crops immunity and propose a modern and sustainable cell wall extraction technology 

(SWE) to obtain active glycans. In essence, the application in the field and commercialization of 

novel biostimulant obtained from leftovers of different industries could contribute to lead the 

transition to a more sustainable agriculture in a circular economy framework.
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6. Conclusions 

 
I. β-1,3/1,4-glucan oligosaccharides (mixed-linked glucans; MLGs) of degree of 

polymerization between 3 and at least 8 activate immune hallmarks in Arabidopsis 

thaliana, such as calcium influxes, production of reactive oxygen species (ROS), mitogen 

activated protein kinases (MAPKs) phosphorylation and the expression of immune-related 

genes. Plant responses triggered by β-D-cellobiosyl-1,3-β-D-glucose (MLG43), the 

minimal active MLG structure, lead to a complex gene expression reprograming, 

involving biological processes related with innate immunity, which highly overlap with 

those triggered by the well-characterized microbe associated molecular pattern (MAMP) 

hexaacetyl-chitohexaose.  

 

II. MLGs are present in the cell wall of the Arabidopsis thaliana oomycete pathogen 

Hyaloperonospora arabidopsidis. Therefore, since MLGs are absent in the cell wall of A. 

thaliana and pre-treatments with MLG43 by foliar spray reduced Hyaloperonospora 

arabidopsidis fitness and disease symptoms caused by this pathogen in its host, they could 

be classified as a novel group of MAMPs. 

 

III. MLGs perception by Arabidopsis thaliana is partially dependent on the LysM-pattern 

recognition receptors (PRRs) CERK1, LYK4 and LYK5, which may act as co-receptors, 

and is independent of other PRR co-receptors such as BAK1 and SOBIR1. Several 

Malectin-PRRs have been identified as putative receptors required for MLG43 perception, 

since A. thaliana defective mutants in these Malectin-PRRs showed, upon MLG43 

treatment, reduced up-regulation of CYP81F2 and WRKY53 immune-related genes of 

wild-type plants.  

 

IV. Apoplastic pH interferes with Arabidopsis thaliana calcium influxes triggered by 

MLG43 and may modulate MLG perception by the plant. This effect may be related with 

the potential interaction of MLG43 molecules with each other in an energetically 

favourable non-covalent way, forming structures whose biological relevance (e.g., 

perception by PRR) needs to be determined. 

 

V. MLG43 is perceived by crops such as Solanum lycopersicum (tomato), Capsicum 

annuum (pepper), Brassica napus (canola), Glycine max (soybean), Zea mays (maize) and 

Triticum aestivum (wheat), as revealed by the activation of several PTI hallmarks or 

enhanced disease resistance responses upon MLG43 treatment. Foliar spray pre-treatment 

of tomato, pepper and wheat with MLG43 preparations resulted in enhanced resistance 

responses and reduced disease symptoms of tomato to the bacterial pathogen 

Pseudomonas syringae, of pepper to the fungal pathogens Sclerotinia sclerotiorum and 

Botrytis cinerea and of wheat to the fungal pathogen Zymoseptoria tritici.  
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VI. Subcritical water extraction (SWE) is an effective and sustainable technology to obtain 

active plant cell wall fractions able to trigger immune responses in plants from different 

cell wall sources. Equisetum arvense cell wall fractions obtained in this Thesis using SWE 

technology trigger immune responses in Arabidopsis thaliana and are able to induce 

resistance in pepper to the fungal pathogen Sclerotinia sclerotiorum. The SWE technology 

tested and developed here avoids the inconveniences of classical cell wall alkali-

dependent extractions, making this methodology suitable for industrial application for the 

generation of novel glycan-based biostimulants for sustainable agriculture. 

 

VII. Lichenase enzymatic processing of cell wall-derived β-glucans could be a suitable 

method to obtain an effective and stable product for the development of a commercial 

biostimulant. Plant pre-treatments by foliar spray with lichenase-released MLGs from 

barley β-glucans are able to enhance the resistance of tomato to the bacterial pathogen 

Pseudomonas syringae and of pepper to the fungal pathogens Sclerotinia sclerotiorum 

and Botrytis cinerea. 

 

VIII. 

 

It has been unveiled that plant material, including carbohydrate-containing wastes from 

different industrial activities, represents a promising source of cell wall-derived molecules 

with a potential use for crop protection against pathogens. These novel biostimulants 

generated with the technologies tested in this Thesis will contribute to a circular economy 

thanks to the revalorisation of biowastes and the use of environmentally friendly 

technologies. 

 

 



 

131 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7.  REFERENCES 
  



 

132 
 

  



References 

133 
 

7. References 
 

Acharya, B.R., Raina, S., Maqbool, S. B., Jagadeeswaran, G., Mosher, S. L., Appel, H. M., 

Schultz, J. C., Klessig, D. F. and Raina, R. (2007). Overexpression of CRK13, an 

Arabidopsis cysteine-rich receptor-like kinase, results in enhanced resistance to Pseudomonas 

syringae. The Plant Journal: For Cell and Molecular Biology, 50(3), 488-499. 

Acosta, I.F., Gasperini, D., Chételat, A., Stolz, S., Santuari, L. and Farmer, E. E. (2013). Role 

of NINJA in root jasmonate signaling. Proceedings of the National Academy of Sciences of 

the United States of America, 110(38), 15473-15478. 

Ajengui, A., Bertolini, E., Ligorio, A., Chebil, S., Ippolito, A. and Sanzani, S. M. (2018). 

Comparative transcriptome analysis of two citrus germplasms with contrasting susceptibility 

to Phytophthora nicotianae provides new insights into tolerance mechanisms. Plant Cell 

Reports, 37(3), 483-499. 

Albersheim, P., Darvill, A., Roberts, K., Sederoff, R. and Staehelin, A. (2010). Plant cell walls. 

Garland Science, New York.  

Albert, I., Böhm, H., Albert, M., Feiler, C. E., Imkampe, J., Wallmeroth, N., Brancato, C., 

Raaymakers, T. M., Oome, S., Zhang, H., Krol, E., Grefen, C., Gust, A. A., Chai, J., 

Hedrich, R., Ackerveken, G. V. d. and Nürnberger, T. (2015). An RLP23–SOBIR1–BAK1 

complex mediates NLP-triggered immunity. Nature Plants, 1(10), 1-9. 

Alborn, H.T., Turlings, T. C. J., Jones, T. H., Stenhagen, G., Loughrin, J. H. and Tumlinson, J. 

H. (1997). An elicitor of plant volatiles from beet armyworm oral secretion. Science, 

276(5314), 945. 

Aldington, S. and Fry, S. C. (1993). Oligosaccharins. In Advances in Botanical Research. Academic 

Press, 19, 1-101. 

Aldon, D., Mbengue, M., Mazars, C. and Galaud, J. (2018). Calcium signalling in plant biotic 

interactions. International Journal of Molecular Sciences, 19(3), 665. 

Allan, A.C., Lapidot, M., Culver, J. N. and Fluhr, R. (2001). An early tobacco mosaic virus-

induced oxidative burst in tobacco indicates extracellular perception of the virus coat protein. 

Plant Physiology, 126(1), 97-108. 

Alonso-Simón, A., Neumetzler, L., García-Angulo, P., Encina, A. E., Acebes, J. L., Álvarez, J. 

M. and Hayashi, T. (2010). Plasticity of xyloglucan composition in bean (Phaseolus 

vulgaris)-cultured cells during habituation and dehabituation to lethal concentrations of 

dichlobenil. Molecular Plant, 3(3), 603-609. 

Amano, Y., Tsubouchi, H., Shinohara, H., Ogawa, M. and Matsubayashi, Y. (2007). Tyrosine-

sulfated glycopeptide involved in cellular proliferation and expansion in Arabidopsis. 

Proceedings of the National Academy of Sciences, 104(46), 18333-18338. 

Amano, Y., Shiroishi, M., Nisizawa, K., Hoshino, E. and Kanda, T. (1996). Fine substrate 

specificities of four exo-type cellulases produced by Aspergillus niger, Trichoderma reesei, 

and Irpex lacteus on (1→3),(1→4)-β-D-glucans and Xyloglucan1. The Journal of 

Biochemistry, 120(6), 1123-1129. 

