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Prof. Dr. Oliver Ebenhöh Prof. Dr. Bart Thomma

Third supervisor Chair of thesis committee

Prof. Dr. Gabriel Schaaf Prof. Dr. Jan Riemer

Minute taker

Dr. Mathias Brands

Date of oral exam: 21.03.2025

The presented research was conducted under the auspices of the Graduate School of Biological

Sciences (University of Cologne) and the CEPLAS Graduate School (Cluster of Excellence in

Plant Sciences, Heinrich-Heine University Düsseldorf, University of Cologne)

i



List of Abbreviations

AEQ Aequorin

AMF Arbuscular mycorrhiza fungi

AMS AMF symbiosis

ASG Acyl sterol glycosides

At Arabidopsis thaliana

ATP Adenosine triphosphate

Bs Bipolaris sorokinana

β-GD β-1,3-glucan decasaccharide

CAZymes Carbohydrate active enzymes

Ca2+ Calcium

CDPK Calcium dependent protein kinase

CO Chitoligosaccharide

CW Cell wall

CWA Cell wall aposition

DAMP Damage associated molecular pattern

dpi Days post inoculation

DP Degree of polymerization

Eb Eisenia bicyclis

ECD Extracellular domain

ETI Effector triggered immunity

ETS Effector triggered susceptibility

EPS Extracellular polysaccharides

flg22 Peptide (22 amino acids) derived from flagellin

FS Free sterols

GC-MS Gas chromatography - mass spectrometry

Hv Hordeum vulgare

ISR Induced systemic resistance

JA Jasmonic acid

Ld Laminaria digitata

LD Lipid droplet

LCO Lipochitoligosaccharide

Lj Lotus japonicus

ii



LPS Lipopolysaccharide

LRR Leucine-rich repeat

LysM Lysin motif

MALDI-TOF
Matrix-assisted laser desorption / ionization - time of

flight

MAMP Microbe-associated molecular pattern

MAPK Mitogen associated protein kinase

NLR Nucleotide-binding leucine-rich repeat receptor

NMR Nuclear magnetic resonance

PGPB Plant growth promoting bacteria

PGPF Plant growth promoting fungi

Pi -Cer D Phytophtora infestans ceramide D

PM Plasma membrane

PR Pathogenesis related

PRR Pattern recognition receptor

PTI Pattern triggered immunity

qRT-PCR Quantitative real time polymerase chain reaction

RBOHD Reactive burst oxidase homolog D

RLCK Receptor-like cytoplasmic kinase

RLK Receptor-like kinase

RLP Receptor-like protein

RNS Root nodule symbiosis

ROS Reactive oxygen species

SA Salicylic acid

SE Sterol ester

SG Sterol glucosides

Si Serendipita indica

TF Transcription factor

UBI Ubiquitin

WT Wild type

iii



Publications

Publications included in this thesis:

Tiemblo-Mart́ın, M., Pistorio, V., Saake, P., Mahdi, LK., Asunción Campanero-

Rhodes, M., Di Girolamo, R., Di Carluccio, C., Marchetti, R., Molinaro, A., Soĺıs,
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Abstract

Plants are surrounded by a variety of microorganisms with commensal, mutualistic and pathogenic

lifestyle. To monitor their environment, plants employ a multi-layered immune system consist-

ing of extra- and intracellular receptors. Membrane-bound pattern recognition receptors (PRRs)

detect conserved microbe-associated molecular patterns (MAMPs) outside of plant cells and acti-

vate pattern triggered immunity (PTI). Nucleotide-binding leucine-rich repeat receptors (NLRs)

detect microbial effectors in the plant cytosol and activate effector triggered immunity (ETI). In

the last decades, proteins, carbohydrates, nucelotides and lipids have been identified as MAMPs.

Long-chain carbohydrates, or polysaccharides, are key structural components of microbial ex-

tracellular polysaccharide (EPS) matrices and cell walls (CWs), forming the outermost layers

of microbial cells. Along with plasma membranes, which are predominantly composed of lipids,

these structures constitute the interface for plant-microbe interactions. Consequently, EPS- and

CW-derived polysaccharides and membrane lipids play a pivotal role in the establishment of

plant-microbe associations. Here, we characterize their role as MAMPs and modulators of im-

munity in the interaction of the the model plant A. thaliana and crop barley (Hordeum vulgare)

with the beneficial microbes Flavobacterium sp. Root935 and Serendipita indica, respectively.

We provide evidence that EPS-matrices from both bacteria and fungi might function as oxida-

tive shields or calcium chelators in addition to their function as MAMPs, thereby modulating

the host immune response (Chapter 2.1, 2.2). This is likely attributed to the high branching

or decoration frequency of the EPS. In addition, we identify β-glucan binding proteins as im-

portant compatibility factors in beneficial plant-microbe interactions (Chapter 2.3). Moreover,

we provide a comprehensive overview of the PTI response, activated upon perception of lipids,

isolated from S. indica mycelium, in barley roots. We identify ergosterol as the main immuno-

genic component of S. indica mycelium lipids and demonstrate activation of plant lipid signaling

pathways, in particular phosphatidylinositol phosphate (PIP) signaling and diterpene biosyn-

thesis, in response to fungal lipid treatment. This indicates that plant lipids mediate immune

responses to fungal lipids in barley (Chapter 3.1). Finally local and systemic host responses to

fungal lipids during S. indica colonization are further characterized (Chapter 3.2) and compared

to colonization by the pathogenic fungus Bipolaris sorokiniana (Chapter 3.3). Altogether, the

work depicted in this thesis expands our knowledge on the role of lipids and polysaccharides

in plant immunity during beneficial plant-microbe interactions, which could be used to develop

novel strategies to promote accommodation of beneficial microbes and enhance crop resistance.
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Zusammenfassung

Pflanzen sind von einer Vielzahl von Mikroorganismen mit kommensalistischer, mutualistischer

und pathogener Lebensweise umgeben. Um ihre Umwelt zu überwachen, verfügen Pflanzen über

ein vielschichtiges Immunsystem, das aus extra- und intrazellulären Rezeptoren besteht. Mem-

brangebundene PRR (pattern recognition receptors) Rezeptoren erkennen konservierte MAMPs

(microbe-associated molecular patterns) außerhalb von Pflanzenzellen und aktivieren PTI (pat-

tern triggered immunity). NLR (nucleotide-binding leucine-rich repeat receptors) Rezeptoren

erkennen mikrobielle Effektoren im pflanzlichen Zytosol und aktivieren ETI (effector triggered

immunity). In den letzten Jahrzehnten wurden Proteine, Polysaccharide, Nukleotide und Lipide

als MAMPs identifiziert. Langkettige Kohlenhydrate, auch genannt Polysaccharide, bilden die

Hauptbausteine extrazellulärer Polysaccharidmatrizen (EPS-Matrizen) und Zellwände, welche

die äußersten Schichten der mikrobiellen Zellen bilden. Zusammen mit Plasmamembranen,

welche haupstächlich aus Lipiden bestehen, bilden sie die Schnittstelle zwischen Pflanzen und

Mikroben. Folglich spielen aus EPS und Zellwand gewonnene Polysaccharide und Membran-

lipide eine zentrale Rolle bei der Bildung von Pflanzen-Mikroben-Assoziationen. Hier charak-

terisieren wir dessen Rolle in der Aktivierung und Modulation des pflanzlichen Immunsystems

während der Interaktion der Kulturpflanze Gerste (Hordeum vulgare) und der Modellpflanze A.

thaliana mit den nützlichen Mikroben Serendipita indica bzw. Flavobacterium sp. Root935.

Wir zeigen, dass bakterielle und Pilz-EPS-Matrizen, zusätzlich zu ihrer Funktion als MAMPs,

als oxidative Schutzschilde oder Calcium Chelatoren fungieren und dadurch die Immunantwort

des Wirtes modulieren könnten (Kapitel 2.1, 2.2). Dies wird wahrscheinlich durch eine hohe

Verzweigungs- oder Dekorationsfrequenz der EPS bestimmt. Darüber hinaus identifizieren wir β-

Glucan-bindende Proteine als wichtige Kompatibilitätsfaktoren in nützlichen Pflanzen-Mikroben

Interaktionen (Chapter 2.3). Des Weiteren geben wir einen umfassenden Überblick über die PTI

Reaktion, die bei der Wahrnehmung von Lipiden, isoliert aus S. indica Myzelium, in Gersten-

wurzeln aktiviert wird. Wir identifizieren ergosterol als den haupt-immunogenen Bestandteil

von S. indica Myzelium Lipiden und zeigen, dass pflanzliche Lipid-Signalwege, insbesondere

Phosphatidylinositol phosphat (PIP)-Signalwege und die Diterpen-Biosynthese, als Reaktion

auf die Wahrnehmung von Pilzlipiden aktiviert werden. Dies deutet darauf hin, dass pflanzliche

Lipide die Immunantwort auf die Detektion von pilzlichen Lipiden vermitteln (Kapitel 3.1). Ab-

schließend wird die lokale und systemische Immunantwort im Wirt auf pilzliche Lipide während

S. indica Kolonisierung weitergehend charakterisiert (Chapter 3.2) und zu der Kolonisierung

mit dem pathogenen Pilz Bipolaris sorokiniana verglichen (Chapter 3.3). Zusammengefasst, er-

weitern die in dieser Thesis vorgestellten Arbeiten unser Wissen über die Rolle von Lipiden und

Polysacchariden in der pflanzlichen Immunantwort während nützlicher Interaktionen zwischen
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Pflanzen und Mikroben. Dieses Wissen kann zur Entwicklung von neuartigen Strategien zur

Förderung der Ansiedlung von nützlichen Mikroben und Verbesserung der Pflanzenresistenz,

genutzt werden.
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Chapter 1

Introduction

1.1 The plant microbiome and plant immunity

Plants are in constant contact with a variety of microorganisms both below- and above ground

and accommodate a multitude of microbes living on (epiphytic) or inside (endophytic) their

tissue. This adapted microbial community is called the microbiome and in case of the root,

recruited from the soil (Lundberg et al., 2012; Bulgarelli et al., 2013; Duran et al., 2018; Wip-

pel et al., 2021). Soil is an extremely organism-rich habitat containing approximately 60% of

all species on earth (Anthony et al., 2023). Microbes such as bacteria, fungi and oomycetes

resemble the largest proportion of soil organisms (Bakker et al., 2014). Plant-microbe inter-

actions as well as plant-plant and microbe-microbe interactions in the soil directly influence

the soil microbiome composition (Bakker et al., 2014; Duran et al., 2018; Wippel et al., 2021).

The plant microbiome consists of commensal, beneficial and pathogenic microbes (Schlaeppi

& Bulgarelli, 2015), which can significantly affect plant fitness, for instance by modulating re-

silience against abiotic stresses such as nutrient- and water deprivation (B. Bai et al., 2022).

Moreover, the microbiome can protect the plant from pathogen infection. To monitor their envi-

ronment, plants employ a multi-layered immune system consisting of plasma membrane resident

receptors (pattern recognition receptors, PRRs) and intracellular receptors (nucleotide-binding

leucine-rich repeat receptors, NLRs), which can perceive microbial molecules outside and inside

the host cell, respectively. PRRs survey the apoplast, the aqueous space connecting host cells,

where invading microbes proliferate and activate pattern triggered immunity (PTI) upon per-

ception of microbe associated- or plant-derived damage associated molecular patterns (MAMPs

or DAMPs). NLRs monitor the host cytoplasm and detect microbial effectors, leading to ef-

fector triggered immunity (ETI) (Zipfel & Oldroyd, 2017). Jones and Dangl, 2006 established

the zig-zag model describing the consecutive activation of PTI and ETI during plant-microbe

interactions. First, MAMPs are recognized by the plant and trigger PTI, restricting microbial

colonization. Second, microbes secrete effectors, small molecules that interfere with the host

immune response and thereby reduce plant defense responses (Presti et al., 2015; Todd et al.,

2022), into the host cell, leading to effector triggered susceptibility (ETS). Third, microbial ef-

fectors are perceived by plant intracellular receptors (NLRs) leading to ETI and host resistance

(Jones & Dangl, 2006). On an evolutionary scale this leads to an ”arms-race” between plants

and microbes in which microbes constantly evolve new effectors to overcome host immunity and
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Chapter 1. Introduction

plants evolve new receptors to enhance resistance. In recent years increasing evidence was pro-

vided that PTI and ETI are interconnected and potentiate each other (Ngou et al., 2021; Pruitt

et al., 2021; Chang et al., 2022). Upregulation of PTI components is important for an effective

ETI response and regulated in a positive feedback loop by ETI signaling (H. Tian et al., 2021;

Yuan et al., 2021). PTI and ETI act synergistically to effectively stop pathogen infection. In

this thesis, we will focus on MAMP perception and subsequent PTI responses during beneficial

plant-microbe interactions. Thus, PTI will be described in more detail in the following chapter

while ETI will not be further discussed. For a detailed description of ETI, refer to Nguyen et al.,

2021.

1.2 Pattern triggered immunity (PTI)

As described above, plants use PRRs to survey the apoplastic space for invading microbes. PRRs

usually consist of a transmembrane domain, anchoring the protein in the plasma membrane

(PM), an extracellular domain (ECD), which binds MAMPs or DAMPs, and a cytosolic domain,

which activates downstream signaling targets. PRRs can be divided in receptor-like kinases

(RLKs) and receptor-like proteins (RLPs). In RLKs the cytosolic domain contains a kinase

domain, which is lacking in RLPs. Thus, RLPs associate with SUPPRESSOR OF BIR1 (SOBIR)

adaptor RLKs for successful signal transduction (DeFalco and Zipfel, 2021, Figure 1A). PRRs

are usually pre-associated to receptor-like cytoplasmic kinases (RLCKs). Upon ligand binding,

co-receptor kinases are recruited to PRRs and phosphorylate the RLCKs (Figure 1A), which

again propagate the signal. RLCKs phosphorylate several immunity signaling components,

for instance the NADPH oxidase REACTIVE BURST OXIDASE HOMOLOG D (RBOHD),

calcium influx channels or transcription factors, controlling immunity related genes. Ultimately,

this results in apoplastic accumulation of reactive oxygen species (ROS), increase in cytosolic

calcium (Ca2+) concentrations, activation of MITOGEN ASSOCIATED PROTEIN KINASE

(MAPK) phosphorylation cascades and differential gene expression, typical hallmarks of PTI

(Couto and Zipfel, 2016; DeFalco and Zipfel, 2021, Figure 1B).
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Chapter 1. Introduction

Figure 1: Ligand-induced receptor complex assembly and eary PTI signaling. A) PRRs (red) can
be divided in RLKs (left), containing an intracellular kinase domain and RLPs (right), lacking this kinase do-
main. For ligand perception, RLPs associate with helper RLKs (pink). Additionally, PRRs are pre-associated
to RLCKs (yellow) in the inactive state. Upon ligand binding, co-receptor kinases (blue) are recruited to the
PRRs. This leads to transphosphorylation of the PRR and the co-receptor kinase and phosphorylation of the
RLCKs. B) Phosphorylation of the RLCKs activates several downstream signaling pathways. RLCKs can di-
rectly phosphorylate calcium influx channels, the NADPH oxidase RBOHD and transcription factors, controlling
immunity gene expression. Additionally, MAPKKKs are phosphorylated upon ligand binding, and calcium influx
activates CDPKs. This results in apoplastic ROS accumulation, calcium influx into the cytosol, and differential
gene expression. PRR = Pattern recognition receptor, RLK = Receptor-like kinase, RLP = Receptor-like pro-
tein, RLCK = Receptor-like cytoplasmic kinase, RBOHD = Respiratory burst oxidase homolog D, MAPKKK
= mitogen associated protein kinase kinase kinase, CDPK = calcium dependent protein kinase, ROS = reactive
oxygen species, TF = transcription factor. Adapted from Couto and Zipfel, 2016. The figure was created using
Biorender.

1.3 The diversity of MAMPs and PRRs

MAMPs have been identified from all kingdoms of life and are found across all classes of major

biomolecules from proteins, carbohydrates and lipids to nucleotides (Boutrot & Zipfel, 2017).

The majority of MAMPS are highly conserved across genera and essential for survival, thus

persist throughout evolution despite the high selective pressure due to perception by plant re-

ceptors. One of the most studied examples of a proteinaceous MAMP is flg22, a short peptide

of the bacterial flagellin protein. Flg22 perception was first investigated in A. thaliana, where

the perception mechanism and downstream signaling mechanisms were extensively studied. In

A. thaliana, flg22 is perceived by the LRR-RLK FLAGELLIN SENSITIVE 2 (AtFLS2) which is

associated to the cytoplasmic RLCK BOTRYTIS-INDUCED KINASE 1 (AtBIK1) (Chinchilla

et al., 2006; Lu et al., 2010). Upon ligand binding, the co-receptor kinase BRASSINOSTEROID

ASSOCIATED KINASE 1 (AtBAK1) is recruited and phosphorylates AtBIK1 to initiate down-

stream signaling (Heese et al., 2007; Y. Sun et al., 2013, Figure 2). In addition, AtBIK1 can be

phosphorylated by CALCIUM DEPENDENT PROTEIN KINASES (CDPKs) (Monaghan et al.,

2014). AtBIK1 subsequently phosphorylates calcium channels (W. Tian et al., 2019; Thor et al.,
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Chapter 1. Introduction

2020) and AtRBOHD (Kadota et al., 2014; L. Li et al., 2014), which mediate MAMP-induced

apoplastic ROS production and calcium influx. Moreover, AtBIK1 potentially phosphorylates

WRKY transcription factors, thereby modulating expression of immunity-related genes (Lal et

al., 2018, Figure 1B). The flagship MAMP for carbohydrates is the fungal cell wall (CW) com-

ponent chitin, which consists of β-1,4 linked N-acetylglucosamine (GlcNAc) subunits (Brown

et al., 2020). In A. thaliana, chitin oligomers are perceived by two LysM- containing RLKs

AtLYK5 and AtLYK4, which recruit the co-receptor kinase AtCERK1 (Cao et al., 2014, Figure

2). In rice, the LysM-RLK OsCEBiP forms a sandwich-type receptor complex with OsCERK1

to perceive chitin (Hayafune et al., 2014; Kouzai et al., 2014, Figure 2). Here, also several

RLCKs are involved in downstream signaling (Boutrot & Zipfel, 2017). Additionally, oomycete-

derived protein and lipid MAMPs were characterized. One example is the Phytophtora infestans

ceramide D (Pi -Cer D), a sphingolipid, present in oomycete membranes. In A. thaliana, Pi -

Cer D is cleaved by an apoplastic host ceramidase, NEUTRAL CERAMIDASE 2 (AtNCER2),

which releases a 9-methyl-branched sphingoid base (9-me-Spd) that is recognized by the A.

thaliana lectin RLK, RESISTAND TO DFPM-INHIBITION of ABSCISIC ACID SINGALING

2 (AtRDA2) and induces for instance expression of WRKY transcription factors (TFs) (Kato

et al., 2022). Finally, plant-derived DAMPs also induce an immune response (Figure 2). One

prominent example is adenosine triphosphate (ATP). ATP is released upon damage of host cells

and perceived by two L-type lectin RLKs AtLecRK-I.9, also called AtP2K1 or AtDORN1, and

AtLecRK-I.5, also called AtP2K2 (Choi et al., 2014; Pham et al., 2020). Upon ATP perception,

both receptors interact and cross-phosphorylate (Pham et al., 2020). An overview of the so far

identified MAMPs and DAMPs and their respective RLKs, co-RLKs and RLCKs is depicted

in Figure 2 (adapted from Ngou et al., 2022). This overview demonstrates that to date bacte-

rial and fungal MAMPs make up the majority of identified MAMPs. While the perception of

proteins and peptides is widely understood, information on receptors and co-receptors of carbo-

hydrates, lipids or nucleotides is limited.

Knowledge on the characterized PRR-MAMP pairs and downstream signaling kinases involved

in the immune response can help to identify PRRs and RLCKs of orphan MAMPs. Comparison

of MAMPs and their corresponding PRR types revealed that the ECD of RLKs confers a binding

preference for certain MAMP molecules. Generally, LRR-RLKs bind protein MAMPs, LysM-

domain RLKs bind carbohydrate MAMPs, G-lectin domains bind lipid MAMPs, L-lectin RLKs

nucleotides and EGF-type RLKs bind CW-derived oligogalacturonides (Couto and Zipfel, 2016;

DeFalco and Zipfel, 2021, Figure 2). However, it should be noted that exceptions exist as for

instance for the oomycete peptide PcEXLX1 which is perceived by a G-type lectin receptor

instead of a LysM-domain containing RLK (Figure 2). Often, co-receptor kinase recruitment

is also regulated by the PRR ECD. In A. thaliana, the co-receptor kinase AtBAK1 or closely

related SOMATIC EMBRYOGENESIS RECEPTOR KINASES (SERKs) are involved in the

perception of several peptides and associate mainly with LRR-RLKs (Figure 2). In contrast,

CERK1 is involved in carbohydrate perception and recruited to various LysM containing RLKs

(Couto & Zipfel, 2016). Further, it was demonstrated that these co-receptor kinases function

not only in immunity but also symbiosis signaling or growth-related signaling pathways. This
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Chapter 1. Introduction

indicates that a common molecular strategy is used by similar biochemical classes of RLKs

for their ligand-induced activation (Zipfel & Oldroyd, 2017). In addition, plants harbour a

great variety of RLCKs, allowing robustness and flexibility of their immune response. The same

RLCKs can be involved in perception of several MAMPs, independent of the PRR type. AtBIK1

and the closely related PBS1-like kinase (AtPBL) proteins activate immune responses elicited by

elf-18, AtPep1 and chitin (DeFalco & Zipfel, 2021). However, RLCKs can vary in their affinity

to different PRRs and can activate distinct branches of PTI signaling (Couto & Zipfel, 2016).
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Chapter 1. Introduction

Figure 2: MAMPs / DAMPs and symbiosis signals and their respective receptor complexes. Char-
acterized MAMPs / DAMPs and immunity signals from bacteria (blue), fungi (yellow), oomycete (pink) and
plants (green) and their respective PRR complexes. Main receptors (RLKs or RLPs) are indicated in red, helper
RLKs in pink, co-RLKs in blue and RLCKs in yellow. Unknown/missing components are depicted 50 % trans-
parent. MAMPs / DAMPs are sorted by their molecule class into proteins, carbohydrates, lipids and nucleotides.
Additionally, symbiosis signaling molecules are depicted. Abbreviations for plant species: A. thaliana, At ; B.
napus, Bn; L. japonicus, Lj ; M. truncatula, Mt ; N. benthamiana, Nb; O. sativa, Os; P. sativum, Ps; S. lycoper-
sicum, Sl ; S. microdontum, Sm; T. aestivum, Ta; V. vinifera, Vv. Adapted from Couto and Zipfel, 2016; Ngou
et al., 2022. The figure was created using Biorender. A table containing all information depicted in this figure
including references can be found in the Appendix.
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Chapter 1. Introduction

1.4 Regulation of PTI

Activation of immunity is energetically costly for plants. Therefore, it must be tightly regulated

to avoid constitutive activation. This regulation is integrated at several levels from recruit-

ment of co-receptor kinases and signaling initiation at the PRR complex to cytoplasmic signal

transduction pathways and transcriptional reprogramming (Couto & Zipfel, 2016). Kinases are

essential components in plant immunity. However, approx. 10 % of all A. thaliana kinases are

pseudokinases (Castells & Casacuberta, 2007), which do not phosphorylate substrates but func-

tion as allosteric activators of other kinases and promote or prevent protein-protein interactions

(Zeqiraj & van Aalten, 2010; Shaw et al., 2014). Thereby, they can modulate recruitment of co-

receptor kinases. Two examples are the pseudokinases AtBIR1 and AtBIR2 that associates with

AtBAK1 and thereby prevent AtBAK1-AtFLS2 complex formation (Gao et al., 2009; Blaum

et al., 2014; Halter et al., 2014). Moreover, phosphatases are important negative regulators

of kinases to avoid inadvertent immune responses. They affect immunity signaling at multiple

levels. Protein phosphatases type 2C (PP2C) can dephosphorylate PRRs (Gómez-Gómez et al.,

2001; Park et al., 2008; Diao et al., 2024) and protein phosphatase type 2A (PP2A) constitu-

tively associates with and dephosphorylates BAK1 to negatively regulate its activity (Segonzac

et al., 2014). RLCKs such as BIK1 are also regulated through their phosphorylation status

(Couto et al., 2016) and dual specificity phosphatases (DUSPs) were shown to dephosphorylate

MAPKs, thereby modulating their activity and subsequent transcription of immunity related

genes (Caunt & Keyse, 2013). Transcription of immunity related genes is highly regulated by

the activity of the respective TF. One prominent example are WRKY TFs, which are often

retained in a protein complex in the inactive state but released upon ligand binding, allowing

phosphorylation by MAPKs and subsequent activation of gene expression (J. L. Qiu et al., 2008;

Mao et al., 2011; Javed & Gao, 2023). Finally, PTI signaling is incorporated in hormone- and

endogenous peptide- signaling networks. The antagonistic immunity-related hormones salicylic

acid (SA) and jasmonic acid (JA), positively and negatively regulate PTI, respectively (Pieterse

et al., 2012; Yi et al., 2014; Aerts et al., 2021). Another major plant hormone, ethylene is

especially involved in controlling the activation of gene expression via ethylene-responsive tran-

scription factors and can act antagonistically or synergistically with both SA and JA (Boutrot et

al., 2010; Pieterse et al., 2012). Plants need to meticulously manage allocation of their resources

between immunity signaling and growth, leading to a so-called plant growth-defense trade-off.

Thus, immunity is negatively regulated by growth-related hormones such as auxin. Auxin an-

tagonizes SA signaling and auxin signaling is inhibited upon ligand perception. Furthermore,

cytokinins and brassinosteroids also modulate PTI (C. Albrecht et al., 2012; T. Albrecht &

Argueso, 2016). In addition to regulation via post-translational modifications, protein levels of

immunity components are tightly regulated. Upon ligand-induced receptor complex formation,

PRRs are endocytosed and degraded in the vacuole (Robatzek et al., 2006; Khaled et al., 2015;

Ekanayake et al., 2021). This process, known as receptor-mediated endocytosis, serves as a

regulatory mechanism to prevent constitutive activation of immune responses (Robatzek et al.,

2006; Claus et al., 2018). At the same time, it might activate de novo biosynthesis of ligand-

free receptor receptors replacing the activated ligand-bound receptors, allowing resensitization

(Smith et al., 2014). Targeting for proteasomal degradation is mediated by ubiquitination via
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PUB E3 ligases (Trujillo et al., 2008; Lu et al., 2011). In addition, RLCKs such as BIK1 are

in constant turnover as well (Monaghan et al., 2014). Altogether, a tight regulation is critical

to control resource allocation and avoid damage due to hyperactivation of immunity in plants.

As the activation of immunity controls the accommodation of microbes, the plant regulatory

mechanisms are valuable targets for many microbial effectors to interfere with host immunity.

1.5 PTI in mutualistic plant-microbe interactions

Arbuscular mycorrhizal fungi symbiosis (AMS) and Rhizobia-legume symbiosis or root nodule

symbiosis (RNS) are the two major symbiotic relationships studied in plant roots. In addi-

tion, non-symbiotic beneficial endophytic interactions with plant growth promoting rhizobac-

teria (PGPR) and fungi (PGPF) confer beneficial effects to their host plants and share many

signaling pathways with AMS and Rhizobia symbiosis (Nishad et al., 2020). The initial plant

defence response to mutualistic microbes is similar as to biotrophic pathogens. Both induce a

PTI response, although mutualistic microbes often to a lesser extent than pathogens, potentially

due to reduction of MAMP production, diversification of MAMPs and chelation of host immune

responses (Zamioudis & Pieterse, 2012; van Boerdonk et al., 2024). For example, ectomycor-

rhizal fungi encode less plant CW degrading or carbohydrate active enzymes (CAZymes) in their

genome, which could be recognized by host plants as MAMPs, indicating an evolutionary adap-

tation to the symbiotic lifestyle (Martin et al., 2008; Martin et al., 2010). In contrast, genomic

analyses of the beneficial root endophytes Serendipita indica and Serendipita vermifera revealed

an expansion of CAZymes in both fungi (Lahrmann et al., 2015). S. indica and S. vermifera

exhibit a specific biphasic colonization strategy characterized by an initial biotrophic phase fol-

lowed by a saprotrophic cell-death associated phase (Lahrmann et al., 2013). The latter could

explain the expanded repertoire of CAZymes as observed in many saprotrophic fungi (Jia et al.,

2023). Diversification of MAMPs was for instance observed in the legume symbiont Sinorhizo-

bium meliloti. Here, the usually well conserved flagellin epitope is exceptionally divergent and

does not induce an immune response in the host plant Lotus japonicus. Likewise, flagellin from

Mesorhizobium loti does not induce an immune response in the host L. japonicus (Lopez-Gomez

et al., 2012) and S. meliloti lipopolysaccharides (LPS) only induced a minor response in the host

M. sativa, while the response in non-host plants was stronger (Albus et al., 2001). This indicates

that legumes evolved a sophisticated perception system to differentially respond to pathogens

and symbionts. Finally, extracellular polysaccharides (EPS) of mutualistic bacteria were shown

to chelate calcium and scavenge ROS in the apoplast, thereby reducing plant immunity and

potentially promoting colonization (Scheidle et al., 2005; Aslam et al., 2008; Tiemblo-Mart́ın

et al., 2024).

Following the initial PTI activation, biotrophic pathogens and beneficial microbes need to over-

come plant immunity. Therefore, microbes employ a variety of effectors which interfere with

MAMP-induced immunity and its regulatory mechanisms described above. In the apoplast,

effectors for example modulate host hydrolytic activity reducing the release of MAMPs and

DAMPs or chelate immune responses such as ROS. Inside the host cell, effectors can modu-

late hormone biosynthesis, protein modification, trafficking or degradation and expression of
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immunity- or susceptibility genes (Tanaka et al., 2015; Han & Kahmann, 2019; Ramachandran

et al., 2021). Mutualistic microbes are sensitive to SA, thus they activate JA signaling and the

production of growth-related phytohormones such as auxin and gibberillins to induce a neg-

ative cross-talk with SA signaling. Additionally, ethylene-dependent defense mechanisms are

often targeted by microbial effectors. Other effectors such as the arbuscular mycorrhiza fungi

(AMF) effector DMI3 target calcium influx channels, reducing calcium influx and downstream

signaling processes. Further, effectors can influence the microbiome to successfully establish

niche colonization (Plett & Plett, 2022; Eichfeld et al., 2024; Mesny et al., 2024). While ef-

fectors are widely studied for pathogens, only few effectors have been characterized in AMF

and Rhizobia (Chacón et al., 2023; Chacón et al., 2024). To establish successful interactions

and suppress SA-mediated defence responses, Rhizobia and AMF activate additional symbiosis

(Sym) signaling pathways by secretion of Nod factors and Myc factors, respectively. Nod- and

Myc factors are lipochitooligosaccharides (LCOs), perceived by host symbiosis receptors. Like

other chito-oligosaccharides (COs), Nod-LCOs and Myc-LCOs are perceived by LysM-RLKs

in legumes (Limpens et al., 2015; Feng et al., 2019; Gibelin-Viala et al., 2019; Krönauer and

Radutoiu, 2021; Zhang et al., 2024; Figure 2). These associate with the regulatory malectin-like

LRR RLKs LjSYMRK in L. japonicus and MtDMI2 in M. truncatula to activate downstream

signaling (Zipfel and Oldroyd, 2017; Figure 2). Perception of Nod-factors not only activates

symbiosis signaling, but also suppresses PTI responses, promoting accommodation. Nod fac-

tor perception induces FLS2 degradation and subsequently suppresses flg22 perception in A.

thaliana and soybean (Liang et al., 2013), indicating a conserved function in legumes as well as

nonlegume plants. Moreover, both AMF and host plants were shown to secrete LysM proteins

to the apoplast to facilitate AMS (H. Yu et al., 2023). Nod- and Myc-LCOs are derivatives of

immunogenic COs and perceived by similar receptors (Figure 2). To date, it is still not fully un-

derstood how plants distinguish between immunogenic and symbiotic signals. While the RLKs

and co-RLKs MtLYR4 and MtCERK1 play a dual role in immunity and symbiosis signaling,

recently MtLYK8 was identified as essential component of the Myc-LCO receptor complex that

is not involved in immunity signaling (Gibelin-Viala et al., 2019; Zhang et al., 2024, Figure

2). Moreover, it was proposed that a mix of both immunity and symbiosis signals promotes

symbiotic interactions (Feng et al., 2019) and that calcium signatures induced by symbiotic and

immunogenic COs overlap (Giovannetti et al., 2024). Thus, multiple factors besides COs might

determine the plant response. Recently, two additional LysM-receptors LjEPR3 and LjEPR3a,

which perceive short, β-1,6-branched β-1,3-glucans were demonstrated to modulate AMS and

RNS, functioning as symbiotic β-glucan receptors, opening up a new field of research (Kawa-

harada et al., 2015; Kawaharada et al., 2017; S. Kelly et al., 2023).

Finally, colonization by mutualistic microbes induces an additional immune response to protect

their host plant from pathogens or pests, called induced systemic resistance (ISR) or in the

special case of AMF, mycorrhizal induced resistance (MIR) (S. C. Jung et al., 2012). Coloniza-

tion by beneficial microbes shifts the plant into a primed state, allowing a faster and stronger

response to pathogen infection, resulting in enhanced resistance (Conrath et al., 2006; Pieterse

et al., 2014). Priming is commonly characterized by mild transcriptomic changes in the unchal-
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langed plant. However, an elevated level of inactive TFs and MAPKs was observed, allowing

a quicker response upon challenge (Pieterse et al., 2014). ISR was observed both locally and

in spatially separated tissues, e.g. root & leaf (Wei et al., 1991) or split-root systems (L. Liu

et al., 1995; Sarkar et al., 2019) and is often characterized by potentiated expression of JA/ET-

regulated genes and enhanced cell wall apositions (CWAs) or callose depositions at pathogen

infection sites to hinder entry of pathogens into the host cells (Ent et al., 2009).

While for a long time pathogenic and beneficial plant microbe interactions were studied sep-

arately, increasing evidence suggests that both types of microbes employ similar principles to

establish successful interactions and are recognized by overlapping plant receptors. How plants

recruit beneficial microbes while simultaneously fending off pathogens is still not fully under-

stood and was postulated as number one of the top 10 unanswered questions in molecular plant

microbe interactions at the IS-MPMI Congress in 2019 (Harris et al., 2020; Thoms et al., 2021).

Further research, especially on the molecular dialogue between plants and beneficial microbes is

essential to answer this question. Thus, the work presented in this thesis, focuses on MAMPs

derived from beneficial microbes and mechanisms employed by these microbes to modulate the

plant immune response. We used Flavobacterium sp. Root935, a mutualist, isolated from A.

thaliana roots (Y. Bai et al., 2015)and Serendipita indica, a beneficial root endophytic fun-

gus colonizing a broad spectrum of plant hosts (Lahrmann et al., 2013) as microbial model

systems and A. thaliana and barley (Hordeum vulgare) as plant model systems. Moreover,

the pathogenic fungus Bipolaris sorokiniana was used as model species to compare immunity

modulating mechanisms of beneficial and pathogenic fungi.

1.6 Experimental systems

Flavobacterium sp. Root935

The genus Flavobacterium comprises gram-negative, rod-shaped bacteria, of pale to bright yel-

low colour that colonize various habitats such as water, soil and also plants (Whitman & Trust,

2015). Originally identified as fish pathogenic bacteria in salt- and freshwater, more recently,

Flavobacteria were recognized as key taxa in plant microbiomes (Kwak et al., 2018). Flavobac-

teria are abundant in the rhizo- and phyllospheres of several plant species such as wheat and A.

thaliana (Y. Bai et al., 2015; Kolton et al., 2016). Colonization by Flavobacteria often confers

beneficial effects to their host plants including plant growth promotion and protection from

biotic- and abiotic stresses (Seo et al., 2024). For instance, all 32 strains isolated from tomato

rhizosphere showed growth promoting effects on tomato (Kwak et al., 2018; E. J. Jung et al.,

2021). The molecular mechanisms on how Flavobacteria mediate these beneficial effects are

not fully understood but some studies showed that Flavobacteria strains can produce antimi-

crobial volatile organic compounds (VOCs) to fend off pathogens. Further, Flavobacteria carry

genes encoding nitrogen fixation proteins, alkaline phosphatases and siderophores. Thereby,

they might provide their host plants with macro- and micronutrients, enhancing stress tolerance

and plant growth (Seo et al., 2024). Flavobacteria are characterized by fast growth rates, a high

abundance of genes involved in metabolism of plant cell wall carbohydrates and a unique form
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of gliding motility, mediated by their type XI secretion system, potentially allowing them to suc-

cessfully colonize plants and persist in the highly competitive rhizosphere (Kolton et al., 2016).

Flavobacterium sp. Root935 is a mutualistic bacterium, isolated from A. thaliana roots (Y. Bai

et al., 2015) and part of an A. thaliana root synthetic community (SynCom), used in multiple

studies (Wippel et al., 2021; Mahdi et al., 2022). Here, we investigate how exopolysaccharides

derived from Flavobacterium sp. Root935 impact plant immunity.

Serendipita indica

Serendipita indica belongs to the order of the Sebacinales (Agaricomycetes, Basidiomycota),

which comprises mutualistic fungi that can establish highly diverse interactions with plants,

ranging from saprotrophic to mycorrhizal associations (Weiß et al., 2016). Sebacinales are

widely distributed and more than 1000 species are known, although many remain uncharac-

terised (Weiß et al., 2016). The order of Sebacinales contains the two families Sebacinaceae and

Serendipitaceae. Sebacinaceae include mainly ectomycorrhizal and early saprotrophic species

and Serendipitaceae encompass endophytes as well as ericoid-, orchid- and ecto-mycorrhizal

fungi (Weiß et al., 2016). Two of the most studied Sebacinales from the Serendipitaceae family

are the root endophytes Serendipita indica and Serendipita vermifera. As endophytes, they

penetrate and proliferate inside cells of the epidermal- and outer cortex layers of the plant root.

Serendipita indica follows a biphasic colonization strategy, with an initial biotrophic colonization

of living epidermal cells, followed by a cell-death associated phase, where chlamydospores develop

and secondary thin hyphae of S. indica colonize dead epidermal- and cortex cells (Deshmukh

et al., 2006; Lahrmann et al., 2013). However, the cell death is restricted and does not lead to

necrosis or reduced root growth. The shift from the biotrophic to the cell-death associated phase

is accompanied by a shift in the S. indica transcriptome, characterized by induced expression

of cell-death associated effectors, hydrolytic enzymes and ABC transporters, characteristic for

a saprotrophic lifestyle (Lahrmann et al., 2013). Recently,it was demonstrated that synergistic

activity of two fungal effectors, a nuclease SiNucA and ecto-5’-nucleotidase SiE5NT, in the host

apoplast leads to the production of deoxyadenosine (dAdo), which is transported into the plant

cells via the equilibrative nucleoside transporter ENT3 and subsequently induces host cell death

(Nizam et al., 2019; Dunken et al., 2024). Colonization by S. indica confers several beneficial

effects on its host plants such as enhanced root and shoot fresh weight or grain yield (Waller

et al., 2005; Deshmukh et al., 2006), improved nutrient acquisition, especially nitrogen, phospho-

rus and potassium (V. Kumar et al., 2012), and enhanced tolerance to drought and salt stress

(Waller et al., 2005). Moreover, S. indica confers resistance against several pathogens including

Verticillium dahliae, Bipolaris sorokiniana and Blumeria graminis in multipartite interactions

(Waller et al., 2005; C. Sun et al., 2014; Mahdi et al., 2022; Eichfeld et al., 2024). This protection

can occur locally but also systemically in both root and leaf tissue (Weiß et al., 2016). Similar

to other PGPF, S. indica initially induces a PTI response in its host plants, which is weaker

than the response to pathogens, most likely due to suppression of MAMP perception and host

immunity (Jacobs et al., 2011), allowing the establishment of a stable mutualistic interaction.

Here, we investigate the role of S. indica- derived lipids and polysaccharides in modulation of
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host immunity during barley root colonization.

Bipolaris sorokiniana

Bipolaris sorokiniana belongs to the order Pleosporales (Ascomycotina) and depicts a hemi-

biotrophic pathogenic lifestyle (J. Kumar et al., 2002).In the biotrophic growth phase, the fungus

penetrates host cells via appressoria like structures and invades a single epidermal host cell,

whereas the necrotrophic growth phase is characterized by extensive invasion of the mesophyll

tissue and host cell death in epidermal and mesophyll cells (J. Kumar et al., 2002). To induce host

cell death, B. sorokiniana secretes a variety of sesquiterpenoid toxins such as prehelminthosporol,

helminthosporol and helminthosporic acid and sorokinianin (Carlson et al., 1991; Jahani et al.,

2014; Qader et al., 2017; Malviya et al., 2022). As the causal agent of foliar spot blotch, root

rot and black point diseases on grains and head blight and seedling blight of wheat and barley,

B. sorokiniana is an important thread in agriculture. Interestingly, S. indica and S. vermifera

were shown to protect barley from B. sorokiniana infection, potentially due to direct fungal-

fungal interactions outside the host (Mahdi et al., 2022; Eichfeld et al., 2024). Here, we use B.

sorokiniana to compare the changes in the phytosterol composition and the ability to perceive

fungal lipids of barley roots colonized by a pathogenic (B. sorokiniana) and a beneficial (S.

indica) fungus.
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Main Objectives and Thesis Outline

While research on MAMPs has yielded comprehensive information on protein-based MAMPs,

the perception of carbohydrate- and lipid-based MAMPs is less well characterized, with few

identified MAMP-PRR pairs (Figure 2). Although several PRRs recognizing carbohydrates

have been discovered, research has largely concentrated on chitin and its derivatives. MAMP

perception by plants is critical for mounting effective defenses against invaders. In contrast, ben-

eficial microbes must overcome host immunity to establish stable interactions. Thus, they have

evolved various strategies to evade and modulate the host immune response With the studies

presented in this thesis, we sought to explore the role of polysaccharides and lipids as MAMPs

and modulators of host immunity during beneficial plant-microbe interactions.

In Chapter 2.1 (Tiemblo-Mart́ın et al., 2024), we investigate structure and properties of the ex-

tracellular polysaccharide (EPS) matrix, produced by Flavobacterium sp. Root935, a beneficial

Flavobacterium strain isolated from A. thaliana roots, to elucidate its potential role during A.

thaliana root colonization. We provide evidence that the structure and extensive decoration of

Flavobacterium EPS potentially masks it for recognition by plant hosts and prevents binding to

lectins. Further, the lack of calcium influx suggests a calcium chelating function.

In recent years, also in fungi, EPS matrices were identified as additional layer covering fungal

cell walls (Wawra et al., 2016, 2019). In Chapter 2.2 (Chandrasekar et al., 2022), we structurally

characterize the fungal EPS matrices of the beneficial root endophyte Serendipita indica and

the pathogen Bipolaris sorokiniana and investigate their roles during Hordeum vulgare (barley)

colonization. We demonstrate that the fungal EPS matrices are distinct compartments from the

non-soluble cell walls with regards to their protein and carbohydrate composition and can pro-

tect microbes from oxidative stress upon plant colonization. The S. indica EPS matrix is mainly

comprised of β-1,6-branched β-1,3-glucans and activity of the host endoglucanase HvBGLUII

releases a glucan decasaccharide β-GD, which scavenges ROS in the apoplast and subsequently

enhances fungal accommodation. While we focus mainly on characterization of the EPS matrix

of S. indica, the B. sorokiniana EPS matrix has similar properties, indicating that pathogenic

fungi employ similar mechanisms to overcome plant immunity.

Chapter 2.3 (van Boerdonk et al., 2024) summarizes recent advances in the field of β-glucan

perception and provides an overview of mechanisms evolved in mutualistic microbes to prevent-

or modulate β-glucan-induced plant immunity. Moreover, Chapter 2.3 highlights two recent

studies that were published in the framework of this thesis but are not included as separate
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publications. These describe the host β-glucan binding proteins LjEPR3a (S. Kelly et al., 2023)

and HvGBP1 (Wanke et al., 2023), which act as symbiosis receptors or compatibility factors

and modulate colonization by beneficial microbes, presenting a novel role for β-glucan binding

proteins beyond PRRs.

Chapter 3 discusses the perception of fungal-derived lipids and activation of plant lipid signaling

pathways during plant-microbe interactions. As building blocks of plasma membranes, together

with the cell wall, lipids build the interaction interface of plants with their surroundings. In

addition, microbial lipids are perceived as MAMPs by plants. In Chapter 3.1, we characterize

the barley immune response to lipids isolated from S. indica mycelium. We demonstrate that

S. indica lipids induce a PTI response in barley, which is accompanied by activation of plant

lipid signaling pathways involving phosphatidylinositolphosphate (PIP) signaling and leads to

diterpene exudation. Moreover, we discuss additional data supporting and extending the find-

ings of Chapter 3.1 such as the local and systemic responses to S. indica colonization in barley,

activation of HvMLO in response to lipid treatment (Chapter 3.2) and differences in S. indica-

and B. sorokiniana-barley colonization with regards to changes in the barley phytosterol com-

position, as well as suppression of lipid MAMP perception (Chapter 3.3).

In Chapter 4 (Discussion), the findings of this thesis are placed into the broader context of

the current literature. We identify frequent branching and decoration of EPS as an important

structural feature in mutualistic plant-microbe interactions and discuss nanodomain formation

and the potential role of oxysterol binding proteins in fungal lipid perception. We provide

an overview of recent advances in lipid detection and quantification techniques and indicate

future research directions. Finally, how plant-microbe research can contribute to overcoming

the agricultural challenges we are currently facing with regards to climate change, is discussed.
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Chapter 2.1 Tiemblo-Mart́ın et al., 2024

2.1 Structure and properties of the exopolysaccharide isolated

from Flavobacterium sp. Root935.
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A B S T R A C T   

Flavobacterium strains exert a substantial influence on roots and leaves of plants. However, there is still limited 
understanding of how the specific interactions between Flavobacterium and their plant hosts are and how these 
bacteria thrive in this competitive environment. A crucial step in understanding Flavobacterium - plant in
teractions is to unravel the structure of bacterial envelope components and the molecular features that facilitate 
initial contact with the host environment. Here, we have revealed structure and properties of the exopoly
saccharides (EPS) produced by Flavobacterium sp. Root935. Chemical analyses revealed a complex and inter
esting branched heptasaccharidic repeating unit, containing a variety of sugar moieties, including Rha, Fuc, 
GlcN, Fuc4N, Gal, Man and QuiN and an important and extended substitution pattern, including acetyl and lactyl 
groups. Additionally, conformational analysis using molecular dynamics simulation showed an extended hy
drophobic interface and a distinctly elongated, left-handed helicoidal arrangement. Furthermore, properties of 
the saccharide chain, and likely the huge substitution pattern prevented interaction and recognition by host 
lectins and possessed a low immunogenic potential, highlighting a potential role of Flavobacterium sp. Root935 in 
plant-microbial crosstalk.   

1. Introduction 

The plant microbiota comprises an assorted community of microor
ganisms, including bacteria, viruses, fungi, protists and nematodes, and 
capable of thriving in various niches with plants. Flavobacterium sp. 
Root935 is a mesophilic, Gram-negative bacterium isolated from the 
roots of Arabidopsis thaliana ecotype Shakdara. Known for its ability to 
degrade complex organic compounds in diverse environments such as 
freshwater, marine, and soil, Flavobacterium is commonly identifiable by 
its characteristic yellow-orange colonies, attributed to carotenoid or 
flexirubin pigments (Bodenhausen et al., 2013; Bulgarelli et al., 2013). 
The family Flavobacteriaceae, along with other related families and taxa, 
is of a crucial importance in promoting plant growth and fitness by 
facilitating the mobilization of nutrients in the rhizosphere (Trivedi 
et al., 2020). Given these characteristics, there is growing interest in 

studying Flavobacterium, as harnessing beneficial bacteria for crop pro
duction could lead to more sustainable and environmentally friendly 
agricultural practices. Moreover, specific strains of Flavobacterium, if 
found to possess beneficial traits, could be utilized in biocontrol appli
cations (Gunasinghe & Karunaratne, 2009; Kolton et al., 2014). 

Despite Flavobacterium high capability to proliferate in root rhizo
sphere, little is known of mechanisms enabling their colonization of root 
surface, and consequently of their ability to proliferate and persist in 
such a competitive environment. Evasion or suppression of plant im
mune response is fundamental not only to pathogens to infect the host 
but also to commensals to variously colonize plant niches and establish 
symbiotic relationships. Nevertheless, mechanisms exploited i) by plant 
immune system to discriminate between advantageous and pathogenic 
species and ii) by beneficial microbes to evade plant recognition remain 
largely unknown. 
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The initial steps of bacterial colonization are mediated by bacterial 
envelope components, including lipopolysaccharide (LPS) (Di Lorenzo 
et al., 2022, 2023), exopolysaccharide (EPS) (Vanacore, Forgione, et al., 
2022) and adhesins. These bacteria-specific molecules, referred to as 
microbe-associated molecular patterns (MAMPs), undergo plant im
mune recognition through the action of pattern recognition receptors 
(Cook et al., 2015). In addition, EPSs, produced by both pathogenic and 
symbiotic bacteria during interaction with plants, have several func
tions, including sequestration of calcium ions, reactive oxygen species 
(ROS) scavenging, prevention of cellulose-mediated cell agglutination, 
tolerance to acidic pH, participation in biofilm formation, and host 
surface attachment (Laus et al., 2005; Lehman & Long, 2013; Vanacore, 
Forgione, et al., 2022; Wanke et al., 2021; Zipfel & Oldroyd, 2017). 
Interestingly, the immunosuppressive effect of EPSs occurs through the 
reduction of cytosolic calcium influx and the decrease of ROS genera
tion, rather than through receptor-mediated signaling (Aslam et al., 
2008). 

Here we report on a comprehensive analysis of the structure, 
conformation, morphological characteristics and preliminary host 
recognition properties of the EPS isolated from Flavobacterium sp. 
Root935, member of the Arabidopsis thaliana root microbiota and iso
lated from roots of Arabidopsis thaliana ecotype Shakdara. To this aim we 
combined structural biology methodologies, NMR, biophysical and 
computational approaches, lectin microarray and preliminary immu
nological assays. 

2. Material and methods 

2.1. Bacteria isolation and growth 

Flavobacterium sp. Root935 cells were grown in 10 l of succinate 
methanol medium at 28 ◦C, shaken at 150rpm up to reach the end of the 
growth curve's exponential phase (4 days post inoculation). The cells 
were collected by centrifugation at 4000g for 30min and the pellets 
lyophilized to produce approximately 8 g of dried cells. 

2.2. Isolation, purification and compositional analysis of EPS from 
Flavobacterium sp. Root935 

4 g of dried bacterial cells were extracted following the phenol/water 
procedure; the exopolysaccharide (EPS) was extracted in the phenol 
phase and further purified with enzymatic digestion with RNase (37 ◦C, 
Sigma-Aldrich, Darmstadt, Germany), DNase (37 ◦C, Sigma-Aldrich, 
Darmstadt, Germany), and Proteases (56 ◦C, Sigma-Aldrich, Darm
stadt, Germany), ultracentrifugation (4 ◦C, 100,000 g, 16 h) and size- 
exclusion chromatography (Sephacryll S-100 column in ammonium bi
carbonate 50 mM), with a final yield of 150 mg of EPS. An aliquot of EPS 
(30 mg) underwent a O-deacylation with ammonium hydroxide (2 mL, 
at 37 ◦C overnight). The monosaccharide content of the EPS was 
determined by analysis of the acetylated O-methyl glycoside derivatives, 
and the absolute configuration was defined by analysis of O-octylgly
coside derivatives. Derivatization of sugar units in Partially Methylated 
Acetylated Alditols determined the substitution pattern of the saccha
ride units (details in the Supporting information section and in Di Lor
enzo et al., 2022). 

2.3. NMR spectroscopy 

For structural assignments NMR spectra were recorded in D2O at 
298 K at pD 7 with a cryoprobe-equipped Bruker 600 AVANCE NEO. 
Total correlation spectroscopy (TOCSY), Rotating-frame Overhauser 
enhancement spectroscopy (ROESY), Nuclear Overhauser enhancement 
spectroscopy (NOESY) experiments were performed using data sets (t1 
× t2) of 4096 × 800 points; Double-quantum-filtered phase-sensitive 
correlation spectroscopy (DQF-COSY) experiments were performed 
using data sets of 4096 × 912 points. Heteronuclear single-quantum 

coherence (HSQC) with multiplicity editing during the selection step. 
and Heteronuclear multiple-bond correlation (HMBC) experiments were 
performed using data sets of 2048 × 600 points. HMBC was optimized 
on long-range coupling constants (5–12 Hz), with a low-pass J filter to 
suppress one-bond correlations, using gradient pulses for selection. 
More details in the Supporting information section. 

2.4. MM calculation and MD simulation 

Maestro package (www.schrodinger.com/) was used to construct the 
adiabatic maps of OS (oligosaccharide) constituting disaccharides of 
Flavobacterium sp. Root935 EPS repeating unit, as a graphical repre
sentation of the conformational space of a glycosidic linkage. The map is 
generated by calculating the torsional angles of all possible conforma
tions of the glycosidic linkage and plotting them on a 2D or 3D surface. 
MM3* forcefield, as included in MacroModel 8.0 was used, with a di- 
electric constant of 80, and extended nonbonded cut-off distances (a 
van der Waals cut-off of 8.0 % and an electrostatic cut-off of 20.0 %). 
AMBER 18 (Case, 2018) suite of programs were used to run MD simu
lations in explicit solvent. Parameters for non-standard residues (QuiN 
and substituted fucose), not included in the GLYCAM-web site, were 
generated by following a home-made protocol (manuscript in prepara
tion) and used as building blocks to construct the OS repeating unit. 
Atom types and charges were assigned according to AMBER GLYCAM- 
06j-1 force field. The ligand was solvated in a periodic octahedral 
water box using the TIP3P model, containing water molecules 10 Å away 
from any atom, by using the LEaP module and also counter ions were 
added to neutralize the system. Sander and CUDA, which are distributed 
within the AMBER 18 package were used to minimize the system and to 
run MD simulations respectively. Further details in the supporting in
formation section. MD simulation results were visualized with VMD 
molecular visualization program and analysed with the ptraj module 
included in the AMBER18 (Roe & Cheatham, 2013). Pymol 2.3 Sofware 
(https://pymol. org) and Discovery Studio Software were used to visu
alize and draw the molecules. 

2.5. Scanning electron microscopy (SEM) 

Field emission scanning electron microscope (SEM, FEI Nova Nano
SEM450) was used to study the morphology of Flavobacterium sp. 
Root935 EPS. The sample was deposited on a carbon adhesive tab and 
then coated with a thin layer (5–7 nm) of gold‑palladium alloy. The 
images were acquired at an accelerating voltage of 5 kV by collecting 
secondary electrons (SE) with an ETD detector. 

2.6. Microarray binding assays 

Flavobacterium sp. Root935 EPS and EPSdeO were printed as dupli
cates at six different concentrations (from 1 to 0.003 mg/ml) on 16-pad 
nitrocellulose-coated glass slides (Grace Biolabs ONCYTE NOVA) using a 
non-contact arrayer (Sprint, Arrayjet Ltd.), as described (details in the 
Supporting Information section). For testing the binding of human 
innate immune lectins, the arrays were overlaid with Fc- or His-tagged 
lectins at 20 μg/ml (tags, source of the lectins tested, and buffers used 
are listed in Tables S1-S2). After incubation for 1.5 h and subsequent 
washing steps, pads were incubated for 1 h with either biotinylated goat 
anti-human IgG antibody (Vector Labs, working dilution 1:10,000) or 
with mouse anti-His antibody pre-complexed with biotinylated goat 
anti-mouse IgG antibody (Sigma, final working dilutions 1:1000 and 
3:1000, respectively), and then washed again 4 times with PBS. Finally, 
binding was monitored by incubation with AF647-streptavidin and 
scanning for AF647 signals, as above. 

2.7. Plant cultivation 

A. thaliana Col-0AEQ seeds were surface sterilized with 70 % ethanol 
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for 10 min. RT, shaking at 900 rpm, followed by 7 min in 100 % ethanol 
at RT and shaking at 900 rpm. Afterwards, ethanol was discarded and 
seeds were dried in the sterile bench. Dry seeds were transferred to a 1/2 
MS plate containing 1 % sucrose and stratified for 3 days in the dark at 
4 ◦C. After germination, Arabidopsis seeds were transferred to the growth 
chamber with a day/night cycle of 16 h / 8 h (light intensity: 108 μmol 
m − 2 s − 1) and temperatures of 22 ◦C / 18 ◦C and cultivated for 7 days 
before being transferred to pots and grown for another 14 days for ROS 
assays or transferred to a 6-well plate containing 4 ml liquid ½ MS 
medium containing 1 % sucrose and grown for 5 more days. 

2.8. ROS assay 

Reactive oxygen species (ROS) are potent regulators of leaf devel
opment, here the leaf discs of the youngest adult leaf of 28 days old 
plants were transferred into white 96-well plates containing 200 μl 
water and incubated overnight in the growth chamber. On the next day, 
the water was exchanged for 100 μL of water containing 20 μM HRP and 
20 μM L-012 (Sigma-Aldrich, Darmstadt, Germany). Following approx. 
25 min incubation, 100 μL of two-fold concentrated elicitor solutions (or 
water mock control) were manually added to the wells. Measurements 
were started immediately and chemiluminescence was measured with 
an integration time of 450 msec using a TECAN SPARK 10 M microplate 
reader for 1 h. 1 mg/ml elicitor solutions were prepared and incubated 
for 4 h at 4 ◦C under gentle shaking before used in the assay. 

2.9. Calcium assay 

12 days old seedlings were transferred into white 96-well plates 
containing 200 μl water. Prior to overnight recovery in the dark, water 
was exchanged for 150 μl 10 μM coelenterazine solution. Next day, 
chemiluminescence was measured using a TECAN SPARK 10 M micro
plate plate reader. After the baseline measurement (5 min), 50 μL of 
four-fold concentrated elicitor solutions (or water mock control) were 
manually added to the wells after a baseline measurement for 5 min. 
Photon emission was constantly measured for 30 min. Over all selected 
wells. Subsequently, 100 μl of discharge solution (3 M CaCl2 in 30 % 
EtOH) was injected into each well, followed by constant measurement 
for 1 min. All steps were performed with an integration time of 450 
msec. In all assays, 2 columns (16 wells) were measured per run. 2 mg/ 
ml elicitor solutions were prepared and incubated for 4 h at 4 ◦C under 
gentle shaking before used in the assay. 

2.10. Preparation of Flavobacterium sp. Root935 pellet 

Ten 100 ml ½ TSB (15 g/l) starter cultures were inoculated directly 
from the glycerol stock in a 250 ml Erlenmeyer flask and incubated ON 
at 28 ◦C, 120 rpm. On the next day, two cultures each were transferred 
into 5 l Erlenmeyer flask containing 1.8 l ½ TSB and incubated again ON 
at 28 ◦C, 110 rpm shaking. To harvest the bacterial cultures, 500 ml 
centrifuge bottles were filled with around 250–300 ml culture and 
centrifuged for 15 min at 4 ◦C, 5000 ×g. Supernatant was discarded and 
the procedure was repeated until all culture was pelleted. The pellets 
were washed two times with sterile milliQ water, and finally resus
pended in milliQ water and transferred to 50 ml falcon tubes. Falcon 
tubes were centrifuged again at the 5000 ×g, 4 ◦C for 30 min. As much 
supernatant as possible was decanted. Samples were shockfrozen in 
liquid nitrogen and subsequently freeze-dried using a lyophilizer for 
about 74 h. 

3. Results and discussion 

3.1. Flavobacterium sp. Root935 EPS isolation and chemical analyses 

Following the hot phenol-water extraction, Flavobacterium sp. 
Root935 exopolysaccharide (EPS) was isolated in the phenol phase and 

further purified by enzymatic treatments and gel filtration chromatog
raphy. Compositional and linkage analyses revealed the occurrence of 
terminal 4-amino-D-fucose (t-Fuc4N), 3-substituted L-rhamnose (3- 
Rha), 3,4-substituted D-glucosamine (3,4-GlcN), 3-substituted D- 
Galactose (3-Gal), 3-substituted D-Quinovosamine (3-QuiN), 3- 
substituted L-Fucose (3-Fuc), 6-substituted D-Mannose (6-Man) 
(Fig. S1B). 

3.2. Flavobacterium sp. Root EPS structure determination and 
conformational analysis 

3.2.1. NMR analysis EPSdeO and EPS 
The high viscosity of the isolated EPS (Fig. 1 and S1D), ascribable to 

the extensive decoration of the glycan chain (see below), impaired a 
detailed NMR analysis on the intact saccharide chain. Therefore, a mild 
alkaline treatment was conducted to free the hydroxyl groups and in
crease solubility and tumbling in solution of Flavobacterium EPS 
(EPSdeO), that therefore underwent extensive NMR investigation (Spe
ciale et al., 2022). The anomeric configuration of the monosaccharide 
units was assigned based on 3JH1,H2 and 1JC1,H1 coupling constants and 
confirmed by intra-residual NOE contacts; vicinal 3JH,H coupling con
stants and intra residual NOE contacts revealed the relative configura
tion of the sugar residues. Seven spin systems were identified (Figs. 1, S1 
E-F, Table 1). 

Residues A, D and F corresponded to galacto configured sugar units, 
as supported by 3JH-3,H-4 and 3JH-4,H-5 values below 1 Hz, both diagnostic 
of the equatorial orientation of H-4; their α-anomeric configuration was 
assigned by the 1JCH coupling constant value (above 170 Hz). Residue D 
matched with an α-Gal, while the scalar correlations of ring proton 
signals with a methyl group at position 6 allowed to identify residue F as 
an α-Fuc. Analogously, residue A was identified as an α-Fuc4N unit, 
according to the correlation of H-4 resonance to a nitrogen bearing 
carbon signal at 53.6 ppm, in turn bearing an N-lactyl residue (Fig. 1, 
Table 1). The manno configuration of residues B and G was established 
by 3JH-1,H-2 and 3JH-2,H-3, both below 2 Hz and diagnostic of the H-2 
equatorial orientation. Residue G was identified as an α-Man while 
residue B was identified as a β-Rha, the anomeric configuration based on 
the 1JCH coupling constant value (160.0 Hz) and confirmed by the intra- 
residual NOE correlations between H-1 and H-3 and H-5. Residues C and 
E were identified as gluco configured sugar units, as indicated by the ring 
3JH,H coupling constants (8–10 Hz). The intra-residual NOE contact of H- 
1 with H-3 and H-5, 3JH1,H2 and 1JCH values were indicative of their 
β-anomeric configuration. Both residues C and E were identified as N- 
acetylated aminosugars, since in the HSQC spectrum H-2 resonance for 
both correlated to a nitrogen bearing carbon signal. Residue C matched 
with a β-GlcN sugar unit while residue E was identified as β-QuiN unit, as 
attested by the scalar correlations of ring protons to the methyl signal at 
position 6. The downfield shift of carbon resonances identified the 
following glycosylated positions: O-3 of B, D, E and F; O-3 and O-4 of C; 
and O-6 of G. Residue A was a terminal sugar unit. The inter-residual 
NOE contacts together with the long-range correlations derived from the 
HMBC spectrum (Fig. 1B), between A1 and B3; B1 and C4, E1 and C3; C1 
and D3, D1 and G6, G1 and F3 and finally F1 and E3. The structure of 
EPSdeO is reported in Fig. S2. 

Based on the structure obtained for the EPSdeO, the NMR spectra of 
intact EPS were evaluated and partially assigned in order to gain further 
information on the substitution pattern of this complex glycan chain. 
Therefore, the down-field shift of H-2 B and H-2 D and of the hydroxyl 
group of the lactyl residue were all diagnostic of O-acetylation at these 
positions (Table 1, Fig. S1D) and matched with Flavobacterium EPS 
structure as depicted in Fig. 2. 

Molecular mechanics and dynamic simulations were employed to 
investigate the three-dimensional features of Flavobacterium sp. Root935 
EPS. Initially, the conformational preferences of all the constituting 
disaccharide repeating units were determined by building their poten
tial energy surfaces as a function of the glycosidic torsional angles Φ and 
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Ψ. The calculated maps suggested that each disaccharide mainly adop
ted conformations according to the exo-anomeric orientation (Fig. S3). 
Subsequently, starting from the favorite global minima, a hepta
saccharide fragment representing the EPS repeating unit was built and 
its conformational behavior was disclosed by using molecular dynamic 
simulations in explicit solvent with AMBER18. The results of the MD 
cluster analysis revealed that Flavobacterium EPS oligosaccharide 
adopted a defined Y-like shape, (Fig. 3A). 

Modelling the structure of a longer Flavobacterium EPS, including 
three OS repeating units with two additional residues, one at the 
reducing- and one at the terminal- end, suggested that the polymer tends 

to adopt an extended conformation, characterized by a left-handed he
licoidal structure, with 9 residues per turn and a pitch of around 31 Å. 
The Y-like arrangement found in the heptasaccharide fragment was 
maintained in the longer minimized polysaccharide (Figs. S3-S4). In 
addition, acetyl groups regularly surrounded the polymer backbone 
likely influencing the OS biophysical properties, and likely its in
teractions to the external environment (Figs. 3 and S4). 

3.3. Morphological characterization via scanning electron microscopy 
(SEM) 

Scanning electron microscopy (SEM) analysis of macromolecules 
represents a powerful tool to study surface morphology that can be 
correlated with microstructure of these materials. Many studies report 
the SEM morphological characterization of native Flavobacterium sp. 
Root935 EPS or other bacterial exopolysaccharides revealing shapes 
that include highly branched entangled porous structure, irregular 
highly porous spider web-like structure, morphologies with irregular 
lumps of different sizes, morphologies characterized by porous network 
structure with more uniform pore size distribution or compact, stiff and 
layer-like structure (Ayyash et al., 2020; Hu et al., 2020; Kansandee 
et al., 2019; Krishnamurthy et al., 2020; Prasanna et al., 2012). 

Compared with the morphologies described above, the surface 
morphology of Flavobacterium EPS obtained by SEM analysis (Fig. 4) 
revealed a different shape, characterized by the presence of irregular 
flakes that reach lateral size up to 30–50 μm. This morphology can be 
due to presence of Y-like shape microstructure, in turn stabilized by 
inter-residual polar contacts and inter/intra-molecular hydrogen bonds 
that induce the formation of the large lamellae/flakes described above 
instead of filament networks. The morphology could be compatible with 
the high viscosity of EPS and its chemical nature, but rheological studies 
of these characteristics should be conducted. 

3.4. Microarray assays and immunological studies 

With the aim of evaluating lectin recognition of Flavobacterium sp. 
Root935 EPS and EPSdeO, these were printed onto microarray slides at a 
range of concentrations and two sets of binding assays were performed 
(Campanero-Rhodes et al., 2006, 2021). First, the binding of a panel of 
41 model lectins with diverse carbohydrate-binding specificities 
(Table S1) was examined. As shown in Fig. 5, no meaningful binding 
signals to EPS and EPSdeO were observed, which can be ascribed to the 
particular structure and extensive decoration of the glycan chain, while 
the lectin-binding profile for control glycoproteins was the expected one 
(Vanacore, Vitiello, et al., 2022). Furthermore, the binding of 16 human 
innate immune lectins (Table S2) was examined, where different lectin- 
dependent signals were observed (Fig. 5). The lectin binding profile 
observed for Flavobacterium EPS was dominated by ficolins, innate im
mune receptors responsible for binding certain bacteria and opsonize 
them via the lectin pathway in mammals, in particular ficolin-1 (also 
called M-ficolin), followed by ficolin-2 (or L-ficolin) (Bidula et al., 
2019). Recognition of GlcNAc, GalNAc, and various acetylated struc
tures, including non-carbohydrate acetylated compounds as CysNAc, is a 
feature shared by all ficolins, although the architecture and even num
ber of binding sites, and consequently their fine binding specificities, 
differ among the three lectins. Indeed, ficolin-1 is known to interact with 
sialic acid (in particular, 9-O-acetylated), ficolin-2 binds β-(1,3)-glucans 
and phosphocholine moieties of teichoic acids, and ficolin-3 recognizes 
Fuc. 

Such differences in binding specificities may account, at least in part, 
for the different binding intensities here observed, and the extended O- 
acetylation pattern of Flavobacterium EPS might account for the high 
affinity toward Ficolin-1. In contrast, lectin binding profile observed for 
Flavobacterium EPSdeO depicted galectin-9 as dominant recognizing 
lectin (Solís et al., 2010). Although all galectins share galactoside- 
binding ability, their fine carbohydrate-binding specificity may differ 

Fig. 1. A) DOSY NMR spectra of Flavobacterium sp. Root935 EPS and EPSdeO. B) 
Multiplicity edited HSQC (red and green) and HMBC (blue) NMR spectra of 
Flavobacterium sp. Root935 EPSdeO; the key inter-residual correlations were 
indicated; letters are as in Table S1. 
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significantly; this might explain why, among the tested, only galectin-9 
recognized the epitope exposed after de-O-acylation in Flavobacterium 
EPSdeO. 

To analyze the immunogenic potential of the natural EPS of Fla
vobacterium sp. Root935 and the impact of O-acylation, its ability to 
elicit early immune responses such as production of apoplastic reactive 
oxygen species (ROS) and cytosolic calcium influx in Arabidopsis thaliana 
was evaluated (see Fig. 6A). Whereas only low accumulation of ROS was 
observed with natural EPS, de-O-acylation resulted in significantly 
increased ROS accumulation in Arabidopsis thaliana leaves (see Fig. 6A), 
indicating that O-acylation reduces the lectin recognition of the EPS. 
Previously, we showed that O-acylation also reduced perception of LPS 
isolated from another member of the Arabidopsis microbiome, Herbas
pirillum Root189 (Vanacore, Vitiello, et al., 2022). However, the ROS 
accumulation induced by de-O-acylated Flavobacterium sp. Root935 EPS 
was not as strong as with de-O-acylated Herbaspirillum Root189 LPS, 
suggesting a lower immunogenic potential for this carbohydrate struc
ture. Furthermore, no cytosolic calcium influx was observed in 
A. thaliana leaves with either natural or de-O-acylated Flavobacterium sp. 
Root935 EPS (see Fig. 6B). In addition to EPS, lipooligosaccharide (LOS) 
isolated from Flavobacterium sp. Root935 was also tested, but did not 
induce ROS accumulation or calcium influx. The lack of cytosolic cal
cium influx in A. thaliana by Flavobacterium EPS indicates that it can 
sequester calcium ions and suppress calcium influx as was shown before 

for other EPS (Aslam et al., 2008), thereby leading to a weaker ROS 
response as compared to flg22 which induces both calcium influx and 
ROS accumulation in A. thaliana; conversely a significant ROS accu
mulation was observed with Flavobacterium EPSdeO. 

4. Conclusion 

Flavobacterium strains beneficially impact plant health and represent 
a significant fraction of root and leaf associated microbiomes in a broad 
range of plant species. Understanding how bacterial envelope glycans 
contribute to bacteria colonization, molecular features that mediate 
interactions with the host and allow bacteria to thrive in this competi
tive environment needs to be fully understood. Here, we revealed the 
chemical structure of the EPS produced by Flavobacterium sp. Root935, 
characterized by a branched, heptasaccharidic repeating unit, with an 
extended hydrophobic interface and an elongated, left-handed helicoi
dal arrangement that expose acetyl and lactic groups outward the 
saccharide chain, therefore tuning its properties and masking Fla
vobacterium sp. Root935 EPS to the host. The morphology was charac
terized by irregular flakes, which could be compatible with the high 
viscosity of EPS and its chemical nature, but rheological studies of these 
characteristics should be conducted. Furthermore, the related high 
intrinsic viscosity of Flavobacterium EPS could represent an opportunity 
to produce homogeneous films by solvent casting or other deposition 

Table 1 
1H and 13C NMR chemical shift values of Flavobacterium EPSdeO. Three further acetylated positions were identified in EPS and are annotated in italics.  

Unit 1 2 3 4 5 6 

A 5.07 3.69 4.10 4.22 4.34 1.05 
t-α-Fuc4N 94.3 68.5 68.6 53.6 65.3 15.8  

1JC,H = 173.4 Hz   
N-lactyl residue CH3-CHOH-C=O 

1.32/20.4; 4.30/68.0; 178.5      
Acetylated Lactyl residue in EPS: 4.98/70.34; 2.01/20.04  

B 4.88 4.36 3.50 3.42 3.39 1.28 
3-β-Rha 100.4 66.1 76.6 70.2 72.2 16.7  

1JC,H = 160.0 Hz       
5.18/98.7 5.69/67.5 in EPS, acetylated at O2; Acetyl group: 2.09/20.4    

C 4.57 3.76 3.92 3.67 3.42 3.76/3.79 
3,4-β-GlcN 102.8 55.4 77.7 74.4 73.9 60.6  

1JC,H = 163.8 Hz Acetyl CH3-C=O 2.00/22.5; 173.8     
D 4.91 3.79 3.86 4.13 3.87 3.65 

3-α-Gal 98.2 67.4 79.8 69.4 70.6 60.8  
1JC,H = 172.5 Hz      

E 4.50 3.62 3.55 3.21 3.32 1.27 
3-β-QuiN 100.1 56.5 81.5 74.0 71.6 17.2  

1JC,H = 164.1 Hz Acetyl CH3-C=O 1.94/22.3; 173.8     
F 4.90 3.72 3.68 3.68 4.18 1.13 

3-α-Fuc 102.0 68.0 72.1 71.6 67.5 15.3  
1JC,H = 172.6 Hz       

4.84/99.9 4.98/67.4 in EPS, acetylated at O2; Acetyl group: 2.01/22.5    
G 4.91 3.95 3.85 3.85 3.84 3.43 

6-α-Man 99.4 70.2 71.6 66.0 65.9 64.8  
1JC,H = 173.0 Hz       

Fig. 2. The repeating unit of Flavobacterium sp. Root935 EPS structure.  
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techniques, which could be a good starting point to study its potential in 
the food and pharmaceutical industries. (Concórdio-Reis et al., 2022; 
Moradi et al., 2021). 

Microarray binding assays revealed that most lectins had weak or 
negligible binding to Flavobacterium EPS, likely due to its complex 
structure and its decoration with multiple acetyl groups. Ficolins are 
known to bind to specific carbohydrate structures, and their interactions 
can provide insight into the structural composition of bacterial surfaces, 

including the presence of acetyl groups. Indeed, significant binding 
signals were almost exclusively restricted to the innate immune lectins 
ficolins 1 and 2, indicating the dominance of acetyl groups in lectin 
recognition. This highlights the importance of acetylation in masking 
eukaryotic recognition. Indeed, fully acetylated Flavobacterium EPS was 
a poor inducer of plant immune responses, differently from EPSdeO. The 
findings suggest that Flavobacterium EPS exerts a significant impact by 
suppressing the cytosolic calcium influx in A. thaliana, thereby affecting 
the plant immune response. This suppression is achieved through apo
plastic calcium sequestration and reduction of subsequent signaling. 
This confirms previous observations in other plant associated bacterial 
species, like Herbaspirillum, Rhizobia, that indeed EPS acetylation acts as 
a shielding strategy, to tune immune recognition of the bacterial enve
lope by the plant immune system and mediate interactions with the host 
environment. 

In conclusion, the study takes a multidisciplinary approach aimed at 
analyzing structure, properties, and immune recognition of Fla
vobacterium sp. Root935 EPS, to dissect the structure-to-function re
lationships of the active glycan constituents of Flavobacterium. This 
offers valuable information to harness the potential of beneficial bac
teria and to exploit the unique characteristics of Flavobacterium for 
sustainable and environmentally friendly practices in plant-microbe 
interactions. 
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Fig. 3. Snapshots of Flavobacterium sp. Root935 oligosaccharide from simulated trajectories in explicit solvent with AMBER18. A) Superimposition of the main 
clusters from MD simulation on the heptasaccharide fragment representing the Flavobacterium sp. Root935 EPS repeating unit. B) 3D model of Flavobacterium sp. 
Root935 EPS, including four OS repeating units with two additional residues, one at the reducing- and one at the terminal- end. The extended conformation of 
Flavobacterium EPS is shown with the acetyl and methyl groups colored in orange and yellow, respectively. 

Fig. 4. Scanning electron micrograph (SEM) images of Flavobacterium sp. 
Root935 EPS. 
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Fig. 5. Lectin binding to microarray-printed Flavobacterium sp. Root935 EPS and EPSdeO. The samples were printed as triplicates at different concentrations 
(highlighted from light to dark blue colors) and the binding of two different collections of lectins was assayed, using AF647-streptavidin for final detection. Left 
panels: Binding of biotin-labelled model lectins with diverse carbohydrate-binding specificities (see Table S1). Right panels: Binding of Fc- or His-tagged innate 
immune lectins (see Table S2). Blank experiments, in the absence of lectins, with biotinylated goat anti-human IgG antibody and with mouse anti-His antibody pre- 
complexed with biotinylated goat anti-mouse IgG antibody (see Materials and Methods) were run in parallel. Data shown correspond to the mean of the fluorescence 
signals obtained for samples printed at 1 ( ), 0.3 ( ), 0.1 ( ), 0.03 ( ) and 0.01 ( ) mg ml− 1 and error bars indicate the standard deviation of the mean. 

Fig. 6. ROS accumulation and calcium influx in Arabidopsis thaliana in response to Flavobacterium sp. Root935 EPS, LOS and de-O EPS. ROS accumulation and 
calcium influx in Arabidopsis thaliana in response to Flavobacterium sp. Root935 EPS, LOS and de-O EPS. Apoplastic ROS accumulation (A) and cytosolic calcium 
influx (B) after treatment of A. thaliana Col-0AEQ leaf discs from 28-days old plants or 12 days old seedlings, respectively, with 500 μg/ml of LOS, EPS and de-O- 
acylated EPS. 2.5 mM MES pH 5.6 and 250 nM flg22 were used as negative and positive control, respectively. ROS accumulation was monitored via a luminol- 
based chemiluminescence assay. Ca2+ influx was monitored via a coelenterazine-based chemiluminescence assay. Values are normalized to maximum total lumi
nescence induced by addition of discharge solution, representing the aequorin expression, for each replicate. Values represent mean ± SD from eight replicates. 
Boxplots display total ROS accumulation or calcium influx over the measured period of time. Different letters represent statistically significant differences in 
expression based on a one-way ANOVA and Tukey's post hoc test (significance threshold: P ≤ 0.05). ROS, reactive oxygen species. RLU, relative luminescence units. 
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Abstract
Plant pathogenic and beneficial fungi have evolved several strategies to evade immunity and cope with host-derived hydro-
lytic enzymes and oxidative stress in the apoplast, the extracellular space of plant tissues. Fungal hyphae are surrounded by
an inner insoluble cell wall layer and an outer soluble extracellular polysaccharide (EPS) matrix. Here, we show by proteo-
mics and glycomics that these two layers have distinct protein and carbohydrate signatures, and hence likely have different
biological functions. The barley (Hordeum vulgare) b-1,3-endoglucanase HvBGLUII, which belongs to the widely distributed
apoplastic glycoside hydrolase 17 family (GH17), releases a conserved b-1,3;1,6-glucan decasaccharide (b-GD) from the EPS
matrices of fungi with different lifestyles and taxonomic positions. This low molecular weight b-GD does not activate plant
immunity, is resilient to further enzymatic hydrolysis by b-1,3-endoglucanases due to the presence of three b-1,6-linked
glucose branches and can scavenge reactive oxygen species. Exogenous application of b-GD leads to enhanced fungal colo-
nization in barley, confirming its role in the fungal counter-defensive strategy to subvert host immunity. Our data highlight
the hitherto undescribed capacity of this often-overlooked EPS matrix from plant-associated fungi to act as an outer pro-
tective barrier important for fungal accommodation within the hostile environment at the apoplastic plant–microbe
interface.
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Introduction
The fungal cell wall (CW) consists of repeatedly branched
glycan polymers and proteins that adjust according to cell
type, environmental conditions, and lifestyle phases
(Geoghegan et al., 2017; Gow et al., 2017). The CW of animal
pathogenic fungi is commonly surrounded by a soluble gel-
like extracellular polysaccharide (EPS) matrix that can con-
tain b-glucans, a heterogeneous group of glucose polymers
(Gravelat et al., 2013; Gow et al., 2017; Kang et al., 2018).
Commonly, fungal b-glucans have a structure comprising a
main chain of b-1,3 and/or b-1,4-glucopyranosyl units, deco-
rated by side-chains with various branches and lengths (Han
et al., 2020). The immunomodulatory properties of b-glu-
cans derived from animal pathogens have been long recog-
nized (Goodridge et al., 2009). b-glucans exhibit a broad
spectrum of biological activities and have a dual role with
respect to host immunity that depends on their chemo-
physical characteristics. On the one hand, b-glucans are im-
portant microbe-associated molecular patterns (MAMPs)
that are detected upon fungal colonization to trigger host
immune responses in both vertebrates and invertebrates
(Brown and Gordon, 2005). On the other hand, certain solu-
ble b-glucans do not possess high immunogenic properties
but are implicated in antioxidant activities and scavenging
of reactive oxygen species (ROS; Han et al., 2020). Their im-
munological or antioxidant properties are rather complex

and could be influenced by modifications in their structural
characteristics such as molecular weight, substitution pat-
tern, solubility, polymer charge, and conformation in solu-
tion (Han et al., 2020).

In plant–fungal interactions, carbohydrate metabolic pro-
cesses mediated by carbohydrate-active enzymes (CAZymes)
in the apoplast play a crucial role. Surface-exposed and ac-
cessible fungal polysaccharides are hydrolyzed by apoplastic
CAZymes, such as chitinases and glucanases and the result-
ing oligosaccharides can act as elicitors to trigger a plant im-
mune response known as pattern-triggered immunity (Silipo
et al., 2010; Rovenich et al., 2016; Van Holle and Van
Damme, 2018; Wanke et al., 2020, 2021; Buscaill and van der
Hoorn, 2021; Ngou et al., 2021; Rebaque et al., 2021; Yuan
et al., 2021). Recently, we described a soluble extracellular b-
glucan matrix produced by endophytic fungi during root
colonization of Arabidopsis thaliana (hereafter Arabidopsis)
and Hordeum vulgare (hereafter barley; Wawra et al., 2019).
Little is known about the biochemical properties, composi-
tion, and function of this EPS matrix, but its detection in
beneficial and pathogenic fungi strongly suggests a con-
served role in counteracting environmental and immunolog-
ical challenges during fungal growth and plant colonization
(El Oirdi et al., 2011; Mahdi et al., 2021; Wanke et al., 2021).
It is therefore crucial to investigate the structure and func-
tion of these soluble b-glucans and the hydrolytic events

IN A NUTSHELL
Background: Plants secrete various hydrolytic enzymes into the apoplastic space to protect themselves against
invading microbes. Some of these enzymes target the fungal cell wall polymer chitin. This enzymatic attack leads
to the release of chitin oligomers, which can be perceived by the plant immune system, informing the plant to
activate its defense machinery. However, chitin accounts for only a small part of most fungal cell walls. Recent
studies have highlighted a largely uncharacterized, b-glucan-rich extracellular polysaccharide matrix (EPS) sur-
rounding the cell wall of various plant-colonizing fungi.

Question: This EPS matrix is made of glucose and abundantly produced during colonization. As its secretion
into the extracellular environment is costly for the fungus, we explored how this EPS matrix affects plant immu-
nity and fungal colonization.

Findings: We demonstrated that EPS matrices from a symbiotic and pathogenic plant-colonizing fungus are dis-
tinct from the nonsoluble fungal cell walls with respect to their protein and carbohydrate composition.
Enzymatic digests revealed that a secreted plant hydrolase from barley (HvBGLUII) acts on these EPS matrices
and releases a highly branched b-glucan decasaccharide (b-GD) fragment. This fragment is not perceived by the
plant immune system but instead detoxifies reactive oxygen species produced by the plant host as a defense
mechanism and contributes to host colonization. We thus have shown that the outermost fungal EPS layer rep-
resents a protective shield against oxidative stress.

Next steps: The diversity of linkage types and branching patterns of b-glucans not only accounts for their differ-
ent biochemical properties, but also makes them important messengers for the plant, potentially encoding spe-
cific information on the approaching fungal invader. Future studies should aim to identify other plant hydrolases
and the elusive glucan receptors, to disentangle the contribution of b-glucans to the communication between
plant hosts and fungi.
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mediated by host apoplastic CAZymes during plant–fungal
interactions. In this study, we have characterized the CW
and the soluble EPS matrix produced by two distantly re-
lated fungi, the beneficial root endophyte Serendipita indica
(Basidiomycota), and the pathogenic fungus Bipolaris soro-
kiniana (Ascomycota), separated by over 649 million years
of evolution (Taylor and Berbee, 2006; Lutzoni et al., 2018).
Proteomics and glycomics revealed that b-glucan-binding
proteins with cell wall integrity and stress response compo-
nent (WSC) domains and b-1,3;1,6-glucan polysaccharides
are enriched in the soluble EPS matrix compared to the CW
layer. Treatment of the fungal EPS matrices with the apo-
plastic barley b-1,3-endoglucanase HvBGLUII released a b-
1,3;1,6-glucan decasaccharide (b-GD) with a mass/charge
(m/z) of 1661 Da. Proton nuclear magnetic resonance (1H
NMR) of b-GD is consistent with a heptameric b-1,3-glucan
backbone substituted with three monomeric b-glucosyl resi-
dues at O-6. The b-GD is resilient to further enzymatic di-
gestion by glycoside hydrolase 17 (GH17) family members
and is immunologically inactive in a b-1,6-glucan side-
branch-dependent manner. This low molecular weight solu-
ble b-GD is able to efficiently scavenge ROS and to enhance
colonization, corroborating its role as a previously unde-
scribed fungal carbohydrate-class effector. The release of a
conserved b-GD from the b-glucan-rich EPS matrix of a ben-
eficial and a pathogenic fungus indicates that the utilization

of this outermost soluble polysaccharide layer as a protec-
tive shield against oxidative stress and ROS-mediated host
signaling is a common fungal strategy to withstand apoplas-
tic defense responses during plant colonization.