Amselem, J., Cuomo, C. A., van Kan, Jan A. L., Viaud, M., Benito, E. P., Couloux, A., Coutinho, 

P. M., de Vries, R. P., Dyer, P. S., Fillinger, S., Fournier, E., Gout, L., Hahn, M., Kohn, 

L., Lapalu, N., Plummer, K. M., Pradier, J., Quévillon, E., Sharon, A., Simon, A., ten 

Have, A., Tudzynski, B., Tudzynski, P., Wincker, P., Andrew, M., Anthouard, V., 

Beever, R. E., Beffa, R., Benoit, I., Bouzid, O., Brault, B., Chen, Z., Choquer, M., 

Collémare, J., Cotton, P., Danchin, E. G., Da Silva, C., Gautier, A., Giraud, C., Giraud, 

T., Gonzalez, C., Grossetete, S., Güldener, U., Henrissat, B., Howlett, B. J., Kodira, C., 

Kretschmer, M., Lappartient, A., Leroch, M., Levis, C., Mauceli, E., Neuvéglise, C., 

Oeser, B., Pearson, M., Poulain, J., Poussereau, N., Quesneville, H., Rascle, C., 

Schumacher, J., Ségurens, B., Sexton, A., Silva, E., Sirven, C., Soanes, D. M., Talbot, N. 

J., Templeton, M., Yandava, C., Yarden, O., Zeng, Q., Rollins, J. A., Lebrun, M. and 



Novel cell wall-derived oligosaccharides trigger immune responses and disease resistance in plants 

134 
 

Dickman, M. (2011). Genomic analysis of the necrotrophic fungal pathogens Sclerotinia 

sclerotiorum and Botrytis cinerea. PLoS Genetics, 7(8), e1002230. 

Anderson, C. M., Wagner, T. A., Perret, M., He, Z. H., He, D., and Kohorn, B. D. (2001). WAKs: 

cell wall-associated kinases linking the cytoplasm to the extracellular matrix. Plant Molecular 

Biology. 47, 197-206. 
Andreasson, E., Jenkins, T., Brodersen, P., Thorgrimsen, S., Petersen, N. H. T., Zhu, S., Qiu, 

J., Micheelsen, P., Rocher, A., Petersen, M., Newman, M., Bjørn Nielsen, H., Hirt, H., 

Somssich, I., Mattsson, O. and Mundy, J. (2005). The MAP kinase substrate MKS1 is a 

regulator of plant defense responses. The EMBO Journal, 24(14), 2579-2589. 

Annis, S.L. and Goodwin, P. H. (1997). Production and regulation of polygalacturonase isozymes 

in canadian isolates of Leptosphaeria maculans differing in virulence. Canadian Journal of 

Plant Pathology, 19(4), 358-365. 

Anver, S. and Tsuda, K. (2015). Ethylene and plant immunity. In Ethylene in Plants. Dordrecht: 

Springer Netherlands. 205-221 

Arnault, I., Lombarkia, N., Joy-Ondet, S., Romet, L., Brahim, I., Meradi, R., Nasri, A., Auger, 

J. and Derridj, S. (2016). Foliar application of microdoses of sucrose to reduce codling moth 

Cydia pomonella L. (lepidoptera: Tortricidae) damage to apple trees. Pest Management 

Science, 72(10), 1901-1909. 

Aronson, J.M., Cooper, B. A. and Fuller, M. S. (1967). Glucans of oomycete cell walls. Science, 

155(3760), 332-335. 

Asai, T., Tena, G., Plotnikova, J., Willmann, M. R., Chiu, W., Gomez-Gomez, L., Boller, T., 

Ausubel, F. M. and Sheen, J. (2002). MAP kinase signalling cascade in Arabidopsis innate 

immunity. Nature, 415(6875), 977-983. 

Asano, T., Hayashi, N., Kobayashi, M., Aoki, N., Miyao, A., Mitsuhara, I., Ichikawa, H., 

Komatsu, S., Hirochika, H., Kikuchi, S. and Ohsugi, R. (2012). A rice calcium-dependent 

protein kinase OsCPK12 oppositely modulates salt-stress tolerance and blast disease 

resistance. The Plant Journal: For Cell and Molecular Biology, 69(1), 26-36. 

Aslam, S.N., Erbs, G., Morrissey, K. L., Newman, M., Chinchilla, D., Boller, T., Molinaro, A., 

Jackson, R. W. and Cooper, R. M. (2009). Microbe-associated molecular pattern (MAMP) 

signatures, synergy, size and charge: Influences on perception or mobility and host defence 

responses. Molecular Plant Pathology, 10(3), 375-387. 

Ayers, A.R., Ebel, J., Valent, B. and Albersheim, P. (1976). Host-pathogen interactions: X. 

fractionation and biological activity of an elicitor isolated from the mycelial walls of 

Phytophthora megasperma var. sojae 1. Plant Physiology, 57(5), 760-765. 

Aziz, A., Gauthier, A., Bézier, A., Poinssot, B., Joubert, J., Pugin, A., Heyraud, A. and Baillieul, 

F. (2007). Elicitor and resistance-inducing activities of β-1,4 cellodextrins in grapevine, 

comparison with β-1,3 glucans and alpha-1,4 oligogalacturonides. Journal of Experimental 

Botany, 58(6), 1463-1472. 

Aziz, A., Poinssot, B., Daire, X., Adrian, M., Bézier, A., Lambert, B., Joubert, J. and Pugin, A. 

(2003). Laminarin elicits defense responses in grapevine and induces protection against 

Botrytis cinerea and Plasmopara viticola. Molecular Plant-Microbe Interactions: MPMI, 

16(12), 1118-1128. 

Bacete L, Mélida H, López G, Dabos P, Tremousaygue D, Denancé N, Miedes E, Bulone V, 

Goffner D, Molina A. (2020). Arabidopsis response regulator 6 (ARR6) modulates plant cell-

wall composition and disease resistance. Molecular Plant-Microbe Interactions, 33(5), 767-

780. 

Bacete, L., Mélida, H., Miedes, E. and Molina, A. (2018). Plant cell wall-mediated immunity: Cell 

wall changes trigger disease resistance responses. The Plant Journal: For Cell and Molecular 

Biology, 93(4), 614-636. 

Bacete, L., Mélida, H., Pattathil, S., Hahn, M. G., Molina, A. and Miedes, E. (2017). 

Characterization of plant cell wall damage-associated molecular patterns regulating immune 

responses. Methods in Molecular Biology (Clifton, N.J.), 1578, 13-23. 



References 

135 
 

Bahar, O., Pruitt, R., Luu, D. D., Schwessinger, B., Daudi, A., Liu, F., Ruan, R., Fontaine-Bodin, 

L., Koebnik, R. and Ronald, P. (2014). The Xanthomonas Ax21 protein is processed by the 

general secretory system and is secreted in association with outer membrane vesicles. PeerJ, 

2, e242. 

Bailey, B.A. (1995). Purification of a protein from culture filtrates of Fusarium oxysporum that 

induces ethylene and necrosis in leaves of Erythroxylum coca. Phytopathology, 85(10), 1250-

1255. 

Bain, M., van de Meene, A., Costa, R. and Doblin, M.S. (2021). Characterisation of Cellulose 

synthase like F6 (CslF6) mutants shows altered carbon metabolism in β-D-(1,3;1,4)-glucan 

deficient grain in Brachypodium distachyon. Frontiers in Plant Science, 11. 

Balagué, C., Gouget, A., Bouchez, O., Souriac, C., Haget, N., Boutet‐Mercey, S., Govers, F., 

Roby, D. and Canut, H. (2017). The Arabidopsis thaliana lectin receptor kinase LecRK-I.9 

is required for full resistance to Pseudomonas syringae and affects jasmonate signalling. 

Molecular Plant Pathology, 18(7), 937-948. 

Balmer, A., Pastor, V., Gamir, J., Flors, V. and Mauch-Mani, B. (2015). The ‘prime-ome’: 

Towards a holistic approach to priming. Trends in Plant Science, 20(7), 443-452. 

Barbero, F., Guglielmotto, M., Capuzzo, A. and Maffei, M. E. (2016). Extracellular self-DNA 

(esDNA), but not heterologous plant or insect DNA (etDNA), induces plasma membrane 

depolarization and calcium signaling in lima bean (Phaseolus lunatus) and maize (Zea mays). 

International Journal of Molecular Sciences, 17(10), 1659. 

Barbez, E., Dünser, K., Gaidora, A., Lendl, T. and Busch, W. (2017). Auxin steers root cell 

expansion via apoplastic pH regulation in Arabidopsis thaliana. Proceedings of the National 

Academy of Sciences of the United States of America, 114(24), E4884-E4893. 

Barghahn, S., Arnal, G., Jain, N., Petutschnig, E., Brumer, H. and Lipka, V. (2021). Mixed 

linkage β-1,3/1,4-glucan oligosaccharides induce defense responses in Hordeum vulgare and 

Arabidopsis thaliana. Frontiers in Plant Science, 12, 1201 
Bartels, S., Lori, M., Mbengue, M., van Verk, M., Klauser, D., Hander, T., Böni, R., Robatzek, 

S. and Boller, T. (2013). The family of peps and their precursors in Arabidopsis: Differential 

expression and localization but similar induction of pattern-triggered immune responses. 