Results

Beneficial and pathogenic fungi produce a gel-like
b-glucan EPS matrix surrounding their CWs
We recently reported on a gel-like EPS matrix surrounding
the hyphae of different fungi during colonization of plant
hosts (Wawra et al., 2019; Wanke et al., 2021), suggesting
that the secretion of soluble glycans is a common feature of
plant-associated fungi independent of their lifestyle and tax-
onomy. This finding motivated us to investigate the bio-
chemical characteristics, composition, and function of this
matrix in the beneficial root endophyte S. indica and in the
pathogenic fungus B. sorokiniana. To this end, we labeled
the b-1,3-glucan-binding lectin PIIN_05825 (SiWSC3-His-
FITC488) from S. indica by applying an improved FITC488
conjugation protocol (see “Materials and methods”) and
used it as a molecular probe for localization studies of the
fungal EPS matrix in planta. SiWSC3-His-FITC488 signal ac-
cumulated around the wheat germ agglutinin-stained chitin
layer in both fungi (Figure 1), strongly indicating that b-1,3-
glucans are abundant in the outer EPS matrix. This expands
the repertoire of fungal b-glucan-binding lectins that can be

Figure 1 Fungal EPS matrix revealed by the fluorescently labeled b-glucan binding lectin SiWSC3-His-FITC488 during root colonization. The b-glu-
can-binding SiWSC3-His and the chitin-binding WGA lectins were used as molecular probes to visualize the fungal EPS matrix and CW of S. indica
and B. sorokiniana, respectively. Magenta pseudocolor corresponds to FITC488-labeled SiWSC3-His. Cyan pseudocolor corresponds to WGA-
AF594. (A), (C), (E), and (G) are merged confocal microscopy images of SiWSC3-His-FITC488 and WGA-AF594. (B), (D), (F), and (H) display the
EPS matrix of S. indica or B. sorokiniana stained by SiWSC3-His-FITC488 during colonization of Arabidopsis or barley roots. (A) and (B) show S. ind-
ica intracellular colonization of a barley root cell with abundant production of the b-glucan EPS matrix. The microscopy was repeated at least 10
times with two independent SiWSC3-His-FITC488 batches and independent Arabidopsis or barley plants colonized by S. indica or B. sorokiniana.
The fungal matrix was not a sporadic observation but regularly observed with both fungi. WGA, wheat germ agglutinin.
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used as molecular probes to fluorescently label the fungal
EPS matrix during live cell imaging (Wawra et al., 2016).

The S. indica EPS matrix, CW, and culture filtrate
represent three functionally distinct but
interconnected compartments
To identify secreted proteins associated with the EPS ma-
trix, the CW, and/or the culture filtrate, we performed
quantitative proteomics with protein extracts from these
three compartments from S. indica axenically grown in
three different media (complete medium [CM], yeast-ex-
tract peptone dextrose [YPD], tryptic soy broth [TSB];
Supplemental Figure S1). We identified 1,724 proteins
from all media and compartments (Supplemental Data
Set S1; Figure 2A). Among those, 220 proteins carrying a
predicted signal peptide were further analyzed for their
domain architecture using the Pfam database
(Supplemental Data Set S2; Figure 2A). Glucan-binding
proteins with at least one WSC domain were more abun-
dant or uniquely present in the EPS matrix compared to
the CW (enrichment score 0.96, Benjamini–Hochberg
corrected P = 0.00003) or the culture filtrate (enrichment
score 0.6, Benjamini–Hochberg corrected P = 0.02), irre-
spective of the medium used (Figure 2B; Supplemental
Figure S2 and Supplemental Data Set S3). Four of them,
including SiWSC3 (PIIN_08474, PIIN_06786, PIIN_03979,
and PIIN_05825), were among the most abundant pro-
teins consistently found in this compartment (Figure 2B;
Supplemental Figure S2), thereby confirming our in
planta localization study (Figure 1). Gene expression anal-
yses revealed an induction of these genes during S. indica
colonization of barley and Arabidopsis over time (Wawra
et al., 2019; Supplemental Figure S3). Additionally, several
S. indica proteases and CAZymes were more abundant in
the EPS matrix and culture filtrate compared to the CW
(Supplemental Figure S2 and Supplemental Data Set S3),
suggesting that the matrix may serve as a transient stor-
age depot for these enzymes. In the CW fraction, we
identified two chitin-binding LysM proteins (PIIN_02172
and PIIN_02169) and several other lectin-like proteins, in-
cluding the b-1,6-glucan-binding effector SiFGB1 (Wawra
et al., 2016; PIIN_03211) and the ricin B lectin
(PIIN_01237). Most of these lectins were also present in
the culture filtrate, indicating that besides their ability to
bind to CW components, such as chitin and glucan, they
also function as soluble lectins in the extracellular envi-
ronment (Figure 2B; Supplemental Figure S2). This is in
agreement with the function of SiFGB1, which has the
potential to alter fungal CW composition and properties
as well as suppress b-glucan-triggered immunity in the
apoplast of different plant hosts (Wawra et al., 2016).
Proteins containing cellulose-binding CBM_1 or starch-
binding CBM_20 domains were found at higher abundan-
ces in the culture filtrate (Supplemental Figure S2). Based
on the distribution and nature of the carbohydrate-
binding proteins, we propose that the EPS matrix, the

CW, and the culture filtrate represent three functionally
distinct but interconnected compartments.

Serendipita indica EPS matrix and CW have different
sugar compositions
The different amount of glycan-binding proteins within the
EPS matrix and CW layer prompted us to investigate the
glycan composition of these two compartments. Protein-
free EPS matrix and CW preparations from S. indica grown
in TSB medium were subjected to glycosyl linkage analysis
for neutral sugars (Ciucanu, 2006; Liu et al., 2015). About
85% of the detected glycosidic linkages could be annotated
based on the retention times and the mass spectra profile
of the sugar residues (Supplemental Data Sets S4 and S5).
Terminal glucose, 3-glucose, and 3,6-glucose were the domi-
nant glycosidic linkages (�35%) observed in the EPS matrix
compared to other glycosidic sugar residues (Figure 2C;
Supplemental Figure S4 and Supplemental Data Set S4). In
contrast, in the CW fraction, 4-linked glucose was more
abundant (�45%, Figure 2C; Supplemental Figure S4 and
Supplemental Data Set S5) than in the EPS matrix. Further
analyses are required to clarify the type of glycosidic linkages
that can be a-, b-, or mixed type.

Next, we treated the EPS matrix and CW with b-gluca-
nases from T. harzianum (TLE) and H. pomatia and analyzed
the digested products by thin-layer chromatography (TLC)
and matrix-assisted laser desorption ionization time-of-flight
mass (MALDI-TOF; Figure 3A). Several glucan fragments
with various degrees of polymerization could be detected in
the digested fraction confirming that b-glucans are present
in both layers (Figure 3B; Supplemental Figure S5).
Altogether, these data demonstrate that the EPS matrix and
the CW of S. indica display major differences in the linkage
compositions of their neutral sugars.

A b-glucan decasaccharide is released from the
S. indica EPS matrix by a barley glucanase
We recently reported that several b-glucanases belonging to
the GH17 family accumulate in the apoplast of barley roots
during colonization by S. indica (Wawra et al., 2016). Among
them, the b-glucanase HvBGLUII (P15737) was consistently
found at different colonization stages but also in mock-
treated plants (Wawra et al., 2016; Supplemental Data Set
S6), suggesting that this may be an ubiquitous apoplastic en-
zyme in root tissues. To investigate the activity of HvBGLUII
on the fungal CW and/or on the EPS matrix, we analyzed
the digested fraction by TLC analysis after enzymatic incuba-
tion. Treatment of the EPS matrix with HvBGLUII led to the
release of a glucan fraction found at the sample origin spot
that could not be further resolved under the TLC separation
conditions used (Figure 3B). The corresponding band was
not detected in the CW digestion (Figure 3B), indicating
that HvBGLUII is only active on the EPS matrix. Other b-1,3-
glucanases (TLE and H. pomatia b-1,3-glucanase) were able
to release oligosaccharides from both EPS and CW prepara-
tions, indicating that both preparations contain b-glucans
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that are enzyme accessible (Figure 3B; Supplemental Figure
S5).

To further characterize the structure of the compound re-
leased by HvBGLUII from the EPS matrix, we performed

MALDI-TOF and glycosyl linkage analyses. An oligosaccha-
ride with a m/z of 1,661 Da, corresponding to 10 hexoses
(referred to as b-glucan decasaccharide [b-GD] fragment)
with 3- and 3,6-linked glucoses was detected in high
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abundance compared to other oligosaccharides with various
degrees of polymerization (DP4–DP9, Figure 3C;
Supplemental Figure S6A). Neither the b-GD nor the other
oligosaccharides were detected in the supernatant of the
digested CW preparation (Figure 3C), confirming the TLC re-
sult (Figure 3B). Furthermore, the b-GD was also released
from the EPS matrix of S. indica grown in CM medium
(Supplemental Figure S6B), suggesting that the growth con-
ditions do not notably influence the release of the b-GD.

To further asses the structure of b-GD, the fragment
was purified using reverse-phase chromatography
(Supplemental Figure S7) and subjected to 1H NMR
spectroscopy (Figure 3D). 1H NMR analysis displayed
characteristic proton signals for b-1,3;1,6-glucan (Kim
et al., 2000; Tada et al., 2009; Lowman et al., 2011). Since
b-GD was reduced prior to the NMR analysis, only nine
anomeric carbohydrate signals were present. The anome-
ric 1H NMR signals of the six internal b-1,3-glucan back-
bone moieties were identified at 4.4–4.6 ppm
(Figure 3D). They appear as a multiplet due to overlap-
ping proton doublet signals at 4.5–4.6 ppm (four pro-
tons), a doublet at 4.48 ppm (J 7.8 Hz, one proton)
representing the second glucose unit next to the reduc-
ing end and a doublet at 4.44 ppm (J 7.8 Hz, one proton)
representing the non-reducing end of the oligosaccha-
ride backbone. Anomeric NMR signals were also ob-
served for the b-1,6-D-side-chain substituents at 4.26
ppm (three protons), indicating that the oligosaccharide
contains three individual monomeric substituents. This
is confirmed by the H6 NMR signal of b-1,6-D-glucose
substituents at 4.08 ppm (three protons). In conclusion,
the 1H NMR analysis indicates that b-GD consists of
seven b-1,3-linked D-glucose backbone units substituted
with three terminal b-1,6-glucose units. The order of the
substituents on the backbone could not be established
by the NMR analysis performed here.

To validate the 1H NMR results, we took advantage of the
two well-characterized glycosyl hydrolases, FaGH17a and
FbGH30 (Becker et al., 2017; Wanke et al., 2020). FaGH17a is
an endoglucanase specifically active on unsubstituted b-1,3-
glucans and FbGH30 is an exoglucanase specific for b-1,6-
glycosidic linkages (Figure 3A). The b-GD was treated with
FaGH17a or FbGH30 or a combination of the two enzymes
and the digested samples were analyzed using MALDI-TOF
mass spectrometry (Figure 3E). Digestion with FbGH30
resulted in ion signals that represent the enzymatic removal
of one (m/z 1,499), two (m/z 1,337), or most pronounced
three glucosyl moieties (m/z 1,175), confirming the presence
of three b-1,6-glucose units in b-GD. Digestion with
FaGH17a alone did not alter the molecular weight of b-GD
indicating that potential enzyme hydrolysis sites are blocked
by its side-chain substituents. In contrast, the combined
treatment with both enzymes led to complete hydrolysis of
the b-GD (Figure 3E). Taken together, these results

demonstrate that the b-GD released from the EPS matrix by
the action of HvBGLUII is a decasaccharide with seven b-1,3-
glucosyl units substituted with three b-1,6-glucosyl units as
depicted in Figure 3F.

The apoplastic HvBGLUII fosters MAMP-triggered
immunity that is counteracted by the uncleavable
b-GD
Since b-glucans represent an important class of microbial
cell surface glycans able to trigger plant immune responses
(Fesel and Zuccaro, 2016; Wanke et al., 2020), we performed
ROS burst assays with S. indica CW and EPS matrix as well
as with the enzymatically released b-GD to test their immu-
nogenic potential on barley roots. Whereas the application
of the fungal MAMP chitohexaose (positive control) trig-
gered apoplastic ROS accumulation, incubation with S. ind-
ica CW and EPS matrix only marginally induced ROS
accumulation (Supplemental Figure S8). Applications of the
b-GD led to significantly lower ROS levels compared to the
mock treatment (Figure 4A; Supplemental Figure S9). This
prompted us to test the ability of this fragment to affect
ROS levels during co-treatment with different MAMPs
(Figure 4A; Supplemental Figures S10 and S11). The com-
bined application of chitohexaose and b-GD led to a de-
creased accumulation of ROS with increasing concentrations
of added b-GD (Figure 4A; Supplemental Figures S9 and
S10). Combined digestion of the b-GD with the endogluca-
nases FaGH17a and FbGH30 restored the chitohexaose-
triggered ROS burst (Figure 4B), thereby highlighting that
the decreased accumulation of apoplastic ROS is linked to
the presence of an—at least largely—intact b-GD. Impaired
ROS accumulation was not observed with S. indica CW or
EPS matrix preparations (Figure S8). Additionally, the appli-
cation of the b-GD significantly reduced apoplastic ROS ac-
cumulation in barley roots treated with the b-1,3;1,6-glucan
laminarin and in Arabidopsis seedlings treated with the
flagellin-derived peptide flg22 (Supplemental Figure S11),
substantiating a general function of the b-GD irrespective of
plant species or elicitor.

To clarify whether the b-GD interferes with the MAMP
perception machinery or detoxifies ROS, we tested its effect
on further early and late immune responses triggered by chi-
tohexaose. In barley, HvWRKY2 has been demonstrated to
act as a reliable marker for the onset of early immune
responses among a wide range of elicitors applied to barley
(Shen et al., 2007; Liu et al., 2014; Wanke et al., 2020).
Despite the reduction of the oxidative burst, chitohexaose-
triggered HvWRKY2 expression was not reduced by the ap-
plication of the b-GD (Figure 4C; Supplemental Figure
S10C). This shows that the b-GD does not prevent MAMP
perception but acts on the released ROS. Furthermore, treat-
ment with the b-GD alone did not lead to a significant in-
crease in HvWRKY2 expression, supporting the notion that
this b-glucan fragment does not exhibit an immunogenic
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Figure 4 The b-GD released from S. indica EPS matrix scavenges ROS and enhances host colonization. A, Apoplastic ROS accumulation after
treatment of barley roots of 8-day-old plants with 25-mM chitohexaose and/or purified b-GD from S. indica. ROS accumulation was monitored
via a luminol-based chemiluminescence assay. Treatment with Milli-Q water was used as mock control. Boxplot represents total ROS accumula-
tion over the measured time period. Values represent mean ± SEM from eight wells, each containing four root pieces. In total, roots from 16 indi-
vidual barley plants were used per experiment. The assay was performed at least four times with independent b-GD preparations. Letters
represent statistically significant differences in expression based on a one-way ANOVA and Tukey’s post hoc test (significance threshold: P
40.05). B, Prior to treatment of barley root pieces with the elicitors, b-GD was digested overnight (25�C, 500 rpm in heat block) with the gluca-
nases FaGH17a and FbGH30, which led to complete digestion of b-GD (see also Figure 3E). As control, b-GD without the addition of enzymes
(but instead with an equal volume of Milli-Q water) was treated similarly. Barley root pieces were treated with Milli-Q water (n = 16) and 25-mM

2772 | THE PLANT CELL 2022: 34; 2765–2784 Chandrasekar et al.

Chapter 2.2 Chandrasekar et al., 2022

38



activity in barley roots. In support of this, treatments of
Arabidopsis seedlings with b-GD did not induce rapid intra-
cellular calcium fluxes (Supplemental Figure S12), an early
hallmark of plant immune responses (Boller and Felix, 2009).
These results are surprising due to the structural similarity
of b-GD to laminarihexaose and laminarin, two potent ROS
elicitors in different plant species, including barley and
Arabidopsis (Wanke et al., 2020). Thus, the frequency and
position of b-1,6-glucose substituents may define both their
immunomodulatory potential as MAMP as well as their bio-
chemical activity as ROS scavengers. To confirm this hypoth-
esis, we treated laminariheptaose, the b-1,3-backbone of b-
GD, with HvBGLUII for 1 h or overnight and tested those
preparations in ROS burst assays. Barley BGLUII was capable
of digesting the laminariheptaose to glucose and laminari-
biose (Supplemental Figure S13). The activity of HvBGLUII
on the laminariheptaose led to higher ROS accumulation
compared to incubation with undigested laminariheptaose
(Supplemental Figure S13). This demonstrates that
HvBGLUII is a host defense enzyme that releases potent
MAMPs from unbranched b-1,3-glucan oligomers likely de-
rived from the fungus (Figure 2C), playing a role in host gly-
can perception.

The b-GD scavenges apoplastic ROS
Numerous studies have highlighted the capability of sugars
and specifically of b-glucans to act as ROS scavengers, con-
tributing to the intracellular antioxidant system in different
eukaryotes (Benaroudj et al., 2001; Nishizawa et al., 2008;
Valluru and Van den Ende, 2008; Peshev et al., 2013; Lei
et al., 2015; Boulos and Nystrom, 2017). To test whether the
b-GD can directly act as an antioxidant, we performed an
in vitro 3,30-diaminobenzidine (DAB) assay. In the presence
of hydrogen peroxide and horseradish peroxidase as catalyst,
DAB is oxidized and polymerizes, ultimately leading to
the formation of a brown, water-insoluble precipitate
(Figure 4D). At low concentrations of b-GD (30–150 mM),
DAB still oxidizes but forms less precipitates compared to

the mock control. Formation of precipitates was completely
inhibited at higher concentrations of b-GD (300–600 mM;
Figure 4D). The inhibition of DAB precipitation can be
explained by the ability of b-GD to scavenge ROS in a con-
centration dependent manner. Other CW-associated sugars
such as chitohexaose, laminariheptaose, and a xyloglucan
heptasaccharide (XXXG) did not interfere with DAB precipi-
tation (Figure 4D). Mechanistically, nonenzymatic scavenging
of hydroxyl radicals by sugars is based on their oxidation,
which can lead to cleavage of glycosidic linkages and the for-
mation of less reactive sugar radicals that further cross-react
with themselves or other sugars (Matros et al., 2015). To val-
idate if the oxidation of the decasaccharide contributes to
ROS scavenging, we performed a Fenton reaction-based as-
say with the b-GD followed by MALDI-TOF analysis. In the
presence of the Fenton reagents, the peak at 1,661 Da, cor-
responding to the b-GD, was no longer detected, suggesting
that the fragment might have undergone oxidative degrada-
tion and/or have changed its chemo-physical properties by
the activity of hydroxyl radicals produced by the Fenton re-
action (Figure 4E). The oxidative degradation of the b-GD
could be rescued in the presence of ethylenediaminetetra-
acetic acid (EDTA), which chelates the catalytic iron in-
volved in the formation of hydroxyl radicals. Complete
degradation was not observed for the structurally related
laminariheptaose, chitohexaose, and XXXG (Supplemental
Figure S14). Altogether, these results demonstrate that the
activity of HvBGLUII on the S. indica EPS matrix does not re-
lease a MAMP that initiates plant defense responses, but a
fragment that can detoxify apoplastic ROS possibly via oxi-
dative degradation. These results highlight a hitherto unde-
scribed function of the fungal EPS matrix as a protective
layer to mitigate oxidative stress during plant–microbe
interaction.

To explore whether the b-GD can facilitate root coloniza-
tion during early interaction, we performed colonization
assays on barley roots in the presence of various b-GD con-
centrations (Figure 4F). The addition of b-GD slightly

Figure 4 (continued)
chitohexaose alone (n = 16) or in combination with digested or undigested b-GD (300 mM, n = 12). The experiment was performed twice with
similar results. Statistically significant differences are indicated by different letters based on a one-way ANOVA and Tukey’s post hoc test (signifi-
cance threshold: P 40.05). C, Barley root pieces were collected 1 h after elicitor treatment and further processed for RNA extraction and cDNA
synthesis. Expression changes of the elicitor-responsive gene HvWRKY2 were analyzed by RT-qPCR. Fold change expression were calculated by nor-
malization to housekeeping gene expression (HvUBI) and mock treatment. Data from three independent experiments are indicated by different
dot shapes. Letters represent statistically significant differences in expression based on two-way ANOVA (additive model, treatment + experi-
ment) and Tukey’s post hoc test (significance threshold: P 40.05). Significant differences were associated with different treatments (F = 11.629,
P = 1.58 � 10–6), but not with independent experiments (F = 2.227, P = 0.124). D, The capability of different carbohydrates to prevent hydrogen
peroxide-based and horseradish peroxidase-catalyzed oxidation and precipitation of DAB was monitored. Respective sugars (or Milli-Q water as
mock control) were pre-incubated with 1-mM H2O2 and 0.05-mM horseradish peroxidase before DAB (50 mM) was added. Scans of wells from 96-
well plates were performed 16 h after DAB addition. The experiment was performed three times with similar results. E, Oxidative degradation of S.
indica EPS matrix-derived b-GD (300 mM) by H2O2 was detected with an overnight Fenton reaction (1-mM H2O2, 100-mM FeSO4) followed by
MALDI-TOF mass spectroscopic analysis. As controls, either sugar alone or the samples supplemented with 100-mM EDTA were used. F,
Colonization of barley roots by S. indica upon daily application of sterile Milli-Q water (mock) or b-GD (100 or 300 mM). Fungal colonization in
each biological replicate was assessed by RT-qPCR comparing the expression of the fungal housekeeping gene SiTEF and the plant gene HvUBI
(n = 5–11). Boxplot elements in this figure: center line, median; box limits, upper and lower quartiles; whiskers, 1.5� interquartile range.
Statistical significance was determined on the nontransformed values (before normalization to S. indica control treatment) using a two-tailed
Student’s t test (*P 40.05). Si, Serendipita indica; RLU, relative light units; XXXG, xyloglucan heptasaccharide.

The fungal matrix acts as an outer protective barrier important for accommodation THE PLANT CELL 2022: 34; 2765–2784 | 2773

Chapter 2.2 Chandrasekar et al., 2022

39



a
a

a

a
a a

Figure 5 The b-GD derived from the hydrolysis of B. sorokiniana EPS matrix exhibits antioxidative properties. A, Glycosidic linkage analysis of B.
sorokiniana EPS matrix and CW preparations. 2,3-hexopyranose, 2,3,4- hexopyranose, and 2,3,6- hexopyranose are abundant in the EPS matrix,
whereas 4-glucose is abundant in the CW of B. sorokiniana. The experiment was performed with three independent biological replicates of Bs EPS
and Bs CW and the TIC from one of the replicates is represented. B, Analysis of digested EPS or CW fractions by MALDI-TOF mass spectrometry.
The 1,661-Da b-GD corresponding to 10 hexoses is released from the EPS matrix but not from the CW of B. sorokiniana. The representative DP of
hexoses is indicated on top of the m/z (M + Na) + masses of oligosaccharides. The digestion of Bs EPS with HvBGLUII was repeated independently
three times with a similar result and the digestion of Bs CW with HvBGLUII was performed once. C, ROS burst assay was performed on barley
roots treated with Milli-Q water (mock), chitohexaose (25 mM), Bs b-GD (300 mM), or a combination of chitohexaose and Bs b-GD. Boxplots rep-
resent total cumulative ROS accumulation over a measured time interval of 25 min. Each data point in the boxplot represents the integrated
value from an individual well (center line, median; box limits, upper and lower quartiles; whiskers, 1.5� interquartile range). The experiment was
performed three times with similar results. Statistically significant differences are indicated by different letters based on a one-way ANOVA and
Tukey’s post hoc test (significance threshold: P 40.05). Bs, Bipolaris sorokiniana; DP, degree of polymerization; p, pyranose. aexact sugar moiety
unknown; overrepresentation of linkages due to undermethylation cannot be excluded.
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increased colonization at 100 mM and led to an on average
2.15-fold increase of fungal colonization at 300 mM after 3
days post inoculation (dpi). This demonstrates that an EPS
matrix-resident decasaccharide that is released by a plant
glucanase can act as a carbohydrate-class effector enhancing
fungal colonization.

The antioxidative properties of the b-GD are
conserved among pathogenic and beneficial fungi
To clarify whether the observed properties of the b-GD are
conserved among fungi with different lifestyles and taxo-
nomic positions, we performed glycosyl linkage analysis of
the CW and EPS matrix of B. sorokiniana grown in YPD me-
dium. As observed for S. indica, the relative abundance of 4-
linked glucose in the B. sorokiniana CW was higher com-
pared to other sugar residues (Figure 5A; Supplemental
Figure S15 and Supplemental Data Set S7). In the B. sorokini-
ana EPS matrix, 3-glucose and 3,6-glucose represented only
a minor fraction (�10%) compared to 2,3-hexose, 2,3,4-hex-
ose, and 2,3,6-hexose (�40%) and this is different from the
EPS matrix of S. indica (Figure 5A; Supplemental Figure S15
and Supplemental Data Set S8). However, the presence of 3-
and 3,6-linked glucose suggests that b-glucans with similar
structures to S. indica glucans are also present in the EPS
matrix of B. sorokiniana. Indeed several glucan fragments
with various degrees of polymerization (DP3–DP10) could
be release from digestion with the TLE but not from the
buffer control (Supplemental Figure S16), indicating that b-
glucans are present in the EPS matrix.

Since HvBGLUII was detected in the apoplastic fluid of B.
sorokiniana challenged barley roots and the gene is highly in-
duced during B. sorokiniana root colonization (Supplemental
Data Sets S6 and S9), we investigated whether HvBGLUII can
also release oligosaccharides from the B. sorokiniana EPS ma-
trix. We detected a 1,661 Da fragment in high abundance
representing a decasaccharide (Figure 5B). To characterize the
structure of the 1,661 Da fragment from B. sorokiniana, we in-
cubated it with FaGH17a or FbGH30 or a combination of the
two enzymes. MALDI-TOF analysis revealed that this frag-
ment has the same digestion profile and thus most likely the
same structure as S. indica b-GD (Supplemental Figure S17),
demonstrating that b-GD is conserved among distantly re-
lated fungi.

Next, to investigate the immunogenic properties of B. sor-
okiniana b-GD, we tested it in ROS burst assays using barley
roots. Consistent with the data obtained from S. indica, the
enzymatically released B. sorokiniana b-GD, but not crude
EPS matrix or CW preparations, displayed a decrease in ROS
accumulation when co-applied with chitohexaose
(Figure 5C; Supplemental Figure S18). Collectively, our results
indicate that the antioxidative property of the b-GD is a
common feature among plant-associated fungi.

Discussion
Fungi synthetize and secrete a wide range of glycans, which
are crucial determinants of microbe–microbe and microbe–

host interactions. Despite variations in glycan structures and
composition of the CW and the surrounding EPS matrix be-
tween fungal species, b-glucans are generally the most abun-
dant and complex structural components. Their recognition
by host receptors activates immune responses, such as accu-
mulation of ROS and CAZymes in the extracellular apoplas-
tic space, which hamper host colonization (El Oirdi et al.,
2011; Wanke et al., 2020, 2021; Rebaque et al., 2021). In or-
der to overcome or bypass such responses, fungi employ dif-
ferent extracellular strategies (Buscaill and van der Hoorn,
2021). Common fungal countermeasures to prevent recogni-
tion and hydrolysis of their surface exposed glycans involve
converting, depleting or masking highly immunoactive CW
components. Although effective, these countermeasures
may not always be employed because some of these glycan
structures mediate important processes that are beneficial
to the fungus. This explains why some glycan structures are
highly conserved and cannot be extensively modified. Thus,
fungi have additionally evolved apoplastic glycan-binding ef-
fector proteins that either sequester immunoactive CW-de-
rived elicitors from the apoplast to prevent their recognition
or shield them from hydrolysis. Additionally, fungi secrete
CAZyme inhibitors and proteases that cleave host hydrolytic
enzymes (Ham et al., 1997; Rovenich et al., 2016; Rocafort
et al., 2020). Less is known about fungal cytoplasmic effector
proteins targeting the disruption of glycan signaling inside
plant cells.

Here, we identified a previously undescribed extracellular
fungal counterdefensive strategy to subvert host immunity
that involves the hijacking of widely distributed plant apo-
plastic endoglucanases to release a conserved b-1,3;1,6-glu-
can decasaccharide with ROS scavenging properties from
the extracellular polysaccharide matrix of different fungi
(Figure 6). Several classes of plant proteins, called
pathogenesis-related (PR) proteins, are induced in response
to fungal colonization. Among these proteins the family of
PR-2 proteins, which are b-1,3-endo-type glucanases, is long
known (Stintzi et al., 1993; Leubner-Metzger and Meins,
1999). In seed plants, b-1,3-glucanases are widely distributed,
highly regulated and abundant in the apoplast or vacuoles.
Besides their role in the plant response to microbial patho-
gens and wounding, these enzymes are also implicated in di-
verse physiological and developmental processes in the
uninfected plant. The GH17 family member BGLUII is pre-
sent in the apoplast of uninfected and infected barley roots
and highly induced upon challenge with the pathogen B.
sorokiniana. The activity of BGLUII on the fungal EPS matrix
indicates that its substrate is available/exposed in this layer,
the first physical site of contact with the plant defense com-
ponents. The released b-GD is not immunoactive in barley
and Arabidopsis and has some specific properties, which in-
clude resilience to further digestion by GH17 family mem-
bers as well as ROS scavenging abilities. These properties
seem to depend on the presence of b-1,6-linked glucosyl
substituents. In fact, the structurally related laminarihep-
taose, which has the same structure as the backbone of b-
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GD, is highly sensitive to digestion by HvBGLUII and other
GH17 family members, is immunoactive in barley, is not sig-
nificantly degraded/modified in the Fenton reaction and
does not display ROS scavenging capabilities (Figure 4D;
Supplemental Figures S13 and S14). The removal of the side-
branches from the b-GD by a microbial-derived b-1,6-gluca-
nase makes it sensitive to further digestion by GH17 family
members, confirming the protective effect displayed by the
side-branches. In planta, the b-GD most likely corresponds
to a host glucanase-resistant structure because plants are
not known to produce b-1,6-glucanases (Fliegmann et al.,
2004; Nars et al., 2013).

Additionally, the branching frequency might also be
crucial for the immunomodulating activities of b-glucans.
In animal systems, glucans are sensed by the well-charac-
terized receptor Dectin-1. The minimal glucan subunit
structure for Dectin-1 activation is a b-1,3-glucan oligo-
saccharide containing a backbone with at least seven glu-
cose subunits and a single b-1,6-linked side-chain branch
at the nonreducing end (Adams et al., 2008). We recently
have shown that in plants b-1,3-glucan oligomers are per-
ceived in a host species and length-dependent manner.
While the monocots barley and Brachypodium distachyon
can recognize longer (laminarin) and shorter (laminari-
hexaose) b-1,3-glucans with responses of varying intensity,
duration and timing, the dicot Nicotiana benthamiana

activates immunity in response to long b-1,3-glucans,
whereas Arabidopsis and Capsella rubella perceive short
b-1,3-glucans. The hydrolysis of the b-1,6 side-branches of
laminarin did not affect recognition, demonstrating that
not the glycosidic decoration but rather the degree of po-
lymerization plays a pivotal role in the recognition of
long-chain b-glucans in plants. Our data do not unambig-
uously demonstrate the glucosyl position of the substitu-
ents on the heptasaccharide backbone of the b-GD, but a
possible explanation to the observed differences between
the immune properties of laminarin (1:10 branching) and
the b-GD (1:2.3 branching) might be that in barley roots
b-glucans with a higher degree of branching could stereo-
chemically interfere with each other, leading to less bind-
ing by specific receptors. It could well be that the b-GD
has different immune properties depending on the plant
species and this requires further investigation. However,
here we show that upon incubation of b-GD with two
unrelated plant species, Arabidopsis and barley, no accu-
mulation of ROS was detected. It should also be men-
tioned that the antioxidant value of b-GD seems to be
strictly “single use” and the b-GD pool may be easily de-
pleted in planta. Nevertheless, a temporary dampening of
the oxidative burst may be all that is required to support
colonization and/or hamper ROS signaling. The immuno-
modulatory properties of the b-GD resemble those of

Figure 6 Model for the production and function of the conserved fungal EPS-derived b-1,3;1,6-glucan decasaccharide. The fungal-responsive
GH17 family member HvBGLUII is found in the apoplast of barley roots and acts on b-1,3-glucan. Digestion of linear b-1,3-glucan (laminarihep-
taose) with HvBGLUII enhances ROS accumulation in barley roots, corroborating its role as a host defense enzyme with a function in b-glucan per-
ception. To counteract the activity of HvBGLUII, plant-colonizing fungi produce a b-1,3;1,6-glucan-rich EPS matrix. The activity of HvBGLUII on
the EPS matrix releases a conserved b-GD, which is resilient to further digestion by GH17 family members. The b-GD acts as a carbohydrate-class
effector by scavenging ROS and enhancing fungal colonization. Lectins containing WSC domains are enriched in the outer EPS matrix and lectins
containing LsyM domains are enriched in the CW of S. indica. Graphical illustration was designed with the BioRender online tool.
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fungal effector proteins, suggesting that carbohydrate-
class effectors also play an important role in fungal
accommodation.

In conclusion, our data demonstrate that the fungal EPS
matrix is a source of soluble b-glucans that leads to ROS
scavenging properties important for host colonization and
represents a distinct outer fungal layer with well-defined
protein and carbohydrate signatures. B-glucans can form
complex higher order structures depending on the confor-
mation of sugar residues, molecular weight, inter- and intra-
chain hydrogen bonding, and environmental conditions—all
effecting their properties. This is different to the immune
perception of the MAMP chitin, which is solely based on
the length of the released oligomers by, for instance, the ac-
tivity of chitinases. In plants, b-glucans are considered
“orphan MAMPs” as their direct immune receptors have so
far not been unambiguously identified. One of the remain-
ing challenges is to fully elucidate the b-glucans’ functions
and receptors. Information on the structure, solubility, mo-
lecular weight, side-chain branching frequency, and confor-
mation is of paramount importance and should be provided
in studies dealing with fungal b-glucans and their effects on
the plant immune system.

Materials and methods
Biological assays were performed with barley (H. vulgare L.
cv Golden Promise) and A. thaliana Col-0 or aequorin-
expressing Col-0 lines (Choi et al., 2014). Barley seeds were
surface sterilized with 6% bleach for 1 h, followed by five
washing steps with 30 mL of sterile Milli-Q water (each 30
min, two quick rinses for a couple of seconds between lon-
ger incubation steps). Sterilized seeds were germinated for 3
days on wet filter paper at room temperature in the dark
under sterile conditions. Seedlings were transferred to sterile
jars containing solid 1/10 plant nutrition medium (PNM),
0.4% gelrite (Duchefa, Haarlem, the Netherlands) Lahrmann
et al., 2013) and cultivated in a growth chamber with a day/
night cycle of 16 h/8 h (light intensity, 108 lmol m–2 s–1)
and temperatures of 22�C/18�C. Seedlings were grown for 4
more days before being used for immunity assays.

Arabidopsis seeds were surface sterilized (10 min 70% eth-
anol, 7 min 100% ethanol) and sown on half-strength
Murashige and Skoog (MS) medium (pH 5.7) supplemented
with 0.5% sucrose and 0.4% Gelrite (Duchefa, Haarlem, the
Netherlands). Plates were transferred to climate chambers
with 8-h/16-h light/dark regime (light intensity of 110 lmol
m–2 s–1) at 22�C/18�C. Seven-day-old seedlings were trans-
ferred into petri dishes filled with 30-mL fresh half-strength
MS liquid medium and grown for 7 additional days under
the same conditions.

Commercial enzymes
The commercial b-glucanases used in this study are the
Trichoderma harzianum lysing enzymes (TLE, Sigma L1412),
the Helix pomatia b-1,3-glucanase (Sigma 67138) and the H.
vulgare b-1,3-endoglucanase (GH17 family HvBGLUII, E-

LAMHV in 50% (v/v) glycerol, Megazyme). TLE or H. poma-
tia b-1,3-glucanase were prepared in a stock concentration
of 1.25 mg�mL–1 in respective buffers: TLE (2-mM sodium
acetate, pH 5.0), H. pomatia b-1,3-glucanase (2-mM MES,
pH 5.0). The GH17A family b-1,3-endoglucanase from
Formosa agariphila (FaGH17a) and the GH30 family b-1,6-
exoglucanase from Formosa sp. nov strain Hel1_33_131
(FbGH30) were obtained from Prof. Dr Jan-Hendrik
Hehemann (Center for Marine Environmental Sciences,
University of Bremen, Germany) at a concentration of 5
mg�mL–1 in water (Becker et al., 2017). For testing residual
glycogen, a-amylase (E-BAASS, Megazyme) was prepared in
a stock concentration of 1.25 mg�mL–1 using 50% (v/v)
glycerol.

FITC488 labeling and confocal microscopy
FITC488 labeling of SiWSC3 and SiFGB1 and confocal laser
scanning microscopy was done as described previously
(Wawra et al., 2019) using the KPL SureLink Fluorescein-X
(FAM-X) labeling kit (#82-00-02) by Sera Care with the fol-
lowing modification for SiWSC3 labeling: 20-min incubation
time at 20�C with half of the recommended concentration.
The reaction was stopped by adding 1-M TRIS (pH 7.5) to a
final concentration of 50 mM and then dialyzed overnight
against 3 L of Milli-Q water. Modifications to the standard
labeling protocol were necessary because over labeling re-
duced the ability of the SiWSC3 to bind to its substrate
(Wawra et al., 2019).

Microbial strains and culture conditions for EPS
matrix production in S. indica and B. sorokiniana
The EPS matrix was isolated from the S. indica strain
expressing GFP in the dikaryotic wild-type background
DSM11827 (Wawra et al., 2016) and from the B. sorokiniana
wild-type strain ND90r. Serendipita indica spores were iso-
lated from 3-week-old cultures grown on solid complex me-
dium (Si_CM) using 0.002% (v/v) Tween water (Zuccaro
et al., 2011). For the preculture, 2 mL of S. indica spores at a
concentration of 500,000 mL–1 were inoculated in 100 mL
of TSB medium containing 1% (w/v) sucrose and shaking at
120 rpm at 28�C. After 48 h, the pre-cultures were trans-
ferred to 400 mL of TSB containing 1% sucrose and shaken
at 120 rpm at 28�C for 72 h. Bipolaris sorokiniana spores
were isolated from 10-day-old cultures grown on solid com-
plete medium (Bs_CM), using 0.002% (v/v) Tween water
(Sarkar et al., 2019). The spores were inoculated at a final
concentration of 250 spores�mL–1 in 250 mL of YPD me-
dium and these samples were shaken at 28�C for 36 h.

Isolation of EPS matrix from S. indica and
B. sorokiniana culture supernatant
Culture supernatants from axenically grown S. indica or B.
sorokiniana were collected by filtering the mycelia using
Miracloth (Merck Millipore). The EPS matrix was isolated
from the culture media using cryogelation. Briefly, the cul-
ture media were frozen overnight at –20�C and slowly
thawed at room temperature for 16 h. The precipitated EPS
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matrix (Supplemental Figure S1) present in the culture me-
dium was isolated using a pipette controller and washed
four times with 30 mL of Milli-Q water and either used for
proteome analyses (see section “Proteome analysis of
S.indica EPS matrix, CW, and culture filtrate”) or washed
one more time with 30 mL of 8.3-mM EDTA (pH 8.0) to re-
move metal ions potentially present in the EPS. The proteins
present in the EPS matrix were removed by treatment with
30 mL of protein denaturation solution (containing 8-M
urea, 2-M thiourea, 4% [w/v] sodium dodecyl sulfate [SDS],
100-mM Tris–HCl, pH 7.5) and boiling at 95�C for 15 min.
The SDS present in the EPS matrix was removed by boiling
the material with 30 mL of Milli-Q water at 95�C for 10 min
and centrifuging at 10,000g for 10 min at room temperature.
The latter step was repeated approximately 15 times until
no further foaming occurred. The resulting protein-free EPS
matrix was lyophilized and used for glycosyl linkage, TLC or
MALDI-TOF analyses.

Proteome analysis of S. indica EPS matrix, CW, and
culture filtrate
The proteins were isolated from the EPS matrix, CW, and
the culture filtrate obtained from axenic cultures of S. indica
strain expressing GFP grown in different media (CM, YPD,
and TSB).

Protein isolation from the CW

Mycelium collected from the S. indica GFP strain was
ground in liquid N2 and resuspended in PBS buffer contain-
ing 1-mM PMSF and 1% (v/v) NP-40 using an ULTRA-
TURRAX (IKA, Staufen, Germany). The resuspended mixture
was incubated at 4�C in a rotating wheel for 30 min. The
pellet obtained after centrifugation at 8,000g for 15 min at
4�C was resuspended in PBS buffer containing 1-mM PMSF
and 0.1% (v/v) IGEPAL using an ULTRA-TURRAX. The pellet
obtained after centrifugation at 8,000g for 15 min at 4�C
was washed three times with Milli-Q water. Finally, the pel-
let was resuspended in Laemmli buffer containing 8-M urea,
2-M thiourea, and b-mercaptoethanol and boiled at 95�C
for 10 min.

Protein isolation from the EPS matrix

The EPS matrix obtained from the culture media by cryoge-
lation was washed four times with Milli-Q water and was di-
rectly boiled in Laemmli buffer containing 8-M urea, 2-M
thiourea, and b-mercaptoethanol at 95�C for 10 min.

Protein isolation from the culture filtrate

The culture supernatant left over from the EPS matrix isola-
tion step was first filtered using a Whatman filter paper and
then using a 0.22-mM syringe filter. Approximately 30 mL of
EPS matrix depleted culture supernatant was treated with 5
mL of 95% (v/v) trichloroacetic acid and incubated over-
night at 4�C. The precipitated proteins were collected by
centrifugation (10,000g) for 1 h at 4�C. The isolated proteins
were washed at least three times with 100% (v/v) acetone.

The dried protein pellet was resuspended in Laemmli buffer
containing 8-M urea, 2-M thiourea, and b-mercaptoethanol
and boiled at 95�C for 10 min.

Liquid chromatography coupled mass spectrometric
protein identification and quantification
The proteins isolated from the EPS matrix, CW and culture
filtrate were separated using a 10% (v/v) SDS–polyacryl-
amide gel electrophoresis gel for 15 min and subsequently
stained with Coomassie Brilliant Blue. Protein-containing
bands from Coomassie-stained gels were prepared for mass
spectrometric analysis as described elsewhere (Poschmann
et al., 2014). Briefly, bands were destained and the proteins
were reduced with dithiothreitol and alkylated with iodoace-
tamide and subjected to tryptic digestion. The resulting pep-
tides were extracted and reconstituted in 0.1% (v/v)
trifluoroacetic acid in water. Peptides were separated on an
Ultimate 3000 Rapid Separation Liquid Chromatography sys-
tem (Thermo Fisher Scientific) on a 25-cm length C18 col-
umn using a 1-h gradient and subsequently analyzed by a
QExactive Plus mass spectrometer (Thermo Fisher Scientific)
as described with minor modifications (Poschmann et al.,
2014). First, survey scans were carried out at a resolution of
140,000 and up to 22- and 3-fold charged precursors se-
lected by the quadrupole (4 m/z isolation window), frag-
mented by higher energy collisional dissociation and
fragment spectra recorded at a resolution of 17,500. Mass
spectrometric data were further processed by MaxQuant
1.6.12.0 (Max-Planck Institute for Biochemistry, Planegg,
Germany) with standard parameters if not otherwise stated.
Label-free quantification, “match between runs” and iBAQ
quantification were enabled. Searches were carried out based
on S. indica reference protein entries (UP000007148), down-
loaded on 15 May 2020 from the UniProt Knowledge Base.
Carbamidomethylation at cysteines was considered as fixed
and methionine oxidation and proteins N-terminal acetyla-
tion as variable modifications. Peptides and proteins were
accepted at a false discovery rate of 1% and only proteins
further considered were identified with at least two different
peptides. The identified proteins were grouped into families
using the Pfam database (Mistry et al., 2021). The mass spec-
trometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner reposi-
tory with the dataset identifier PXD025640.

Proteome analysis of S. indica EPS matrix, CW, and
culture filtrate
Further calculations were done on label-free quantification
(LFQ) intensity values. Only proteins were considered show-
ing at least two valid intensity values at least in one group.
LFQ intensity values were log2 transformed and missing val-
ues imputed with values drawn from a downshifted normal
distribution (width 0.3, downshift 1.8) before statistical and
enrichment analysis. Statistical analysis was done for selected
protein groups using the significance analysis of microarrays
method (Tusher et al., 2001; 5% false discovery rate,
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S0 = 0.1) and Student’s t test. To identify proteins contain-
ing certain domains showing a higher abundance in the EPS
matrix, we performed an annotation enrichment analysis
(Cox and Mann, 2012) based on the differences of mean val-
ues of log2 transformed LFQ intensities.

The percentage relative abundance of signal peptide con-
taining proteins detected in the three components (EPS ma-
trix, CW, and culture filtrate) was calculated using LFQ
intensities.

Large scale digestion and enrichment of the b-GD
released from the EPS matrix of S. indica and
B. sorokiniana
Five milligram of freeze-dried EPS matrix obtained from S.
indica or B. sorokiniana were ground with two stainless steel
beads (5 mm) using a TissueLyser (Qiagen, Hilden,
Germany) at 30 Hz for 1 min at room temperature and
soaked in 1 mL of 100-mM sodium acetate buffer (pH 5.0)
at 70�C overnight. The soaked material was incubated with
20 mL (50 U) of HvBGLUII in a total reaction volume of 1
mL using 100-mM sodium acetate buffer (pH 5.0). The di-
gestion was performed at 40�C with shaking at 500 rpm for
48 h. The supernatant containing the b-GD was collected
by centrifugation at 10,000g for 5 min at room temperature.
The digested pellet was additionally suspended in 1 mL of
water and heated at 80�C for 10 min to solubilize additional
b-GD. The resulting supernatant was combined with the ini-
tial digested material and boiled at 95�C for 15 min. The
precipitated proteins were removed by centrifugation at
10,000g for 20 min at room temperature and the debris
were removed using a 0.45-mM syringe filter. The clear su-
pernatant fraction was freeze-dried. The freeze-dried mate-
rial was dialyzed against 3 L of Milli-Q water at 4�C using a
1-kDa cutoff dialysis tubing (Repligen Spectra/Por 6 Pre-
Wetted Regenerated Cellulose, cat. no. 888-11461). The dial-
yzate was lyophilized before further use.

Preparation of alcohol insoluble residue and
protein-free CW from S. indica and B. sorokiniana
The mycelium collected from axenic cultures of S. indica or
B. sorokiniana was washed twice with Milli-Q water and
freeze-dried overnight. The freeze-dried material was pow-
dered in liquid N2 using a pestle and mortar and stored at
–20�C until use. Twenty milligrams of the material was
resuspended in 1 mL of 70% (v/v) aqueous ethanol with a
stainless steel bead (5 mm) using a TissueLyser at 30 Hz for
1 min. After centrifugation at 10,000g for 20 min at room
temperature, the pellet was washed with chloroform/metha-
nol (1:1), then acetone and subsequently air-dried. Protein-
free fungal wall material was prepared as mentioned previ-
ously (Wawra et al., 2016).

Glycosyl linkage analysis of EPS matrices and CW
preparations
EPS matrix (2 mg) or CW preparation of S. indica or B. soro-
kiniana were ground with a stainless steel bead (5 mm)

using a TissueLyser mill at 30 Hz for 1 min. The powdered
material was subjected to glycosyl linkage analysis as de-
scribed (Liu et al., 2015). Briefly, a methylation reaction was
performed using NaOH/DMSO. The methylated compounds
were hydrolyzed in 1 M trifluoroacetic acid, reduced using
sodium borodeuteride (ACROS Organics, cat.no. 194950050)
and per-o-acetylated. The resulting partially methylated aldi-
tol acetates were analyzed using an Agilent 5977A GC/MSD
System equipped with a SP-2380 Fused Silica Capillary
Column (Supelco). The glycosidic linkages were assigned
based on retention time and mass spectrum fragmentation
patterns compared to the CCRC spectral database (https://
www.ccrc.uga.edu/specdb/ms/pmaa/pframe.html).

Digestion of EPS matrix and CW and TLC analysis
Freeze-dried EPS matrix (1 mg) or CW preparation (1 mg)
from S. indica or B. sorokiniana were suspended in 400 mL of
2-mM sodium acetate (pH 5.0; for TLE), 2-mM MES (pH 5.0;
for H. pomatia b-1,3-glucanase), or 100-mM sodium acetate
(pH 5.0; for HvBGLUII) at 70�C overnight. The excess buffer
was removed and the suspended material was treated with
5 mL of the glucanase enzymes (0.125 mg�mL–1 or 12.5 U for
HvBGLUII) in the respective buffers, containing 1 mL of BSA
(100 mg�mL–1) in a total reaction volume of 50 mL and incu-
bated at 40�C by shaking at 500 rpm for 16 h. The digestion
reaction was stopped by incubating the samples at 95�C for
10 min. An aliquot was subjected to TLC using a silica gel
60 F254 aluminum TLC plate (Merck Millipore, cat. no.
105554), with a running buffer containing ethyl acetate/ace-
tic acid/methanol/formic acid/water in a ratio of
80:40:10:10:10 (v/v). D-glucose, laminaribiose b-1-3-(Glc)2,
laminaritriose b-1-3-(Glc)3, gentiobiose b-1-6-(Glc)2, and
laminaripentaose b-1-3-(Glc)5 with a concentration of 1.5
mg�mL–1 were used as standards. The glucan fragments
were visualized by spraying the TLC plate with glucan devel-
oper solution (containing 45-mg N-naphthol, 4.8-mL H2SO4,
37.2-mL ethanol, and 3-mL water) and heating the TLC plate
to 100�C until the glucan bands were visible (�4–5 min).

MALDI-TOF analysis
Analysis of the b-GD from S. indica

Freeze-dried b-GD was solubilized in water at 70�C for 10
min.

Structural characterization of the b-GD from S. indica and

B. sorokiniana

Ten microliters of b-GD (2 mg�mL–1) was treated with 2 mL
of FaGH17a or 2-mL FbGH30 or 1 mL of FaGH17a + 1 mL
FbGH30 in 50 mL of Milli-Q water. The digestion reaction
was carried out at 40�C for 16 h and the reaction was
stopped by incubation at 95�C for 5 min.

Analysis of oligosaccharides released from the EPS matrix

and CW of S. indica

Freeze-dried EPS matrix (1 mg) or CW preparation (1 mg)
isolated from S. indica were suspended in 400 mL of a 2-mM
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sodium acetate buffer, pH 5.0 (TLE), 2-mM MES buffer, pH
5.0 (H. pomatia b-1,3-glucanase), or 25-mM sodium acetate
buffer, pH 5.0 (HvBGLUII) and incubated at 70�C overnight.
The suspended material was treated with 2.5 mL of TLE, 2.5
mL of H. pomatia b-1,3-glucanase, or 1 mL of HvBGLUII in
the respective buffers, as described before, in a total reaction
volume of 50 mL. The digestion was performed at 40�C with
shaking at 500 rpm for 16 h. The digestion reaction was
stopped at 95�C for 10 min and centrifuged at 11,000g for 5
min at room temperature.

Analysis of oligosaccharides released from the EPS matrix

and CW of B. sorokiniana

Freeze-dried EPS matrix (1 mg) or CW preparation (1 mg)
isolated from B. sorokiniana were solubilized in 400 mL of 2-
mM sodium acetate, pH 5.0 (TLE) or 25-mM sodium ace-
tate, pH 5.0 (HvBGLUII). The solubilized material was treated
with 1 mL of TLE or 1 mL of HvBGLUII in a total reaction vol-
ume of 50 mL. The digestion was performed at 40�C with
shaking at 500 rpm for 16 h. The digestion reaction was
stopped at 95�C for 10 min.

Mass spectrometrical analysis

The oligosaccharides present in the prepared samples were
analyzed by Oligosaccharide Mass Profiling as described
(Günl et al., 2011). Briefly, the samples were spotted onto a
dried spot of dihydroxy benzoic acid matrix (10 mg�mL–1)
and analyzed by MALDI-TOF mass spectrometry (Bruker
rapifleX instrument). The machine was set to linear, positive
reflectron mode with an accelerating voltage of 20,000 V.
The spectra from the samples were analyzed using flexanaly-
sis software 4.0 (Bruker Daltonics).

Reduction and purification of S. indica b-GD
Enriched b-GD (40 mg) was reduced with sodium borodeu-
teride (20 mg�mL–1; ACROS Organics, cat.no. 194950050) in
1-M ammonium hydroxide for 90 min at room temperature.
The reaction was neutralized by addition of glacial acetic
acid and 9:1 (v:v) methanol:acetic acid. The solvents were
evaporated under N2 gas. The dried material was washed
once with 9:1 (v:v) methanol:acetic acid and three times
with methanol. In each washing step, the methanol:acetic
acid or methanol were evaporated under N2 gas. The dried
material was dissolved in 6% (v/v) aqueous methanol, vor-
texed, and centrifuged at 4,000g for 15 min at room temper-
ature, to remove any occurring debris. The supernatant (50
mL) was subjected to reverse-phase chromatography using a
Vydac 238 TP C18 column (Vydac, Hesperia, CA, USA) elut-
ing with a linear gradient from 6% (v/v) to 12% (v/v) metha-
nol in 10 min, followed by 12% (v/v) to 50% (v/v) methanol
in 10 min and equilibrated back to 6% (v/v) methanol in 10
min with a flow rate of 0.5 mL�min–1. The eluting com-
pounds were detected by an evaporative light scattering de-
tector (ERC GmbH, Munich, Germany) at 38�C and
simultaneously collected for MALDI-TOF analyses. Collected
fractions containing the b-GD were pooled and freeze-dried.

1H NMR analysis
Reduced b-GD (1 mg) was dissolved in D2O (100% atom D,
ACROS Organics, 320700075) at 80�C for 10 min and subse-
quently freeze-dried overnight. The freeze-dried material was
dissolved in 300 mL of 6:1 (v/v) of methyl sulphoxide D6
(99.9% atom D + 1% tetramethylsilane, ACROS
Organics):D2O (100% atom D, ACROS Organics, 320700075)
at 80�C for 10 min. The 1H NMR spectrum of the reduced
b-GD was measured using a 600 MHz Bruker NMR spec-
trometer at 80�C (Kim et al., 2000). The chemical shift signal
was referred to the internal standard tetramethylsilane at 0
ppm and the 1H NMR spectrum was processed using
Bruker’s Topspin software.

Purification of native b-GD for the ROS burst assay
Enriched b-GD (40 mg) was dissolved in 6% (v/v) aqueous
methanol, vortexed, and centrifuged to remove any debris.
The b-GD was purified as described above but without re-
duction and used for the ROS burst assays if not otherwise
stated in the legend.

Preparation of crude fungal CW substrates for
immunity assays
For crude extraction of soluble fragments from the fungal
CW and EPS matrix, 5 mg of the respective fungal substrate
was transferred to a 2-mL Eppendorf tube with three stain-
less steel beads (5 mm), snap-frozen in liquid nitrogen and
ground with a TissueLyser (1 min, 30 Hz). The ground sub-
strate was resuspended in 2 mL of Milli-Q water, incubated
at 70�C for 16 h (700 rpm), and then boiled at 95�C for 10
min. The volume was filled up to 5 mL for a final concentra-
tion of 1 mg�mL–1. The suspension was centrifuged at
13,000g for 10 min at room temperature and the superna-
tant was further used in plant immunity assays.

Plant immunity assays
Preparation of immunity assays

For immunity assays using barley, roots were separated from
7-day-old seedlings (cut 2 cm below seed), root tips were re-
moved (first 1 cm), and residual roots were cut into 5-mm
pieces. Each assay was performed with randomized root
pieces from 16 barley seedlings. Four root pieces were trans-
ferred into each well of a 96-well plate microtiter plate con-
taining Milli-Q water. For immunity assays with Arabidopsis
(wild-type or aequorin-expressing lines), intact 14-day-old
seedlings were transferred into a 96-well plate (one seedling/
well) filled with Milli-Q water.

Elicitors

Chitohexaose was purchased from Megazyme (Bray, Ireland),
flg22 from GenScript (Piscataway, NJ, USA), and laminarin
from Sigma-Aldrich (Taufkirchen, Germany). All commercial
substrates were dissolved in Milli-Q water without additional
treatment. Substrates derived from fungal CW and EPS were
prepared as described earlier. The elicitor solutions had the
following pH ± SD (n = 3): Milli-Q water = 7.20± 0.125; EPS
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matrix prep1 = 7.30± 0.322; EPS matrix prep2 = 7.37± 0.167;
b-GD = 6.96± 0.212; Chit6 = 7.32± 0.106.

Cytosolic calcium influx measurements

The solution in the 96-well plates containing the plant ma-
terial (Arabidopsis seedlings expressing aequorin, see above)
was exchanged for 100 mL of a 10-mM coelenterazine solu-
tion (Roth, Karlsruhe, Germany). After overnight incubation
in the dark, the plates were transferred to a TECAN SPARK
10M multi-well plate reader. After baseline measurement (5
min), 50 mL of a three-fold concentrated elicitor solution
was manually added to the wells and luminescence was
measured for 30 min. Residual aequorin was discharged with
100 lL of 2.5-m CaCl2 (in 25% [v/v] ethanol) and lumines-
cence was detected for 1 min. All measurements were per-
formed with an integration time of 300 ms. Baseline
luminescence and elicitor-triggered luminescence were nor-
malized according to the maximal integrated discharge value
obtained from individual wells.

ROS assay

The ROS assay is based on previously published protocols
(Felix et al., 1999; Wanke et al., 2020; Ngou et al., 2021). In
detail, 96-well plate with plant material (see above) were in-
cubated overnight at room temperature on the bench to re-
move ROS and other contaminants originating from the
mechanical damage of the tissue during preparation. The
next day, water was replaced by 100 mL of fresh Milli-Q wa-
ter containing 20 mg�mL–1 horseradish peroxidase (Sigma-
Aldrich, Taufkirchen, Germany) and 20-mM L-012 (Wako
Chemicals, Neuss, Germany). Following a short incubation
time (�15 min), 100 mL of double-concentrated elicitor sol-
utions were added to the wells. Measurements of elicitor-
triggered apoplastic ROS production were started immedi-
ately and taken continuously with an integration time of
450 ms using a TECAN SPARK 10 M multi-well plate reader.
Horseradish peroxidase catalyzes the oxidation of the lumi-
nol derivate L-012 by the plant-produced ROS species upon
elicitation with MAMPs. This leads to a chemiluminescent
signal that is detected by the plate reader.

Gene expression analysis

After the ROS burst assay (1 h after elicitor addition), plant
material from three to four wells was pooled, dried on tissue
paper and snap-frozen in liquid nitrogen for further analysis
of gene expression changes. Total RNA was extracted using
TRIzol reagent (Invitrogen, Karlsruhe, Germany) and contami-
nating gDNA was digested during a DNaseI treatment
(Thermo Fisher Scientific, Schwerte, Germany) according to
manufacturers’ instructions. Synthesis of cDNA was carried
out using the First Strand cDNA Synthesis Kit (Thermo Fisher
Scientific, Schwerte, Germany) without changes to the manu-
facturer’s protocol. Target gene expression was analyzed by
reverse transcription-quantitative polymerase chain reaction
(RT-qPCR) as described previously (Wawra et al., 2019).
Relative expression of elicitor-responsive HvWRKY2 gene

(Shen et al., 2007) compared to H. vulgare ubiquitin gene
(Sarkar et al., 2019) was determined using the following
primer pairs: HvUBI_F (50-ACCCTCGCCGACTACAACAT-30)
with HvUBI_R (50-CAGTAGTGGCGGTCGAAGT-30) and
HvWRKY2_F (50-AACAACCACCACCAGTCGTT-30) with
HvWRKY2_R (50-TCACCTTCTGCCCGTACTTC-30). Gene ex-
pression levels in elicitor-treated samples were normalized to
the expression levels in mock-treated samples.

In vitro DAB oxidation assay
DAB assay was performed as previously described (Nostadt
et al., 2020). Sugar substrates (concentrations as indicated)
were mixed with 0.05-mM horseradish peroxidase (Sigma-
Aldrich, Taufkirchen, Germany) and 1-mM H2O2 (Sigma-
Aldrich, Taufkirchen, Germany) in reaction buffer (50-mM
sodium acetate, 150-mM NaCl, pH 5) and incubated for 10
min at room temperature in a 96-well plate. Then, an equal
volume of a 200-mM DAB solution was added to the wells.
After 16 h of incubation in the dark, plates were scanned on
a flatbed scanner (transmissive light mode).

Fenton reaction-based oxidation of sugars
The assay was performed as previously described (Matros
et al., 2015). Carbohydrate samples (300 mM) were mixed
with Fenton reagents (1-mM H2O2 [Sigma], 100-mM FeSO4

[Sigma]) and incubated overnight at 30�C. Control samples
with an additional 100-mM EDTA (Sigma) or without
Fenton reagents were treated in the same way. Samples
were centrifuged at 13,000g for 10 min at room temperature
and the supernatant was further analyzed by MALDI-TOF.

Colonization assay with b-GD
Roots of 4-day-old barley seedlings were inoculated with 3
mL of S. indica spores at a concentration of 500,000 mL–1

and grown at a day/night cycle of 16 h/8 h at 22�C/18�C,
60% humidity, and 108 mmol m–2 s–1 light intensity. At 1
and 2 dpi, 1 mL of sterile water as a control or 100- or 300-
mM b-GD were added to the jars which contained four
seedlings each. The seedlings of each jar were pooled and
harvested at 3 dpi. The roots were washed in ice water to
remove extraradical hyphae, cut as previously described
(Nizam et al., 2019), frozen in liquid nitrogen and used for
RNA extraction. RNA extraction for fungal colonization,
cDNA generation, and RT-qPCR was performed as previ-
ously described (Sarkar et al., 2019). For quantification of en-
dophytic fungal colonization by RT-qPCR, the following
primers were used: 50-GCAAGTTCTCCGAGCTCATC-30 and
50-CCAAGTGGTGGGTACTCGTT-30 for S. indica translation-
elongation factor (SiTEF) and 50-ACCCTCGCCGAC
TACAACAT-30 and 50CAGTAGTGGCGGTCGAAGTG30 for
barley ubiquitin (HvUbi).

Expression analysis of selected genes with WSC
domains
Gene expression of S. indica WSC domain-containing pro-
teins during root colonization of barley and Arabidopsis was
monitored via RT-qPCR as previously described (Wawra
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et al., 2019) at 3, 7, and 14 dpi. For each biological replicate
(n = 3), roots from several individual plants were pooled
(Arabidopsis: 60 plants; barley: 4 plants).

Statistical analyses
A summary of statistical analyses is given in Supplemental
Data Set S10.

Accession numbers
Hordeum vulgare BGLU2: P15737 (UniProt),
HORVU.MOREX.r3.3HG0319100.1
(MorexV3_pseudomolecules_assembly, EnsemblePlants).

Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1. EPS matrix isolated from S. ind-
ica grown in CM medium using a cryogelation approach.

Supplemental Figure S2. Proteome analysis of S. indica
EPS matrix, CW, and culture filtrate.

Supplemental Figure S3. Expression analysis of selected
genes with WSC domains in S. indica during plant coloniza-
tion at 3, 7, and 14 dpi.

Supplemental Figure S4. Glycosyl linkage analysis of Si
EPS and Si CW.

Supplemental Figure S5. Analysis of oligosaccharides re-
leased from the EPS or protein-free CW of S. indica by the
action of b-1,3-glucanases.

Supplemental Figure S6. Glycosyl linkage and MALDI-
TOF analysis of the glucan fraction (b-GD) released from
the EPS matrix of S. indica.

Supplemental Figure S7. Purification of the b-GD frag-
ment for 1H NMR analysis.

Supplemental Figure S8. Mechanically released fragments
from S. indica EPS matrix and CW layer do not exhibit ROS
scavenging activity.

Supplemental Figure S9. Chitohexaose-triggered ROS ac-
cumulation is decreased by S. indica b-GD treatment in a
concentration-dependent manner.

Supplemental Figure S10. Purification of native b-GD
and immunogenic characterization.

Supplemental Figure S11. Detoxification of apoplastic
ROS by S. indica b-GD is independent of elicitor treatment
and plant species.

Supplemental Figure S12. Serendipita indica b-GD treat-
ment does not trigger cytosolic calcium influx in A. thaliana
seedlings.

Supplemental Figure S13. Digestion of laminariheptaose
with HvBGLUII enhances ROS production in barley roots.

Supplemental Figure S14. Glycan controls are not de-
graded by hydrogen peroxide during Fenton reaction.

Supplemental Figure S15. Glycosyl linkage analysis of B.
sorokiniana EPS matrix and CW.

Supplemental Figure S16. Analysis of oligosaccharides re-
leased from the EPS of B. sorokiniana by the action of
Trichoderma harzianum lysing enzymes.

Supplemental Figure S17. The b-GD released from the
EPS matrix of B. sorokiniana consists of a seven unit b-1,3-
linked glucan backbone substituted with three b-1,6-glucosyl
residues.

Supplemental Figure S18. Mechanically released frag-
ments from B. sorokiniana EPS matrix or CW do not scav-
enge ROS.

Supplemental Data Set S1. Total proteins detected in
the proteome analysis of the EPS matrix, CW, and culture fil-
trate isolated from S. indica grown in CM, TSB, or YPD liq-
uid media.

Supplemental Data Set S2. Relative abundance of signal
peptide (SP) containing proteins detected in the EPS matrix,
CW, and culture filtrate isolated from the S. indica under
three culture mediums: CM, TSB, and YPD. LFQ intensities
of the proteins were used to calculate their relative
abundance.

Supplemental Data Set S3. Statistics, enrichment score,
Benjamini–Hochberg corrected P-value.

Supplemental Data Set S4. Glycosyl sugar residues
detected in the total ion chromatogram of EPS matrix iso-
lated from S. indica, n = 4 independent biological replicates.

Supplemental Data Set S5. Glycosyl sugar residues
detected in the total ion chromatogram of alcohol insoluble
residue (cell wall) isolated from S. indica, n = 4 independent
biological replicates.

Supplemental Data Set S6. List of Barley CAZymes
detected in the root apoplastic fluids (AFs) of barley after
mock, S. indica or B. sorokiniana treatments.

Supplemental Data Set S7. Glycosyl sugar residues
detected in the total ion chromatogram of alcohol insoluble
residue (cell wall) isolated from B. sorokiniana, n = 3 inde-
pendent biological replicates.

Supplemental Data Set S8. Glycosyl sugar residues
detected in the total ion chromatogram of EPS matrix iso-
lated from B. sorokiniana, n = 3 independent biological
replicates.

Supplemental Data Set S9. List of Barley CAZymes differ-
entially regulated during B. sorokiniana infection.

Supplemental Data Set S10. Summary of statistical
analyses.
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(2013) Towards understanding vacuolar antioxidant mechanisms: a
role for fructans? J Exp Bot 64: 1025–1038

Poschmann G, Seyfarth K, Besong Agbo D, Klafki H-W, Rozman J,
Wurst W, Wiltfang J, Meyer HE, Klingenspor M, Stühler K
(2014) High-fat diet induced isoform changes of the Parkinson’s
disease protein DJ-1. J Proteome Res 13: 2339–2351

Rebaque D, Del Hierro I, Lopez G, Bacete L, Vilaplana F,
Dallabernardina P, Pfrengle F, Jorda L, Sanchez-Vallet A, Perez
R, et al. (2021) Cell wall-derived mixed-linked beta-1,3/1,4-glucans
trigger immune responses and disease resistance in plants. Plant J
(in press)

Rocafort M, Fudal I, Mesarich CH (2020) Apoplastic effector pro-
teins of plant-associated fungi and oomycetes. Curr Opin Plant
Biol 56: 9–19

Rovenich H, Zuccaro A, Thomma BPHJ (2016) Convergent evolu-
tion of filamentous microbes towards evasion of glycan-triggered
immunity. New Phytol 212: 896–901

Sarkar D, Rovenich H, Jeena G, Nizam S, Tissier A, Balcke GU,
Mahdi LK, Bonkowski M, Langen G, Zuccaro A (2019) The in-
conspicuous gatekeeper: endophytic Serendipita vermifera acts as
extended plant protection barrier in the rhizosphere. New Phytol
224: 886–901

Shen Q-H, Saijo Y, Mauch S, Biskup C, Bieri S, Keller B, Seki H,
Ulker B, Somssich IE, Schulze-Lefert P (2007) Nuclear activity of
MLA immune receptors links isolate-specific and basal
disease-resistance responses. Science (New York, N.Y.) 315:
1098–1103

Silipo A, Erbs G, Shinya T, Dow JM, Parrilli M, Lanzetta R,
Shibuya N, Newman MA, Molinaro A (2010) Glyco-conjugates as

elicitors or suppressors of plant innate immunity. Glycobiology 20:
406–419

Stintzi A, Heitz T, Prasad V, Wiedemann-Merdinoglu S,
Kauffmann S, Geoffroy P, Legrand M, Fritig B (1993) Plant ‘path-
ogenesis-related’ proteins and their role in defense against patho-
gens. Biochimie 75: 687–706

Tada R, Adachi Y, Ishibashi K-i, Ohno N (2009) An unambiguous
structural elucidation of a 1,3-beta-D-glucan obtained from
liquid-cultured Grifola frondosa by solution NMR experiments.
Carbohydr Res 344: 400–404

Taylor JW, Berbee ML (2006) Dating divergences in the Fungal Tree
of Life: review and new analyses. Mycologia 98: 838–849

Tusher VG, Tibshirani R, Chu G (2001) Significance analysis of
microarrays applied to the ionizing radiation response. Proc Natl
Acad Sci USA 98: 5116–5121

Valluru R, Van den Ende W (2008) Plant fructans in stress environ-
ments: emerging concepts and future prospects. J Exp Bot 59:
2905–2916

Van Holle S, Van Damme EJM (2018) Signaling through plant lec-
tins: modulation of plant immunity and beyond. Biochem Soc T
46: 217–233

Wanke A, Malisic M, Wawra S, Zuccaro A (2021) Unraveling the
sugar code: the role of microbial extracellular glycans in
plant-microbe interactions. J Exp Bot 72: 15–35

Wanke A, Rovenich H, Schwanke F, Velte S, Becker S, Hehemann
J-H, Wawra S, Zuccaro A (2020) Plant species-specific recognition
of long and short b-1,3-linked glucans is mediated by different re-
ceptor systems. Plant J 102: 1142–1156

Wawra S, Fesel P, Widmer H, Neumann U, Lahrmann U, Becker
S, Hehemann J-H, Langen G, Zuccaro A (2019) FGB1 and WSC3
are in planta-induced b-glucan-binding fungal lectins with different
functions. New Phytol 222: 1493–1506

Wawra S, Fesel P, Widmer H, Timm M, Seibel J, Leson L, Kesseler
L, Nostadt R, Hilbert M, Langen G, et al. (2016) The
fungal-specific b-glucan-binding lectin FGB1 alters cell-wall compo-
sition and suppresses glucan-triggered immunity in plants. Nat
Commun 7: 13188

Yuan M, Jiang Z, Bi G, Nomura K, Liu M, Wang Y, Cai B, Zhou
JM, He SY, Xin XF (2021) Pattern-recognition receptors are re-
quired for NLR-mediated plant immunity. Nature 592: 105–109
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b-Glucan-binding proteins are key modulators of
immunity and symbiosis in mutualistic plant–microbe
interactions
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Abstract

In order to discriminate between detrimental, commensal, and
beneficial microbes, plants rely on polysaccharides such as b-
glucans, which are integral components of microbial and plant
cell walls. The conversion of cell wall-associated b-glucan
polymers into a specific outcome that affects plant-microbe
interactions is mediated by hydrolytic and non-hydrolytic b-
glucan-binding proteins. These proteins play crucial roles
during microbial colonization: they influence the composition
and resilience of host and microbial cell walls, regulate the
homeostasis of apoplastic concentrations of b-glucan oligo-
mers, and mediate b-glucan perception and signaling. This
review outlines the dual roles of b-glucans and their binding
proteins in plant immunity and symbiosis, highlighting recent
discoveries on the role of b-glucan-binding proteins as modu-
lators of immunity and as symbiosis receptors involved in the
fine-tuning of microbial accommodation.
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Introduction
The ability for plants to differentiate between beneficial
and detrimental microbes in their environment is
important for their survival. b-Glucans comprise a

structurally highly diverse group of b-linked D-glucose

polysaccharides, varying in linkage, chain length and
branching patterns. Among other polysaccharides, b-
glucans are conserved components of cell walls of both
microbes and plants. For example, b-glucans contribute
to a large proportion of the polysaccharide content of
fungal cell walls [1,2]. In contrast to chitin, which often
forms a rigid inner layer of the cell wall, b-glucans are
mainly present in the outer, flexible layer, predomi-
nantly in the form of b-1,3-linked glucans with b-1,6-
linked side branches or as b-1,3- and b-1,4- mixed-
linked glucans (MLGs) in varying ratios [3,4]. Addi-

tionally, high molecular weight b-1,3/b-1,6-glucans are
present in the mobile gel-like extracellular poly-
saccharide (EPS) matrix which is loosely attached to the
outer cell wall layer [4e6]. In bacteria, b-glucans are
found in the EPS matrix [7,8]. In plants, the b-1,4-
linked glucan cellulose is the major b-glucan of the
cell wall, while the b-1,3-linked glucan callose, though a
minor component, plays a functionally important role.
MLGs are found in several plant species, especially
abundant in the cell walls of grasses like barley, oats, and
wheat, where they contribute to cell wall flexibility and

growth [9e12]. As building blocks of cell walls, b-glu-
cans are present at the first contact sites of plants and
microbes, the apoplast. Here, fragments/oligomers can
be released by plant- or microbe-derived hydrolytic
enzymes (glucanases) [11]. These fragments, derived
from microbes or plants, act as microbe-associated mo-
lecular patterns (MAMPs) or damage-associated mo-
lecular patterns (DAMPs), respectively. They are
detected by pattern recognition receptors (PRRs) on
the plant plasma membrane. Receptor binding can
activate various hallmarks of pattern-triggered immunity

(PTI), such as apoplastic reactive oxygen species (ROS)
accumulation, cytosolic calcium influx, or phosphoryla-
tion of mitogen-associated protein kinases (MAPK)
[13e16]. Recent studies have shown that certain b-
glucans can bind to symbiosis receptors that do not
induce plant immunity but are involved in the accom-
modation of beneficial microbes. In mutant lines lacking
those symbiosis receptors, establishment of arbuscular
mycorrhizal symbiosis (AMS) and bacterial root nodule
symbiosis (RNS) is restricted [5]. Here, we discuss
established and emerging roles of b-glucan-binding
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proteins in plantemicrobe interactions and highlight
several recent studies that identified novel b-glucan-
binding proteins which, rather than promoting resis-
tance, act as compatibility factors by enhancing micro-
bial accommodation.

b-Glucan-binding proteins as immunity
receptors
In the past years, b-glucans have been identified as
major microbial cell wall MAMPs, providing a gateway
for studying the mechanisms of b-glucan perception in
plants and the receptors involved. Recent studies
demonstrated that recognition of linear b-1,3-glucans
varies between plant species and depends largely on
the degree of polymerization (DP) [14,15]. While both
longer (laminarin) and shorter (laminarihexaose [here-
after lam6]) b-1,3-glucans can be perceived in leaves of
the monocotyledons Hordeum vulgare (hereafter barley)
and Brachypodium distachyon, leaves of the dicotyledon
Nicotiana benthamiana perceive only the long b-1,3-glucan
laminarin. In barley, Nicotiana tabacum and N. benthamiana
leaves, perception of laminarin was independent of the
presence of b-1,6-branches, emphasizing that the DP is
important for laminarin perception in these plant spe-

cies. Branch length and DP can also influence supra-
molecular structure formation (i.e. aggregation into
helical bundles of individual b-glucan strands) which
might be relevant for b-glucan protein binding
[6,15,17,18]. In N. tabacum, sulfation was additionally
found to impact laminarin perception and activate a
different, SA-dependent signaling pathway [19]. In
leaves of the dicotyledons Arabidopsis thaliana (hereafter
Arabidopsis) and Capsella rubella, short lam6 but not the
long laminarin was perceived [15]. In Arabidopsis, this
perception depends on the co-receptor kinase CHITIN
ELICITOR RECEPTOR KINASE 1 (AtCERK1)
[14,20] (Figure 1), while perception of laminarin in rice
and N. benthamiana is independent of OsCERK1 and
NbCERK1, respectively [15]. However, in silico analysis
and isothermal titration calorimetry binding assays did
not predict a direct interaction of AtCERK1 and lam6
[20], suggesting that AtCERK1 might act as a co-
receptor. Therefore, other immune receptors must be
present which can directly bind to b-1,3-glucans. One
example of a soluble b-glucan receptor is the b-glucan-
binding protein (GmGBP) from Glycine max L. (soybean),
which binds to a b-1,6-linked, b-1,3-branched hepta-

glucoside (HG) of the oomycete Phytophthora sojae.
Treatment of soybean tissue with the HG induces
phytoalexin production [21]. Additionally, GmGBP has
been shown to possess bifunctional properties, exhibit-
ing both binding and endoglycosidic activity on b-1,3-
oligoglucosides. This dual functionality allows GmGBP
to potentially release fragments from microbial cell walls
that it can recognize, thereby initiating defense re-
sponses [21,22]. Besides linear b-1,3-glucans, MLGs can
trigger PTI in both monocots and dicots [23,24]

(Figure 1). MLGs, consisting of linear, unsubstituted
chains of b-1,3- and b-1,4-linked glucan subunits, are
widely distributed in the cell walls of monocot plants
(e.g., Poaceae), fungi, and oomycetes. These MLGs can
be recognized as either DAMPs or MAMPs [23,24]. The
trisaccharide b-D-cellobiosyl-1,3-b-D-glucose is
currently the smallest known MLG structure capable of
triggering immunity in Arabidopsis, resulting in

enhanced disease resistance to the oomycete pathogen
Hyaloperonospora arabidopsidis [24]. During Magnaporthe
oryzae infection, two hemicellulose-derived oligosac-
charides are released from rice, 31-b-D-cellobiosyl-
glucose and 31-b-D-cellotriosyl-glucose, and are
perceived as DAMPs by an immune complex containing
OsCERK1 and OsCEBiP [25].

Besides MLGs, the b-1,4-linked cellulose derivatives
cellobiose and cellotriose are perceived as DAMPs in
Arabidopsis [26,27]. Recently, it was found that activa-

tion of plant immunity by MLG43 and cellotriose de-
pends on the LRR-MAL-RKs AtIGP1/CORK1, AtIGP3
and AtIGP4 in Arabidopsis [28,29]. Cross-elicitation
experiments of cellotriose with the xylo-
oligosaccharide DAMPs b-1,4-D-xylotetraose (XYL4)
and the pentasaccharide 33-alpha-l-arabinofuranosyl-
xylotetraose (XA3XX) showed refractory responses in
the respective combinations, suggesting shared
perception mechanisms [30]. Therefore, the LRR-
MAL-RKs AtIGP1/CORK1, AtIGP3 and AtIGP4 might
function as common receptors for DAMPs with b-1,4-
linked sugar backbones. A more detailed description of
plant, fungal or oomycete glycan structures inducing
PTI responses in plants and the respective glucan-
binding proteins involved in DAMP/MAMP percep-
tion, is provided in recent reviews [4,31].

Microbial evasion of b-glucan-triggered
immunity
To successfully colonize the host, microbes have evolved
various mechanisms to suppress perception and activa-
tion of plant immunity [37] (Figure 2). One strategy is
downregulating MAMP biosynthesis to avoid MAMP
exposure. For example, the hemibiotroph Colletotrichum
graminicola downregulates the b-1,6-glucan biosynthesis
pathway genes, KRE5 and KRE6, in biotrophic hyphae
[38] (Figure 2a). Overexpression of KRE5 and KRE6 in
biotrophic hyphae led to activation of broad-spectrum

plant defense responses, including papilla and H2O2

formation, as well as transcriptional activation of several
defense-related genes [38]. Another strategy to avoid
MAMP release is through secretion of inhibitors of plant
hydrolytic enzymes. The oomycete pathogen P. sojae
secretes the Glucanase Inhibiting Protein1 (GIP1),
which inhibits the activity of the plant-secreted endo-
glucanase EGaseA to avoid the release of b-1,3/1,6-
glucan MAMPs from the fungal cell wall
[39] (Figure 2b).
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A third strategy, acting further downstream from
MAMP release, is the degradation of the released
MAMPs to avoid their perception. The rice blast
fungus M. oryzae secretes a glycoside hydrolase family

17 (GH17) exo-b-1,3-glucanase (Ebg1), which hydro-
lyzes the b-1,3-glucans released from the fungal cell
wall and/or EPS matrix into monomeric glucose to
prevent PTI responses [40]. Ebg1 itself can be

perceived as a MAMP. Therefore, M. oryzae secretes
another protein, elongation factor 1 alpha (EF1a),
which binds to Ebg1, thereby preventing its recogni-
tion [40] (Figure 2c). Similar to Ebg1, the xylo- and b-
glucanase XEG1 of P. sojae can be recognized as a
MAMP in N. benthamiana and induce immunity [41].
This response can be suppressed by P. sojae RXLR ef-
fectors, indicating the use of similar strategies to avoid

Figure 1

b-Glucan-binding proteins are involved in activation of plant innate immunity or accommodation of microbes as symbiosis receptors. Activation
of plant immune responses: Cellotriose (CEL3) and MLGs can be released from plant and fungal cell walls through hydrolytic enzymes (gray circles) and
are perceived in Arabidopsis by the LRR-MAL-RKs AtIGP1/CORK1, AtIGP3 and AtIGP4 [28]. CEL3 directly binds to AtIGP1, while no direct binding of
MLG43 could be shown. However, plant immunity activation in response to MLG43 was reduced in igp1, igp3 and igp4 mutants [28]. Perception leads to
cytosolic calcium influx, apoplastic ROS accumulation and subsequently transcriptional activation of plant immunity genes. In addition, low branched b-
1,3-glucans can be released from fungal or oomycete cell walls or EPS matrices and bind to an unknown receptor. In Arabidopsis, AtCERK1 is involved in
laminarihexaose perception as a co-receptor (black) [14,15]. Accommodation of microbes: The plant-derived endoglucanase HvBGLUII releases a b-1,6-
branched b-1,3-glucan decasaccharide (b-GD) from fungal EPS matrix which scavenges ROS [32]. b-GD was also shown to bind to the Lotus japonicus
symbiosis receptor LjEPR3a which promotes arbuscular mycorrhizal symbiosis (AMS) [5]. Similarly, bacterial EPS can chelate calcium ions to prevent
cytosolic calcium influx and scavenge apoplastic ROS to suppress plant immunity [33,34]. Furthermore, binding of bacterial EPS to the symbiosis re-
ceptors LjEPR3 and LjEPR3a in L. japonicus promotes root nodule symbiosis (RNS) [5,35,36]. Receptors that directly bind to ligands are indicated in
gold, co-receptors in black. Lower box: Beneficial fungi and bacteria colonizing the plant root epidermis and cortex layer (light gray outermost layers).
Endodermis (white) and central cylinder (dark gray innermost layers) are not colonized.
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perception of b-glucanases as MAMPs. Alternatively, a
fourth strategy is interfering with downstream host
immunity components, that activate defense responses

upon b-glucan perception (Figure 2d). The beneficial
root endophytic fungus Serendipita indica secretes the
lectin Fungal Glucan-Binding 1 (FGB1) which can bind
to the b-1,6-linkages of various b-glucans including
laminarin and the disaccharide gentiobiose (D-glucose
subunits with b-1,6-linkage) (Figure 2d). Substoi-
chiometric amounts of FGB1 were sufficient to
significantly reduce laminarin-induced ROS produc-
tion in both barley and Arabidopsis, indicating that
FGB1 might interfere with host immunity components
e.g. through competing for receptor binding and/or

blocking of receptor assembly [42]. Moreover, S. indica
colonization was significantly higher in barley when
FGB1 was added, suggesting that this effector pro-
motes fungal colonization in the host [6,42]. S. indica
additionally expresses the lectin WSC3, which is highly
induced in planta and in confrontation with other fungi
[6,43]. WSC3 is associated with the EPS matrix of

S. indica [32] and contains three Wall Stress Compo-
nent (WSC) domains which can each bind to long b-
1,3-linked glucans (Figure 2d). While WSC domains

were initially described as cell surface sensors for cell
wall integrity in yeast [44,45], S. indicaWSC3 promotes
adhesion between hyphal cells and potentially
strengthens the cell wall against external stresses. This
is likely achieved through the formation of helical
bundles involving three b-1,3-linked glucan polymers
[6]. WSC-domain-containing proteins are prominent
among carbohydrate binding proteins of fungi of
various lifestyles [46] and are found to be induced in
other plant-fungal systems during colonization [47,48],
suggesting a function beyond cell wall stress sensing.

These findings suggest that fungal lectins such as
FGB1 and WSC3 can bind b-glucans present in the
fungal cell wall, EPS matrices and released fragments
in the apoplast and might interfere with host immunity
signaling components. Further research is needed to
investigate the potential role of these lectins in inter-
microbial interactions.

Figure 2

Microbial strategies to evade b-glucan-triggered immunity. a) Downregulating MAMP biosynthesis: To avoid MAMP exposure during infection, the
hemibiotroph Colletotrichum graminicola downregulates the b-1,6-glucan biosynthesis pathway genes, KRE5 and KRE6, in biotrophic hyphae [38]. b)
Inhibiting hydrolytic enzymes: To avoid the release of b-glucan MAMPs from the cell wall, the oomycete pathogen Phytophthora sojae secretes the
Glucanase Inhibitor Protein1 (GIP1), which inhibits the activity of the plant-secreted endoglucanase EGaseA [39]. c) Degrading MAMPs: The rice blast
fungus Magnaporthe oryzae secretes a GH17 exo-b-1,3-glucanase (Ebg1), which hydrolyzes the b-1,3-glucans released from the fungal cell wall and/or
EPS matrix (light purple) into single glucose units to prevent PTI responses [40]. Ebg1 itself can be perceived as a MAMP, therefore M. oryzae secretes a
second protein, elongation factor 1 alpha (EF1a), which sequesters Ebg1. d) Interfering with host immunity components: The beneficial root endophytic
fungus Serendipita indica releases the lectin Fungal Glucan-Binding 1 (FGB1) which binds to b-1,3/1,6-glucans [42]. This lectin localizes on the fungal cell
wall and is also extensively secreted into the environment. Substoichiometric amounts of FGB1 were sufficient to significantly reduce glucan perception,
indicating that FGB1 might interfere with host immunity components to prevent perception. In addition, S. indica secretes the lectin WSC3, which is highly
induced during both plant- and microbe-interactions [6]. WSC3 specifically binds to b-1,3-linked glucans of the fungal EPS matrix where it accumulates
[6], and potentially functions in adhesion between hyphal cells and strengthening of the cell wall against external stresses. Adapted from Buscaill et al.,
2021 [37].
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Plant-derived b-glucanases modulate
immune responses
Downstream of the release and perception of microbial
MAMPs during host colonization, several mechanisms
evolved that can fine-tune the degree in which plant
immunity affects microbial accommodation. Previous
reports indicated that some microbial b-glucans (e.g.
bacterial EPS) can suppress plant immune responses
due to their physicochemical properties, for instance, by
sequestration of calcium ions or ROS scavenging
[33,34]. A more recent study demonstrated how the
interplay between the microbial EPS matrix and plant
hydrolases has led to the emergence of a similar prin-

ciple in fungi [32]. During colonization by S. indica,
barley secretes an endoglucanase, HvBGLUII, of the
family GH17 into the apoplastic space. This enzyme
acts on the EPS matrix of the fungus, and releases a
specific fragment, a b-1,3/1,6-glucan decasaccharide (b-
GD) which does not activate plant immunity (Figure 1).
Moreover, b-GD was resistant to further degradation by
host glucanases due to the presence of its b-1,6-
branches and found to actively scavenge ROS in the
apoplast (Figure 1). S. indica colonization of barley was
enhanced by exogenous application of b-GD, confirming

the role of this b-glucan fragment and HvBGLUII in
accommodation of beneficial fungi [32]. In addition,
HvBGLUII releases b-GD from the cell wall of the

pathogenic fungus Bipolaris sorokiniana which also pos-
sesses immunity-suppressive function [32]. This con-
firms that the outer microbial EPS layer of fungi and
bacteria function as a protective shield against oxida-
tive stress.