Journal of Experimental Botany, 64(17), 5309-5321. 

Bartetzko, M.P. and Pfrengle, F. (2019). Automated glycan assembly of plant oligosaccharides and 

their application in cell-wall biology. Chembiochem: A European Journal of Chemical 

Biology, 20(7), 877-885. 

Basse, C.W., Bock, K. and Boller, T. (1992). Elicitors and suppressors of the defense response in 

tomato cells. Purification and characterization of glycopeptide elicitors and glycan 

suppressors generated by enzymatic cleavage of yeast invertase. The Journal of Biological 

Chemistry, 267(15), 10258-10265. 

Bateman, A. and Bycroft, M. (2000). The structure of a LysM domain from E. coli membrane-

bound lytic murein transglycosylase D (MltD). Journal of Molecular Biology, 299(4), 1113-

1119. 

Bauer, Z., Gómez-Gómez, L., Boller, T. and Felix, G. (2001). Sensitivity of different ecotypes and 

mutants of Arabidopsis thaliana toward the bacterial elicitor flagellin correlates with the 

presence of receptor-binding sites. The Journal of Biological Chemistry, 276(49), 45669-

45676. 

Baxter, A., Mittler, R. and Suzuki, N. (2014). ROS as key players in plant stress signalling. Journal 

of Experimental Botany, 65(5), 1229-1240. 

Baxter, L., Tripathy, S., Ishaque, N., Boot, N., Cabral, A., Kemen, E., Thines, M., Ah-Fong, A., 

Anderson, R., Badejoko, W., Bittner-Eddy, P., Boore, J. L., Chibucos, M. C., Coates, M., 

Dehal, P., Delehaunty, K., Dong, S., Downton, P., Dumas, B., Fabro, G., Fronick, C., 

Fuerstenberg, S. I., Fulton, L., Gaulin, E., Govers, F., Hughes, L., Humphray, S., Jiang, 

R. H. Y., Judelson, H., Kamoun, S., Kyung, K., Meijer, H., Minx, P., Morris, P., Nelson, 

J., Phuntumart, V., Qutob, D., Rehmany, A., Rougon-Cardoso, A., Ryden, P., Torto-



Novel cell wall-derived oligosaccharides trigger immune responses and disease resistance in plants 

136 
 

Alalibo, T., Studholme, D., Wang, Y., Win, J., Wood, J., Clifton, S. W., Rogers, J., Van 

den Ackerveken, G., Jones, J. D. G., McDowell, J. M., Beynon, J. and Tyler, B. M. (2010). 

Signatures of adaptation to obligate biotrophy in the Hyaloperonospora arabidopsidis 

genome. Science, 330(6010), 1549-1551. 

Beckers, G.J.M., Jaskiewicz, M., Liu, Y., Underwood, W. R., He, S. Y., Zhang, S. and Conrath, 

U. (2009). Mitogen-activated protein kinases 3 and 6 are required for full priming of stress 

responses in Arabidopsis thaliana. The Plant Cell, 21(3), 944-953. 

Bedini, E., De Castro, C., Erbs, G., Mangoni, L., Dow, J. M., Newman, M., Parrilli, M. and 

Unverzagt, C. (2005). Structure-dependent modulation of a pathogen response in plants by 

synthetic O-antigen polysaccharides. Journal of the American Chemical Society, 127(8), 

2414-2416. 

Bellande, K., Bono, J., Savelli, B., Jamet, E. and Canut, H. (2017). Plant lectins and lectin receptor-

like kinases: How do they sense the outside? International Journal of Molecular Sciences, 

18(6). 

Bender, K.W., Blackburn, R. K., Monaghan, J., Derbyshire, P., Menke, F. L. H., Zipfel, C., 

Goshe, M. B., Zielinski, R. E. and Huber, S. C. (2017). Autophosphorylation-based calcium 

(Ca2+) sensitivity priming and Ca2+/Calmodulin inhibition of Arabidopsis thaliana Ca2+-

dependent protein kinase 28 (CPK28). The Journal of Biological Chemistry, 292(10), 3988-

4002. 

Benedetti, M., Verrascina, I., Pontiggia, D., Locci, F., Mattei, B., De Lorenzo, G. and Cervone, 

F. (2018). Four Arabidopsis berberine bridge enzyme-like proteins are specific oxidases that 

inactivate the elicitor-active oligogalacturonides. The Plant Journal: For Cell and Molecular 

Biology, 94(2), 260-273. 

Benedetti, M., Pontiggia, D., Raggi, S., Cheng, Z., Scaloni, F., Ferrari, S., Ausubel, F. M., 

Cervone, F. and De Lorenzo, G. (2015). Plant immunity triggered by engineered in vivo 

release of oligogalacturonides, damage-associated molecular patterns. Proceedings of the 

National Academy of Sciences, 112(17), 5533-5538. 

Benito, E.P., Ten Have, A., van't Klooster, J. W. and van Kan, J. A. (1998). Fungal and plant 

gene expression during synchronized infection of tomato leaves by Botrytis cinerea. European 

Journal of Plant Pathology, 104(2), 207-220. 

Benschop, J.J., Mohammed, S., O'Flaherty, M., Heck, A. J., Slijper, M. and Menke, F. L. (2007). 

Quantitative phosphoproteomics of early elicitor signaling in Arabidopsis. Molecular & 

Cellular Proteomics, 6(7), 1198-1214. 

Berrocal-Lobo, M. and Molina, A. (2004). Ethylene response factor 1 mediates Arabidopsis 

resistance to the soilborne fungus Fusarium oxysporum. Molecular Plant-Microbe 

Interactions, 17(7), 763-770. 

Berrocal-Lobo, M., Molina, A. and Solano, R. (2002). Constitutive expression of ETHYLENE-

RESPONSE-FACTOR1 in Arabidopsis confers resistance to several necrotrophic fungi. The 

Plant Journal: For Cell and Molecular Biology, 29(1), 23-32. 

Bethke, G., Thao, A., Xiong, G., Li, B., Soltis, N. E., Hatsugai, N., Hillmer, R. A., Katagiri, F., 

Kliebenstein, D. J., Pauly, M. and Glazebrook, J. (2016). Pectin biosynthesis is critical for 

cell wall integrity and immunity in Arabidopsis thaliana. The Plant Cell, 28(2), 537-556. 

Bethke, G., Unthan, T., Uhrig, J. F., Pöschl, Y., Gust, A. A., Scheel, D. and Lee, J. (2009). Flg22 

regulates the release of an ethylene response factor substrate from MAP kinase 6 in 

Arabidopsis thaliana via ethylene signaling. Proceedings of the National Academy of 

Sciences, 106(19), 8067-8072. 

Bindea, G., Mlecnik, B., Hackl, H., Charoentong, P., Tosolini, M., Kirilovsky, A., Fridman, W., 

Pagès, F., Trajanoski, Z. and Galon, J. (2009). ClueGO: A cytoscape plug-in to decipher 

functionally grouped gene ontology and pathway annotation networks. Bioinformatics 

(Oxford, England), 25(8), 1091-1093. 
Bhuiyan, N.H., Selvaraj, G., Wei, Y. and King, J. (2009). Role of lignification in plant defense. 

Plant Signaling & Behavior, 4(2), 158-159. 



References 

137 
 

Bigeard, J., Colcombet, J. and Hirt, H. (2015). Signaling mechanisms in pattern-triggered 

immunity (PTI). Molecular Plant, 8(4), 521-539. 

Bisceglia, N.G., Gravino, M. and Savatin, D. V. (2015). Luminol-based assay for detection of 

immunity elicitor-induced hydrogen peroxide production in Arabidopsis thaliana leaves. Bio-

Protocol, 5(24), e1685. 

Bjornson, M., Pimprikar, P., Nürnberger, T. and Zipfel, C. (2021). The transcriptional landscape 

of Arabidopsis thaliana pattern-triggered immunity. Nature Plants,7, 579–586. 

Boerjan, W., Ralph, J. and Baucher, M. (2003). Lignin biosynthesis. Annual Review of Plant 

Biology, 54(1), 519-546. 

Böhm, H., Albert, I., Oome, S., Raaymakers, T. M., Van den Ackerveken, G. and Nürnberger, 

T. (2014). A conserved peptide pattern from a widespread microbial virulence factor triggers 

pattern-induced immunity in Arabidopsis. PLoS Pathogens, 10(11), e1004491. 

Böhm, N. and Kulicke, W. (1999). Rheological studies of barley (1→3)(1→4)-β-glucan in 

concentrated solution: Mechanistic and kinetic investigation of the gel formation. 

Carbohydrate Research, 315(3), 302-311. 

Boisson-Dernier, A., Kessler, S. A. and Grossniklaus, U. (2011). The walls have ears: The role of 

plant CrRLK1Ls in sensing and transducing extracellular signals. Journal of Experimental 

Botany, 62(5), 1581-1591. 

Boller, T. and Felix, G. (2009). A renaissance of elicitors: Perception of microbe-associated 

molecular patterns and danger signals by pattern-recognition receptors. Annual Review of 

Plant Biology, 60(1), 379-406. 

Bolouri Moghaddam, M.R. and Van den Ende, W. (2012). Sugars and plant innate immunity. 

Journal of Experimental Botany, 63(11), 3989-3998. 

Bolton, M.D., Thomma, Bart P. H. J. and Nelson, B. D. (2006). Sclerotinia sclerotiorum (lib.) de 

bary: Biology and molecular traits of a cosmopolitan pathogen. Molecular Plant Pathology, 

7(1), 1-16. 

Bostock, R.M., Kuc, J. A. and Laine, R. A. (1981). Eicosapentaenoic and arachidonic acids from 

Phytophthora infestans elicit fungitoxic sesquiterpenes in the potato. Science, 212(4490), 67-

69. 

Boudsocq, M. and Sheen, J. (2013). CDPKs in immune and stress signaling. Trends in Plant 

Science, 18(1), 30-40. 

Boudsocq, M., Willmann, M. R., McCormack, M., Lee, H., Shan, L., He, P., Bush, J., Cheng, S. 

and Sheen, J. (2010). Differential innate immune signalling via Ca2+ sensor protein kinases. 

Nature, 464(7287), 418-422. 

Bourdais, G., Burdiak, P., Gauthier, A., Nitsch, L., Salojärvi, J., Rayapuram, C., Idänheimo, 

N., Hunter, K., Kimura, S., Merilo, E., Vaattovaara, A., Oracz, K., Kaufholdt, D., Pallon, 

A., Anggoro, D. T., Glów, D., Lowe, J., Zhou, J., Mohammadi, O., Puukko, T., Albert, 

A., Lang, H., Ernst, D., Kollist, H., Brosché, M., Durner, J., Borst, J. W., Collinge, D. B., 

Karpiński, S., Lyngkjær, M. F., Robatzek, S., Wrzaczek, M. and Kangasjärvi, J. (2015). 

Large-scale phenomics identifies primary and fine-tuning roles for CRKs in responses related 

to oxidative stress. PLoS Genetics, 11(7), e1005373. 

Boutrot, F. and Zipfel, C. (2017). Function, discovery, and exploitation of plant pattern recognition 

receptors for broad-spectrum disease resistance. Annual Review of Phytopathology, 55, 257-

286. 

Boutrot, F., Segonzac, C., Chang, K. N., Qiao, H., Ecker, J. R., Zipfel, C. and Rathjen, J. P. 

(2010). Direct transcriptional control of the Arabidopsis immune receptor FLS2 by the 

ethylene-dependent transcription factors EIN3 and EIL1. Proceedings of the National 

Academy of Sciences, 107(32), 14502-14507. 

Bouwmeester, K., Sain, M. d., Weide, R., Gouget, A., Klamer, S., Canut, H. and Govers, F. 

(2011). The lectin receptor kinase LecRK-I.9 is a novel Phytophthora resistance component 

and a potential host target for a RXLR effector. PLoS Pathogens, 7(3), e1001327. 



Novel cell wall-derived oligosaccharides trigger immune responses and disease resistance in plants 

138 
 

Bouwmeester, K. and Govers, F. (2009). Arabidopsis L-type lectin receptor kinases: Phylogeny, 

classification, and expression profiles. Journal of Experimental Botany, 60(15), 4383-4396. 

Breen, S., Williams, S. J., Outram, M., Kobe, B. and Solomon, P. S. (2017). Emerging insights 

into the functions of pathogenesis-related protein 1. Trends in Plant Science, 22(10), 871-879. 

Bricchi, I., Occhipinti, A., Bertea, C. M., Zebelo, S. A., Brillada, C., Verrillo, F., De Castro, C., 

Molinaro, A., Faulkner, C., Maule, A. J. and Maffei, M. E. (2013). Separation of early and 

late responses to herbivory in Arabidopsis by changing plasmodesmal function. The Plant 

Journal: For Cell and Molecular Biology, 73(1), 14-25. 

British Mycological Society (2010). Fungal biology. Fungal Biology, 124(9), 753-765. 

Brodersen, P., Petersen, M., Nielsen, H. B., Zhu, S., Newman, M., Shokat, K. M., Rietz, S., 

Parker, J. and Mundy, J. (2006). Arabidopsis MAP kinase 4 regulates salicylic acid- and 

jasmonic acid/ethylene-dependent responses via EDS1 and PAD4. The Plant Journal, 47(4), 

532-546. 

Brown, G.D., Herre, J., Williams, D. L., Willment, J. A., Marshall, A. S. J. and Gordon, S. 

(2003). Dectin-1 mediates the biological effects of β-glucans. The Journal of Experimental 

Medicine, 197(9), 1119-1124. 

Brown, N.A., Ries, L. N. A. and Goldman, G. H. (2014). How nutritional status signalling 

coordinates metabolism and lignocellulolytic enzyme secretion. Fungal Genetics and Biology, 

72, 48-63. 

Browse, J. (2009). Jasmonate passes muster: A receptor and targets for the defense hormone. Annual 

Review of Plant Biology, 60(1), 183-205. 

Browse, J. and Howe, G. A. (2008). New weapons and a rapid response against insect attack. Plant 

Physiology, 146(3), 832-838. 

Bruce, T.J.A., Matthes, M. C., Napier, J. A. and Pickett, J. A. (2007). Stressful “memories” of 

plants: Evidence and possible mechanisms. Plant Science, 173(6), 603-608. 

Brunner, F., Rosahl, S., Lee, J., Rudd, J. J., Geiler, C., Kauppinen, S., Rasmussen, G., Scheel, 

D. and Nürnberger, T. (2002). Pep-13, a plant defense-inducing pathogen-associated pattern 

from Phytophthora transglutaminases. The EMBO Journal, 21(24), 6681-6688. 

Brutus, A., Sicilia, F., Macone, A., Cervone, F. and De Lorenzo, G. (2010). A domain swap 

approach reveals a role of the plant wall-associated kinase 1 (WAK1) as a receptor of 

oligogalacturonides. Proceedings of the National Academy of Sciences, 107(20), 9452-9457. 

Buist, G., Steen, A., Kok, J. and Kuipers, O. P. (2008). LysM, a widely distributed protein motif 

for binding to (peptido)glycans. Molecular Microbiology, 68(4), 838-847. 

Buliga, G.S., Brant, D. A. and Fincher, G. B. (1986). The sequence statistics and solution 

conformation of a barley (1→3, 1→)-β-D-glucan. Carbohydrate Research, 157, 139-156. 

Buratowski, S. (2009). Progression through the RNA polymerase II CTD cycle. Molecular Cell, 

36(4), 541-546. 

Burton, R.A. and Fincher, G. B. (2009). (1,3;1,4)-β-D-glucans in cell walls of the poaceae, lower 

plants, and fungi: A tale of two linkages. Molecular Plant, 2(5), 873-882. 

Burton, R.A., Wilson, S. M., Hrmova, M., Harvey, A. J., Shirley, N. J., Medhurst, A., Stone, B. 

A., Newbigin, E. J., Bacic, A. and Fincher, G. B. (2006). Cellulose synthase-like CslF genes 

mediate the synthesis of cell wall (1,3;1,4)-β-D-glucans. Science, 311(5769), 1940-1942. 

Busse‐Wicher, M., Gomes, T. C. F., Tryfona, T., Nikolovski, N., Stott, K., Grantham, N. J., 

Bolam, D. N., Skaf, M. S. and Dupree, P. (2014). Pattern of xylan acetylation suggests xylan 

may interact with cellulose microfibrils as a twofold helical screw in the secondary plant cell 

wall of Arabidopsis thaliana. The Plant Journal : For Cell and Molecular Biology, 79(3), 

492-506. 

Buxdorf, K., Rubinsky, G., Barda, O., Burdman, S., Aharoni, A. and Levy, M. (2014). The 

transcription factor SlSHINE3 modulates defense responses in tomato plants. Plant Molecular 

Biology, 84(1-2), 37-47. 