An additional response in plant immunity is the pro-
duction of cell wall appositions (CWA) to restrict fungal

and oomycete colonization [49e51]. A recent study
identified a previously undescribed barley b-glucanase
via a pulldown approach using laminarin as bait. This
GH81 member, named b-glucan-binding protein
(HvGBP1), hydrolyzes the b-1,3-linkages of laminarin.
Barley double mutant lines of the only two GBP paralogs
(gbp1 gbp2) were significantly less colonized by fungi of
various lifestyles compared to the control line (Golden
Promise Fast) and relative expression of HvPR10, a
barley defense marker gene, was significantly higher in
the gbp mutant lines compared to the control line,

implying that HvGBP acts as a compatibility factor in
barley by attenuating immune signaling. HvGBP1 was
not active on the EPS of S. indica, indicating a degree of
specificity. Further investigation revealed that when
colonized by S. indica, the gbp mutant lines displayed
significantly more CWA compared to the control lines
[52]. Since CWA are composed of callose (a b-1,3-
glucan), it was inferred that HvGBP likely operates on

Figure 3

Barley b-glucan-binding protein (GBP) affects the barley cell wall responses at Serendipita indica hyphae penetration sites. a) Example of the
absence of papilla formation during hyphal penetration in the barley control line Golden Promise Fast [53]. b) During hyphal penetration, round, compact
papilla structures can be deposited at the barley cell wall such as in the roots of the barley gbp mutant line [52]. c) In addition to round papilla structures,
also spatially unrestricted, amorphous papilla were detected in barley gbp roots lacking GBP [52]. These amorphous papillae were not observed in the
control line Golden Promise Fast. Top panel: graphical representations of the images below. Bottom panel: transmission electron micrographs of cross-
sections of chemically fixed barley roots colonized by S. indica at 6 dpi. Scale bars = 1 mm.
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the plant cell wall, hydrolyzing callose, thereby enabling
fungal penetration of the plant cells [52]. Transmission
electron microscopy analysis suggests that both round-
shaped, as well as spatially unrestricted, amorphous
papillae can be found in gbp mutant barley roots at
fungal hyphae penetration sites (Figure 3). Amorphous
papillae were never found in the control line Golden
Promise Fast (Figure 3). This implies that apoplastic b-
glucanases can not only target microbial substrates but
also modify the plant cell wall to enhance microbial
accommodation. Taken together, these findings suggest
that b-glucanases can facilitate the colonization of both
beneficial and pathogenic fungi by modulating/attenu-
ating the effect of activated defense responses. This
indicates a potential homeostatic mechanism to prevent
hyperactivation of immunity, which is particularly
important in the context of beneficial plantemicrobe
associations, where an overly aggressive immune
response could be detrimental.

b-Glucan symbiosis receptors promote
accommodation of beneficial microbes
In contrast to the extensive knowledge of b-glucan re-
ceptors in animals, plant b-glucan receptors are rela-

tively understudied, with only a few linked to microbial
accommodation. Recent reports have identified two b-
glucan receptors from Lotus japonicus. One of these is
EXOPOLYSACCHARIDE RECEPTOR 3 (LjEPR3), a
LysM receptor kinase that plays a crucial role in pro-
moting root nodule symbiosis during rhizobia accom-
modation in L. japonicus [35,36,54] (Figure 1). In a more
recent study, LjEPR3a, another LysM receptor kinase,
was shown to promote arbuscular mycorrhizal fungus
accommodation in L. japonicus [5] (Figure 1). epr3a
mutants exhibited significantly reduced intracellular
arbuscule formation compared to the wild-type. Char-

acterization by microscale thermophoresis revealed that
both LjEPR3 and LjEPR3a bind the immunosuppres-
sive b-GD released from EPS of endophytic fungi. ROS
accumulation upon b-glucan treatment was not affected
in epr3 and epr3a mutant plants, indicating b-glucan
perception by LjEPR3 and LjEPR3a is not involved in
immunity signaling. Instead, LjEPR3 and LjEPR3a act
as symbiosis receptors [5,36] (Figure 1). Symbiosis re-
ceptor kinases are known from legume-rhizobia symbi-
osis, where they are important in symbiosis initiation
through perception of lipochitooligosaccharides (LCOs)

from bacteria (Nodulation-factors) [55,56]. Similarly,
perception of LCOs as well as other chitin oligomers
from arbuscular mycorrhizal fungi (Myc-factors) by
symbiosis receptor kinases plays a key role in AM sym-
biosis establishment in the host [55e57]. These recent
reports about EPR3/EPR3a show for the first time that
symbiosis receptors also exist for b-glucan-type ligands,
opening up an exciting field of research.

Conclusions
b-Glucans are a diverse group of polysaccharides that can
be released by plant- or microbe-derived glucanases and
perceived as MAMPs or DAMPs, triggering plant im-
munity. However, recent studies identified b-glucan-
binding proteins which prevent activation of host im-
munity. Host-derived b-glucanases were also shown to
modulate plant immune responses after MAMP
perception, for instance by releasing b-glucan fragments
which scavenge ROS or by reducing callose deposition
along the plant cell wall. A growing amount of evidence
suggests that the b-glucan-rich EPS matrix surrounding
the cell wall ofmicrobes acts as a protective shield against

oxidative stress and that components of the EPS matrix
are recognized by symbiosis receptors, which are impor-
tant in the establishment of mutualistic plantemicrobe
interactions including AMS andRNS. Similar to thewell-
studied contrasting roles of chitin-oligosaccharides in
immunity and symbiosis establishment [58e61], these
findings collectively show that b-glucans play important
roles beyond immunity activation in microbial accom-
modation. The b-glucans themselves, as well as their
interacting b-glucan-binding proteins, can be considered
as compatibility factors operating at different stages of

colonization. These recent advances highlight the un-
explored potential for b-glucans of different lengths and
branching patterns as symbiosis messengers, shifting our
attention to the search for b-glucan ligand/receptor pairs
to unravel their mechanisms during beneficial
plantemicrobe interactions.
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32 Summary
33 • Lipids play crucial roles in plant-microbe interactions, functioning as structural 

34 components, signaling molecules, and microbe-associated molecular patterns 

35 (MAMPs). However, the mechanisms underlying lipid perception and signaling in plants 

36 remain largely unknown. 

37 • Here, we investigate the immune responses activated in barley (Hordeum vulgare L.) 

38 by lipid extracts from the beneficial root endophytic fungus Serendipita indica and 

39 compare them to responses elicited by chitohexaose and the fungal sterol ergosterol. 

40 We demonstrate that S. indica lipid extract induces hallmarks of pattern-triggered 

41 immunity (PTI) in barley. Ergosterol emerged as the primary immunogenic component 

42 and was detected in the apoplastic fluid of S. indica-colonized barley roots. Notably, S. 

43 indica colonization suppresses the ergosterol-induced burst of reactive oxygen species 

44 (ROS) in barley. 

45 • By employing a multi-omics approach, which integrates transcriptomics, 

46 phosphoproteomics, and metabolomics, we provide evidence for the activation of 

47 phosphatidylinositol phosphate (PIP) signaling and diterpene biosynthesis upon 

48 exposure to fungal lipids. Furthermore, we show that phosphatidic acid (PA) enhances 

49 lipid-mediated apoplastic ROS production in barley. 

50 • These findings indicate that plant lipids facilitate immune responses to fungal lipids in 

51 barley, providing new insights into lipid-based signaling mechanisms in plant-microbe 

52 interactions.

53
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54 Highlights

55 • Fungal lipids activate pattern-triggered immunity, phosphatidylinositol phosphate 

56 signaling and diterpene synthesis in barley.

57 • Phosphatidic acid enhances lipid-mediated ROS production, indicating a role for plant 

58 lipids in immune responses.

59 • Ergosterol is the main immunogenic component of S. indica lipid extract and present in 

60 the apoplastic fluid of S. indica-colonized roots.

61 • S. indica colonization suppresses the ergosterol-induced ROS burst in barley roots.

62

63 Key words

64 Serendipita indica, ergosterol, phosphatidylinositol phosphate, phosphatidic acid, lipid 

65 signaling, pattern-triggered immunity 

66 Introduction
67 Lipids are a diverse group of molecules that play crucial roles in plant nutrition, development 

68 and plant-microbe interactions. As major constituents of the plasma and organelle membranes, 

69 they work in conjunction with the cell wall to establish the interface for environment interactions. 

70 Here, they act as structural elements, modulate physicochemical membrane properties, 

71 function as (stress) signaling molecules and influence subcellular protein localization through 

72 lipid-protein interactions (Noack & Jaillais, 2020; Macabuhay et al., 2022; Zarreen et al., 2023). 

73 Lipids are categorized into three main classes based on their chemical structures: 

74 sphingolipids, sterols, and (glycero)phospholipids (Moreau & Bayer, 2023). Among these, 

75 phosphoinositides stand out as crucial, low-abundance signaling molecules, which are derived 

76 from phosphatidylinositol (PI), a ubiquitous phospholipid containing myo-inositol in its head 

77 group. PI can be phosphorylated at various positions by phosphatidylinositol kinases (PIKs) to 

78 produce phosphatidylinositol phosphates (PIPs). In plants, phosphatidylinositol 4-phosphate 

79 (PI4P) is the most abundant phosphoinositide, although PI3P, PI5P and diphosphorylated 

80 forms, such as PI(4,5)P2 and PI(3,5)P2 have also been detected (Munnik & Vermeer, 2010). 

81 During abiotic and biotic stress, PIPs can be interconverted and hydrolyzed to produce the 

82 signaling lipid phosphatidic acid (PA). PIPs are also associated with disease resistance (Xing 

83 et al., 2019; Qin et al., 2020), cytoskeletal rearrangements (Sinha et al., 2024), endo- and 

84 exocytosis (Synek et al., 2021; Marković & Jaillais, 2022), and the formation of membrane 

85 nanodomains (Gronnier et al., 2017; Jaillais & Ott, 2020). Nanodomains, accommodating 

86 membrane-associated kinases and receptor-like kinases can act as signaling hubs during 
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87 plant-microbe interactions to enable perception of microbe- or damage-associated molecular 

88 patterns (MAMPs or DAMPs) and subsequent immune signaling (Couto & Zipfel, 2016; Jaillais 

89 & Ott, 2020). 

90 MAMP recognition initiates a signaling cascade often involving an increase in cytosolic calcium 

91 concentration ([Ca2+]cyt), production of reactive oxygen species (ROS) and phosphorylation of 

92 mitogen activated protein (MAP) kinases. This cascade ultimately leads to altered gene 

93 expression and secretion of chemically diverse antimicrobial compounds, such as phytoalexins 

94 (Siebers et al., 2016; DeFalco & Zipfel, 2021). Altogether, this response is known as pattern-

95 triggered immunity (PTI). While plant lipids are important signaling molecules, microbial lipids 

96 can also be detected by plants as MAMPs. Lipid MAMPs can be directly recognized by plant 

97 receptors, as in the case of the medium-chain-3-hydroxy fatty acids from Pseudomonas 

98 syringae lipopolysaccharides (Kutschera et al., 2019) or processed by secreted enzymes prior 

99 to recognition, such as ceramide D from Phytophora infestans (Kato et al., 2022). 

100 The fungal sterol lipid ergosterol, a 5,7-diene oxysterol, has also been shown to be perceived 

101 as a MAMP by plants (Kasparovsky et al., 2003). Sterols are core membrane components that 

102 regulate membrane organization, stability, and permeability (Macabuhay et al., 2022; Der et 

103 al., 2024). Ergosterol is the main sterol in most fungal membranes (Jordá & Puig, 2020) and is 

104 absent from plant membranes. It has been shown to induce early immune responses in various 

105 plant species. These responses include ROS accumulation in Beta vulgaris (Rossard et al., 

106 2010), increase in [Ca2+]cyt in Nicotiana tabacum (Kasparovsky et al., 2003; Vatsa et al., 2011), 

107 medium alkalinization in Beta vulgaris and Nicotiana tabacum (Rossard et al., 2010; Vatsa et 

108 al., 2011) and induced expression of immunity related genes such as pathogenesis related 

109 (PR) genes and WRKY transcription factors in Vitis vinifera, Nicotiana tabacum and Solanum 

110 lycopersicum (Laquitaine et al., 2006; Lochman & Mikes, 2006; Lindo et al., 2020). Despite 

111 being known as a MAMP for over two decades, the perception and signaling pathway of 

112 ergosterol remains largely unknown. This study investigates the molecular signaling 

113 mechanisms activated in barley (Hordeum vulgare) in response to lipid extracts, containing a 

114 mixture of lipids from the mycelium of the beneficial root endophytic fungus Serendipita indica 

115 (Sebacinales, Basidiomycota). Our data demonstrate that fungal lipids induce immunity in 

116 barley, with ergosterol identified as the primary immunogenic component of S. indica lipids and 

117 detected in the apoplast, the aqueous space between the host cells, of S. indica-colonized 

118 barley roots. By integrating transcriptomics, phosphoproteomics, and metabolomics, we 

119 provide evidence that PIP signaling and diterpene biosynthesis are activated upon exposure 

120 to fungal lipids. Furthermore, we demonstrate that PA enhances lipid-mediated apoplastic 

121 ROS production in barley. Notably, fungal colonization alters the host's phytosterol content and 
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122 suppresses the ergosterol-induced ROS burst, suggesting a counterstrategy against lipid-

123 mediated host immunity.

124 Materials and Methods
125 Plant material and growth conditions

126 Seeds of Hordeum vulgare L. cv Golden Promise were surface sterilized with 6% sodium-

127 hypochlorite for 1 h and washed six times for 30 min with sterile milliQ-water. Seed coats were 

128 removed gently and seeds were germinated on wet filter paper for three days in the dark at 21 

129 °C. Germinated seedlings were transferred to sterile WECK jars containing 100 ml solid 1/10 

130 PNM (plant nutrition medium, pH 5.6) and 0.4 % (w/v) Gelrite for MAMP treatments and 1.2 % 

131 (w/v) Gelrite for fungal colonization and grown under long-day conditions (day/night cycle of 

132 16/8 h, 22 °C/18 °C, light intensity of 108 μmol/m2*s) for an additional four days for MAMP 

133 treatment, and 3-, 7- and 14- days for fungal colonization assays. For Ca2+-influx assays, barley 

134 lines expressing apoaequorin (HvAEQ) were generated (see Methods S1). 

135 Solanum lycopersicum L. cv Moneymaker wildtype (WT) and serk3a serk3b mutant seeds (see 

136 Methods S1) were sown on soil and grown for ~2-3 weeks in the greenhouse under long-day 

137 conditions (day/night cycle of 17/7 h, 25-28 °C, ~35-40% humidity). For ROS assays, 3 mm 

138 leaf discs of the two youngest, adult leaves of three weeks old tomato plants were used.

139 Seeds of a Nicotiana benthamiana D. line expressing aequorin (NbAEQ) (Wanke et al., 2020) 

140 were sown on soil and grown for ~3 weeks in the greenhouse under long-day conditions 

141 (day/night cycle of 16/8 h, 22–25°C, light intensity of ~140 μmol/m2*s, maximal humidity of 

142 60%). For ROS and Ca2+-influx assays, 3 mm leaf discs of the youngest, adult leaf of 3 weeks 

143 old plants were used. 

144 Seeds of Arabidopsis thaliana L. Col-0 plants expressing cytosolic apoaequorin (AtAEQ) were 

145 surface sterilized with EtOH and subsequently dried under the clean bench. Dried seeds were 

146 placed on ½ MS (Murashige-Skoog-Medium, with vitamins, pH 5.7) plates containing 0.5 % 

147 sucrose and 0.4 % (w/v) Gelrite and stratified for 2-5 days at 4 °C in the dark. Subsequently, 

148 plants were grown in short day conditions (8 h light, 16 h dark, with 130 μmol/ m2*s of light and 

149 22 °C/18 °C) for 7-8 days. For ROS assays, one seedling was transferred into each well of a 

150 96 well plate. For Ca2+-assays, seedlings were transferred to 24 well plates containing 1 ml ½ 

151 MS medium + sucrose and grown for another 4 days prior to use in the assay.

152 Cultivation of S. indica and plant colonization

153 Cultivation and chlamydospore isolation of Serendipita indica (DSM11827) was done as 

154 previously described (Wawra et al., 2016; Sarkar et al., 2019).
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155 Germinated barley seedlings were prepared as described above and inoculated with 3 ml of 

156 either sterile water as control or S. indica chlamydospores (500,000 spores/ml). Roots were 

157 harvested at 3-, 7- and 14 days post inoculation (dpi), washed thoroughly in ice-cold water to 

158 remove extraradical fungal hyphae, briefly dried on tissue paper and frozen in liquid nitrogen. 

159 Four barley plants were used per jar and pooled per biological replicate. 

160 ROS accumulation assay 

161 ROS assays were performed as described previously (Chandrasekar et al., 2022). Preparation 

162 of N. benthamiana, tomato and A. thaliana material is described above. For barley, roots and 

163 shoots of seven days old seedlings were separated. Three root pieces (0.5 cm) or one 3 mm 

164 leaf disc were transferred to each well of a 96-well microtiter plate (white, flat bottom) 

165 containing 200 μl of 2.5 mM MES buffer, pH 5.6. The plate was incubated ON at 21°C for 

166 recovery. The next day, the buffer was replaced with 100 µl 2.5 mM MES buffer containing 20 

167 µM LO-12 and 20 µg/ml HRP. After 25 min incubation in the dark, 100 µl two-fold concentrated 

168 elicitor solution or solvent control was added to each well and chemiluminescence was 

169 measured using a TECAN SPARK 10M microplate reader over all wells for 2h with an 

170 integration time of 450 msec.

171 Calcium influx assay

172 Preparation of N. benthamiana and A. thaliana material is described above. For barley, roots 

173 and shoots were prepared as described for ROS accumulation assays but HvAEQ plants were 

174 used. Prior to ON recovery, the buffer in the wells was replaced with 100 µl 2.5 mM MES buffer 

175 containing 10 µM coelenterazine and 10 mM CaCl2 per well and plates were incubated ON in 

176 the dark at 21°C. On the next day, chemiluminescence was measured using a TECAN SPARK 

177 10M microplate plate reader. After the baseline measurement (5 min), 100 µl of two-fold 

178 concentrated elicitor solution was added manually. Photon emission was constantly measured 

179 for 30 minutes. Subsequently, 100 µl of discharge solution (3M CaCl2 in 50 % EtOH) was 

180 injected into each well, followed by constant measurement for 1 minute. All steps were 

181 performed with an integration time of 450 msec. In all assays, 2 columns (16 wells) were 

182 measured per run. 

183 MAPK phosphorylation 

184 Barley root segments and leaf discs were prepared as described above for ROS and Ca2+-

185 influx assays. Twenty-four randomly selected pieces were transferred into each well of a 24-

186 well plate containing 1 ml 2.5 mM MES buffer. Plates were incubated ON at 21°C for recovery. 

187 On the next day, 500 µl buffer of each well were removed and replaced with two-fold 

188 concentrated elicitor solution and gently mixed. At 5-, 10-, 20- or 30-min post treatment, roots 
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189 were removed from the treatment solution, gently dried on tissue paper and snap frozen in 

190 liquid nitrogen and homogenized with glass beads in the TissueLyserII (Qiagen) for 4 times 30 

191 sec, 30 Hz in ice-cold holders. Phosphorylated proteins were isolated using phosphoprotein 

192 extraction buffer (50 mM Tris-HCl (pH 7.5), 2 mM DTT, 5 mM EDTA, 5 mM EGTA, 10 mM NaF, 

193 50 mM β-glycerolphosphate, 10 % glycerol, 1 tablet each of Roche Complete Mini – EDTA free 

194 and PhosStop phosphatase inhibitor per 10 ml). Protein concentration was determined using 

195 Bradford Assay following the manufacturer’s instructions and 4 µg protein of each sample were 

196 separated on SDS-PAGEs and subsequently transferred to nitrocellulose membranes. 

197 Membranes were blocked for 1h with 2.5 % TBS-T BSA and incubated ON with the primary 

198 antibody (anti-p44/p42, 1:1500) in 2.5 % TBS-T BSA at 4 °C. The next day, the membranes 

199 were washed with 1xTBS-T and the secondary antibody (anti-rabbit IgG, 1:50.000) was added 

200 for 1h. After washing with 1xTBS-T and 1x TBS, blots were developed using 1ml 

201 SuperSignal™West Femto (Thermo Scientific) solution per membrane. Western Blots were 

202 imaged using the Fujifilm LAS 4000 mini camera. 

203 Elicitor preparations

204 The following chemicals were used as elicitors, pre- or cotreatments. Chitohexaose 

205 (Megazyme, O-CHI6), flg22 peptide (GenScript, RP19986), ergosterol pharmaceutical 

206 standard (Supelco, PHR1512), L-α-phosphatidylinositol (soy PI, Avanti, 840044), L-α-

207 phosphatidic acid (egg PA, Avanti, 840101),  L-α-phosphatidylcholine (soy PC, Avanti, 

208 441601), L-α-phosphatidylinositol 4-monophosphate (Sigma-Aldrich, P9638), L-α-

209 phosphatidylinositol 4,5-diphosphate (Sigma-Aldrich, P9763). Stock solutions of lipids were 

210 prepared in methanol and used to prepare elicitor solutions of appropriate concentrations in 

211 aqueous MES buffer as described below.  Self-produced lipid extracts and lipid fractions were 

212 evaporated with N2 gas and resuspended in MeOH as solvent. As control, the respective 

213 solvent was processed in the same way. All elicitor and control solutions were prepared as 

214 two-fold concentrated solutions in 2.5 mM MES buffer, pH 5.6 containing 1:20 (v/v %) MeOH. 

215 For liposomes, PA was evaporated under N2 gas and the lipid film hydrated with buffer (25 mM 

216 HEPES, pH=7.5, 50 mM KCL, 1 mM MgCL2) at 4°C, rapidly vortexed for 30 seconds and 

217 sonicated on ice 5 times for 10 sec with each 10 sec pause prior to use in cotreatment ROS 

218 assay with ergosterol.  

219 RNA-seq and qRT-PCR

220 For RNA-seq and qRT-PCR, barley roots were prepared as described for the MAPK 

221 phosphorylation assay. RNA extraction, cDNA synthesis and qRT-PCR were performed as 

222 described previously (Sarkar et al., 2019). 
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223 For RNA sequencing, 25 µl RNA with a concentration of 100 ng/µl was used. For Illumina-

224 compatible RNAseq libraries at first an enrichment for poly-A RNAs was performed (NEBNext® 

225 Poly(A) mRNA Magnetic Isolation Module; New England Biolabs), followed by library 

226 generation with NEBNext Ultra™II Directional RNA Library Prep Kit for Illumina (New England 

227 Biolabs). Next, sequencing-by-synthesis was done on a NextSeq 2000 device in 2 x 150 bp 

228 paired-end read mode Library construction and sequencing was performed at the Genome 

229 Centre of the Max Planck Institute for Plant Breeding, Cologne. For information on processing 

230 of the sequencing data see Methods S1. 

231 Apoplastic fluid isolation of barley roots

232 Barley seedlings were grown and inoculated with S. indica on 1/10 PNM medium as described 

233 above. Per replicate, 110 barley seedlings were used, which yielded approximately ~1 ml 

234 apoplastic fluid per replicate. For extraction of apoplastic fluid, the roots were washed 

235 thoroughly in ice-cold water to remove external fungal hyphae and cut into 2 cm pieces. Root 

236 pieces were submitted to five cycles of vacuum infiltration (15 min 250 mbar, 1.5 min ATM) in 

237 ice cold water. Subsequently, roots were dried on tissue paper and transferred into a 20 ml 

238 syringe inside a 50 ml falcon tube and centrifuged for 15 min at 4 °C, 2000 rpm, lowest de- 

239 and acceleration to collect apoplastic fluid (approx. 1-2 ml per replicate) in the bottom of the 

240 falcon tube. Apoplastic fluid was stored on ice at 4 °C until further use. Roots were flash-frozen 

241 in liquid nitrogen and stored at -80 °C until further use. 

242 Lipid extraction and fractionation by solid phase extraction

243 Lipid extraction was done according to the method described (Bligh & Dyer, 1959) using 

244 chloroform:methanol:formic acid (1:1:0.2 v/v). To extract lipids from S. indica mycelium or 

245 colonized or mock-inoculated barley roots, frozen material was ground in liquid nitrogen into a 

246 very fine powder using mortar and pestle. Per sample, ~200 mg of homogenized plant or fungal 

247 tissue was used. For fractionation of crude lipids, the lipid extract was separated by two 

248 consecutive solid phase extractions (SPE) using Strata®SI-1 (55 µm, 70 Å, 1 ml) silica 

249 columns. In the first SPE, lipids were separated via elution with chloroform (CHCL3) and MeOH 

250 into neutral (CHCL3) and polar lipids (MeOH). The CHCL3 fraction was evaporated under N2 

251 gas and used for further fractionation of the neutral lipids using a hexane:diethylether gradient 

252 on a second silica column as described previously (vom Dorp et al., 2013) (Methods S1). All 

253 fractions that were used in immunity assays were dried under N2 and resuspended in 4 ml 

254 MeOH prior to usage. 
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255 Phosphoproteomics

256 To analyze phosphorylated proteins in response to elicitor treatments, barley roots were 

257 treated as described for the MAPK phosphorylation assay and root material was harvested 10 

258 min post treatment. Root material was ground into a very fine powder and phospho-enriched 

259 proteins were extracted using 1 ml extraction buffer (8M urea, 20 µl/ml Phosphatase Inhibitor 

260 Cocktail 2 (Sigma, P5726-5ML), 20 µl/ml Phosphatase Inhibitor Cocktail 3 (Sigma, P0044-

261 5ML), 5 mM DTT), alkylated with CAA (550 mM stock, 14 mM final) and the reaction was 

262 quenched with DTT (5 mM final). An equivalent of 500 µg total protein per sample was diluted 

263 to 1 M urea with 100 mM Tris-HCl pH 8.5, 1 mM CaCl2 and samples were digested with 5 µg 

264 LysC (stock: 1 µg/µl Lys-C (WAKO) in 50 mM NH4HCO3) for 4h at RT and 5 µg trypsin (stock: 

265 1 µg/µl in 1 mM HCl) ON at 37 °C. After incubation, samples were acidified with TFA to 0.5% 

266 final concentration and samples were desalted using C18 SepPaks (1cc cartridge, 100 mg 

267 (WAT023590). Phosphopeptide enrichment was performed by hydroxy acid-modified metal-

268 oxide chromatography (HAMMOC) (adapted from:(Nakagami, 2014)). Finally, the samples 

269 were dried in a vacuum evaporator, and dissolved in 10 µl 2% ACN, 0.1% TFA (A* buffer) for 

270 MS analysis.

271 Samples were analyzed using an Ultimate 3000 RSLC nano (Thermo Fisher) coupled to an 

272 Orbitrap Exploris 480 mass spectrometer equipped with a FAIMS Pro interface for Field 

273 asymmetric ion mobility separation (Thermo Fisher). Raw data were processed using 

274 MaxQuant software (version 1.6.3.4) (Cox & Mann, 2008) with label-free quantification (LFQ) 

275 and iBAQ enabled (Tyanova et al., 2016). For more details on sample- and data processing 

276 see Methods S1.

277 Measurements of sterols via GC-TOF-MS

278 For sterol measurement via GC-TOF-MS, 5 nmol stigmastanol was added as internal standard 

279 in a CHCL3:MeOH (2:1) mix prior to lipid extraction. Lipid extraction and SPE was performed 

280 as described above. Dried free sterol fractions (50µl) were directly derivatized with 100 µl 

281 MSTFA for 30 min at 80 °C. Subsequently the samples were transferred to glass vials and 

282 measured with split ratio of 1:10. To measure crude lipid extracts of apoplastic fluid, dried lipid 

283 extracts were resuspended in 300 µl hexane and split in 2x 150 µl samples. One 150 µl sample 

284 each was evaporated under N2 gas. Dried samples were derivatized with MSTFA for 30 min 

285 at 80°C automatically prior to measurement using a Multipurpose Autosampler (Gerstel). 1 µl 

286 of sample was injected with an automatic liner exchange system in conjunction with a cold 

287 injection system in splitless mode (ramping from 50 °C to 250 °C at 12 °C s-1) into the GC with 

288 a helium flow of 1 ml/min. Chromatography was performed using a 7890B GC system (Agilent 

289 Technologies) with a HP-5MS column with 5 % phenyl methyl siloxane film (Agilent 19091S-
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290 433, 30 m length, 0.25 mm internal diameter, 0.25  µM film). Compounds were identified via 

291 MassHunter Qualitative (v b08.00, Agilent Technologies) by comparison of spectra to the 

292 NIST14 Mass Spectral Library. Ergosterol was verified using a pharmaceutical standard 

293 (Supelco, PHR1512) and stigmastanol was used as an internal standard. Peaks were 

294 integrated using MassHunter Quantitative (v b08.00, Agilent Technologies). For relative 

295 quantification, all metabolite peak areas were normalized to the corresponding peak area of 

296 the internal standard stigmastanol and the sample fresh weight (mycelium, roots) or volume 

297 (AF).

298 Diterpene measurements via LC-MS

299 Germinated barley seedlings were treated with solvent control, 250 nM ergosterol or inoculated 

300 with Bipolaris sorokiniana spores (5000 spores/ml, 5ml) and grown for 6 days as described 

301 above. To harvest root exudates, plants were removed from the medium and washed gently 

302 in 25 ml water to wash off residual diterpenes attached on the outside of the roots. The medium 

303 was collected with the wash water from the roots and flash-frozen in liquid nitrogen. Diterpenes 

304 were extracted as described previously (Liu et al., 2024). For information on LC-MS 

305 measurement see Methods S1.

306 Figure preparation

307 Figure 1 C and Figure 7 were created using Biorender. 

308 Results
309 Lipids from the beneficial endophyte S. indica induce immunity in barley.

310 To investigate the immune response of barley to fungal lipids, root and leaf tissues were treated 

311 with a crude lipid extract from S. indica mycelium grown in axenic culture. MAPK activation, 

312 PR gene induction and Ca2- and ROS burst production were monitored. The fungal MAMP 

313 chitohexaose (Chit6) served as a positive control, while a solvent control (Sc) was used as the 

314 negative control. Treatment with S. indica lipid extract (Si) induced MAPK phosphorylation in 

315 barley roots 10-20 minutes post treatment with the highest signal after 20 minutes (Figure 1 

316 A). This induction was weaker and occurred later than with chitohexaose treatment, which 

317 resulted in MAPK phosphorylation as early as 5 minutes post treatment (Figure 1 A). The 

318 expression of the immunity-related gene HvPR10 (Mahdi et al., 2022) was induced to a similar 

319 extent upon treatment with S. indica lipid extract and chitohexaose 2 hours post treatment (hpt) 

320 (Figure 1 B). While HvPR10 expression in chitohexaose-treated roots returned to baseline 

321 levels after 24 hours, expression in S. indica lipid extract-treated roots remained high at this 

322 time point (Figure 1 B). In barley leaves, both chitohexaose and S. indica lipid extract 

323 treatments induced HvPR10 expression at 24 hpt (Fig. S1 B). In response to MAMP treatment, 
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324 the level of apoplastic ROS increases rapidly, followed by a rapid decline. Treatment with the 

325 lipid extract of S. indica induced a ROS burst in barley roots and leaves, which reached a 

326 maximum approximately 20 minutes post elicitor treatment. In contrast, the chitohexaose-

327 induced ROS burst showed a more rapid increase, reaching a maximum at about 8 minutes, 

328 followed by a steep decline (Figure 1 D, Fig.  S1 A). 

329 To identify the immunogenic components of the S. indica lipid extract, we fractionated the 

330 crude lipid extract by solid phase extraction (Figure 1 C). We found that the ROS burst 

331 correlated with the fraction containing free sterols, as all other fractions did not induce ROS 

332 bursts in barley roots (Figure 1 D). The timing and shape of the ROS burst induced by the 

333 sterol fraction closely matched those induced by the total lipid extract of S. indica and a 

334 pharmaceutical ergosterol standard (Figure 1 D, yellow and orange) and differed from the ROS 

335 burst induced by chitohexaose (Figure 1 D, light blue). Consistent with this, ergosterol 

336 treatment also induced MAPK phosphorylation in barley roots with the highest signal obtained 

337 at 20 minutes post treatment (Fig.  S2).

338 Another hallmark of early immune signaling is increase in cytosolic Ca2+ concentration 

339 ([Ca2+]cyt). While chitohexaose induced a strong and rapid Ca2+-burst, only a slight increase in 

340 [Ca2+]cyt was observed when barley roots were treated with ergosterol or S. indica lipids (Figure 

341 1 E). 

342 To investigate whether the perception of S. indica lipids occurs in other plant species, ROS- 

343 and Ca2+-burst assays were performed in Nicotiana benthamiana and Arabidopsis thaliana. In 

344 N. benthamiana leaves, S. indica lipids induced a pronounced ROS burst accompanied by a 

345 minor yet distinct increase in [Ca2+]cyt (Fig.  S3 A-B). Timing and shape of the S. indica lipids-

346 induced ROS burst overlapped with ergosterol-induced ROS burst (Fig. S3 C) In A. thaliana 

347 seedlings, total ROS accumulation increased after treatment with S. indica lipids or ergosterol, 

348 however no pronounced peak was observed (Fig.  S3 D) and only a slight increase in [Ca2+]cyt 

349 was detected (Fig.  S3 E). 

350 Taken together, these results indicate that S. indica lipid extract induces MAPK 

351 phosphorylation, PR-gene expression and ROS burst in barley, which are typical hallmarks of 

352 PTI. In addition, the perception of fungal lipids is conserved between barley and N. 

353 benthamiana, in leaves. In contrast to chitohexaose, S. indica lipid-induced ROS accumulation 

354 is not accompanied by a strong Ca2+-burst, but rather appears to be independent of it.

355 Ergosterol is the primary immunogenic component of S. indica lipid extract and is present in 

356 the apoplast of colonized barley roots.

357 Since the free sterol fraction in barley elicited a comparable ROS burst as the crude S. indica 

358 lipid extract (Figure 1 D), we analyzed this fraction by GC-TOF-MS to identify the major sterols 
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359 potentially triggering the immune response. We found that ergosterol was the major lipid in this 

360 fraction. In addition, smaller amounts of related sterols, presumably ergosta-7,22-dien-3-ol and 

361 ergost-8(14)-en-3-ol, were detected (Figure 2 A). 

362 Microbes often employ different strategies to avoid MAMP recognition by the host. For 

363 example, reducing abundance or shielding of the MAMP during colonization (van Boerdonk et 

364 al., 2024). To investigate whether ergosterol is present during endophytic root colonization, 

365 total lipids were isolated from mock-treated or S. indica-colonized barley roots at 3-, 7- and 14- 

366 days post inoculation (dpi). Subsequently, free sterols were isolated using solid-phase 

367 extraction, following the protocol previously described for extracting lipids from S. indica 

368 mycelium (Figure 1 C). Consequently, samples from mock-treated roots contained free sterols 

369 derived exclusively from plant roots, whereas samples from colonized roots comprised a 

370 mixture of plant and fungal free sterols. Roots were thoroughly washed prior to extraction to 

371 remove extraradical mycelium. The free sterol fractions were then tested for their potential to 

372 elicit ROS production in barley roots (Figure 2 B). Free sterols isolated from colonized barley 

373 roots, but not from mock-treated barley roots, induced a ROS burst with similar timing to that 

374 obtained with S. indica mycelial lipids (Figure 2 B). GC-TOF-MS analysis confirmed the 

375 presence of ergosterol in colonized barley roots (Figure 2 C). Since mock-inoculated roots lack 

376 ergosterol (Figure 2 C), and no other major qualitative differences in identified free sterols were 

377 observed using our method (Figure 2 B), the ROS burst associated with free sterols isolated 

378 from S. indica-colonized roots is most likely attributable to ergosterol. The relative amount of 

379 ergosterol increased from 3 to 7 dpi, followed by a decrease at 14 dpi (Figure 2 D). Intraradical 

380 S. indica colonization, as determined by expression of the fungal housekeeping gene SiTEF, 

381 followed a comparable trend (Figure 2 G). In addition, the amount of the phytosterol stigmasta-

382 5,22-dien-3β-ol (hereafter stigmasterol) increased upon colonization with S. indica and over 

383 time, while the amount of 24β-ethylcholest-5-en-3β-ol (hereafter β-sitosterol) remained 

384 unchanged (Fig. S4 A-B). Thus, the ratio of stigmasterol to β-sitosterol increased in S. indica-

385 colonized roots at 14 dpi (Fig. S4 C). Stigmasterol, which is synthesized by desaturation of β-

386 sitosterol, has been shown to accumulate in several plant-microbe interactions (Griebel & 

387 Zeier, 2010; Wang et al., 2012; Huang et al., 2022). This data demonstrates that the plant 

388 modifies its phytosterol content in response to S. indica colonization. 

389 Having detected immunogenic ergosterol in colonized roots (Figure 2 C-D), we next analyzed 

390 the lipid content of apoplastic fluid of S. indica-colonized and mock-treated barley roots. 

391 Ergosterol was detected in the apoplastic fluid of colonized roots but was absent in mock-

392 inoculated samples (Figure 2 E-F), demonstrating its relevance during the S. indica-barley 

393 interaction. 
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394 Ergosterol pretreatment desensitizes barley roots to fungal lipid-induced immune responses.

395 MAMP perception triggers complex signaling cascades in plants, including the internalization 

396 and degradation of receptor complexes. This process, known as receptor-mediated 

397 endocytosis, serves as a regulatory mechanism to prevent constitutive activation of immune 

398 responses (Robatzek et al., 2006; Claus et al., 2018). Simultaneously, it may trigger de novo 

399 biosynthesis of ligand-free receptors to replace the activated ligand-bound receptors, thereby 

400 enabling resensitization (Smith et al., 2014). Consequently, subsequent exposure to the same 

401 MAMP or MAMPs that share receptor complexes results in a diminished or completely 

402 abolished immune response. This phenomenon, termed desensitization or refractory period, 

403 is crucial for maintaining cellular homeostasis and preventing excessive energy expenditure 

404 on continuous immune activation. Subsequent exposure experiments can be used to 

405 distinguish whether different MAMPs share the same receptor and signaling components. 

406 Here, barley roots were either pretreated with a solvent control, chitohexaose, ergosterol or 

407 stigmasterol for 16 hours and subsequently treated with solvent control, chitohexaose, 

408 ergosterol or S. indica lipids. In chitohexaose pretreated roots, the chitohexaose-induced ROS 

409 burst was abolished, whereas ergosterol and S. indica lipids induced a ROS burst similar to 

410 ergosterol and S. indica lipid treatment of solvent control- or stigmasterol pretreated roots 

411 (Figure 3 A, B, D). The opposite was observed in ergosterol pretreated roots. Here, no ROS 

412 burst was elicited by ergosterol and S. indica lipids, whereas chitohexaose treatment induced 

413 ROS accumulation (Figure 3 C). Pretreatment with stigmasterol neither affected the 

414 chitohexaose-induced ROS burst nor the ergosterol- or S. indica lipids-induced ROS burst 

415 (Figure 3 D). These data suggest that ergosterol and S. indica lipids share common signaling 

416 components but are perceived by a distinct receptor from chitohexaose. 

417 Distinct receptor complexes were shown to recruit similar co-receptor kinases such as the 

418 receptor like kinase BRASSINOSTEROID-INSENSITIVE 1-ASSOCIATED KINASE 1 (BAK1)/ 

419 SOMATIC EMBRYOGENESIS RECEPTOR KINASE 3 (SERK3), a co-receptor involved in 

420 several PTI signaling pathways, predominantly those associated with leucine-rich repeat (LRR) 

421 receptor-like kinases (Couto & Zipfel, 2016). To determine whether BAK1/SERK3 is linked to 

422 ergosterol perception, we assessed ROS production in leaves of Solanum lycopersicum cv. 

423 Moneymaker wildtype (WT) and serk3a serk3b mutant plants in response to ergosterol or flg22 

424 as control (Fig. S5). Previously, flg22-induced ROS burst was shown to be reduced in S. 

425 lycopersicum serk3b mutants (Peng & Kaloshian, 2014). As expected, the flg22-induced ROS 

426 burst was reduced in serk3a serk3b mutant leaves compared to WT (Fig. S5). However, the 

427 ergosterol-induced ROS burst was unaltered in serk3a serk3b leaves. This indicates that 

428 BAK1/SERK3 is not involved in ergosterol perception in tomato, suggesting that LRR-type 

429 receptor-like kinases are not involved in ergosterol perception. 
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430 Previous studies showed that S. indica colonization suppresses ROS bursts induced by flg22 

431 and chitooctaose in A. thaliana (Jacobs et al., 2011) and by laminarin in barley (Wawra et al., 

432 2016). Therefore, we analyzed whether S. indica colonization alters the perception of 

433 chitohexaose, S. indica lipids and ergosterol in barley. In S. indica-colonized roots, the peak 

434 height of the chitohexaose-induced ROS burst was only slightly reduced compared to mock-

435 inoculated roots, whereas the ROS bursts induced by S. indica lipids and ergosterol were 

436 completely abolished (Figure 3 E-F). These findings suggest that S. indica more effectively 

437 inhibits the perception of ergosterol and fungal lipids than chitohexaose in barley at this stage 

438 of colonization. 

439 Phosphatidylinositol phosphate signaling components are phosphorylated upon fungal lipid 

440 treatment.