References 

139 
 

Cabral, A., Stassen, J. H. M., Seidl, M. F., Bautor, J., Parker, J. E. and Ackerveken, G. V. d. 

(2011). Identification of Hyaloperonospora arabidopsidis transcript sequences expressed 

during infection reveals isolate-specific effectors. PLoS One, 6(5), e19328. 

Cabrera, J.C., Boland, A., Messiaen, J., Cambier, P. and Van Cutsem, P. (2008). Egg box 

conformation of oligogalacturonides: The time-dependent stabilization of the elicitor-active 

conformation increases its biological activity. Glycobiology, 18(6), 473-482. 

Cabrera, J.C., Messiaen, J., Cambier, P. and Cutsem, P. V. (2006). Size, acetylation and 

concentration of chitooligosaccharide elicitors determine the switch from defence involving 

PAL activation to cell death and water peroxide production in Arabidopsis cell suspensions. 

Physiologia Plantarum, 127(1), 44-56. 

Caffall, K.H. and Mohnen, D. (2009). The structure, function, and biosynthesis of plant cell wall 

pectic polysaccharides. Carbohydrate Research, 344(14), 1879-1900. 

Cai, R., Lewis, J., Yan, S., Liu, H., Clarke, C. R., Campanile, F., Almeida, N. F., Studholme, D. 

J., Lindeberg, M., Schneider, D., Zaccardelli, M., Setubal, J. C., Morales-Lizcano, N. P., 

Bernal, A., Coaker, G., Baker, C., Bender, C. L., Leman, S. and Vinatzer, B. A. (2011). 

The plant pathogen Pseudomonas syringae pv. tomato is genetically monomorphic and under 

strong selection to evade tomato immunity. PLoS Pathogens, 7(8), e1002130. 

Caillaud, M., Asai, S., Rallapalli, G., Piquerez, S., Fabro, G. and Jones, J. D. G. (2013). A downy 

mildew effector attenuates salicylic Acid–Triggered immunity in Arabidopsis by interacting 

with the host mediator complex. PLoS Biology, 11(12), e1001732. 

Cambi, A., Koopman, M. and Figdor, C. G. (2005). How C-type lectins detect pathogens. Cellular 

Microbiology, 7(4), 481-488. 

Camejo, D., Guzmán-Cedeño, Á and Moreno, A. (2016). Reactive oxygen species, essential 

molecules, during plant-pathogen interactions. Plant Physiology and Biochemistry: PPB, 103, 

10-23. 

Campos, M.L., Kang, J. and Howe, G. A. (2014). Jasmonate-triggered plant immunity. Journal of 

Chemical Ecology, 40(7), 657-675. 

Caño‐Delgado, A., Penfield, S., Smith, C., Catley, M. and Bevan, M. (2003). Reduced cellulose 

synthesis invokes lignification and defense responses in Arabidopsis thaliana. The Plant 

Journal, 34(3), 351-362. 

Cao, L., Lu, W., Mata, A., Nishinari, K. and Fang, Y. (2020). Egg-box model-based gelation of 

alginate and pectin: A review. Carbohydrate Polymers, 242, 116389. 

Cao, Y., Liang, Y., Tanaka, K., Nguyen, C. T., Jedrzejczak, R. P., Joachimiak, A. and Stacey, 

G. (2014). The kinase LYK5 is a major chitin receptor in Arabidopsis and forms a chitin-

induced complex with related kinase CERK1. eLife, 3, e03766. 

Carpenter, G. and Cohen, S. (1979). Epidermal growth factor. Annual Review of Biochemistry, 

48(1), 193-216. 

Carpita, N.C. and McCann, M. C. (2020). Redesigning plant cell walls for the biomass-based 

bioeconomy. The Journal of Biological Chemistry, 295(44), 15144-15157. 

Carpita, N.C. and McCann, M. (2000). The cell wall. In Biochemistry & Molecular Biology of 

Plants. Rockville, Illinois, American Society of Plant Physiologists, 52-108 

Carpita, N.C. and Gibeaut, D. M. (1993). Structural models of primary cell walls in flowering 

plants: Consistency of molecular structure with the physical properties of the walls during 

growth. The Plant Journal: For Cell and Molecular Biology, 3(1), 1-30. 

Casadidio, C., Peregrina, D. V., Gigliobianco, M. R., Deng, S., Censi, R. and Di Martino, P. 

(2019). Chitin and chitosans: Characteristics, eco-friendly processes, and applications in 

cosmetic science. Marine Drugs, 17(6). 

Catanzariti, A., Do, H. T. T., Bru, P., de Sain, M., Thatcher, L. F., Rep, M. and Jones, D. A. 

(2017). The tomato I gene for fusarium wilt resistance encodes an atypical leucine-rich repeat 

receptor-like protein whose function is nevertheless dependent on SOBIR1 and 

SERK3/BAK1. The Plant Journal: For Cell and Molecular Biology, 89(6), 1195-1209. 



Novel cell wall-derived oligosaccharides trigger immune responses and disease resistance in plants 

140 
 

Catanzariti, A., Lim, G. T. and Jones, D. A. (2015). The tomato I‐3 gene: A novel gene for 

resistance to fusarium wilt disease. New Phytologist, 207(1), 106-118. 

Chalfoun, N.R., Grellet-Bournonville, C. F., Martínez-Zamora, M. G., Díaz-Perales, A., 

Castagnaro, A. P. and Díaz-Ricci, J. C. (2013). Purification and characterization of AsES 

protein a subtilisin secreted by acremonium strictum is a novel plant defense elicitor. The 

Journal of Biological Chemistry, 288(20), 14098-14113. 

Chen, D., Cao, Y., Li, H., Kim, D., Ahsan, N., Thelen, J. and Stacey, G. (2017). Extracellular ATP 

elicits DORN1-mediated RBOHD phosphorylation to regulate stomatal aperture. Nature 

Communications, 8(1), 1-13. 

Chen, K., Du, L. and Chen, Z. (2003). Sensitization of defense responses and activation of 

programmed cell death by a pathogen-induced receptor-like protein kinase in Arabidopsis. 

Plant Molecular Biology, 53(1-2), 61-74. 

Chen, K., Fan, B., Du, L. and Chen, Z. (2004). Activation of hypersensitive cell death by pathogen-

induced receptor-like protein kinases from Arabidopsis. Plant Molecular Biology, 56(2), 271-

283. 

Chen, T., Bi, K., He, Z., Gao, Z., Zhao, Y., Fu, Y., Cheng, J., Xie, J. and Jiang, D. (2016). 

Arabidopsis mutant bik1 exhibits strong resistance to Plasmodiophora brassicae. Frontiers in 

Physiology, 7, 402. 

Chen, X., Mou, Y., Ling, J., Wang, N., Wang, X. and Hu, J. (2015). Cyclic dipeptides produced 

by fungus Eupenicillium brefeldianum HMP-F96 induced extracellular alkalinization and 

H2O 2 production in tobacco cell suspensions. World Journal of Microbiology & 

Biotechnology, 31(1), 247-253. 

Chen, Y., Lee, C., Cheng, K., Chang, W., Huang, R., Nam, H. G. and Chen, Y. (2014). 

Quantitative peptidomics study reveals that a wound-induced peptide from PR-1 regulates 

immune signaling in tomato. The Plant Cell, 26(10), 4135-4148. 

Chen, Y. and Wang, D. (2005). Two convenient methods to evaluate soybean for resistance to 

Sclerotinia sclerotiorum. Plant Disease, 89(12), 1268-1272. 

Chen, Z. (2001). A superfamily of proteins with novel cysteine-rich repeats. Plant Physiology, 

126(2), 473-476. 

Cheng, C., Gao, X., Feng, B., Sheen, J., Shan, L., and He, P. (2013). Plant immune response to 

pathogens differs with changing temperatures. Nature communications, 4(1), 1-9. 
Cheong, J.J., Birberg, W., Fügedi, P., Pilotti, A., Garegg, P. J., Hong, N., Ogawa, T. and Hahn, 

M. G. (1991). Structure-activity relationships of oligo-β-glucoside elicitors of phytoalexin 

accumulation in soybean. The Plant Cell, 3(2), 127-136. 

Chern, M., Xu, Q., Bart, R. S., Bai, W., Ruan, D., Sze-To, W. H., Canlas, P. E., Jain, R., Chen, 

X. and Ronald, P. C. (2016). A genetic screen identifies a requirement for cysteine-rich–

receptor-like kinases in rice NH1 (OsNPR1)-mediated immunity. PLoS Genetics, 12(5). 