441 Phosphorylation plays a pivotal role in immunity signaling as one of the primary post-

442 translational modifications used to rapidly propagate signals within cells. This reversible 

443 process allows for quick and dynamic responses to external stimuli. To elucidate the early 

444 signal transduction events triggered by fungal lipids and identify key proteins involved in the 

445 initial steps of the signaling cascade activated by different elicitors, we conducted a 

446 comprehensive analysis of the phosphoproteome in barley roots. Samples were treated for 10 

447 minutes with ergosterol, S. indica lipid extract, chitohexaose, or solvent control as a negative 

448 control (Figure 4). A total of 4502 phosphorylated peptides were detected across all treatments 

449 (Table S1 A). Of those, 271 were absent from the solvent control treatment but present in at 

450 least one of the three elicitor treatments in the unimputed data, and therefore contained 

451 candidates for proteins involved in MAMP-mediated signal transduction (Table S1 B). Based 

452 on Gene Ontology (GO) terms, candidate proteins were selected and grouped into functional 

453 categories (Table S1 C). 66% of the treatment-specific phosphorylated peptides were shared 

454 between all three treatments, indicating a conserved response in phosphorylation in response 

455 to chitohexaose, ergosterol and fungal lipids, while 20% were shared between ergosterol and 

456 S. indica lipid treatment alone (Figure 4 A). A large portion of the phosphorylated candidate 

457 peptides refer to proteins that are predicted to be involved in responses to (a)biotic stress or 

458 signal transduction, such as MAP kinases, calcium-dependent protein kinases and WRKY 

459 transcription factors. Interestingly, an MLO-like protein was phosphorylated specifically upon 

460 lipid treatment (Figure 4 B, Table S1 B). Mildew resistance locus O (MLO) proteins were first 

461 identified in barley, where their mutations confer resistance against the pathogen Blumeria 

462 graminis f. sp. hordei (Piffanelli et al., 2002) and recently also shown to be involved in S. indica 

463 colonization (Hilbert et al., 2020). We further detected proteins potentially involved in vesicle 

464 trafficking and transmembrane transport, processes known to be important in PTI (Figure 4 B, 

465 Table S1 B). Moreover, we identified phosphorylation of proteins, that are predicted to be 
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466 involved in lipid metabolism and function in plant defense responses, namely a patatin and a 

467 sphingosine-1-phosphate lyase (Figure 4 B). Patatins have lipid acyl hydrolase function (Rydel 

468 et al., 2003) and patatin-like phospholipase As are involved in phospholipid signaling (Ryu, 

469 2004; Canonne et al., 2011) and pathogen response (La Camera et al., 2005; Kim et al., 2014; 

470 Jang et al., 2020). Sphingosine-1-phosphate lyases are involved in sphingosine-1-phosphate 

471 metabolism, an important signaling molecule in the regulation of drought stress, plant disease 

472 resistance and programmed cell death (Michaelson et al., 2016; Seo et al., 2021; Zhang et al., 

473 2014). Additionally, a phosphatidylinositol 4-kinase (PI4K), 1-phosphatidylinositol-3-phosphate 

474 5-kinase-like (PI3P5K), diacylglycerol kinase (DGK) and Sac1-like domain containing protein, 

475 four proteins potentially involved in PIP-mediated signaling, were phosphorylated (Figure 4 B). 

476 PI4K and PI3P5K can phosphorylate PI and PI3P, respectively, producing PI4P and PI(3,5)P2, 

477 which again can be substrates for other PIP-kinases or phospholipase C (PLC) to produce 

478 diacylglycerol (DAG). DAG can be phosphorylated by DGKs to produce PA (Figure 4 C). In 

479 addition, PA can also be produced from unspecific hydrolysis of all phospholipids by 

480 phospholipase D (PLD) (Figure 4 C). The Sac1-like or suppressor of actin (SAC) domain 

481 containing family of proteins are phosphoinositide phosphatases, which dephosphorylate PIPs 

482 and therefore are involved in PIP turnover (Mao & Tan, 2021) (Figure 4 C). Taken together, 

483 these findings suggest a rapid activation of PIP- signaling in response to fungal elicitors as part 

484 of the barley root immune response.

485 PA enhances the ergosterol-induced ROS burst.

486 DGK phosphorylation suggests that barley might synthesize PA from DAG in response to 

487 ergosterol and S. indica lipid treatment. PLC-DGK-derived PA was recently shown to enhance 

488 the MAMP-induced ROS burst in A. thaliana (Zhang et al., 2009; Kalachova et al., 2022; Kong 

489 et al., 2024; Qi et al., 2024). Apoplastic ROS is primarily produced by NADPH-oxidases, also 

490 known as respiratory burst oxidase homologs (RBOHs), which are activated through 

491 phosphorylation. In our phosphoproteome analysis, we detected phosphorylation of 

492 HvRBOHI3 (4HG0409670.1) and HvRBOHB1 (4HG0414140.2) - annotation based on 

493 (Mahalingam et al., 2021) - in samples treated with chitohexaose, ergosterol, or S. indica lipid 

494 extract (Figure 4 B). We therefore tested the influence of PA, PI and PI4P on the chitohexaose- 

495 and ergosterol-induced ROS bursts in barley roots. As an additional control, we used the 

496 phospholipid phosphatidylcholine (PC). Addition of PC, PI or PI4P did not affect the 

497 chitohexaose- or ergosterol-induced ROS burst in barley roots (Figure 5 A-C, Fig. S7 A-C). In 

498 contrast, co-treatment with PA significantly enhanced the ergosterol-induced ROS burst, 

499 resulting in both higher peak maxima and an overall increase in total ROS production (Figure 

500 5 D). Furthermore, cotreatment with PA liposomes, which are believed to facilitate uptake of 

501 PA, yielded similar results (Fig. S6). Conversely, addition of PA did not enhance chitohexaose-
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502 induced ROS production in barley roots (Fig. S7 D). To exclude a chitohexaose concentration-

503 dependent effect, we tested a range of chitohexaose concentrations and confirmed that PA 

504 did not enhance the chitohexaose-induced ROS burst across all tested concentrations (Fig. 

505 S8). These results reveal a differential impact of phospholipids on MAMP-induced ROS 

506 production in barley, with PA specifically enhancing the ergosterol-triggered ROS burst but not 

507 the chitohexaose-induced response, further suggesting distinct signaling pathways for these 

508 MAMPs.

509 Diterpene biosynthesis is activated upon fungal lipid treatment.

510 In addition to changes in the phosphoproteome, we investigated transcriptomic changes upon 

511 treatment with ergosterol or S. indica lipids at 2 hpt to identify candidate genes involved in 

512 downstream responses. The analysis revealed that 244 genes were significantly differentially 

513 expressed upon ergosterol or S. indica lipid treatment (log2FC ≥ 1, ≤ -1; q-value ≤ 0.05) (Table 

514 S2 B). Among the most upregulated genes were two genes encoding 1-deoxy-xylulose-5-

515 phosphate synthases (DXS) and one gene encoding a 1-deoxy-d-xylulose 5-phosphate 

516 reductoisomerase (DXR), the enzymes that perform the committing steps of the 2-C-

517 methylerythritol 4-phosphate (MEP or non-mevalonate) pathway (Table S2, Figure 6 A). In 

518 addition, expression of multiple genes, potentially involved in the MEP pathway was induced, 

519 whereas expression of genes potentially involved in the mevalonate (MVA) pathway was 

520 downregulated or not detected at all (Figure 6 A). The MEP pathway leads to the production 

521 of isoprenoid intermediates, which can be converted to hordedanes, a class of diterpene 

522 phytoalexins produced in barley in response to fungal treatment (Figure 6 A) (Liu et al., 2024). 

523 Indicative of an induction of diterpene synthesis, we found homologs of geranylgeranyl 

524 diphosphate synthase (GGPPS), ent-copalyl diphosphate synthase 2 (CPS2), kaurene 

525 synthase-like 4 (KSL4) and cytochrome P450 oxygenases (CYPs) among the strongest 

526 induced genes upon fungal lipid treatment (Figure 6 A, Table S2). We verified the induction of 

527 HvCPS2, HvKSL4 and HvCYP89E31 upon addition of ergosterol via qRT-PCR (Figure 6 B). 

528 To investigate whether diterpenes are synthesized in response to ergosterol treatment, we 

529 analyzed root exudates of barley roots treated with either ergosterol or roots infected by B. 

530 sorokiniana as positive control, by LC-MS. We detected two major diterpenes with mass-to-

531 charge ratio (m/z) of 315.196 and 317.211 -previously identified in root exudates of B. 

532 sorokiniana-colonized roots (Liu et al., 2024) - in both root exudates of ergosterol-treated and 

533 B. sorokiniana-colonized barley roots (Figure 6 C, Fig. S9). These findings confirm that 

534 ergosterol perception by barley triggers the biosynthesis and exudation of antimicrobial 

535 phytoalexin diterpenes. 
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536 Discussion
537 S. indica colonization modulates pattern-triggered immunity during fungal lipid perception.

538 In this study we demonstrate that ergosterol and total lipids isolated from the beneficial root 

539 endophyte S. indica induce hallmarks of PTI in barley (Figure 1, Fig. S1-S2). Apoplastic ROS 

540 production and increase in [Ca2+]cyt are recognized as two of the earliest and often interlinked 

541 signaling mechanisms activated in plants in response to MAMP perception (Ranf et al., 2011; 

542 Qi et al., 2017; Marcec et al., 2019). In addition to the Ca2+-independent activation of A. thaliana 

543 RBOHD by phosphorylation via the cytosolic kinase BIK1 (Kadota et al., 2015), intracellular 

544 Ca2+ was shown to activate A. thaliana RBOHD through direct binding of Ca2+ to EF hand 

545 motifs (Ogasawara et al., 2008; Kimura et al., 2012) and phosphorylation by Ca2+-dependent 

546 protein kinases (Dubiella et al., 2013; Seybold et al., 2014). In addition, increase in [Ca2+]cyt is 

547 required for initiation of the flg22-induced ROS burst in A.thaliana (Marcec & Tanaka, 2022). 

548 In our experiments, chitohexaose treatment induced both a strong Ca2+- and ROS burst in 

549 barley roots (Figure 1 D-E) as previously reported (Chandrasekar et al., 2022). In contrast, 

550 ergosterol and S. indica lipids induced no or only minor increase in [Ca2+]cyt but a distinct ROS 

551 burst in barley roots (Figure 1 D-E), suggesting that Ca2+-influx might not be required for the 

552 lipid-induced ROS burst in barley roots. 

553 Given that plants encode various RBOH isoforms with distinct functions (Suzuki et al., 2011; 

554 Zhang et al., 2023), the perception of different MAMPs in barley may activate specific RBOH 

555 isoforms, some of which might not require Ca2+ for activation (Mahalingam et al., 2021). 

556 Phosphoproteome analysis of barley roots revealed minor phosphorylation of HvRBOHB1 

557 (4HG0414140.2) and HvRBOHI3 (4HG0409670.1), indicating they might be involved in MAMP 

558 perception in barley. Further identification and characterization of the barley RBOHs is needed 

559 to clarify their specific functions in fungal lipid perception and MAMP-induced responses.

560 Desensitization of MAMP-induced immunity in barley revealed that barley roots employ distinct 

561 receptors for chitohexaose and ergosterol perception (Figure 3 A-D). Similarly, membrane 

562 hyperpolarization induced by ergosterol in Mimosa pudica cells was abolished upon 

563 subsequent exposure with ergosterol but not chitosan or cholesterol (Amborabé et al., 2003). 

564 Further evidence in tomato indicates that BAK1/SERK3 is not involved in ergosterol recognition 

565 (Fig. S5). Moreover, colonization by S. indica more effectively suppressed the perception of 

566 ergosterol compared to chitohexaose perception (Figure 3 E-F) and the activation of early 

567 immune responses was delayed with fungal lipids compared to chitohexaose treatment (Figure 

568 1, Fig. S1). 

569 The distinct perception of ergosterol compared to other MAMPs may be attributed to their 

570 differing physicochemical properties. Unlike water-soluble MAMPs such as flg22 and 
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571 chitohexaose, ergosterol is hydrophobic and poorly soluble in water. Ergosterol is present in 

572 the membrane of fungal extracellular vesicles (EVs) (Rodrigues, 2018) and animal pathogens 

573 such as Cryptococcus neoformans or Candida albicans were shown to secrete ergosterol-

574 containing EVs to transport macromolecules across the cell wall (Rodrigues et al., 2007; 

575 Vargas et al., 2015). The amount of ergosterol in liposomes correlated with the ability to induce 

576 pyroptosis (Wellington et al., 2014; Koselny et al., 2018). Plant colonizing fungi can also 

577 release EVs into the apoplast to secrete antimicrobial compounds, small-interfering RNAs, or 

578 effector proteins (An et al., 2006; Lo Presti & Kahmann, 2017; Rutter & Innes, 2018; Garcia-

579 Ceron et al., 2021; Li et al., 2022; Oliveira-Garcia et al., 2023). Recently, it was reported that 

580 ergosterol-induced nanodomains are required for activation of clathrin-mediated endocytosis 

581 to translocate fungal effectors into the host during the Magnaporthe oryzae – rice interaction 

582 (Guo et al., 2023; Oliveira-Garcia et al., 2023).

583 Thus, upon plant colonization, ergosterol could be released into the apoplast via EVs, making 

584 it accessible for perception by the plant. Ergosterol is able to integrate into membranes, 

585 potentially inducing the formation of nanodomains that significantly alter the structure and 

586 fluidity of the membrane (Xu et al., 2001; Klemptner et al., 2014). In plant plasma membranes, 

587 such perturbations could activate membrane-embedded mechanosensors or other receptors 

588 sensitive to structural changes in the lipid bilayer, as observed with the lipopeptide surfactin 

589 from root-associated rhizobacteria (Pršić et al., 2023). 

590 This complex process could explain the delayed ROS burst observed with ergosterol 

591 compared to chitohexaose perception. The time required for membrane integration and 

592 subsequent signaling cascades may exceed that of direct recognition by apoplastic receptors, 

593 accounting for the differences in timing of the immune response between these MAMPs. Still 

594 perception via direct binding to a membrane receptor is not excluded.

595 S. indica colonization led to an increase in stigmasterol in barley roots (Fig. S4). Stigmasterol 

596 is synthesized via C22 desaturation of β-Sitosterol (Aboobucker & Suza, 2019) and was shown 

597 to have a higher ordering effect on the membrane than β-sitosterol (Grosjean et al., 2015). 

598 Changes in the stigmasterol-to-β-sitosterol content affect microbial colonization and nutrient 

599 exchange, probably by influencing membrane rigidity (Griebel & Zeier, 2010; Wang et al., 2012; 

600 Huang et al., 2022). Furthermore, sterols regulate the spatial distribution of membrane lipids 

601 e.g. PIPs and certain proteins, such as transporters, RBOHs (Der et al., 2024) or callose-

602 modifying enzymes (Grison et al., 2015), potentially modulating plant immune responses or 

603 receptor availability. Therefore, the increase in stigmasterol during S. indica colonization could 

604 lead to rigidified membranes and modified spatial distribution of membrane proteins, altering 

605 nutrient transport, fungal penetration and immunity activation. 
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606 Fungal lipid treatment induces phosphorylation of proteins and expression of genes involved 

607 in plant lipid signaling components.

608 Next to canonical signaling components such as MAPK and receptor-like cytoplasmic kinases, 

609 we found PI4K, PI3P5K, DGK and a Sac1-like domain containing protein to be phospho-

610 regulated upon fungal lipid treatment (Figure 4). These enzymes could be involved in the 

611 synthesis and homeostasis of the plant lipids PI4P, PI(3,5)P2 and PA. In A. thaliana, AtPI4Kα1 

612 (At1g49340), AtFAB1A (At4g33240) and AtPLC2 (At3g08510), involved in PIP signaling, were 

613 detected in the plasma membrane associated proteome after ergosterol treatment (Khoza et 

614 al., 2019).

615 Barley PI4K (2HG0208880.1, Figure 4 C) shows highest sequence similarity to A. thaliana 

616 PI4Kγ7 (At2g03890), and wheat PI4Kγ6-like (XP_044459596), which was shown to be 

617 involved in salt- and drought stress tolerance (Liu et al., 2013) and barley PI3P5K 

618 (7HG0697890.1, Figure 4 C) is most similar to A. thaliana FORMATION OF APLOID AND 

619 BINUCLEATE CELLS1 A (FAB1A, At4g33240) and FAB1B (At3g14270), involved in 

620 endosome maturation and microtubule association, controlling protein trafficking (Hirano et al., 

621 2011, 2015). While PI4K and PI3P5K phosphorylate PIPs, the barley Sac1-like domain 

622 containing protein (5HG0422410.1, Figure 4 C) is the homolog of Arabidopsis SAC9, a plant-

623 specific PI(4,5)P2-5 phosphatase that likely dephosphorylates PI(4,5)P2 to PI4P (Williams et 

624 al., 2005; Lebecq et al., 2022). The interplay of PIP kinases and the Sac1-like protein in barley 

625 likely regulates the formation of membrane regions enriched in PI4P and PI(4,5)P2. These 

626 could serve as signaling hubs for membrane receptors (Antignani et al., 2015) involved in plant 

627 immunity during colonization of barley with S. indica and control vesicle trafficking (Synek et 

628 al., 2021) and fungal accommodation (Ivanov & Harrison, 2019; Qin et al., 2020).  

629 In addition, DGK phosphorylation suggests that barley might synthesize PA from DAG in 

630 response to ergosterol and S. indica lipid treatment. Barley DGK (5HG0440700.1, Figure 4 C) 

631 showed highest sequence similarity to A. thaliana DGK1 and 2 (At5g07920, At5g63770), which 

632 were shown to be involved in cold stress tolerance in A. thaliana (Arisz et al., 2013). PLC and 

633 PA were described as important modulators of ROS levels under biotic stress (D’Ambrosio et 

634 al., 2017; Seth et al., 2024) and PA was shown to accumulate in a burst-like fashion, similar to 

635 ROS, in response to microbial infection (Andersson et al., 2006; Zhang & Xiao, 2015). 

636 Moreover, earlier studies demonstrated ROS production upon PA treatment of tobacco cells, 

637 A. thaliana guard cells or PA infiltration in A. thaliana leaves (Sang et al., 2001; Park et al., 

638 2004; De Jong et al., 2004; Zhang et al., 2009). PA interacts with many different proteins in A. 

639 thaliana, targeting them to membranes and activating or inhibiting their enzymatic functions 

640 (Testerink & Munnik, 2005; Pokotylo et al., 2018; Yao & Xue, 2018). Thus, PA can regulate 
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641 the availability of receptors and signaling components involved in MAMP perception, as 

642 recently demonstrated for A. thaliana RBOHD. PLC2-DGK5β-derived PA inhibited vacuolar 

643 degradation of RBOHD in response to flg22 and chitin treatment, thereby enhancing RBOHD 

644 mediated ROS production in A. thaliana leaves (D’Ambrosio et al., 2017; Kong et al., 2024; Qi 

645 et al., 2024). Cotreatment of barley roots with PA enhanced the ergosterol-induced ROS burst 

646 (Figure 5 D), indicating PA might stabilize RBOH in barley roots in response to MAMP 

647 treatment as well. However, we did not observe an enhanced ROS burst upon chitohexaose 

648 treatment with PA cotreatment in barley roots or a ROS burst triggered by PA alone (Figure 5, 

649 Fig. S7-S8). PA synthesis was shown to be activated by S. indica colonization and involved in 

650 S. indica mediated growth promotion of A. thaliana, via a pathway involving a PLD, 3-

651 phosphoinositide-dependent protein kinase1 (PDK1) and oxidative signal inducible1 (OXI1) 

652 cascade (Camehl et al., 2011). Expression of PDK1, which is activated by PA (Anthony et al., 

653 2004), and OXI1, which is necessary for ROS burst-mediated signaling in A. thaliana (Rentel 

654 et al., 2004), is upregulated during S. indica colonization, supporting a connection between PA 

655 and ROS signaling upon S. indica colonization (Camehl et al., 2011). It remains unknown how 

656 S. indica colonization suppresses the lipid-induced ROS burst (Figure 3 F) but since PA 

657 enhances the ergosterol-induced ROS burst (Figure 5), modulating PA synthesis could be one 

658 way to also modulate lipid-induced host immunity. However, since addition of PA is not 

659 required for the ergosterol-induced ROS burst, other pathways are likely also targets of S. 

660 indica for suppression of host immunity.

661 Additionally, we have observed that the perception of S. indica lipids and ergosterol induces 

662 the expression of the diterpene biosynthesis genes, HvCPS2, HvKSL4 and HvCYP89E31 

663 (Figure 6 A-B). Recently, these genes were shown to be highly induced in response to 

664 colonization by the pathogenic fungus B. sorokiniana but also slightly by the beneficial root 

665 endophyte Serendipita vermifera. Diterpenes synthesized by these enzymes have been shown 

666 to be exuded by barley roots upon fungal colonization and inhibit germination of several root 

667 colonizing fungi including S. indica (Sarkar et al., 2019; Mahdi et al., 2022; Liu et al., 2024). 

668 Taken together these data demonstrate that perception of fungal lipids activates several plant 

669 lipid signaling pathways involved in both rapid and downstream immune responses. 

670 Conclusion

671 Ergosterol, the predominant sterol in fungal membranes, serves as a MAMP in barley-fungus 

672 interactions. During root colonization, S. indica hyphae proliferate in the apoplast where 

673 ergosterol is present. Although typically confined within fungal membranes, ergosterol could 

674 become accessible for plant perception through the release of EVs into the apoplast.
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675 Two mechanisms may underlie plant perception of ergosterol. First, ergosterol may bind to the 

676 extracellular domain of membrane-bound receptors in the apoplast. Alternatively, ergosterol 

677 could integrate into the plant plasma membrane, subsequently activating membrane-

678 embedded mechanosensors or other receptors responsive to structural changes in the lipid 

679 bilayer. Additionally, the integrated ergosterol may directly interact with specific ergosterol-

680 binding receptors within the membrane (Figure 7). 

681 Upon ergosterol perception, a signaling cascade is initiated that leads to the phosphorylation 

682 of PI4K, PI3P5K and DGK, potentially promoting PA synthesis, which in turn, enhances RBOH 

683 activation and stabilization, amplifying the ROS burst in barley. Furthermore, 

684 phosphoinositides generated from PI4K and PI3P5K contribute to the formation of membrane 

685 contact sites that may facilitate vesicle fusion, receptor recruitment or internalization. This 

686 series of signaling events activates MAPK cascades, leading to increased expression of 

687 immunity genes and diterpene biosynthesis genes. The culmination of these events results in 

688 diterpene exudation, a protective response that deters microbial invaders sensitive to this 

689 diterpene class. Notably, S. indica has adapted to root colonization and can suppress the 

690 fungal-lipid-induced ROS burst and thus limit diterpene biosynthesis.

691 Despite ergosterol’s important role in plant-microbe interactions and its use as a marker for 

692 fungal colonization in crops like barley and corn, it has received limited research attention in 

693 recent years. This study provides evidence that fungal-lipid perception in barley roots is 

694 mediated through plant-lipid signaling pathways. Further investigation into the specific 

695 receptors involved could offer valuable insights into plant-fungal interactions and the 

696 mechanisms employed by fungi to overcome plant immune responses.
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Figure 1: Lipids from the beneficial root endophyte Serendipita indica induce immunity in barley 
roots. A) MAPK phosphorylation in roots of seven days old barley plants, treated with the indicated MAMPs 
or solvent control for 5-, 10-, 20- or 30- min. 1st antibody: Phospho-p44/42 MAPK (upper) or α-Actin as 

loading control (lower), 2nd antibody: anti-rabbit IgG. Sc = solvent control [1:160], Chit6 = chitohexaose 
[250 nM], Si = S. indica lipid extract [1:160]. Relative Intensity depicts the MAPK signal intensity 

normalized to the Actin signal intensity of the same treatment and to the solvent control for each timepoint. 
The experiment was repeated four times with similar results (see Fig. S2). B) Gene expression of HvPR10 
relative to the housekeeping gene HvUBI in barley roots determined by qRT-PCR. Roots were treated with 

the indicated MAMPs or solvent control for 2 or 24 h. Letters indicate significant differences based on ANOVA 
+ post hoc Tukey test (p ≤ 0.05). C) Lipid fractionation method. D-E) ROS accumulation (D) and cytosolic 
Ca2+ concentration ([Ca2+]cyt) (E) in roots of seven days old barley plants, treated with the indicated lipid 

fractions or solvent control as negative control. Values represent means (normalized to maximum 
luminescence over all wells for Ca2+) ± SEM from six to eight wells, each containing three root pieces. The 

following concentrations and dilutions were used: S. indica total lipid extract and fractions: 1:160 (v/v), 
ergosterol: 250 nM, chitohexaose: 25 μM. All treatments contained a final amount of 1:40 (v/v) methanol. 
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Figure 2: Ergosterol is present in the apoplast of colonized barley roots and the main 
immunogenic component of Serendipita indica lipid extract. 

A, C) GC-TOF-MS total ion chromatograms (TICs) of the free sterol fraction from S. indica lipids isolated 
from mycelium (A) or whole root samples of mock-treated or S. indica-colonized barley roots (C). Major 

peaks in A) and C) are labeled in the following order: 1= Ergosterol, 2 = Ergosta-7,22-dien-3ol, 3 = 
Stigmasterol, 4 = β-Sitosterol, 5 = Stigmastanol (ISTD), 6 = Ergost-8(14)-en-3-ol.  B) ROS accumulation in 
roots from seven days old barley plants, treated with S. indica lipid extract or sterol fractions isolated from 

mock-treated or S. indica-colonized barley roots at 7 dpi or solvent control as negative control. Values 
represent means ± SEM from eight wells, each containing three root pieces. S. indica total lipid extract and 
fractions were used in 1:160 (v/v) dilution. All treatments contained a final amount of 1:40 (v/v) methanol. 
D) Quantification of ergosterol in sterol fractions of S. indica-colonized barley roots at 3-, 7- and 14- dpi. E) 
Extracted ion chromatogram (EIC) of ergosterol (m/z 363) in total lipid extract of apoplastic fluid of mock-
treated or S. indica-colonized barley roots (8 dpi). Representative image of one replicate. Quantification of 

four replicates is shown in F. G) S. indica intraradical colonization of barley roots determined as relative 
expression of the fungal housekeeping gene SiTEF to the barley housekeeping gene HvUBI at 3-, 7- and 14 
dpi. Data was obtained from an independent experiment performed the same way as for D. Letters indicate 

significant differences based on ANOVA + post hoc Tukey test (p ≤ 0.05). Asterisks indicate significant 
difference based on Student’s t-test (p ≤ 0.05 *; p ≤ 0.01 **; p ≤ 0.001 ***, p ≤ 0.0001 ****). Relative 

ergosterol concentration was calculated based on internal standard response and normalized to sample fresh 
weight (D) or ml apoplastic fluid (F). 
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Figure 3: Ergosterol pretreatment and Serendipita indica colonization prevents lipid-induced ROS 
accumulation. A-D) ROS accumulation in roots from seven days old barley plants, treated with the 

indicated elicitors or solvent control after pretreatment with solvent control (A), chitohexaose (B), ergosterol 
(C) or stigmasterol (D). E-F) ROS accumulation in mock-treated (E) or S. indica-colonized barley roots (F) at 

7dpi. Roots were washed thoroughly prior to assay preparations to remove extracellular fungal hyphae. 
Values represent means ± SEM from eight wells, each containing three root pieces. The following 

concentrations and dilutions were used: treatments: chitohexaose and ergosterol: 250 nM, S. indica lipid 
extract: 1:160 (v/v) dilution, pretreatments: 5 μM each. All pretreatment and treatment solutions contained 

a final amount of 1:40 (v/v) methanol. 
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Figure 4: Changes in the phosphoproteome of barley roots upon MAMP treatment. 
Phosphorylated peptides were measured using LC-MS/MS in barley roots in response to chitohexaose, 

ergosterol or S. indica lipid treatment for 10 min. As negative control, solvent control was used. A) Venn 
diagram of phosphorylated peptides found in any of the three treatments but absent from solvent control in 
unimputed data. B) Heatmap showing log2 fold change (log2FC) of imputed intensities of phosphorylated 

peptides in response to the respective treatments compared to solvent control treatment. Peptides 
presented here were selected and grouped into functional categories based on GO annotations. C) 

Schematic depiction of the phosphatidylinositol phosphorylation pathway leading to the production of PA. 
Enzymes in red were found in phosphoproteome after elicitor treatment as shown in the heatmap. PI = 
Phosphatidylinositol; PI4P = Phosphatidylinositol-4-phosphate; PI(4,5)P2 = Phosphatidylinositol-4,5-

diphosphate; PI3P = Phosphatidylinositol-3-phosphate; PI(3,5)P2 = Phosphatidylinositol-3,5-diphosphate; 
DAG = Diacylglycerol; PA = Phosphatidic acid; PI4K = Phosphatidylinositol-4 kinase; PI4P5K = 
Phosphatidylinositol-4-phosphate-5-lkinase; PI3K = Phosphatidylinositol-3 kinase; PI3P5K = 

Phosphatidylinositol-3-phosphate-5 kinase; PLC = Phospholipase C; PLD = Phospholipase D; DGK = 
Diacylglycerol kinase; SAC = Sac1-like domain containing protein (PI(4,5)P2 phosphatase). 
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Figure 5: PA cotreatment enhances the ergosterol-induced ROS accumulation. A-D) ROS 
accumulation in roots of four days old barley plants, treated with the indicated elicitors or solvent control as 

negative control. Values represent means ± SEM from eight (without cotreatment) or sixteen (with 
cotreatment) wells, each containing three root pieces. Ergosterol and all phospholipids (PC, PI, PI4P, PA) 

were used at a final concentration of 250 nM. All treatments contained a final amount of 1:40 (v/v) 
methanol. Insets: total ROS accumulation depicted as boxplots from the same data. Asterisks indicate 
significant differences based on Student’s t-test (p ≤ 0.05 *; p ≤ 0.01 **; p ≤ 0.001 ***, p ≤ 0.0001 

****). 
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Figure 6: Fungal lipid treatment leads to induction of the MEP pathway and exudation of 
diterpenes in barley roots. A) Schematic representation of the plants MEP and MVA pathway (adapted 
from Liao et al., 2016). Boxes indicate relative expression (Log2FC) of the respective barley genes upon 

ergosterol or S. indica lipid treatment relative to solvent control treatment. Expression was measured in an 
RNASeq analysis of barley, treated for 2 h with the respective elicitors. Ergosterol was used at a final 
concentration of 250 nM and S. indica lipid extract at a final dilution of 1:160. Grey boxes = NA. B) 

Confirmation of induction of diterpene biosynthesis genes HvKSL4, HvCPS2 and HvCYP89E31 in barley roots 
after treatment with ergosterol (250 nM) for 2 h. Gene expression was determined with qRT-PCR, relative to 

the housekeeping gene HvUBI. C) LC-MS/MS chromatogram of one of the major diterpenes found in root 
exudates of barley plants treated with solvent control, ergosterol (250 nM) or colonized by B. sorokiniana 

(positive control) for 6 days. The experiment was repeated with similar results. Ergosterol and solvent 
control treatments contained a final amount of 1:40 (v/v) methanol. Asterisks indicate significant differences 

based on Student’s t-test (p ≤ 0.05 *; p ≤ 0.01 **; p ≤ 0.001 ***, p ≤ 0.0001 ****). DXS = 1 deoxy 
xylulose 5 phosphate synthase, DXR = 1 deoxy xylulose 5 phosphate reductoisomerase, KSL = kaurene 

synthase like, CPS = ent copalyl diphosphate synthase, CYP = cytochrome P450 oxygenase. 
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Figure 7: Proposed model of fungal lipid perception in barley roots. We propose two mechanisms for 
how plants perceive ergosterol. First, ergosterol could directly integrate into the plant plasma membrane, 

potentially activating membrane-embedded mechanosensors or specific ergosterol-binding receptors within 
the membrane. Second, ergosterol could bind in the apoplast to the extracellular domain of a yet 

unidentified membrane-bound receptor (Xu et al., 2001; Klemptner et al., 2014; Lindo et al., 2020; Khoza 
et al., 2019). Upon perception, ergosterol likely initiates a signaling cascade that begins with receptor 

phosphorylation, leading to phosphorylation of MAPKs (10-30 min) and the rapid activation of PI4K and DGK 
(10 min). This activation results in the production of PA, which subsequently enhances the activation and 

stabilization of RBOH, amplifying the ROS burst (30 min). Together, these signaling events lead to increased 
expression of immunity genes and diterpene biosynthesis genes (2 h), which ultimately results in the 

exudation of diterpenes, which were shown to inhibit growth of S. indica. During colonization, S. indica 
suppresses the ergosterol-mediated ROS burst. PI = Phosphatidylinositol; PIP = 

Phosphatidylinositolphosphate; PIP2 = Phosphatidylinositoldiphosphate; DAG = Diacylglycerol; PA = 
Phosphatidic acid; PI4K = Phosphatidyl-inositol-4 kinase; PLC = Phospholipase C; DGK = 

Diacylglycerolkinase; RBOH = Respiratory burst oxidase homolog; ROS = reactive oxygen species. 
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Fig. S1: Lipids from the beneficial root endophyte S. indica induce immunity in barley leaves.  

A) ROS accumulation in leaves of seven days old barley plants, treated with the indicated lipid extracts or 

solvent control as negative control. Values represent means ± SEM from eight wells, each containing one 

3 mm leaf disc. B) Expression of HvPR10 relative to the housekeeping gene HvUBI in barley leaf discs 

determined by qRT-PCR. Leaf discs were treated with the indicated MAMPs or solvent control for 2 or 24 

h. Letters indicate significant differences based on ANOVA + post hoc Tukey test (p ≤ 0.05). All treatments 

contained a final amount of 1:40 (v/v) methanol. The following concentrations / dilutions were used: S. 

indica lipid extract: 1:160 (v/v), ergosterol: 250 nM, chitohexaose: 25 µM. 

  

Chapter 3.1 Saake et al., accepted with minor revisions

106



 

 
Fig. S2: Ergosterol induces MAPK phosphorylation in barley roots. 

MAPK phosphorylation in roots of seven days old barley plants, treated with the indicated MAMPs or 

solvent control for 5-, 10-, 20- or 30-min. 1st antibody: Phospho-p44/42 MAPK (upper) or α-Actin as loading 

control (lower), 2nd antibody: anti-rabbit IgG. Sc = solvent control [1:160], Erg = Ergosterol [250 nM], Chit6 

= chitohexaose [250 nM], Si = S. indica lipid extract [1:160], HErg = Ergosterol [25 µM]. Relative Intensity 

depicts the MAPK signal intensity normalized to the Actin signal intensity of the same treatment and to 

the solvent control for each timepoint.    
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Fig. S3:  S. indica lipids are differentially perceived in different plant species.  

 A-B) ROS accumulation (A) and cytosolic Ca2+ concentration ([Ca2+]cyt) (B) in leaves of 3-weeks old N. 

benthamianaAEQ plants, treated with the indicated MAMPs or solvent control as negative control. Values 

represent means (normalized to maximum luminescence over all wells for Ca2+) ± SEM from eight wells, 

each containing one 3 mm leaf disc. C) ROS accumulation in leaves of 3-weeks of N. benthamiana WT 

plants, treated with the indicated MAMPs or solvent control as negative control. Values represent means 

± SEM from eight wells, each containing one 3 mm leaf disc. D-E) ROS accumulation (D) and cytosolic Ca2+ 

concentration ([Ca2+]cyt) (E) in A. thalianaAEQ seedlings after treatment with the indicated elicitors or 

solvent control as negative control. Values represent means (normalized to maximum luminescence over 

all wells for Ca2+) ± SEM from eight wells, each containing one seedling. The following concentrations and 

dilutions were used: S. indica lipid extract: 1:160 (v/v), chitohexaose: 25 µM, ergosterol: 25 µM (D), 250 

nM (A, B, C, E). All treatments contained a final amount of 1:40 (v/v) methanol. Insets depict total ROS 

accumulation from the same experiment. Letters indicate significant differences based on ANOVA and 

post hoc Tukey test (p ≤ 0.05). 
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Fig. S4: S. indica colonization induces modulation of the phytosterol pool in barley. 

Measurement of phytosterol content in mock-inoculated or S. indica-colonized barley roots at 3-, 7-, and 

14-days post inoculation (dpi). The amounts of stigmasterol (stigmasta-5,22-dien-3β-ol) (A) and β-

sitosterol (24β-ethylcholest-5-en-3β-ol) (B) were measured via GC-TOF-MS and the ratio of stigmasterol 

to β-sitosterol was calculated (C). Letters indicate significant differences based on ANOVA and post hoc 

Tukey test (p ≤ 0.05). Relative sterol concentration was calculated based on Internal standard response 

and normalized to sample fresh weight. 
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Fig. S5: BAK1/SERK3 is not involved in S. indica lipid perception in S. lycopersicum leaves. 

A) ROS accumulation in S. lycopersicum cv Moneymaker WT and S. lycopersicum cv Moneymaker serk3a 

serk3b leaf discs, treated with the indicated elicitors or solvent control as negative control. Values 

represent means ± SEM from 12 wells, each containing one leaf disc. Two leaves were used per plant and 

three plants per genotype. The following concentrations/dilutions were used: ergosterol: 250 nM, flg22: 

1 µM. All treatments contained 1:40 (v/v) final amount of methanol. B) Total ROS accumulation of the 

same experiment. Asterisks indicate significant differences based on Student’s t-test (p ≤ 0.05 *; p ≤ 0.01 

**; p ≤ 0.001 ***, p ≤ 0.0001 ****). C) Pictures depicting the phenotype of the mutant plants compared 

to WT plants (curly leaves, reduced growth). D) Sequence alignment of the coding sequence of SERK3A 

and SERK3B downloaded from ensembl plant (Original sequence) and amplification of the respective 

genes from S. lycorpersicum cv Moneymaker WT gDNA (first 2 rows) and S. lycopersicum cv Moneymaker 

serk3a serk3b mutant gDNA (last 2 rows). Mutant plants contain a 7 AA deletion for SERK3A and a 6 AA 

deletion for SERK3B. 
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Fig. S6: Cotreatment with PA liposomes enhances the ergosterol-induced ROS burst in barley roots. 

ROS accumulation in roots of four days old barley plants, treated with ergosterol or ergosterol + PA 

liposomes. Values represent means ± SEM from wells, each containing three root pieces. The following 

concentrations were used: Ergosterol: 250 nM, PA: 25µM. All treatments contained a final amount of 1:40 

(v/v) methanol. PA liposomes were prepared in 25 mM HEPES buffer (pH 7.5, 50 mM KCL, 1mM MgCL2). 

Asterisks indicate significant differences based on Student’s t-test (p ≤ 0.05 *; p ≤ 0.01 **; p ≤ 0.001 ***, 

p ≤ 0.0001 ****).   
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Fig. S7: Phospholipid cotreatment does not enhance the chitohexaose-induced ROS burst in barley 

roots. 

A-D) ROS accumulation in roots of four days old barley plants, treated with the indicated elicitors or 

solvent control as negative control. Values represent means ± SEM from eight (without cotreatment) or 

sixteen (with cotreatment) wells, each containing three root pieces. The following concentrations and 

dilutions were used: chitohexaose: 250 nM and all phospholipids (PC, PI, PI4P, PA) were used at a final 

concentration of 250 nM. All treatments contained a final amount of 1:40 (v/v) methanol.  
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Fig. S8: PA cotreatment does not enhance chitohexaose-induced ROS burst in barley roots. 

A-F) ROS accumulation in roots of four days old barley plants, treated with the indicated chitohexaose 

concentrations +/- 250 nM PA or solvent control as negative control. Values represent means ± SEM from 

eight (without cotreatment) or sixteen (with cotreatment) wells, each containing three root pieces. All 

treatments contained a final amount of 1:40 (v/v). 
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Fig. S9: Diterpene exudation in response to ergosterol treatment and B. sorokiniana colonization. 

LC-MS/MS chromatogram of the second major diterpene found in root exudates of barley plants treated 

with solvent control or ergosterol or colonized by B. sorokiniana (positive control) for 6 days. The 

experiment was repeated with similar results. Ergosterol and solvent control treatments contained a final 

amount of 1:40 (v/v) methanol.  
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Methods S1: Detailed information on materials and methods. 

Plant material and growth conditions 

Seeds of Hordeum vulgare L. cv Golden Promise were surface sterilized with 6% sodium-hypochlorite, 

rotating for 1 h at 40 rpm and washed six times for 30 min with sterile milliQ-water. Seed coats were 

removed gently in sterile water using forceps and seeds were placed on wet filter paper (2 ml milliQ-

water per 75 mm round filter paper) in a petri dish (eight seeds per filter paper). Plates were covered 

with aluminum foil and kept in the dark at 21 °C for three days before transfer to sterile WECK jars 

containing 100 ml solid 1/10 PNM (plant nutrition medium, pH 5.6) and 0.4 % (w/v) Gelrite for MAMP 

treatments and 1.2 % (w/v) Gelrite for fungal colonization in a growth chamber under long-day 

conditions (day/night cycle of 16/8 h, 22 °C/18 °C, light intensity of 108 μmol/m2*s). For MAMP 

treatment, seedlings were grown for an additional four days and for fungal colonization for 3-, 7- and 

14- days.  

For Ca2+-influx assays, barley lines expressing apoaequorin were generated. Therefore, Aequorea victoria 

aequorin was amplified from transgenic A. thaliana expressing cytosolic apoaequorin (Knight et al., 

1991) with primers AEQ_Gib_Fw and AEQ_Gib_Rev (Supplementary Table S3) and cloned via Gibson 

assembly into HindIII-cut CPGE VEC00103 plasmid, which was then cut with SfiI+AhdI to allow separation 

of the fragments on gel and The resulting fragment with the SfiI-ends (2918bp) containing the AEQ CDS 

under control of maize UBI promotor and NosT in between LB-RB was ligated into the SfiI-cut binary 

vector CPGE_VEC00006 and transformed into barley cv Golden Promise via embryo transformation 

(Hensel et al., 2009). Successful insertion of the transformation vector into the genome was tested by 

PCR (primers: Hv_AEQ_Fw, Hv_AEQ_Rev, Supplementary Table S3) on T0 plants. Positive offspring (T1) 

of 3:1 segregating lines were selected and further propagated to gain stable insertion lines (T2). 

Insertion of aequorin was verified by PCR (see above) and measuring discharge as described for the 

calcium assay and Plants with highest discharge levels were selected. 

 

Solanum lycopersicum L. cv Moneymaker wildtype (WT) and serk3a serk3b mutant seeds were sown on 

soil and grown for ~2-3 weeks in the greenhouse under long-day conditions (day/night cycle of 17/7 h, 

25-28 °C, ~35-40% humidity). For ROS assays, 3mm leaf discs of the two youngest, adult leaves of three 

weeks old tomato plants were used. serk3a serk3b mutant lines were generated using CRISPR/Cas9. A 

construct containing two sgRNAs, both of which target SlSERK3A and SlSERK3B was transformed (5' 

sgRNA AAGCAGTTGTTGGGGATTTT, 3' sgRNA ATGCTTCTAGAGCTCATAAC). Both sgRNAs target the 

penultimate exon within the cytoplasmic domain. Editing events were confirmed by Sanger sequencing. 
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Seeds of a Nicotiana benthamiana D. line expressing aequorin (NbAEQ) (Wanke et al., 2020) were sown 

on soil and grown for ~3 weeks in the greenhouse under long-day conditions (day/night cycle of 16/8 h, 

22–25°C, light intensity of ~140 μmol/m2*s, maximal humidity of 60%). For ROS and Ca2+-influx assays, 

3mm leaf discs of the youngest, adult leaf of 3 weeks old plants were used.  

 

Seeds of Arabidopsis thaliana L. Col-0 plants expressing cytosolic apoaequorin (AtAEQ) were surface 

sterilized by incubation in 70 % EtOH for 10 min, followed by incubation in 100 % EtOH for 7 min. 