Cheval, C., Samwald, S., Johnston, M. G., de Keijzer, J., Breakspear, A., Liu, X., Bellandi, A., 

Kadota, Y., Zipfel, C. and Faulkner, C. (2020). Chitin perception in plasmodesmata 

characterizes submembrane immune-signaling specificity in plants. Proceedings of the 

National Academy of Sciences, 117(17), 9621-9629. 

Chinchilla, D., Zipfel, C., Robatzek, S., Kemmerling, B., Nürnberger, T., Jones, J. D. G., Felix, 

G. and Boller, T. (2007). A flagellin-induced complex of the receptor FLS2 and BAK1 

initiates plant defence. Nature, 448(7152), 497-500. 

Chinchilla, D., Bauer, Z., Regenass, M., Boller, T. and Felix, G. (2006). The Arabidopsis receptor 

kinase FLS2 binds flg22 and determines the specificity of flagellin perception. The Plant Cell, 

18(2), 465-476. 

Chini, A., Fonseca, S., Fernández, G., Adie, B., Chico, J. M., Lorenzo, O., García-Casado, G., 

López-Vidriero, I., Lozano, F. M., Ponce, M. R., Micol, J. L. and Solano, R. (2007). The 

JAZ family of repressors is the missing link in jasmonate signalling. Nature, 448(7154), 666-

671. 



References 

141 
 

Choi, H.W. and Klessig, D. F. (2016). DAMPs, MAMPs, and NAMPs in plant innate immunity. 

BMC Plant Biology, 16(1), 232. 

Choi, H.W., Manohar, M., Manosalva, P., Tian, M., Moreau, M. and Klessig, D. F. (2016a). 

Activation of plant innate immunity by extracellular high mobility group box 3 and its 

inhibition by salicylic acid. PLoS Pathogens, 12(3), e1005518. 

Choi, J., Tanaka, K., Liang, Y., Cao, Y., Lee, S. Y. and Stacey, G. (2014). Extracellular ATP, a 

danger signal, is recognized by DORN1 in Arabidopsis. The Biochemical Journal, 463(3), 

429-437. 

Choi, W., Hilleary, R., Swanson, S. J., Kim, S. and Gilroy, S. (2016b). Rapid, long-distance 

electrical and calcium signaling in plants. Annual Review of Plant Biology, 67, 287-307. 

Chowdhury, J., Henderson, M., Schweizer, P., Burton, R. A., Fincher, G. B. and Little, A. 

(2014). Differential accumulation of callose, arabinoxylan and cellulose in nonpenetrated 

versus penetrated papillae on leaves of barley infected with Blumeria graminis f. sp. hordei. 

The New Phytologist, 204(3), 650-660. 

Chowdhury, J., Schober, M. S., Shirley, N. J., Singh, R. R., Jacobs, A. K., Douchkov, D., 

Schweizer, P., Fincher, G. B., Burton, R. A. and Little, A. (2016). Down-regulation of the 

glucan synthase-like 6 gene (HvGsl6) in barley leads to decreased callose accumulation and 

increased cell wall penetration by Blumeria graminis f. sp. hordei. The New Phytologist, 

212(2), 434-443. 

Chowdhury, S., Basu, A. and Kundu, S. (2017). Biotrophy-necrotrophy switch in pathogen evoke 

differential response in resistant and susceptible sesame involving multiple signaling 

pathways at different phases. Scientific Reports, 7(1), 1-17. 

Chung, E., El-Kasmi, F., He, Y., Loehr, A. and Dangl, J. (2014). A plant phosphoswitch platform 

repeatedly targeted by type III effector proteins regulates the output of both tiers of plant 

immune receptors. Cell Host & Microbe, 16(4), 484-494. 

Claverie, J., Balacey, S., Lemaître-Guillier, C., Brulé, D., Chiltz, A., Granet, L., Noirot, E., 

Daire, X., Darblade, B., Héloir, M. and Poinssot, B. (2018). The cell wall-derived 

xyloglucan is a new DAMP triggering plant immunity in Vitis vinifera and Arabidopsis 

thaliana. Frontiers in Plant Science, 9(1725). 

Cline, M.S., Smoot, M., Cerami, E., Kuchinsky, A., Landys, N., Workman, C., Christmas, R., 

Avila-Campilo, I., Creech, M., Gross, B., Hanspers, K., Isserlin, R., Kelley, R., Killcoyne, 

S., Lotia, S., Maere, S., Morris, J., Ono, K., Pavlovic, V., Pico, A. R., Vailaya, A., Wang, 

P., Adler, A., Conklin, B. R., Hood, L., Kuiper, M., Sander, C., Schmulevich, I., 

Schwikowski, B., Warner, G. J., Ideker, T. and Bader, G. D. (2007). Integration of 

biological networks and gene expression data using cytoscape. Nature Protocols, 2(10), 2366-

2382. 
Coenen, G.J., Bakx, E. J., Verhoef, R. P., Schols, H. A. and Voragen, A. G. J. (2007). 

Identification of the connecting linkage between homo- or xylogalacturonan and 

rhamnogalacturonan type I. Carbohydrate Polymers, 70(2), 224-235. 

Cohen, S. (1960). Purification of a nerve-growth promoting protein from the mouse salivary gland 

and its neuro-cytotoxic antiserum. Proceedings of the National Academy of Sciences of the 

United States of America, 46(3), 302-311. 

Cohn, M., Bart, R. S., Shybut, M., Dahlbeck, D., Gomez, M., Morbitzer, R., Hou, B., Frommer, 

W. B., Lahaye, T. and Staskawicz, B. J. (2014). Xanthomonas axonopodis virulence is 

promoted by a transcription activator-like effector-mediated induction of a SWEET sugar 

transporter in cassava. Molecular Plant-Microbe Interactions: MPMI, 27(11), 1186-1198. 

Colcombet, J. and Hirt, H. (2008). Arabidopsis MAPKs: A complex signalling network involved in 

multiple biological processes. Biochemical Journal, 413(2), 217-226. 

Comaposada, J., Gou, P., Marcos, B. and Arnau, J. (2015). Physical properties of sodium alginate 

solutions and edible wet calcium alginate coatings. LWT - Food Science and Technology, 

64(1), 212-219. 



Novel cell wall-derived oligosaccharides trigger immune responses and disease resistance in plants 

142 
 

Conrath, U., Beckers, G. J. M., Langenbach, C. J. G. and Jaskiewicz, M. R. (2015). Priming for 

enhanced defense. Annual Review of Phytopathology, 53(1), 97-119. 

Cortés-Lorenzo, C., Rodríguez-Díaz, M., López-Lopez, C., Sánchez-Peinado, M., Rodelas, B. 

and González-López, J. (2012). Effect of salinity on enzymatic activities in a submerged 

fixed bed biofilm reactor for municipal sewage treatment. Bioresource Technology, 121, 312-

319. 

Cosgrove, D.J. (2016). Catalysts of plant cell wall loosening. F1000Research, 5, F1000 Faculty Rev-

119. 
Cosgrove, D.J. (2005). Growth of the plant cell wall. Nature Reviews Molecular Cell Biology, 6(11), 

850-861. 

Côté, F. and Hahn, M. G. (1994). Oligosaccharins: Structures and signal transduction. Plant 

Molecular Biology, 26(5), 1379-1411. 

Coutinho, P.M., Deleury, E., Davies, G. J. and Henrissat, B. (2003). An evolving hierarchical 

family classification for glycosyltransferases. Journal of Molecular Biology, 328(2), 307-317. 

Couto, D. and Zipfel, C. (2016). Regulation of pattern recognition receptor signalling in plants. 

Nature Reviews Immunology, 16(9), 537-552. 

Cox, K.L., Meng, F., Wilkins, K. E., Li, F., Wang, P., Booher, N. J., Carpenter, S. C. D., Chen, 

L., Zheng, H., Gao, X., Zheng, Y., Fei, Z., Yu, J. Z., Isakeit, T., Wheeler, T., Frommer, 

W. B., He, P., Bogdanove, A. J. and Shan, L. (2017). TAL effector driven induction of a 

SWEET gene confers susceptibility to bacterial blight of cotton. Nature Communications, 8, 

15588. 

Cui, X., Fan, B., Scholz, J. and Chen, Z. (2007). Roles of Arabidopsis cyclin-dependent kinase C 

complexes in cauliflower mosaic virus infection, plant growth, and development. The Plant 

Cell, 19(4), 1388-1402. 

Dahl, C.C.V., Hävecker, M., Schlögl, R. and Baldwin, I. T. (2006). Caterpillar-elicited methanol 

emission: A new signal in plant–herbivore interactions? The Plant Journal, 46(6), 948-960. 