Subsequently, the EtOH was removed, and seeds dried under the clean bench. Dried seeds were placed 

on ½ MS (Murashige-Skoog-Medium, with vitamins, pH 5.7) plates containing 0.5 % sucrose and 0.4 % 

(w/v) Gelrite and covered with aluminum foil and stratified for 2-5 days at 4 °C. Plates were moved to 

the growth chamber with short day conditions (8 h light, 16 h dark, with 130 μmol/ m2*s of light and 22 

°C/18 °C) and plants grown for 7-8 days. For ROS assays, one seedling was transferred into each well of a 

96 well plate and the assay was performed as described below. For Ca2+-assays, seedlings were 

transferred to 24 well plates containing 1 ml ½ MS medium + sucrose and grown for another 4 days prior 

to use in the assay. 

 

Cultivation of S. indica and plant colonization 

Cultivation and chlamydospore isolation of Serendipita indica (DSM11827) was done as previously 

described (Sarkar et al., 2019; Wawra et al., 2016). For propagation, a stamp of 4 mm containing actively 

growing mycelium was removed from a 4-week-old plate with CM medium containing 1.5 % agar, 

transferred to a fresh plate and grown at 28 °C in darkness for 21 days prior to chlamydospore isolation 

for inoculation. Chlamydospores were collected in sterile milliQ water by gently scraping the surface of 

the mycelium on plate using a scalpel and filtered through Miracloth (Merck; 22-25 µm mesh size). 

Spores were pelleted by centrifugation at 3500 rpm for 7 min, washed 3x in sterile milliQ water and 

diluted to a final concentration of 500.000 spores/ml for inoculations. Spores were counted using the 

Neubauer improved counting chamber.  

To grow S. indica mycelium in axenic culture, 100 ml liquid CM medium was inoculated with 5 ml S. 

indica chlamydospores isolated from one 28 days old plate (approximately 1 million spores per ml) and 

grown at 28 °C with shaking at 120 rpm in a 500 ml Erlenmeyer flask for 5 days. Mycelium was then 

harvested in a Miracloth filter (Merck; 22-25 µm mesh size), surface-washed twice with 50 ml 0.9% NaCl 

and homogenized in a blender containing ~20 ml CM medium and transferred into fresh 150 ml CM 

medium and grown for 2 days. Mycelium was harvested and washed again and dried on tissue paper 
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and snap frozen in liquid nitrogen. 

For barley colonization, germinated seedlings were prepared as described above and inoculated with 3 

ml of either sterile water as control or S. indica chlamydospores (500,000 spores/ml). Roots were 

harvested at 3-, 7- and 14 days post inoculation (dpi), washed thoroughly in ice-cold water to remove 

extraradical fungal hyphae, dried on tissue paper and frozen in liquid nitrogen. Four barley plants were 

used per jar and pooled per biological replicate.  

 

ROS accumulation assay  

ROS assays were performed as described previously (Chandrasekar et al., 2022). Preparation of N. 

benthamiana, tomato and A. thaliana material is described above. For barley, roots and shoots of seven 

days old seedlings were separated. The root tissue between 2 cm below the seed and 1 cm above the tip 

was cut into root pieces of 5 mm length and three root pieces transferred to each well of a 96-well 

microtiter plate (white, flat bottom) containing 200 μl of 2.5 mM MES buffer, pH 5.6. For barley shoot 

assays, 3 mm leaf discs were punched from one barley leaf per plant and one leaf-disc was transferred 

to each well of a similar 96-well microtiter plate. The plate was covered and incubated ON at 21°C for 

recovery. The next day, the buffer was replaced with 100 µl 2.5 mM MES buffer containing 20 µM LO-12 

and 20 µg/ml HRP. After 25 min incubation in the dark, 100 µl two-fold concentrated elicitor solution or 

solvent control was added to each well and chemiluminescence was measured using a TECAN SPARK 

10M microplate reader over all wells for 2h with an integration time of 450 msec. 

 

Calcium influx assay 

Preparation of N. benthamiana and A. thaliana material is described above. For barley, roots and shoots 

were prepared as described for ROS accumulation assays but plants expressing aequorin (HvAEQ) were 

used. Prior to ON recovery, the buffer in the wells was replaced with 100 µl 2.5 mM MES buffer 

containing 10 µM coelenterazine and 10 mM CaCl2 per well and plates were incubated ON in the dark at 

21°C. On the next day, chemiluminescence was measured using a TECAN SPARK 10M microplate plate 

reader. After the baseline measurement (5 min), 100 µl of two-fold concentrated elicitor solution was 

added manually. Photon emission was constantly measured for 30 minutes. Subsequently, 100 µl of 

discharge solution (3M CaCl2 in 50 % EtOH) was injected into each well, followed by constant 

measurement for 1 minute. All steps were performed with an integration time of 450 msec. In all assays, 

2 columns (16 wells) were measured per run.  
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MAPK phosphorylation  

Barley root segments and leaf discs were prepared as described above for ROS and Ca2+ influx assays. 

Twenty-four randomly selected pieces were transferred into each well of a 24-well plate containing 1 ml 

2.5 mM MES buffer. Plates were incubated ON at 21°C for recovery. On the next day, 500 µl buffer of 

each well were removed and replaced with two-fold concentrated elicitor solution and gently mixed. At 

5-, 10-, 20- or 30-min post treatment, roots were removed from the treatment solution, gently dried on 

tissue paper and snap frozen in liquid nitrogen and homogenized with glass beads in the TissueLyserII 

(Qiagen) for 4 times 30 sec, 30 Hz in ice-cold holders. For isolation of phosphorylated proteins, 150 µl 

phosphoprotein extraction buffer (50 mM Tris-HCl (pH 7.5), 2 mM DTT, 5 mM EDTA, 5 mM EGTA, 10 mM 

NaF, 50 mM β-glycerolphosphate, 10 % glycerol, 1 tablet each of Roche Complete Mini – EDTA free and 

PhosStop phosphatase inhibitor per 10 ml) was added, vortexed and centrifuged for 10 min at 4 °C at 

12000 rpm. The supernatant was transferred to a fresh tube and the centrifugation step was repeated 

two more times to ensure the extract is free of pellet debris. Protein concentration was determined 

using Bradford Assay following the manufacturer’s instructions and 4 µg protein of each sample were 

separated on SDS-PAGEs and subsequently transferred to nitrocellulose membranes. Membranes were 

blocked for 1h with 2.5 % TBS-T BSA and incubated ON with the primary antibody (anti-p44/p42, 1:1500) 

in 2.5 % TBS-T BSA at 4 °C. The next day, the membranes were washed with 1xTBS-T and the secondary 

antibody (anti-rabbit IgG, 1:50.000) was added for 1h. After washing with 1xTBS-T and 1x TBS, blots 

were developed using 1ml SuperSignal™West Femto (Thermo Scientific) solution per membrane. 

Western Blots were imaged using the Fujifilm LAS 4000 mini camera.  

 

Elicitor preparations 

The following chemicals were used as elicitors, pre- or cotreatments. chitohexaose (Megazyme, O-CHI6), 

flg22 peptide (GenScript, RP19986), ergosterol pharmaceutical standard (Supelco, PHR1512), L-α-

phosphatidylinositol (soy PI, Avanti, 840044), L-α-phosphatidic acid (soy PA, Avanti, 840074),  L-α-

phosphatidylcholine (soy PC, Avanti, 441601), L-α-phosphatidylinositol 4-monophosphate (Sigma-

Aldrich, P9638), L-α-phosphatidylinositol 4,5-diphosphate (Sigma-Aldrich, P9763). Stock solutions of 

lipids were prepared in methanol and used to prepare elicitor solutions of appropriate concentrations in 

aqueous MES buffer as described below. Self-produced lipid extracts and lipid fractions were evaporated 

with N2 gas and resuspended in MeOH as solvent. As control, the respective solvent was processed in 

the same way. All elicitor and control solutions were prepared as two-fold concentrated solutions in 2.5 

mM MES buffer, pH 5.6 containing 1:20 (v/v %) MeOH. For liposomes, PA was evaporated under N2 gas 
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and the lipid film hydrated with buffer (25 mM HEPES, pH=7.5, 50 mM KCL, 1 mM MgCL2) at 4°C, rapidly 

vortexed for 30 seconds and sonicated on ice 5 times for 10 sec with each 10 sec pause prior to use in 

cotreatment ROS assay with ergosterol. 

   

RNA-seq and qRT-PCR 

For RNA-seq and qRT-PCR, barley roots were prepared as described for the MAPK phosphorylation assay 

with roots from two wells being combined per replicate and four replicates per treatment and 

timepoint. RNA extraction, cDNA synthesis and qRT-PCR were performed as described previously (Sarkar 

et al., 2019). Briefly, RNA was extracted using Trizol (Life Technologies, 15596018) and remaining DNA 

was removed by DNAseI (Thermo Scientific, EN0521) digestion at 37 °C for 30 min. One µg RNA was 

used to synthesize cDNA using the first strand cDNA kit (Thermo Scientific, K1612) according to the 

manufacturer’s instructions. GoTaq qPCR Master Mix (Promega A60001) was used for qRT-PCR. Primers 

used for qRT-PCR are described in Supplementary Table S3.  

RNA sequencing and data processing 

For RNA sequencing, 25 µl RNA with a concentration of 100 ng/µl was used. For Illumina-compatible 

RNAseq libraries at first an enrichment for poly-A RNAs was performed (NEBNext® Poly(A) mRNA 

Magnetic Isolation Module; New England Biolabs), followed by library generation with NEBNext Ultra™II 

Directional RNA Library Prep Kit for Illumina (New England Biolabs). Next, sequencing-by-synthesis was 

done on a NextSeq 2000 device in 2 x 150 bp paired-end read mode Library construction and sequencing 

was performed at the Genome Centre of the Max Planck Institute for Plant Breeding, Cologne. 

Trimmomatic (v. 0.39) (Bolger et al., 2014) was used for quality trimming and adapter clipping and 

quality of the reads was assessed using fastQC. Reads were then mapped to the barley Morexv3 

pseudomolecules assembly cDNA (downloaded from Ensembl plants on 18.08.2023) and quantified 

using kallisto (v. 0.46.1) (Bray et al., 2016), which resulted in estimated counts and transcripts per 

million (TPM) values. The log2 fold difference of the gene expression between conditions was calculated 

using R and differential expression of genes was calculated using the R package “sleuth”.  

 

Apoplastic fluid isolation of barley roots 

To isolate apoplastic fluid from barley roots, barley seedlings were grown and inoculated with S. indica 

on 1/10 PNM medium as described above. Per replicate, 110 barley seedlings were used, which yielded 

approximately ~1 ml apoplastic fluid per replicate. For extraction of apoplastic fluid, the roots were 

gently removed from the jars and washed thoroughly in ice-cold water to remove external fungal 
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hyphae. The upper and lower 1 cm of the root were cut off and the remaining root was cut into 2 cm 

pieces. Root pieces of one replicate were transferred into two 50 ml falcon tubes containing approx. 35 

ml of ice-cold water and covered with ice. Next, falcon tubes were submitted to five cycles of vacuum 

infiltration (15 min 250 mbar, 1.5 min ATM). Subsequently, roots were dried on tissue paper and 

transferred into a 20 ml syringe inside a 50 ml falcon tube and centrifuged for 15 min at 4 °C, 2000 rpm, 

lowest de- and acceleration to collect apoplastic fluid (approx. 1-2 ml per replicate) in the bottom of the 

falcon tube. Apoplastic fluid was stored on ice at 4 °C until further use. Roots were flash-frozen in liquid 

nitrogen and stored at -80 °C until further use.  

 

Lipid extraction and fractionation by solid phase extraction 

Lipid extraction was done according to the method described by Bligh and Dyer (Bligh & Dyer, 1959). To 

extract lipids from S. indica mycelium or colonized or mock-inoculated barley roots, frozen material was 

ground in liquid nitrogen into a very fine powder using mortar and pestle. Per sample, ~200 mg of 

homogenized plant or fungal tissue was transferred into a pre-cooled 2 ml Eppendorf tube and 1 ml (2 

vol) chloroform:methanol:formic acid (1:1:0.1 v/v) was added to the Eppendorf tube. To isolate lipids 

from apoplastic fluid, ~1 ml apoplastic fluid was added to a 5 ml Eppendorf tube and 2 ml (2 vol) 

chloroform:methanol:formic acid (1:1:0.1 v/v) was added. The mixture was vortexed and incubated for 

10 min at RT, shaking. Next, 0.5 ml (1 vol) of 300 mM ammonium acetate was added to create a phase 

separation and the samples were vortexed again, followed by centrifugation for 5 min at 6000 rpm. The 

lower organic phase was transferred to a fresh glass tube using a glass Pasteur pipette that was 

previously rinsed with chloroform. 0.8 ml chloroform was added again to each tube, vortexed and 

centrifuged for 5 min at 6000 rpm. The lower organic phase was transferred again and combined with 

the first extract. This step was repeated two more times. The crude lipid extract was evaporated under 

N2 gas and resuspended in 4 ml MeOH for use in preparation of elicitor treatment with crude lipids.  

For fractionation of crude lipids, the lipid extract was separated by two consecutive solid phase 

extractions (SPE). First, the crude lipid extract was dried under N2 gas and resuspended in 1 ml 

chloroform and added to a Strata®SI-1 (55 µm, 70 Å, 1 ml) silica column, previously equilibrated with 

chloroform. Two times 1 ml chloroform was added again to the silica column and the eluate, containing 

neutral lipids, collected in the same tube. Then, three times 1 ml MeOH was added to the column and 

the fraction containing polar (phospho)lipids collected. The chloroform fraction was evaporated under 

N2 gas and used for further fractionation of the neutral lipids using a hexane diethylether gradient on a 

second silica column as described previously (vom Dorp et al., 2013). In brief, the dried lipids were 
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resuspended in 100 % hexane and added to the column, previously equilibrated with hexane, and a total 

of six fractions were collected by adding each three column volumes (1 ml) of stepwise decreasing 

hexane:diethylether ratios  (v:v): 100:0 (hydrocarbons and squalene), 98:2 (sterol esters), 95:5 

(triacylglycerol, alkyl and alkenyl acylglycerols and tocopherols; free fatty acids and fatty alcohols), 85:15 

(free sterols and diacylglycerol) and finally 0:100 (diacylglycerol and monoacylglycerol). All fractions that 

were used in immunity assays were dried under N2 and resuspended in 4 ml MeOH prior to usage 

Phosphoproteomics 

Preparation of phospho-enriched samples 

Barley roots were treated as described for MAPK phosphorylation assay. Two wells were combined for 

each replicate per treatment and time point. Four replicates were used each. Root material was 

harvested 10 min post treatment. Root material was ground using mortar and pestle with liquid nitrogen 

into a very fine powder and 1 ml extraction buffer (8M urea, 20 µl/ml Phosphatase Inhibitor Cocktail 2 

(Sigma, P5726-5ML), 20 µl/ml Phosphatase Inhibitor Cocktail 3 (Sigma, P0044-5ML), 5 mM DTT) was 

added and samples were incubated for 30 min with shaking, after which cell debris was removed by 

centrifugation. Samples were alkylated with CAA (550 mM stock, 14 mM final), the reaction was 

quenched with DTT (5 mM final). An equivalent of 500 µg total protein per sample was diluted to 1 M 

urea with 100 mM Tris-HCl pH 8.5, 1 mM CaCl2 and samples were digested with 5 µg LysC (stock: 1 µg/µl 

Lys-C (WAKO) in 50 mM NH4HCO3) for 4h at RT. Next, 5 µg trypsine (stock: 1 µg/µl in 1 mM HCl,) was 

added and samples were diluted with 100 mM Tris-HCl pH 8.5, 1 mM CaCl2, the samples were mixed and 

incubated ON at 37 °C. After incubation, samples were acidified with TFA to 0.5 % final concentration 

and samples were desalted using C18 SepPaks (1cc cartridge, 100 mg (WAT023590)).  In brief, SepPaks 

were conditioned using methanol (1 ml), buffer B (80% acetonitrile, 0.1% TFA) (1 ml) and buffer A (0.1% 

TFA) (2 ml). Samples were loaded by gravity flow, washed with buffer A (1 x 1 ml, 1x 2 ml) and eluted 

with buffer B (2 x 400 µl). 44 µl of eluates were used for peptide measurement and total proteome and 

library analysis. For phosphopeptide enrichment by metal-oxide chromatography (MOC) (adapted 

from:(Nakagami, 2014)) the remaining samples were evaporated to a sample volume of 50 µl and 

diluted with sample buffer (2 ml AcN, 820 µl lactic acid (LA), 2.5 µl TFA / 80 % ACN, 0.1 % TFA, 300 

mg/ml LA, final concentrations) (282 µl). MOC tips were prepared by loading a slurry of 3 mg/sample 

TiO2 beads (Titansphere TiO2 beads 10 µm (GL Science Inc, Japan, Cat. No.  5020-75010)) in 100 µl MeOH 

onto a C8 micro column and centrifugation for 5 min at 1500g. Tips were washed with centrifugation at 

1500g for 5 min using 80 µl of solution B (80 % acetonitrile, 0.1 % TFA) and 80 µl of solution C (300 

mg/ml LA in solution B). To simplify the processing, samples tips were fitted onto a 96/500 µl deep well 
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plate (Protein LoBind, (Eppendorf Cat. No.  0030504100). After washing MOC tips were transferred to a 

fresh plate, samples were loaded onto the equilibrated tips and centrifuged for 10 min at 1000g. The 

flow through was reloaded onto the tips and centrifugation was repeated. Tips were washed with 

centrifugation at 1500g for 5 min using 80 µl of solution C and 3x 80 µl of solution B. For the elution of 

the enriched phosphopeptides the tips were transferred to a fresh 96/500 µl deep well plate containing 

100 µl/well of acidification buffer (20 % phosphoric acid). Peptides were eluted first with 50 µl elution 

buffer 1 (5% NH4OH) and centrifugation for 5 min at 800g, then with 50 µl of elution buffer 2 (10% 

piperidine) and centrifugation for 5 min at 800g. Next, the samples were desalted using StageTips with 

C18 Empore disk membranes (3 M) (Rappsilber et al., 2003), dried in a vacuum evaporator, and 

dissolved in 10 µl 2% ACN, 0.1% TFA (A* buffer) for MS analysis. 

LC-MS/MS data acquisition 

Samples were analyzed using an Ultimate 3000 RSLC nano (Thermo Fisher) coupled to an Orbitrap 

Exploris 480 mass spectrometer equipped with a FAIMS Pro interface for Field asymmetric ion mobility 

separation (Thermo Fisher). Peptides were pre-concentrated on an Acclaim PepMap 100 pre-column (75 

µM x 2 cm, C18, 3 µM, 100 Å, Thermo Fisher) using the loading pump and buffer A** (water, 0.1 % TFA) 

with a flow of 7 µl/min for 5 min. Peptides were separated on 16 cm frit-less silica emitters (New 

Objective, 75 µm inner diameter), packed in-house with reversed-phase ReproSil-Pur C18 AQ 1.9 µm 

resin (Dr. Maisch). Peptides were loaded on the column and eluted for 130 min using a segmented linear 

gradient of 5 % to 95 % solvent B (0 min : 5 %B; 0-5 min -> 5 %B; 5-65 min -> 20 %B; 65-90 min ->35 %B; 

90-100 min -> 55 %; 100-105 min ->95 %, 105-115 min ->95 %, 115-115.1 min -> 5 %, 115.1-130 min ->5 

%) (solvent A 0 % ACN, 0.1 % FA; solvent B 80 % ACN, 0.1 %FA) at a flow rate of 300 nl/min. Mass spectra 

were acquired in data-dependent acquisition mode with a TOP_S method using a cycle time of 2 

seconds. For field asymmetric ion mobility separation (FAIMS) two compensation voltages (-45 and -65) 

were applied, the cycle time for the CV-45 experiment was set to 1.2 seconds and for the CV-65 

experiment to 0.8 sec. MS spectra were acquired in the Orbitrap analyzer with a mass range of 320–

1200 m/z at a resolution of 60,000 FWHM and a normalized AGC target of 300 %. Precursors were 

filtered using the MIPS option (MIPS mode = peptide), the intensity threshold was set to 5000, 

Precursors were selected with an isolation window of 1.6 m/z. HCD fragmentation was performed at a 

normalized collision energy of 30 %. MS/MS spectra were acquired with a target value of 75 % ions at a 

resolution of 15,000 FWHM, at an injection time of 120 ms and a fixed first mass of m/z 120. Peptides 

with a charge of +1, greater than 6, or with unassigned charge state were excluded from fragmentation 

for MS2. 
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Data analysis of phosphoproteomics 

Raw data were processed using MaxQuant software (version 1.6.3.4, http://www.maxquant.org/) (Cox 

& Mann, 2008) with label-free quantification (LFQ) and iBAQ enabled (Tyanova et al., 2016).  

MS/MS spectra were searched by the Andromeda search engine against a combined database 

containing the sequences from H. vulgare (Morex V3 database), and sequences of 248 common 

contaminant proteins and decoy sequences. Trypsin specificity was required and a maximum of two 

missed cleavages allowed. Minimal peptide length was set to seven amino acids. Carbamidomethylation 

of cysteine residues was set as fixed, phosphorylation of serine, threonine and tyrosine, oxidation of 

methionine and protein N-terminal acetylation as variable modifications. The match between runs 

option was enabled. Peptide-spectrum-matches and proteins were retained if they were below a false 

discovery rate of 1 % in both cases.  

Statistical analysis was carried out on phospho peptide level using the intensities obtained from the 

“modificationSpecificPeptides” output using Perseus (version 1.6.14.0, http://www.maxquant.org/). 

Quantified sites were filtered for reverse hits and contaminant hits and results were filtered to retain 

only phospho-modified peptides. Intensities were log2 transformed and samples were grouped by 

condition. Next, the data was separated for a mixed imputation processing: hits were filtered for 3 valid 

values in one of the conditions and intensity values were normalized by subtraction of the median from 

each column. Then, the data was separated into two sets: one set containing mostly missing at random 

(MAR) hits and the other set containing mostly missing not at random (MNAR) hits by filtering the data 

for 1 valid hit in each group and splitting the resulting matrices (Lazar et al., 2016). The resulting matrix 

with at least 1 valid hit in each group is the MAR dataset, the matrix with the hits filtered out is the 

MNAR dataset. The missing values of each dataset were then imputed using different options of the 

“imputeLCMD” R package (Cosmin Lazar (2015). imputeLCMD: A collection of methods for left-censored 

missing data imputation. R package version 2.0. http://CRAN.R-project.org/package=imputeLCMD) 

integrated into Perseus: the missing values from the MAR dataset were imputed using a nearest 

neighbor approach (KNN, n=4), the missing values from the MNAR dataset were imputed using the 

MinProb option (q=0.01. tune.sigma=1). After merging of the imputed datasets two-sample Student’s t-

tests were performed using a permutation-based FDR of 5%. Alternatively, volcano plots were 

generated using an FDR=0.05 and an S0=1. The Perseus output was exported and further processed 

using Excel. For downstream analyses the imputed as well as the MNAR datasets were used.  

 

Measurements of sterols via GC-TOF-MS 
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For sterol measurement via GC-TOF-MS, 5 nmol stigmastanol was added as internal standard in a 

chloroform:MeOH (2:1) mix prior to lipid extraction. Lipid extraction and SPE was performed as 

described above. Dried free sterol fractions were directly derivatized with 100 µl MSTFA for 30 min at 80 

°C. Subsequently the samples were transferred to glass vials and measured in a 1:2 dilution with split 

ratio of 1:10. To measure crude lipid extracts of apoplastic fluid, dried lipid extracts were resuspended in 

300 µl hexane and split in 2x 150 µl samples. One 150 µl sample each was evaporated under N2 gas. 

Dried samples were derivatized with MSTFA for 30 min at 80°C automatically prior to measurement 

using a Multipurpose Autosampler (Gerstel). 1 µl of sample was injected with an automatic liner 

exchange system in conjunction with a cold injection system in splitless mode (ramping from 50 °C to 

250 °C at 12 °C s-1) into the GC with a helium flow of 1 ml/min. Chromatography was performed using a 

7890B GC system (Agilent Technologies) with a HP-5MS column with 5 % phenyl methyl siloxane film 

(Agilent 19091S-433, 30 m length, 0.25 mm internal diameter, 0.25 µM film). The oven temperature was 

held constant at 70 °C for 1 min and then ramped at 42 °C min-1 to 280 °C and in a second step with 4 °C 

min-1 to 320 °C which was held for 3 min resulting in a total run time of 19 minutes. Samples were 

ionized with an electron impact source at 70 eV and 200 °C source temperature and recorded in a mass 

range of m/z 60 to m/z 800 at 20 scans per second with a 7200 GC-QTOF (Agilent Technologies). 

Compounds were identified via MassHunter Qualitative (v b08.00, Agilent Technologies) by comparison 

of spectra to the NIST14 Mass Spectral Library (https://www.nist.gov/srd/nist-standard-reference-

database-1a-v14). Ergosterol was verified using a pharmaceutical standard (Supelco, PHR1512) and 

stigmastanol was used as an internal standard. Peaks were integrated using MassHunter Quantitative (v 

b08.00, Agilent Technologies). For relative quantification, all metabolite peak areas were normalized to 

the corresponding peak area of the internal standard stigmastanol and the sample fresh weight 

(mycelium, roots) or volume (AF). 

 

Diterpene measurements via LC-MS 

To measure diterpenes in root exudates of barley plants, seedlings were transferred into WECK jars 

containing 100 ml 1/10 PNM solution and 3 ml sterile water was added to the roots. Seedlings were 

incubated ON in growth chamber and 5 ml treatment solution (solvent control, 250 nM Ergosterol or 

Bipolaris sorokiniana spores (5000 spores/ml, 5ml) and) were added on the next day and grown for 6 

days. To harvest root exudates, plants were removed from the medium and washed gently in 25 ml 

water to wash off residual diterpenes attached on the outside of the roots. The medium was collected 

with the wash water from the roots and flash-frozen in liquid nitrogen. Diterpenes were extracted as 
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described previously (Liu et al., 2024). Briefly, root exudates were extracted two times with a mixture of 

70 % ethylacetate and 30 % hexane (v/v) by vigorous shaking. After phase separation the organic phase 

was collected. 150 mg of plant matter was extracted in a modified Bligh and Dyer extraction in two 

rounds with 900 µl of a mixture of 67 % dichloromethane and 33 % ethanol and 150 µl of hydrochloric 

acid of pH 1.4. The organic phase containing diterpenoids was collected. All organic extracts were dried 

in nitrogen stream and stored at -80 °C until analysis. 

Separation of medium polar metabolites was performed on a Nucleoshell RP18 (2.1 x 150 mm, particle 

size 2.1 µm, Macherey & Nagel, GmbH, Düren, Germany) using a Waters ACQUITY UPLC System, 

equipped with an ACQUITY Binary Solvent Manager and ACQUITY Sample Manager (20 µl sample loop, 

partial loop injection mode, 5 µl injection volume, Waters GmbH Eschborn, Germany). Eluents A and B 

were aqueous 0.3 mmol/l NH4HCOO (adjusted to pH 3.5 with formic acid) and acetonitrile, respectively. 

Elution was performed isocratically for 2 min at 5 % eluent B, from 2 to 19 min with linear gradient to 95 

% B, from 19-21 min isocratically at 95 % B, and from 21.01 min to 24 min at 5 % B. The flow rate was set 

to 400 µl/min and the column temperature was maintained at 40 °C.  

Mass spectrometric analysis of small molecules was performed by MS1 full scan from 65-1500 Dalton 

and 100 ms accumulation time (ZenoToF 7600, AB Sciex GmbH, Darmstadt, Germany) operating in 

negative ion mode and controlled by Sciex OS software (Sciex). The declustering potential was set to -80 

V with a spread of 50 V. MS/MS-CID fragmentation was triggered by data dependent acquisition in 20 

ms pockets and up to 40 candidate spectra were recorded between 65-1500 Dalton for ions were the 

threshold exceeded 150 cps. As for MS1 the declustering potential was set to -80 V and a spread of 50 V, 

while the collision energy was set to -35 V and a spread of 25 V. The source operation parameters were 

as the following: ion spray voltage, -4500 V; nebulizing gas, 60 psi; source temperature, 600 °C; drying 

gas, 70 psi; curtain gas, 35 psi CAD gas 7 psi. Instrument tuning and internal mass calibration were 

performed every 5 samples with the calibrant delivery system applying X500 ESI negative tuning solution 

(AB Sciex GmbH, Darmstadt, Germany).MS1 data for selected mz;r.t. couples were integrated using 

MultiQuant TF (AB Sciex GmbH, Darmstadt, Germany) within a tolerance window of 10 ppm and a 

smooth factor of 1.0.  
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Chapter 3.2. Local and systemic plant response to fungal lipids during S. indica colonization.

3.2 Local and systemic plant response to fungal lipids during S.

indica colonization.

The following chapters comprise data and experiments extending the data provided in Saake

et al. (Chapter 3.1). Information on methods, used to obtain this data can be found in the

Materials and Methods section of Saake et al. (Chapter 3.1).

S. indica-lipids mediated ROS burst is not affected by the extracellular cal-

cium antagonist LaCl3 in N. benthamianaAEQ.

S. indica lipids induced a distinctive ROS burst, accompanied by a minor, yet distinctive in-

crease in cytosolic Ca2+ concentration ([Ca2+]cyt) with a similar peak timing in N. benthamiana

leaves (Chapter 3.1, Figure S3 A-B). The increase in [Ca2+]cyt is mediated by influx of Ca2+

from the apoplast or intracellular compartments. To investigate whether Ca2+-influx from the

apoplast contributes to the S. indica lipids-induced ROS burst, the extracellular calcium antag-

onist lanthanum chloride (LaCl3) was added to the elicitor solutions. In the presence of LaCl3,

no increase in [Ca2+]cyt was observed for all treatments (Figure 3 B), demonstrating that LaCl3

effectively blocks Ca2+-influx in N. benthamiana leaves. Moreover, LaCl3 addition did not affect

the S. indica lipid induced ROS burst, whereas the response to chitohexaose was abolished (Fig-

ure 3 A). This provided further evidence that the S. indica lipid-induced ROS burst might not

depend on Ca2+-influx in N. benthamiana leaves. Overall, the use of such broad-range inhibitors

might affect several other plant processes, which could also affect the plant responsiveness to

MAMPs. Alternatively, more specific Ca2+-channel inhibitors or mutant plants, lacking specific

Ca2+- channels, for instance cyclic nucleotide-gated ion channels (CNGCs), glutamate receptor-

like proteins (GLRs), reduced hyperosmolality-induced [Ca2+]cyt increase channels (OSCAs),

two-pore channels (TPCs) and annexins (ANNs) (G. Xu et al., 2022), could be tested. This

could additionally provide more information on the Ca2+ source.
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Figure 3: S. indica-lipids mediated ROS burst is not affected by the extracellular calcium antagonist
LaCl3 in N. benthamianaAEQ. ROS accumulation (A) and cytosolic Ca2+ concentration ([Ca2+]cyt) (B) in
leaves of 3-weeks old N. benthamianaAEQ plants after treatment with the indicated MAMPs or solvent control as
negative control. 125 µM of LaCl3 was added to the treatments. Values represent means ± SEM from eight wells,
each containing one 3 mm leaf disc. The following concentrations/dilutions were used: S. indica lipid extract:
1:160 , chitohexaose: 250 nM. All treatments contained a final amount of 1:40 (v/v) methanol. Letters indicate
significant differences based on ANOVA + post hoc Tukey test (p ≤ 0.05).

S. indica lipids induce expression of WRKY transcription factors.

In addition to transcriptome analysis of barley roots treated with ergosterol and S. indica lipids

for 2 h, expression of WRKY transcription factors was investigated via qRT-PCR in barley roots

treated with S. indica lipid extract for 2 h and compared to solvent control and chitohexaose

treatment. Expression of HvWRKY2 and HvWRKY33 was induced upon both chitohexaose

and S. indica lipid treatment, while HvWRKY1 expression was only induced upon chitohexaose

treatment. Induction of all three WRKY genes was higher with chitohexaose than S. indica

lipid extract treatment (Figure 4). WRKY transcription factors are a family of transcription

factors conserved in many plant species, characterized by the presence of one or two WRKY

domains, approx. 60 amino acid DNA binding domains containing a conserved WRKYGQK

motif in the N-terminus, and a zinc finger in the C-terminus (Rushton et al., 2010). In barley, 45

WRKY genes have been identified and grouped into three groups together with their A. thaliana

orthologs (Mangelsen et al., 2008). Expression of HvWRKY1 and HvWRKY2, genes from group

II, was shown to be induced upon treatment with several MAMPs (Shen et al., 2007; Wanke et al.,

2020). Both transcription factors were shown to be activated by MAMP perception but function

as repressors of PTI during compatible powdery mildew infection of barley plants (Shen et al.,

2007; D. Yu et al., 2023). HvWRKY2 was suggested to suppresses the plant immune response

by targeting the potential chitin receptor HvCEBiP and inhibiting its expression, thus limiting

PTI signaling, leading to enhanced powdery mildew infection (D. Yu et al., 2023). Similarly,

HvWRKY1 and HvWRKY2 might negatively regulate the S. indica-mediated immune response

in barley to enable host colonization. It would be interesting to investigate whether HvWRKY2
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also interacts with components involved in S. indica lipid perception. Upon MAMP perception

and subsequent MAPK cascade activation, AtWRKY33 is released and induces expression of

plant defense components (J. L. Qiu et al., 2008; Rushton et al., 2010) HvWRKY33 shows

high sequence similarity to AtWRKY33, suggesting a similar function in barley. Interestingly,

both WRKY transcription factors that potentially function as negative and positive regulators

of plant immunity are transcriptionally activated in response to S. indica lipid treatment, thus

might be balancing plant immunity during S. indica colonization.

Figure 4: S. indica lipids induce expression of WRKY transcription factors at 2 hpt. Gene ex-
pression of HvWRKY1, HvWRKY2 and HvWRKY33 relative to the housekeeping gene HvUBI in barley roots
determined by qRT-PCR. Roots were treated with the indicated MAMPs or solvent control for 2h. The following
concentrations and dilutions were used: Chitohexaose: 250 nM, S. indica lipid extract: 1:160 (v/v) dilution. All
treatment solutions contained a final amount of 1:40 (v/v) methanol. Asterisks indicate significant differences
based on Student’s t-test (p ≤ 0.05 *; p ≤ 0.01 **; p ≤ 0.001 ***, p ≤ 0.0001 ****).

S. indica colonization prevents lipid-mediated ROS burst locally but not sys-

temically.

As described above, we observed that S. indica colonization abolished the ergosterol- and S.

indica lipid extract-induced ROS bursts in barley roots at 7 dpi (Chapter 3.1, Figure 3). At 3-

and 13 dpi, a similar response was observed. At both timepoints, all elicitors induced distinct

ROS bursts in mock-treated barley roots (Figure 5 A,C). The peak heights of all ROS bursts were

decreased in mock-treated roots at 13 dpi compared to 3 dpi (Figure 5 C), indicating that roots

of older barley plants are generally less responsive to MAMP treatment. In S. indica-colonized

roots, the ergosterol- and S. indica lipid-induced ROS bursts were completely abolished at 13

dpi (Figure 5 D), while the peak height of the chitohexaose-induced ROS burst was only slightly

diminished. This resembles the observations at 7 dpi (Chapter 3.1, Figure 3 E). However, for

both lipid treatments a minor ROS burst was observed in S. indica-colonized roots at 3 dpi

(Figure 5 B). This could be due to a low amount of S. indica hyphae in the barley root in this
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early stage of colonization or a developmental change during root colonization with S. indica at

later stages of colonization (≤ 7 dpi) being more effective in suppression of host immunity, as

the apoplast becomes extensively colonized. Overall, it demonstrates that S. indica colonization

suppresses lipid-induced ROS bursts in barley roots throughout different colonization phases,

with increasing strength from 3- to 7- and 13 dpi.

Figure 5: S. indica colonization prevents lipid-induced ROS burst in barley roots throughout
different colonization stages. ROS accumulation in mock-treated (A, C) or S. indica-colonized barley roots
(B, D) at 3- (A-B) and 13 dpi (C-D). Roots were washed thoroughly prior to assay preparations to remove
extracellular fungal hyphae. Values represent means ± SEM from eight wells, each containing three root pieces.
The following concentrations and dilutions were used: Chitohexaose and ergosterol: 250 nM, S. indica lipid
extract: 1:160 (v/v) dilution. All treatment solutions contained a final amount of 1:40 (v/v) methanol.

To elucidate whether the suppression of lipid-mediated ROS burst occurs only locally or also

systemically, ROS accumulation was investigated in leaves of S. indica-colonized barley seedlings.

In both mock-treated and S. indica-colonized barley seedlings at 7 dpi, distinct ROS bursts were
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observed in response to all elicitors (Figure 6) with slightly lower peak maxima in S. indica-

colonized seedlings compared to mock-treated seedlings. This might indicate a minor systemic

effect. However, a clear ROS burst was observed in leaves of S. indica-colonized seedlings,

while the fungal lipid mediated ROS burst was completely abolished in S. indica-colonized roots

(Chapter 3.1, Figure 3 F). Beneficial root endophytes are known to induce systemic resistance,

priming their host plants for future pathogen infections. Thus, it was expected that leaves of

S. indica-colonized barley plants are still MAMP responsive and might even show increased

sensitivity. Additional immunity readouts (e.g. MAPK phosphorylation) could help clarify

whether S. indica-colonization leads to a priming effect and ISR in barley leaves. Moreover,

analysis of additional timepoints could be informative.

Figure 6: S. indica colonization does not affect lipid-induced ROS burst in barley leaves. ROS
accumulation in leaves of mock-treated (A) or S. indica-colonized barley roots (B) at 6 dpi. Values represent
means ± SEM from eight wells, each containing one 3 mm leaf disc. The following concentrations and dilutions
were used: treatments: chitohexaose and ergosterol: 250 nM, S. indica lipid extract: 1:160 (v/v) dilution. All
treatment solutions contained a final amount of 1:40 (v/v) methanol.

Barley mlo-5 mutants are not affected in the ergosterol-mediated ROS burst.

Phosphoproteome analysis of chitohexaose-, ergosterol- and S. indica lipid-treated barley roots,

revealed that a MLO-like protein is specifically phosphorylated in response to lipid treatment

(Chapter 3.1, Figure 4 B). HvMLO was initially identified due to its role in powdery mildew

infection. Barley mlo mutant lines showed complete resistance to Blumeria graminis (powdery

mildew) infection (Jørgensen, 1992). In the following years, the effect of mlo mutants in var-

ious plant species and on various microbial interactions was investigated (Jarosch et al., 1999;

Acevedo-Garcia et al., 2017; Kusch & Panstruga, 2017; Hilbert et al., 2020). Acevedo-Garcia et

al., 2017 provided a comprehensive overview of the A. thaliana mlo2 mlo6 mlo12 triple mutant

on interactions with microbes from different kingdoms of life (bacteria, oomycetes and fungi) and

various lifestyles, proposing that a combination of lifestyle and colonization strategy or mode of

plant entry determine the colonization phenotype in the mlo2 mlo6 mlo12 triple mutant. MLO
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mutation conferred resistance mostly against biotrophic microbes that require direct penetration

to enter the plant cells (Acevedo-Garcia et al., 2017). In line with this, in A. thaliana and barley

mlo mutant lines, induced formation of CWAs and subsequent prevention of penetration was

observed (Acevedo-Garcia et al., 2017; Kusch et al., 2019; Hilbert et al., 2020). In barley mlo-5

the increase of CWAs was accompanied by early and systemic iron accumulation in the epider-

mal layer of barley roots (Hilbert et al., 2020). Similarly, increased cell swellings and increased

H2O2 accumulation was observed around B. sorokiniana penetration sites in barley leaves (J.

Kumar et al., 2001). Both iron and H2O2 are involved in cross-linking of CWAs (Hückelhoven,

2014). Although mlo mutants are used in breeding and thoroughly studied on their effect on

several microbial interactions, only few molecular components involved in MLO-mediated sig-

naling were identified.

MLO genes only occur in plants and algae in small to medium-sized families. While barley con-

tains two MLO genes, 15 MLO genes were identified in A. thaliana (Devoto et al., 2003; Acevedo-

Garcia et al., 2014). BLAST analysis of the barley MLO-like protein (HORVU.MOREX.r3.

4HG0410620.1, UniProt-ID: A0A8I6XIF7), revealed that its sequence is identical with HvMLO

(HORVU.MOREX.r2.4HG0342080.1, UniProt-ID: P93766) and the closely related and func-

tionally redundant AtMLO2, AtMLO12 and AtMLO6 are the closest homologs in A. thaliana.

Using barley mlo-5 mutant lines, we investigated whether lack of HvMLO affects ergosterol-

and S. indica lipids-mediated ROS bursts. mlo-5 mutants in the Ingrid accession (Bci mlo-5 )

and mlo-5 mutants in the Pallas accession were used. Both mutant lines contain a mutation in

the first exon of the HvMLO gene (Büschges et al., 1997). Golden Promise wildtype (WT) was

used as reference. No difference in ergosterol or S. indica lipid perception was observed in the

mutant lines compared to the WT control (Figure 7). This indicates that HvMLO might not be

involved in modulation of lipid-mediated ROS accumulation but functions in another signaling

pathway. However, this finding should be confirmed with the proper control (WT) lines in the

same background as used for the mutants.

MLO proteins contain seven transmembrane domains and are located in the PM with an apoplas-

tic N-terminal domain and a cytosolic C-terminal domain (Acevedo-Garcia et al., 2014). Thus,

MLO can potentially integrate both intracellular and extracellular host- or microbial signals

to modulate the plant defense response. The C-terminal domain contains a calmodulin (CaM)

binding domain. Ca2+-dependent CaM-binding to MLO enhances MLO activity in suppression

of defense responses (Kim et al., 2002). The phosphorylation site identified in our phosphopro-

teome analysis is located in the C-terminal domain, downstream of the CaM-binding domain.

Given the previous research on MLO proteins, it is not surprising that ROS accumulation is

not affected in the barley mlo-5 mutant in response to either lipid- or chitohexaose treatment.

MLO most likely regulates further downstream MAMP responses, for instance callose deposition.

MLO was shown to locate to PM nanodomains beneath the penetration site and localization of

MLO was accompanied by enhanced sterol localization (Bhat et al., 2005). Thus, perception of

ergosterol and integration into the plant PM could target MLO to the penetration site, where it

is phosphorylated and activated to reduce callose depositions and facilitate colonization. This
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might explain the phosphorylation upon lipid treatment. The lack of Ca2+-influx in response to

ergosterol or S. indica lipid treatment, which would potentially enhance MLO activity, contrasts

this hypothesis. It would be interesting to investigate whether fungal lipid treatment and chito-

hexaose treatment induce callose deposition to a different degree, potentially due to differential

activation of MLO.

Figure 7: mlo-5 mutants are not affected in ergosterol-mediated ROS burst. ROS accumulation in
roots of seven days old barley Golden Promise WT (A), Ingrid mlo-5 (B) or Pallas mlo-5 (C) roots. Values
were normalized to average solvent control value for each timepoint. Values represent means ± SEM from eight
wells, each containing three root pieces. The following concentrations and dilutions were used: chitohexaose and
ergosterol: 250 nM, S. indica lipid extract: 1:160 (v/v) dilution. All treatment solutions contained a final amount
of 1:40 (v/v) methanol.
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3.3 Lipids in Bipolaris sorokiniana - barley interaction

MAMP-induced ROS accumulation is abolished in Bipolaris sorokiniana-

colonized roots.