Dallabernardina, P., Schuhmacher, F., Seeberger, P. H. and Pfrengle, F. (2017). Mixed-linkage 

glucan oligosaccharides produced by automated glycan assembly serve as tools to determine 

the substrate specificity of lichenase. Chemistry (Weinheim an Der Bergstrasse, Germany), 

23(13), 3191-3196. 

Dangl, J.L. and Jones, J. D. G. (2001). Plant pathogens and integrated defence responses to 

infection. Nature, 411(6839), 826-833. 

Davidsson, P., Broberg, M., Kariola, T., Sipari, N., Pirhonen, M. and Palva, E. T. (2017). Short 

oligogalacturonides induce pathogen resistance-associated gene expression in Arabidopsis 

thaliana. BMC Plant Biology, 17(1), 19. 

de Groot, Piet W. J., Brandt, B. W., Horiuchi, H., Ram, A. F. J., de Koster, C. G. and Klis, F. 

M. (2009). Comprehensive genomic analysis of cell wall genes in Aspergillus nidulans. 

Fungal Genetics and Biology, 46(1, Supplement), S72-S81. 

de Jonge, R., Peter van Esse, H., Maruthachalam, K., Bolton, M. D., Santhanam, P., Saber, M. 

K., Zhang, Z., Usami, T., Lievens, B., Subbarao, K. V. and Thomma, Bart P. H. J. (2012). 

Tomato immune receptor Ve1 recognizes effector of multiple fungal pathogens uncovered by 

genome and RNA sequencing. Proceedings of the National Academy of Sciences, 109(13), 

5110-5115. 

De Lorenzo, G., Brutus, A., Savatin, D. V., Sicilia, F. and Cervone, F. (2011). Engineering plant 

resistance by constructing chimeric receptors that recognize damage-associated molecular 

patterns (DAMPs). FEBS Letters, 585(11), 1521-1528. 

De Lorenzo, G., Ferrari, S., Cervone, F. and Okun, E. (2018). Extracellular DAMPs in plants and 

mammals: Immunity, tissue damage and repair. Trends in Immunology, 39(11), 937-950. 

De Lorenzo, G., Ferrari, S., Giovannoni, M., Mattei, B. and Cervone, F. (2019). Cell wall traits 

that influence plant development, immunity, and bioconversion. The Plant Journal: For Cell 

and Molecular Biology, 97(1), 134-147. 



References 

143 
 

de Oliveira, T.M., Delatorre, P., da Rocha, B. A. M., de Souza, E. P., Nascimento, K. S., Bezerra, 

G. A., Moura, T. R., Benevides, R. G., Bezerra, E. H. S., Moreno, F. B. M. B., Freire, V. 

N., de Azevedo, W. F. and Cavada, B. S. (2008). Crystal structure of dioclea rostrata lectin: 

Insights into understanding the pH-dependent dimer-tetramer equilibrium and the structural 

basis for carbohydrate recognition in diocleinae lectins. Journal of Structural Biology, 164(2), 

177-182. 

De Schutter, K. and Van Damme, E. J. M. (2015). Protein-carbohydrate interactions as part of plant 

defense and animal immunity. Molecules (Basel, Switzerland), 20(5), 9029-9053. 

de Zelicourt, A., Colcombet, J. and Hirt, H. (2016). The role of MAPK modules and ABA during 

abiotic stress signaling. Trends in Plant Science, 21(8), 677-685. 

Decreux, A., Thomas, A., Spies, B., Brasseur, R., Cutsem, P. V. and Messiaen, J. (2006). In vitro 

characterization of the homogalacturonan-binding domain of the wall-associated kinase 

WAK1 using site-directed mutagenesis. Phytochemistry, 67(11), 1068-1079. 

DeFalco, T.A., Marshall, C. B., Munro, K., Kang, H., Moeder, W., Ikura, M., Snedden, W. A. 

and Yoshioka, K. (2016). Multiple Calmodulin-binding sites positively and negatively 

regulate Arabidopsis CYCLIC NUCLEOTIDE-GATED CHANNEL12. The Plant Cell, 

28(7), 1738-1751. 

DeFalco, T.A., Bender, K. W. and Snedden, W. A. (2009). Breaking the code: Ca2+ sensors in plant 

signalling. The Biochemical Journal, 425(1), 27-40. 

del Hierro, I., Mélida, H., Broyart, C., Santiago, J. and Molina, A. (2021). Computational 

prediction method to decipher receptor–glycoligand interactions in plant immunity. The Plant 

Journal, 105(6), 1710-1726. 

Delgado-Cerezo, M., Escudero, V., Bednarek, P., Somerville, S., Hernández-Blanco, C., Molina, 

A., Persson, S., Sánchez-Rodríguez, C., Fernández, P. V., Sánchez-Vallet, A., Estevez, J. 

M., Jordá, L., Miedes, E. and Schulze-Lefert, P. (2012). Arabidopsis heterotrimeric G-

protein regulates cell wall defense and resistance to necrotrophic fungi. Molecular Plant, 5(1), 

98-114. 

Delgado-Cerrone, L., Alvarez, A., Mena, E., León, I. P. d. and Montesano, M. (2018). Genome-

wide analysis of the soybean CRK-family and transcriptional regulation by biotic stress 

signals triggering plant immunity. PLoS One, 13(11), e0207438. 

Denoux, C., Galletti, R., Mammarella, N., Gopalan, S., Werck, D., De Lorenzo, G., Ferrari, S., 

Ausubel, F. M. and Dewdney, J. (2008). Activation of defense response pathways by OGs 

and Flg22 elicitors in Arabidopsis seedlings. Molecular Plant, 1(3), 423-445. 

Desaki, Y., Kouzai, Y., Ninomiya, Y., Iwase, R., Shimizu, Y., Seko, K., Molinaro, A., Minami, 

E., Shibuya, N., Kaku, H. and Nishizawa, Y. (2018). OsCERK1 plays a crucial role in the 

lipopolysaccharide-induced immune response of rice. The New Phytologist, 217(3), 1042-

1049. 

Dietz, K., Mittler, R. and Noctor, G. (2016). Recent progress in understanding the role of reactive 

oxygen species in plant cell signaling. Plant Physiology, 171(3), 1535-1539. 

Dimitroff, G., Little, A., Lahnstein, J., Schwerdt, J. G., Srivastava, V., Bulone, V., Burton, R. 

A. and Fincher, G. B. (2016). (1,3;1,4)-β-glucan biosynthesis by the CSLF6 enzyme: 

Position and flexibility of catalytic residues influence product fine structure. Biochemistry, 

55(13), 2054-2061. 

Ding, B. and Wang, G. (2015). Chromatin versus pathogens: The function of epigenetics in plant 

immunity. Frontiers in Plant Science, 6, 675. 

Ding, Y., Sun, T., Ao, K., Peng, Y., Zhang, Y., Li, X. and Zhang, Y. (2018). Opposite roles of 

salicylic acid receptors NPR1 and NPR3/NPR4 in transcriptional regulation of plant 

immunity. Cell, 173(6), 1454-1467.e15 . 

Dixit, S., Upadhyay, S. K., Singh, H., Sidhu, O. P., Verma, P. C. and K, C. (2013). Enhanced 

methanol production in plants provides broad spectrum insect resistance. PLoS One, 8(11), 

e79664. 



Novel cell wall-derived oligosaccharides trigger immune responses and disease resistance in plants 

144 
 

Dixon, M.S., Hatzixanthis, K., Jones, D. A., Harrison, K. and Jones, J. D. (1998). The tomato cf-

5 disease resistance gene and six homologs show pronounced allelic variation in leucine-rich 

repeat copy number. The Plant Cell, 10(11), 1915-1925. 

Dixon, M.S., Jones, D. A., Keddie, J. S., Thomas, C. M., Harrison, K. and Jones, J. D. (1996). 

The tomato cf-2 disease resistance locus comprises two functional genes encoding leucine-

rich repeat proteins. Cell, 84(3), 451-459. 

Doares, S.H., Syrovets, T., Weiler, E. W. and Ryan, C. A. (1995). Oligogalacturonides and 

chitosan activate plant defensive genes through the octadecanoid pathway. Proceedings of the 

National Academy of Sciences of the United States of America, 92(10), 4095-4098. 

Doblin, M.S., Pettolino, F. A., Wilson, S. M., Campbell, R., Burton, R. A., Fincher, G. B., 

Newbigin, E. and Bacic, A. (2009). A barley cellulose synthase-like CSLH gene mediates 

(1,3;1,4)-β-D-glucan synthesis in transgenic Arabidopsis. Proceedings of the National 

Academy of Sciences of the United States of America, 106(14), 5996-6001. 

Dodds, P.N. and Rathjen, J. P. (2010). Plant immunity: Towards an integrated view of plant–

pathogen interactions. Nature Reviews Genetics, 11(8), 539-548. 

Dong, H., Delaney, T. P., Bauer, D. W. and Beer, S. V. (1999). Harpin induces disease resistance 

in Arabidopsis through the systemic acquired resistance pathway mediated by salicylic acid 

and the NIM1 gene. The Plant Journal: For Cell and Molecular Biology, 20(2), 207-215. 

Douchkov, D., Lueck, S., Hensel, G., Kumlehn, J., Rajaraman, J., Johrde, A., Doblin, M. S., 

Beahan, C. T., Kopischke, M., Fuchs, R., Lipka, V., Niks, R. E., Bulone, V., Chowdhury, 

J., Little, A., Burton, R. A., Bacic, A., Fincher, G. B. and Schweizer, P. (2016). The barley 

(Hordeum vulgare) cellulose synthase-like D2 gene (HvCslD2) mediates penetration 

resistance to host-adapted and nonhost isolates of the powdery mildew fungus. The New 

Phytologist, 212(2), 421-433. 

D'Ovidio, R., Mattei, B., Roberti, S. and Bellincampi, D. (2004). Polygalacturonases, 

polygalacturonase-inhibiting proteins and pectic oligomers in plant-pathogen interactions. 

Biochimica Et Biophysica Acta, 1696(2), 237-244. 

Dow, M., Newman, M. and von Roepenack, E. (2000). The induction and modulation of plant 

defense responses by bacterial lipopolysaccharides. Annual Review of Phytopathology, 38(1), 

241-261. 

Dowen, R.H., Pelizzola, M., Schmitz, R. J., Lister, R., Dowen, J. M., Nery, J. R., Dixon, J. E. 

and Ecker, J. R. (2012). Widespread dynamic DNA methylation in response to biotic stress. 

Proceedings of the National Academy of Sciences, 109(32), e2183-e2191. 

Du, J., Verzaux, E., Chaparro-Garcia, A., Bijsterbosch, G., Keizer, L. C. P., Zhou, J., Liebrand, 

T. W. H., Xie, C., Govers, F., Robatzek, S., Vossen, Edwin A. G. van der, Jacobsen, E., 

Visser, R. G. F., Kamoun, S. and Vleeshouwers, Vivianne G. A. A. (2015). Elicitin 

recognition confers enhanced resistance to Phytophthora infestans in potato. Nature Plants, 

1(4), 1-5. 

Duan, Q., Liu, M. J., Kita, D., Jordan, S. S., Yeh, F. J., Yvon, R., Carpenter, H., Federico, A. 

N., Garcia-Valencia, L. E., Eyles, S. J., Wang, C., Wu, H. and Cheung, A. Y. (2020). 

FERONIA controls pectin- and nitric oxide-mediated male-female interaction. Nature, 

579(7800), 561-566. 

Dubiella, U., Seybold, H., Durian, G., Komander, E., Lassig, R., Witte, C., Schulze, W. X. and 

Romeis, T. (2013). Calcium-dependent protein kinase/NADPH oxidase activation circuit is 

required for rapid defense signal propagation. Proceedings of the National Academy of 

Sciences, 110(21), 8744-8749. 

Dubois, M., Gilles, K. A., Hamilton, J. K., Rebers, P. t. and Smith, F. (1956). Colorimetric method 

for determination of sugars and related substances. Analytical Chemistry, 28(3), 350-356. 

Duran-Flores, D. and Heil, M. (2018). Extracellular self-DNA as a damage-associated molecular 

pattern (DAMP) that triggers self-specific immunity induction in plants. Brain, Behavior, and 

Immunity, 72, 78-88. 



References 

145 
 

Duriez, P., Vautrin, S., Auriac, M., Bazerque, J., Boniface, M., Callot, C., Carrère, S., Cauet, 

S., Chabaud, M., Gentou, F., Lopez-Sendon, M., Paris, C., Pegot-Espagnet, P., 

Rousseaux, J., Pérez-Vich, B., Velasco, L., Bergès, H., Piquemal, J. and Muños, S. (2019). 

A receptor-like kinase enhances sunflower resistance to Orobanche cumana. Nature Plants, 

5(12), 1211-1215. 

Dziarski, R. and Gupta, D. (2006). The peptidoglycan recognition proteins (PGRPs). Genome 

Biology, 7(8), 232. 

Ebel, J., Ayers, A. R. and Albersheim, P. (1976). Host-pathogen interactions: XII. response of 

suspension-cultured soybean cells to the elicitor isolated from Phytophthora megasperma var. 

sojae, a fungal pathogen of soybeans 1. Plant Physiology, 57(5), 775-779. 

Eder, M., Tenhaken, R., Driouich, A. and Lütz‐Meindl, U. (2008). Occurrence and 

characterization of arabinogalactan-like proteins and hemicelluloses in Micrasterias 

(Streptophyta). Journal of Phycology, 44(5), 1221-1234. 

Ellinger, D., Naumann, M., Falter, C., Zwikowics, C., Jamrow, T., Manisseri, C., Somerville, S. 

C. and Voigt, C. A. (2013). Elevated early callose deposition results in complete penetration 

resistance to powdery mildew in Arabidopsis. Plant Physiology, 161(3), 1433-1444. 

Ellis, C., Karafyllidis, I., Wasternack, C. and Turner, J. G. (2002). The Arabidopsis mutant cev1 

links cell wall signaling to jasmonate and ethylene responses. Plant Cell, 14, 1557-1566. 

Engelberth, A.S., Ventura, S. P. M., Vilaplana, F., Venkatesu, P., Zhu, J. Y. and Carrier, D. J. 

(2021). ACS sustainable chemistry & engineering welcomes manuscripts on the circular 

economy of biomass. ACS Sustainable Chemistry & Engineering, 9(6), 2410-2411. 

Engelsdorf, T., Will, C., Hofmann, J., Schmitt, C., Merritt, B. B., Rieger, L., Frenger, M. S., 

Marschall, A., Franke, R. B., Pattathil, S. and Voll, L. M. (2017). Cell wall composition 

and penetration resistance against the fungal pathogen Colletotrichum higginsianum are 

affected by impaired starch turnover in Arabidopsis mutants. Journal of Experimental Botany, 

68(3), 701-713. 

Erbs, G., Silipo, A., Aslam, S., De Castro, C., Liparoti, V., Flagiello, A., Pucci, P., Lanzetta, R., 

Parrilli, M., Molinaro, A., Newman, M. and Cooper, R. M. (2008). Peptidoglycan and 

muropeptides from pathogens Agrobacterium and Xanthomonas elicit plant innate immunity: 

Structure and activity. Chemistry & Biology, 15(5), 438-448. 

Erwig, J., Ghareeb, H., Kopischke, M., Hacke, R., Matei, A., Petutschnig, E. and Lipka, V. 

(2017). Chitin-induced and CHITIN ELICITOR RECEPTOR KINASE1 (CERK1) 

phosphorylation-dependent endocytosis of Arabidopsis thaliana LYSIN MOTIF-

CONTAINING RECEPTOR-LIKE KINASE5 (LYK5). New Phytologist, 215(1), 382-396. 

Escudero, V., Jordá, L., Sopeña‐Torres, S., Mélida, H., Miedes, E., Muñoz‐Barrios, A., Swami, 

S., Alexander, D., McKee, L. S., Sánchez‐Vallet, A., Bulone, V., Jones, A. M. and Molina, 

A. (2017). Alteration of cell wall xylan acetylation triggers defense responses that 

counterbalance the immune deficiencies of plants impaired in the β-subunit of the 

heterotrimeric G-protein. The Plant Journal, 92(3), 386-399. 

Espinas, N.A., Saze, H. and Saijo, Y. (2016). Epigenetic control of defense signaling and priming 

in plants. Frontiers in Plant Science, 7, 1201. 

Falhof, J., Pedersen, J. T., Fuglsang, A. T. and Palmgren, M. (2016). Plasma membrane H+-

ATPase regulation in the center of plant physiology. Molecular Plant, 9(3), 323-337. 

Food and Agriculture Organization of the United Nations (FAO). (2020). World food and 

agriculture - statistical yearbook 2020. Rome, Italy: FAO. 

Faulkner, C., Petutschnig, E., Benitez-Alfonso, Y., Beck, M., Robatzek, S., Lipka, V. and Maule, 

A. J. (2013). LYM2-dependent chitin perception limits molecular flux via plasmodesmata. 

Proceedings of the National Academy of Sciences, 110(22), 9166-9170. 
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