S. indica colonization specifically suppressed the fungal-lipid mediated ROS burst in barley roots

(Chapter 3.1, Figure 3 E-F). To investigate whether the suppression is specific for a symbiotic

interaction or also conserved in fungi with other lifestyles, B. sorokiniana-colonized barley roots

were investigated for their ability to perceive MAMPs. B. sorokiniana is a hemibiotrophic

pathogen and the causal agent of spot blotch disease in several crops (J. Kumar et al., 2002).

As it rapidly induces plant cell death via secretion of toxins, early colonization timepoints (2

dpi) were tested. Similar to S. indica colonization, S. indica lipids- and ergosterol-mediated

ROS bursts were suppressed during B. sorokiniana colonization (Figure 8). Moreover, also the

chitohexaose-induced ROS burst was abolished and the flg22-induced ROS burst was greatly

diminished (Figure 8 B). At 2 dpi, slight root browning was observed in B. sorokiniana-colonized

roots (Figure 8 B, inset), indicating an advanced immune reaction accompanied by host cell death

in B. sorokiniana-colonized roots already at early colonization stages. Therefore,the majority

of the host root cells might already be dead or insensitive to MAMP treatment due to previous,

constitutive induction of immunity as a result of B. sorokiniana colonization. Additionally,

total lipid extracts from B. sorokiniana mycelium induced a ROS burst in mock-treated barley

roots, which was suppressed in B. sorokiniana-colonized roots (Figure 8). ROS burst shape and

timing overlapped with the ROS bursts induced by ergosterol and S. indica lipids, indicating

that ergosterol is also present and immunogenic in lipid extract of B. sorokiniana mycelium.

Figure 8: B. sorokiniana colonization prevents MAMP-induced ROS accumulation A-B) ROS accu-
mulation in mock-treated (A) or B. sorokiniana-colonized barley roots (B) at 2 dpi. Roots were washed thoroughly
prior to assay preparations to remove extracellular fungal hyphae. Values represent means ± SEM from eight
wells, each containing three root pieces. The following concentrations and dilutions were used: treatments: chito-
hexaose and ergosterol: 250 nM, S. indica and B. sorokiniana lipid extract: 1:160 (v/v) dilution, flg22: 1 muM.
All treatment solutions contained a final amount of 1:40 (v/v) methanol.
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Ergosterol levels of B. sorokiniana-colonized roots are lower than in S. indica-

colonized roots.

Using GC-MS analysis, indeed ergosterol was detected in B. sorokiniana mycelium lipid ex-

tract. However, ergosterol levels were lower in B. sorokiniana mycelium than S. indica mycelium.

While the relative concentration (normalized to internal standard and mg mycelium freshweight)

of ergosterol was at 0.12 in B. sorokiniana mycelium, relative ergosterol concentration was ap-

proximately 3 to 4 times higher with 0.30 - 0.42 in S. indica mycelium. Similarly, GC-MS

revealed that B. sorokiniana-colonized barley roots contain around 3 to 4 times less free ergos-

terol than S. indica-colonized barley roots (Figure 9A). The high ergosterol levels in S. indica

mycelium and S. indica-colonized roots might have necessitated the evolution of mechanisms to

suppress ergosterol perception in S. indica, while ergosterol perception might be less relevant

during B. sorokiniana colonization. This could explain the specific suppression of fungal lipid

perception in S. indica-colonized roots (Chapter 3.1, Figure 3 E-F).

In addition to their free form, sterols can be present as conjugates of a fatty acid (sterol-esters,

SE), a sugar (sterol glucosides, SG) or a sugar esterified with a fatty acid (acyl sterol glycosides

, ASG) (Der et al., 2024). While free sterols (FS), SG and ASGs are main components of plasma

membranes, SEs accumulate in lipid droplets (LDs) or lipid bodies in the cytosol, regulating

FS homeostasis, in both plants and fungi (Wewer et al., 2014; Ferrer et al., 2017). Previously,

changes in FS and SE have been observed in both plant and fungi upon colonization (Kopischke

et al., 2013; Wewer et al., 2014; Siebers et al., 2016). Fractionation of S. indica mycelium

lipid extract revealed that only the FS fraction but not the SE fraction induced a ROS burst

in barley roots (Chapter 3.1, Figure 1 D). Thus, conjugation of free ergosterol could be one

possible mechanism to evade ergosterol-induced plant immunity. Therefore, in addition to FS,

also the amount of SE in colonized barley roots was analysed using GC-MS. FS and SE of crude

lipid extract were separated by solid-phase extraction and the ester bonds between sterols and

fatty acids hydrolysed by alkaline hydrolysis prior to derivatisation and GC-MS measurement.

Ergosterol-esters were detected in both S. indica- and B. sorokiniana-colonized barley roots at

all timepoints, mimicking the pattern observed in the FS fraction (Figure 9 A-B). Similar to free

ergosterol, the amount of ergosterol-esters was much higher in S. indica-colonized roots than B.

sorokiniana-colonized roots and increased from 3- to 7 dpi (Figure 9 B). Overall, ergosterol ester

levels were up to 80 times lower than free ergosterol levels in colonized barley roots, indicating

that the majority of ergosterol is present as free ergosterol (Figure 9 C). However, the ratio of free

ergosterol to ergosterol-esters was drastically reduced in S. indica-colonized roots compared to S.

indica mycelium (Figure 9 C) and tendentially further decreased over time during colonization

(Figure 9 C), indicating that the relative amount of ergosterol that is present as FS is reduced

while the relative amount of ergosterol-esters is increased during colonization. This indicates

that S. indica modifies its ergosterol metabolism during root colonization, leading to increased

conjugation of ergosterol, even though at late stage colonization, free ergosterol is still present in

colonized roots and approx. 10-fold more abundant than ergosterol-esters. For B. sorokiniana-

colonized roots, the ratio of free ergosterol to ergosterol-esters are in the same range as found

for S. indica-colonized roots (Figure 9 C), indicating that the low amount of free ergosterol in
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B. sorokiniana-colonized roots compared to S. indica-colonized roots is not a result of enhanced

esterification of ergosterol in B. sorokiniana. The amounts of sterols in the ester fraction were

at the lower detection limit of the GC-MS, thus the relative concentrations detected might

not accurately represent the biological situation due to technical limitations. The ratio of free

ergosterol to ergosterol-esters in S. indica mycelium is very high, compared to the ratio of FS to

SE reported in other root colonizing fungi such as Rhizophagus irregularis (Wewer et al., 2014).

Here, only 2-3 times more FS than SE were detected in extraradical mycelium (Wewer et al.,

2014). However, the lifestyle of R. irregularis differs greatly from S. indica and R. irregularis

does not produce ergosterol. Thus, differences in FS and SE levels between the two fungi are

not unexpected.

Transcriptional and functional analysis of S. indica genes encoding acyltransferases and SE

hydrolases, responsible for SE biosynthesis and hydrolysis, respectively, could help to clarify

whether SE biosynthesis is induced during barley colonization compared to axenic culture. In

addition, investigation of the regulation of ergosterol biosynthesis genes during colonization and

the analysis of free ergosterol and ergosterol-ester levels of mycelium of different growth stages

or cultivated in different media could provide valuable insights.

Figure 9: Ergosterol in B. sorokiniana- and S. indica-colonized barley roots. A-B) Quantification
of free ergosterol (A) and ergosterol-esters (B) in free sterol fractions and sterol-ester fractions, respectively, of
mock-treated, S. indica- or B. sorokiniana-colonized barley roots at 3-, 7- and 14- dpi. C) Ratio of free ergosterol
to ergosterol-esters in the same samples and lipid extracts of S. indica mycelium as reference. Letters indicate
significant differences based on ANOVA and post hoc Tukey test (p ≤ 0.05). Statistical analysis was performed
across all timepoints. Relative ergosterol concentration was calculated based on internal standard response and
normalized to sample freshweight.

B. sorokiniana colonization induces modulation of the phytosterol pool in

barley roots.

In S. indica-colonized roots, we observed an increase of the stigmasterol to β-sitosterol ratio in

response to fungal colonization. In B. sorokiniana roots, this increase was even more pronounced

(Figure 10 C). Not only an increase in stigmasterol levels, but also a decrease of β-sitosterol levels

was observed upon B. sorokiniana colonization and over time, leading to an enhanced increase

in the stigmasterol to β-sitosterol ratio in B. sorokiniana-colonized roots compared to S. indica-

colonized roots across all timepoints (Figure 10 A-C). The increase in free stigmasterol in B.

sorokiniana-colonized roots is accompanied by an increase in stigmasterol-ester levels (Figure
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10 D). While the decrease in free β-sitosterol over time observed in all three treatments was

enhanced in B. sorokiniana-colonized roots (Figure 10 B), the level of β-sitosterol-ester was not

reduced in B. sorokiniana-colonized roots over time but in mock-treated roots (Figure 10 E).

Overall, the ratio of stigmasterol- to β-sitosterol-esters increased in B. sorokiniana-colonized

roots compared to mock-treated roots and over time (Figure 10 F), comparable to observations

in FS (Figure 10 C). Increased total stigmasterol biosynthesis in B. sorokiniana-colonized barley

roots would also provide more substrates for esterification, thus could explain the increase in

stigmasterol-esters accompanying the increase in free stigmasterol. Similar to ergosterol, the

relative concentrations of free phytosterols were higher than phytosterol-ester concentrations,

confirming that also phytosterols are mainly present in their free form in the plant cell. Overall,

the ratio of FS to SE was higher for stigmasterol than β-sitosterol (Figure 10 G-H). For both

phytosterols, a decrease in FS to SE ratio was observed upon colonization with both S. indica

and B. sorokiniana at 14 dpi (Figure 10 G-H).

Previously it was shown that SE biosynthesis affects resistance to pathogens in plants. A.

thaliana psat1 mutant lines, defective in SE biosynthesis, depicted an enhanced response to the

non-adapted pathogens Phytophtora infestans, Blumeria graminis and the adapted pathogen

Golovinomyces cichoracearum (Kopischke et al., 2013). This response was characterized by

a macroscopic enhanced cell death phenotype and large aberrant callose depositions but not

accompanied by enhanced pathogen growth (Kopischke et al., 2013). The decrease of SE in the

psat1 mutant line was also accompanied by an increase in SGs, which could contribute to the

observed effect. In barley, we observed an increase in SE of both stigmasterol and β-sitosterol,

leading to a reduced FS to SE ratio upon colonization of both S. indica and B. sorokiniana. This

could potentially suppress an immune response and for example restrict callose deposition. Since

SG levels were changed in A. thaliana psat1 mutant lines, it would be interesting to analyse SG

levels in colonized barley roots as well.
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Figure 10: B. sorokiniana colonization induces modulation of the phytosterol pool in barley. Mea-
surement of phytosterol content in mock-inoculated, S. indica- or B. sorokiniana-colonized barley roots at 3-, 7-,
and 14-days post inoculation (dpi). The amounts of stigmasterol (stigmasta-5,22-dien-3β-ol) (A) and β-sitosterol
(24β-ethylcholest-5-en-3β-ol) (B) were measured via GC-TOF-MS and the ratio of stigmasterol to β-sitosterol
was calculated (C). Letters indicate significant differences based on ANOVA and post hoc Tukey test (p ≤ 0.05).
Statistical analysis was performed across all timepoints. Relative sterol concentration was calculated based on
internal standard response and normalized to sample fresh weight.

In line with the enhanced increase in stigmasterol to β-sitosterol ratio in B. sorokiniana-colonized

roots compared to S. indica-colonized roots, expression of the stigmasterol biosynthesis gene

HvCYP710A1, which performs the desaturation step converting β-sitosterol to stigmasterol, was

induced upon B. sorokiniana colonization at 6 dpi (Figure 11 A), while it was not significantly

induced during S. indica colonization (Figure 11 B). This further indicates that B. sorokiniana

leads to a more pronounced change in phytosterol composition, probably due to an overall

enhanced immune reaction. S. indica, as a beneficial root endophyte suppresses activation of

immunity, while B. sorokiniana requires host cell death for its virulence, thus seeks to induce a

strong immune response leading to HR and subsequently host cell death.
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Figure 11: B. sorokiniana colonization induces HvCYP710A1 expression. Expression of the stigmas-
terol biosynthesis gene HvCYP710A1 relative to the housekeeping gene HvUBI in B. sorokiniana- (A) and S.
indica- (B) colonized barley roots compared to mock-treated barley roots determined by qRT-PCR. Roots were
colonized for 3- and 6 days for B. sorokiniana and 1-,3-,7- and 14 days for S. indica. Roots were washed thor-
oughly prior to RNA extraction. Asterisks indicate significant differences based on Student’s t-test (p ≤ 0.05 *;
p ≤ 0.01 **; p ≤ 0.001 ***, p ≤ 0.0001 ****).
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Discussion

4.1 Function of frequent branching and decoration of EPS in

mutualistic plant-microbe interactions.

Bacteria are often surrounded by an EPS matrix, which serves multiple functions in modulation

of plant innate immunity. On the one hand, EPS-derived carbohydrates can act as MAMPs

while on the other hand they can inhibit or modulate immune responses. The ability to induce

immunity or suppress immune responses depends on structure, decoration and physicochemical

properties of the respective carbohydrate (Aslam et al., 2008; Silipo et al., 2010; Vanacore et al.,

2022). Previous reports indicated that bacterial EPS can suppress plant immune responses due

to their polyanionic nature, which allows them to bind or chelate ions like calcium and scavenge

ROS (Aslam et al., 2008; Silipo et al., 2010). On the contrary, bacterial EPS, LOS (lipooligosac-

charide) and LPS (lipopolysaccharides) can also induce plant immunity (Silipo et al., 2010).

In Chapter 2.1, we investigated structure and properties of the EPS produced by Flavobacterium

sp. Root935. Using compositional and linkage analysis combined with 1H-NMR, we identified

a complex branched heptasaccharidic repeating unit, containing a variety of sugar moieties,

including Rha, Fuc, GlcN, Fuc4N, Gal, Man and QuiN and an important and extended substi-

tution pattern, including acetyl and lactyl groups (Chapter 2.1, Figure 2-3). Treatment of A.

thaliana seedlings with natural EPS resulted in minor ROS accumulation, which was enhanced

upon treatment with de-O-acylated EPS (EPSdeO), (Chapter 2.1, Figure 6). Furthermore, no

increase in cytosolic calcium concentration was observed in A. thaliana seedlings with either nat-

ural or de-O-acylated Flavobacterium EPS. Thus, Flavobacterium EPS might sequester calcium

ions and prevent calcium influx, as described previously (Aslam et al., 2008). Calcium influx

and ROS accumulation are often connected in a positive feedback loop upon MAMP perception

(Marcec et al., 2019; Marcec & Tanaka, 2022). Thus, the weaker ROS response to the EPS

could be explained by the lack of calcium influx upon EPS perception. Lectins, a diverse group

of carbohydrate binding proteins that function in both plant root symbiosis and defense (Hoff

et al., 2009), displayed weak or negligible binding to the native EPS, likely due to its complex

structure and decoration with multiple acetyl groups (Chapter 2.1, Figure 5). This indicates,

that the structure and extensive decoration of Flavobacterium EPS masks it for recognition by
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plant hosts and prevents binding to lectins. Whether the acetyl-decorations also contribute to

the calcium chelation ability needs to be investigated. Previous studies demonstrated that LPS

from Herbaspirillum sp. Root 189, another member of the same microbial community, isolated

from A. thaliana roots, is shielded from perception by extensive O-acylation as well (Vanacore

et al., 2022), supporting our findings. Moreover, Rhizobia EPS are also often O-acylated and

were shown to modulate RNS, potentially by binding to symbiosis receptors (S. J. Kelly et al.,

2013; Kawaharada et al., 2015; S. Kelly et al., 2023), indicating that O-acylation of EPS might

act as a symbiosis signal.

Similar to bacteria, also fungi produce an EPS matrix, which is loosely attached to the outer

CW layer (Wanke et al., 2021). In Chapter 2.2, we characterized the EPS matrix of S. indica

and showed that also fungal EPS matrices can modulate the plant immune response. The EPS

matrix of S. indica functions as a reservoir of several fungal WSC-domain containing glucan

binding proteins and hydrolytic enzymes (Chapter 2.2, Figure 2), potentially involved in host

colonization. One example of a WSC-domain containing proteins is SiWSC3, which was shown

to bind to long β-1,3-linked glucans, potentially promoting adhesion between cells (Wawra et

al., 2016). Moreover, fungal lectins such as SiFGB1, mostly found in S. indica cell wall- and

culture filtrate (Chandrasekar et al., 2022) were shown to bind β-glucans in the EPS matrix

and potentially interfere with downstream immunity components to prevent recognition of β-

glucan MAMPs (Wawra et al., 2016, 2019). Furthermore, the S. indica EPS matrix contains

β-glucan fragments with ROS scavenging properties, which are released by the host endoglu-

canase HvBGLUII. HvBGLUII digestion of the S. indica EPS matrix leads to release of a

decasaccharide (β-GD), consisting of seven β-1,3-linked D-glucose backbone units substituted

with three terminal β-1,6-glucose units. β-GD does not induce immunity but scavenges ROS

in the apoplast and thereby modulates the plant immune response, enhancing S. indica colo-

nization (Chapter 2.2, Figure 4). The heptasaccharide laminariheptaose, which resembles the

β-GD backbone, induces plant immunity, thus we hypothesize that the β-1,6-branches of β-

GD are essential for the ROS scavenging capability. Moreover, they protect the decasaccharide

from further digestion by plant hydrolytic enzymes. Antioxidant properties were described for

many β-glucans and shown to be determined by several physico-chemical properties such as the

degree of branching (H. Wang et al., 2013). While β-1,3-linked backbones, substituted with

β-1,6-linked glucans are common in fungi and oomycetes, there is no evidence for β-1,6-linked

glucans in plants. Therefore, β-1,6-linkages could be recognized as non-self in plants (Nars et

al., 2013). However, Wanke et al., 2020 showed that perception of immunogenic long-chain β-

glucans does not rely on β-1,6-linkages but is rather regulated by degree of polymerization (DP)

(Wanke et al., 2020). Interestingly, perception of the highly substituted long-chain β-1,3-glucan

laminarin isolated from Eisenia bicyclis (Eb), is reduced compared to laminarin isolated from

Laminaria digitata (Ld), which shows a less frequent branching pattern in barley (Wanke et al.,

2020). This indicates, that a high branching frequency could hinder perception of β-1,3-glucans

by immunity receptors.

It was shown that branched and unbranched β-1,3-glucans are often arranged in triple helices.
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A high frequency of side chains leads to formation of a more condensed triple helix and the

formation of a one-dimensional cavity in the middle. Further, the unbranched glucan curdlan,

is water-insoluble, while the presence of β-1,6-side chains makes glucans such as shizophyllan

water-soluble (Okobira et al., 2008). Triple helix formation requires a DP of more than 200, thus

only applies for very long-chain β-glucans. Ld Laminarin, which usually has a DP of around

25 is mostly found in its monomeric, water soluble and disordered form rather than in triplex

structures (Manabe & Yamaguchi, 2021). However, the short β-glucan laminarihexaose was

shown to form pseudo-quadruplex structures mimicking β-glucan triple helices to bind proteins.

Further, β-glucan binding affinity to lectin-domains is affected by β-1,6-branching (Pluvinage

et al., 2017). In combination with the results from bacterial EPS, this indicates that frequent

branches and decorations might be a common mechanism to prevent receptor binding and subse-

quent immunity activation. Interestingly, HvBGLUII also released a similar decasaccharide from

B. sorokiniana EPS matrix and the β-GD released from B. sorokiniana EPS matrix showed the

same ROS suppressing activity (Chapter 2.2, Figure 6), indicating both pathogenic and benefi-

cial microbes use similar mechanisms to evade host immunity and facilitate colonization.

Chapter 2.3 summarizes the recent study by S. Kelly et al., 2023, in which the Lotus japonicus

LysM receptor kinase LjEPR3a was identified (S. Kelly et al., 2023). LjEPR3a is a close rela-

tive of the known EPS receptor LjEPR3 (Kawaharada et al., 2015) and highly expressed during

arbuscular mycorrhiza symbiosis. Recently, the structure of the EPR3 ectodomain was resolved

and EPR3 thus identified as a representative of a unique class of plant LysM-RLKs (Wong et

al., 2020). Microscale thermophoresis (MST) binding assays revealed that both LjEPR3 and

LjEPR3a bind β-1,3/1,6-linked glucans with similar affinity (S. Kelly et al., 2023). EPR3a was

able to bind both Eb and Ld laminarin. However, binding affinity to Eb laminarin was much

higher than to Ld laminarin, indicating that LjEPR3a preferably binds highly branched β-1,3-

glucans. In line with this, LjEPR3a showed the highest binding affinity to S. indica β-GD,

which is also highly branched. Moreover, LjEPR3 and LjEPR3a bound EPS from different

Rhizobia and affinity of LjEPR3a to M. loti EPS was comparable to S. indica β-GD. Simi-

lar to S. indica EPS, Rhizobia EPS comprise also β-1,6-branched glucans (S. J. Kelly et al.,

2013; Kawaharada et al., 2015; S. Kelly et al., 2023). Altogether, this suggests multiple roles

for β-1,6-branching frequency of β-1,3-backbones. Frequent β-glucan branching prevents per-

ception of β-glucans as MAMPs and mediates modulation of downstream immune responses

such as ROS scavenging. Moreover, frequently branched β-glucans are perceived by symbiosis

receptors such as LjEPR3a, potentially activating symbiosis signaling pathways. LjEPR3a was

shown to modulate AMS. Thus, isolation and characterization of Rhizophagus irregularis EPS

would be beneficial to evaluate whether AM fungi harbour similar structures like the S. indica

β-GD. Transcriptomic analysis of β-GD or Eb laminarin treated L. japonicus plants would be

a valuable next step to identify genes and pathways differentially regulated upon ligand bind-

ing of LjEPR3 and LjEPR3a and compare these to the known symbiosis signaling pathways

induced by AMS or RNS. Additionally, crystallization of the receptors could reveal ligand bind-

ing pockets and preferential substrate structures to verify that branching is essential for binding.

144



Chapter 4. Discussion

4.2 Plant- and microbial lipids modulate plant immunity.

Upon plant colonization, microbial lipids can be perceived as MAMPs and activate host immu-

nity (Figure 2, pink box). In relation to other MAMP classes, only few lipid MAMPs have been

identified so far. Examples are the sterol lipid ergosterol, the main sterol of fungal membranes,

medium chain 3-OH fatty acids, released from bacterial LPS, and a 9-methyl-sphingoid base

(9-me-Spd), released from the oomycete ceramide Pi -Cer-D as well as eicosapentaenoic acid

(EPA), derived from Pi -DAG (Figure 2). While 3-OH fatty acids and 9-me-Spd were shown to

be perceived by lectin-RLKs in A. thaliana, no receptor was identified for Pi -DAG or ergosterol

so far. In Chapter 3.1, we investigate the perception of lipids isolated from the beneficial root

endophytic fungus Serendipita indica in the crop barley. We demonstrate that S. indica lipids

induce a canonical PTI response in barley roots and identify ergosterol as the main immuno-

genic component of S. indica lipid extract. Although, chitohexaose, ergosterol- and S. indica

lipids activate similar PTI mechanisms, timing and intensity of the responses vary, indicating

that the fungal lipid-induced immune response in barley roots is distinct from the chitohexaose-

induced response. Ergosterol- and S. indica lipids-mediated ROS burst might not depend on

Ca2+-influx in barley roots and desensitization experiments revealed that the fungal lipids are

perceived by distinct receptors compared to chitohexaose (Chapter 3.1, Figure 1, 3). The hy-

drophobic nature of lipids might allow novel perception mechanisms distinct from membrane

bound, apoplastic receptors. In an aqueous space as the apoplast, lipids are likely to associate

to hydrophobic compartments and potentially integrate into the plant PM (X. Xu et al., 2001;

Klemptner et al., 2014). For a long time, it was not clear if and in which form lipids exist in

the apoplastic space. Here, we provide evidence that ergosterol is present in apoplastic fluid of

S. indica-colonized barley roots (Chapter 3.1, Figure 2). Different fungi were shown to release

ergosterol-containing extracellular vesicles (Rodrigues et al., 2007; Vargas et al., 2015), thus

we propose a similar mechanisms for S. indica during host colonization. We provide evidence

for the activation of plant lipid signaling pathways in response to ergosterol treatment. Specif-

ically proteins involved in PIP signaling were phospho-regulated and expression of diterpene

biosynthesis genes induced, leading to exudation of hordedanes, diterpenes with antimicrobial

properties (Y. Liu et al., 2024). Thereby, we demonstrate that fungal lipid perception activates

plant lipid signaling, modulating host immunity.

Plant membrane lipids are integral for early PTI responses. They control protein distribu-

tion in membranes, modulate endo- and exocytosis, interact with the cytoskeleton and regulate

membrane trafficking (Xing et al., 2021). Anionic phospholipids, which include phosphatidic

acid (PA) and phosphatidylinositol phosphates (PIPs) only represent a small percentage of all

membrane lipids, but their production can be massively increased upon stresses, characterizing

them as important lipid signals (Noack & Jaillais, 2020). Due to their negative charge, anionic

phospholipids modulate the physico-chemical properties of membranes such as surface charges

or curvature and protein assembly (Noack & Jaillais, 2020). PIPs and PA function as landmarks

for different membranes inside the plant cell and were shown to accumulate in specific zones of

the plant PM during microbial interactions. For instance, upon powdery mildew infection of

A. thaliana, PI4P was depleted, while PI(4,5)P2 was recruited to haustorial membranes, acting
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as a susceptibility factor (Qin et al., 2020). Similarly, PI4P, PI(4,5)P2 and PA accumulated in

discrete regions of the periarbuscular membrane during AMS (Ivanov & Harrison, 2019). During

infection by Blumeria graminis, A. thaliana phospholipase D (PLD) was shown to re-localize

from the PM to papillae,leading to PA accumulation, which initiates ROS and JA signaling at

the pathogen entry site (Xing et al., 2019).

In both plants and animals, accumulation of PIPs and PA was shown to target proteins to an-

ionic lipid-enriched membrane regions, forming membrane nanodomains (Gronnier et al., 2017;

Barnett & Kagan, 2020; Jaillais & Ott, 2020; Abe et al., 2024), local accumulations of molecules,

lipids and proteins in the membrane plane on a nanometer scale (Jaillais et al., 2024). In plants,

one of the major protein groups, that assemble into nanodomains are remorins (REMs), which

are targeted to PI4P-enriched membrane regions (Gronnier et al., 2017). Plant receptor kinases,

such as AtFLS2 and the growth receptor BRASSINOSTEROID INSENSITIVE 1 (AtBRI1),

were shown to associate in receptor clusters in the PM which co-localize to REM membrane

nanodomains (L. Wang et al., 2015; Bücherl et al., 2017). Whether this co-localization is medi-

ated by recruitment of RLKs via PIPs or REMs is not known. Besides anionic phospholipids,

also sphingolipids and sterols can assemble in and recruit proteins to membrane nanodomains

(Gronnier et al., 2017; Grosjean et al., 2018; Ukawa et al., 2022; Der et al., 2024). For instance,

localization of AtRBOHD was disrupted in PMs of A. thaliana fah1cfah2 mutant lines, dis-

playing reduced 2-hydroxy sphingolipid levels and subsequently affected in sterol composition

(Ukawa et al., 2022).REMs associate to nanodomains in a β-sitosterol dependent manner (Bhat

et al., 2005) and flg22-binding to AtFLS2 was shown to enhance co-localization with AtFlotilin1

(Flot1), a marker for sterol-rich membrane nanodomains (M. Yu et al., 2017). Sterol deficient

A. thaliana steroid methyltransferase 1 (smt1) mutants were defective in proper flg22 immune

response (Cui et al., 2018). Similar to PIPs, an enrichment of phytosterols was observed in

barley root epidermal cells at the penetration site of powdery mildew (Bhat et al., 2005). In

fungi, sterol-enriched nanodomains were shown to regulate polar growth (Bühler et al., 2015)

and during the Magnaporthe oryzae-rice interaction, ergosterol nanodomains are proposed to act

as effector translocation platforms in the fungal membrane and activate clathrin mediated en-

docytosis (CME) (Guo et al., 2023; Oliveira-Garcia et al., 2023). This indicates that formation

of lipid nanodomains is a conserved mechanism in both plants and microbes at the interaction

interface, controlling immunity signaling and effector translocation, respectively. Thus lipid

biosynthesis and localization needs to be tightly regulated.

Phosphoproteomic analysis of barley roots revealed rapid phospho-regulation of several proteins

involved in PIP signaling, namely a PI4K, PI3P5K, DGK and SacI-like domain containing pro-

tein, upon ergosterol and S. indica lipid treatment (Chapter 3.1, Figure 4). Together, PI4K,

PI3P5K, DGK and the SacI-like domain containing protein can modulate PI4P, PI(4,5)P2, DAG

and PA levels in host cells. In addition, we observed an increase of the stigmasterol to β-sitosterol

ratio in S. indica-colonized roots (Chapter 3.1, Figure S4). Altogether, this suggests that pro-

teins involved in ergosterol perception and signaling might associate in membrane nanodomains

at the fungal penetration site, induced by modulation of PIP and phytosterol levels. These
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nanodomains might not only facilitate MAMP perception but also modulate the host immune

response. Fungal lipid treatment induced phosphoregulation of HvMLO, which was shown to

be targeted to nanodomains (Bhat et al., 2005) and thus might also associate to nanodomains

upon ergosterol perception. HvMLO was shown to reduce callose depositions (Kusch et al., 2019;

Hilbert et al., 2020), thereby potentially mediating fungal entry into the host cell. Similarly,

HvGBP1 restricts callose depositions, acting as a compatibility factor during S. indica coloniza-

tion (Wanke et al., 2023). Additionally, PRR complexes, perceiving other MAMPs could be

recruited to allow trans-phosphorylation of co-RLKs of different PRRs to prime the plant for

detection of additional MAMPs as described for AtBAK1 and AtCERK1 (Gong et al., 2019).

At the same time, a change in PIP levels might activate endocytosis of PRR complexes to avoid

constant activation of immunity signaling, as indicated by desensitization experiments in barley

roots (Chapter 3.1, Figure 3). Additionally, integration of ergosterol into the plant PM could

trigger phospholipid production, to retain lipid homeostasis in the membrane. Finally, activation

of DGK indicates production of PA upon ergosterol perception, which enhances the ergosterol-

induced ROS burst (Chapter 3.1, Figure 5), potentially via inhibition of RBOH degradation as

described in A. thaliana (Kong et al., 2024; Qi et al., 2024). This suggests that membrane lipid

remodelling affects several components involved in plant immunity signaling. Further investi-

gations are needed to clarify the role of plant membrane lipids in ergosterol perception and S.

indica colonization.

4.2.1 Oxysterol binding proteins mediate lipid transport and perception in

plant-fungal interactions.

Despite being present in the apoplast during root colonization and likely being able to integrate

into the plant PM, it is unclear how ergosterol is transported.Oxysterol binding proteins (OS-

BPs) and OSBP-related proteins (ORPs) are a family of evolutionary conserved lipid transfer

proteins (LTPs) that share a C-terminal OSBP-related domain (ORD), which can bind sterols

or phospholipids (Chen et al., 2022). Additionally, ORPs might contain a pleckstrin homol-

ogy (PH) domain, or ankyrin repeat domain, allowing PIP and protein binding, respectively

(Chen et al., 2022). OSBPs and ORPs were shown to mediate non-vesicular lipid transport

and act as lipid sensors or transporters at membrane contact sites (MCSs) in mammals, yeast

and filamentous fungi (Stefan et al., 2011; S. Qiu & Zeng, 2019; Nakatsu & Kawasaki, 2021).

While PI4P is abundant in the PM, it is degraded in the endoplasmic reticulum (ER) by Sac1,

producing a PI4P gradient. Along this gradient, ORPs can transport PI4P from the PM to

the ER, while simultaneously allowing a counter-transport of sterols from the ER to the PM

(Nakatsu & Kawasaki, 2021). Thereby, ORPs present a way to transport sterols, synthesized

at the ER to the PM. Structural analysis of the yeast oxysterol-binding protein homologue 4

(Osh4 or Kes1) revealed a barrel like structure with a hydrophilic outside and a hydrophobic

tunnel in the center, which is closed with a lid and resembles other lipid transport proteins

(Im et al., 2005). Osh proteins of filamentous fungi such as Aspergillus nidulans and Candida

albicans were shown to control filamentous growth and conidiospore formation potentially by

controlling PI4P and sterol localization (Bühler et al., 2015; Ghugtyal et al., 2015). ORPs of

the filamentous plant pathogenic fungus Magnaporthe oryzae are also involved in hyphal growth
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and conidiation of the fungus and important for its virulence (Chen et al., 2022). This indi-

cates that defined sterol and PI4P distribution in the plasma membrane is essential for fungal

proliferation and virulence. Ergosterol is the most abundant sterol of many fungal membranes

and several mammalian ORPs and yeast Osh proteins were demonstrated to bind ergosterol

or dehydroxyergosterol (DHE) (S. Qiu & Zeng, 2019; Nakatsu & Kawasaki, 2021), thus fungal

ORPs or Osh proteins likely transport ergosterol.

In A. thaliana, twelve OSBP homologs were identified, which showed similar structure and

function as the yeast Osh proteins (Saravanan et al., 2009), thus plant ORPs potentially also

function in non-vesicular lipid trafficking and regulate sterol and PIP distribution inside the

cell. In addition, plant and fungal ORPs might function as danger signals. Infiltration of A.

thaliana leaves with ORPs isolated from A. thaliana (AtORP4C) or M. oryzae (MoORP3)

induced an immune response and enhanced disease resistance against Pseudmonas syringae DC

3000 (Chen et al., 2022). Moreover, all six M. oryzae ORPs induced ROS accumulation in

N. benthamiana leaves, leading to different levels of cell death (Chen et al., 2022). ORPs are

thought to be cytoplasmic proteins and do not carry predicted signal peptides. However, Chen

et al., 2022 detected MoORP3 in culture filtrate of M. oryzae liquid cultures and apoplastic

fluid of barley leaves, infected with M. oryzae, indicating secretion via unconventional secretion

pathways potentially mediated by their lipid transporter function or secretion in EVs.

In some aspects, the immune response induced by MoORPs in N. benthamiana and A. thaliana

resembles our observations on ergosterol and S. indica lipid perception (Chapter 3.1). In both

studies, the immune response is independent of the co-receptor kinase BAK1 and no clear ROS

burst could be observed in A. thaliana, while the response in N. benthamiana was more clear.

For both ORPs and ergosterol, the immune response was weaker and occurred later compared

to the model MAMPs flg22 (Chen et al., 2022) or chitohexaose (Chapter 3.1, Figure 1). Thus,

the question arises whether ergosterol might be bound to the MoORPs, isolated from M. oryzae

and responsible for the observed immune response or fungal ORPs might mediate ergosterol

perception. On the other hand, the typical ORP funnel structure could make ergosterol inac-

cessible for perception by plant proteins, shielding it from plant perception. In turn, plants

might have evolved receptors to perceive ORPs instead. A similar mechanism was observed for

the M. oryzae GH17 exoglucanase (Ebg1). M. oryzae secretes MoEbg1 to degrade β-glucan

MAMPs released from the fungal cell wall and EPS matrix and prevent immunity activation.

However, MoEbg1 itself induces host immunity. Thus M. oryzae secretes elongation factor 1

alpha (MoEF1α) which sequesters MoEbg1 (H. Liu et al., 2023). Further, fungal ORPs could

mediate ergosterol perception by the plant host, by transferring ergosterol from fungal EVs to

the host PM. Thus, it would be interesting to co-treat barley roots with ergosterol and S. indica

ORPs to investigate whether the immune response is enhanced. Currently, our experimental

system to examine ergosterol perception in barley roots is devoid of fungal proteins, hence er-

gosterol perception does not fully rely on fungal ORPs. However, the observed response to

ergosterol is weaker than for instance to chitohexaose, thus could potentially be enhanced by

ORP co-treatment. Upregulation of ORP gene expression was observed in potato and barley

upon pathogen infection (Avrova et al., 2004; Hein et al., 2004), indicating a role for plant ORPs
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in plant immunity, potentially as sterol receptors. Although AtORP3 did not bind ergosterol

(Saravanan et al., 2009), it cannot be excluded that other plant ORPs can bind ergosterol.

Assessment of barley ORP expression and protein levels in response to ergosterol treatment

and S. indica colonization is needed to evaluate the role of host ORPs in ergosterol perception

and during S. indica colonization. Additionally, a search for ORP homologs in S. indica and

their regulation in the available phosphoproteomics and transcriptomics data from Saake et al.

(Chapter 3.1) will help clarify their contribution to fungal lipid perception. Moreover, plant

ORPs could potentially mediate the changes in phytosterol composition in S. indica-colonized

barley roots (Chapter 3.1, Figure S4). The observed phosphorylation of barley PI4K (Chapter

3.1, Figure 4) could lead to enhanced PI4P production, which might result in an enhanced PI4P

gradient from the PM to the ER to allow increased transport of sterols to the PM by ORPs.

Moreover, changes in PI4P levels could recruit plant ORPs to the PM, potentially facilitating

ergosterol perception.

4.2.2 Differential effect of colonization by pathogenic and beneficial fungi on

phytosterol composition and fungal lipid perception.

In Chapter 3.3, we compare the suppression of ergosterol perception and the changes in phytos-

terol composition in barley roots upon S. indica colonization to colonization with the pathogen

B. sorokiniana. We observed an enhanced increase in the stigmasterol to β-sitosterol ratio in

barley roots upon B. sorokiniana colonization, which was also present but less pronounced upon

S. indica colonization (Chapter 3.3, Figure 9). This is in line with the observation that coloniza-

tion by beneficial microbes induces only mild plant immune responses while the immune response

to pathogens is much stronger (Zamioudis & Pieterse, 2012). Moreover, these results indicate

that an increase in the stigmasterol to β-sitosterol ratio is a conserved immune response upon

colonization of fungi of different lifestyles. In addition, we investigated the ratio of FS to SEs

in colonized barley roots. We observed an increase in SE of both stigmasterol and β-sitosterol,

leading to a reduced FS to SE ratio upon colonization of both S. indica and B. sorokiniana

(Chapter 3.3, Figure 10 G-H). Callose deposition was shown to be enhanced in the A. thaliana

psat1 mutant, defective in SE formation (Kopischke et al., 2013). Thus, the increase in SE could

potentially suppress an immune response and for example callose deposition to facilitate fungal

accommodation.

Moreover, as we observed that S. indica colonization suppresses the ergosterol-induced ROS

burst, presence of high amounts of ergosterol in S. indica mycelium and S. indica-colonized bar-

ley roots might have necessitated evolution of immunity suppression pathways in S. indica, which

are not required in B. sorokiniana. In addition to ergosterol, flg22 and chitooctase perception in

A. thliana and laminarin perception in barley were also shown to be suppressed during S. indica

colonization (Jacobs et al., 2011; Wawra et al., 2016), which indicates that the ability to sup-

press the ergosterol-induced ROS burst is part of a general mechanism to suppress immunity by

for instance suppressing the synthesis of apoplastic ROS. Characterization of S. indica effectors

is constantly advancing and will greatly contribute to understanding the molecular mechanisms

whereby S. indica suppresses the host immune response to establish a stable interaction.
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4.2.3 Recent advances in lipid visualization and quantification methods.

In recent years, research on plant lipids and their role in plant immunity gained a lot of interest,

leading to the establishment of new concepts unifying protein and lipid research to explain PTI

signaling in more depth. Recent advances in life-imaging techniques and the development of lipid

biosensors have paved the way to visualize lipid dynamics in vivo on a cellular level in steady-

state conditions but also under abiotic or biotic stresses (Xing et al., 2021). Photoactivated

localization microscopy (PALM), stochastic optical reconstruction microscopy (STORM) and

variable angle-total internal reflection fluorescence microscopy (VA-TIRFM) provide localiza-

tion information on single molecules, labelled with a fluorescent dye or -protein, on a nanometer

scale (Xing et al., 2021; L. Wang et al., 2024). These single molecule techniques allow not

only visualization of fluorescently labelled lipid molecules but also membrane proteins (L. Wang

et al., 2024). While proteins can be easily fused to fluorescent dyes or -proteins such as green

fluorescent protein (GFP), only few fluorescent lipid markers are known. The transgenic A.

thaliana PIP-lines expressing one or multiple protein lipid binding domains (LBDs), were shown

to specifically bind PIPs, fused to different fluorescent proteins including CITRINE, CHERRY

and CyPET (Simon et al., 2014). Due to the use of multiple fluorescent proteins, PIP-lines

can be easily combined with compartment markers and crosses of single marker lines allow co-

labelling of multiple PIPs at a time. Similarly, known PA binding domains were used to develop

PA biosensors such as the Spo20p-based PA biosensor (Potocký et al., 2014) and PAleon, a PM-

anchored Förster resonance energy transfer (FRET)-based PA specific biosensor using the first

250 N-terminal amino acids of A. thaliana RBOHD (W. Li et al., 2019). Recently, a modified

RBOHD-based PA biosensor, using only the first 160 N-terminal amino acids fused to GFP, was

shown to function as a dynamic and mobile fluorescent PA sensor (T. Li et al., 2023). Fusion of

peptide tags to the N- or C-terminal of the sensor target the sensor to membranes inside a cell

to visualize PA in distinct subcellular compartments (T. Li et al., 2023). This allows monitoring

of dynamic PA responses to environmental stimuli in plant cells, expanding our understand-

ing of synthesis, transport and metabolism of PA and associated processes. To visualize sterol

localization in plant- or fungal cells, often proteins associated with sterol-enriched membrane

nanodomains such as flotillin or remorins are used (Guo et al., 2023; Oliveira-Garcia et al.,

2023). Furthermore, the fluorescent antibiotic filipin or fluorescently labelled sterol analogues

are used as sterol markers (Leeuwen et al., 2008; Sezgin et al., 2016). However, filipin does not

allow live imaging due to toxicity and sterol analogues often carry bulky chemical groups which

might alter their behaviour. Fluorescent probes such as domain 4 (D4) of the bacterial toxin

perfringolysin O or the improved allele D4H are promising alternatives (Mizuno et al., 2011;

Maekawa et al., 2016; Marek et al., 2020). Sterol biosensors often bind the sterol backbone and

thus do not distinguish between different sterols, making their use in bipartite systems difficult.

Moreover, most lipid biosensors are established in A. thaliana, while transfer to other plant

hosts such as barley might be challenging. Lipid quantification methods such as radioactive

isotope labelling and lipidomics, can provide important information about lipid abundance but

cannot distinguish between lipids originating from plants or microbes when they are present in
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both organisms. Although chromatography techniques to detect lipids have greatly advanced

in the past decades, still many challenges remain. For instance, most liquid chromatography-

mass spectrometry (LC-MS) methods are information dependent and cannot detect unknown

lipids, isomers are very difficult to separate and the matrix effect affects ionization of co-eluted

analytes (Y. Liu et al., 2024). Changes in total abundance might be only minor and differences

in low-abundance lipids difficult to detect with these bulk methods. Therefore, establishment of

lipid biosensors in other plant hosts is essential to deepen our understanding of lipid localization

during plant-microbe interactions. Moreover, depletion of specific phospholipids is a useful tool

to decipher their importance in certain responses. Since steady-state depletion might trigger

indirect effects, inducible and tunable systems such as iDePP (inducible depletion of PI(4,5)P2

in plants) are essential (Doumane et al., 2021).

In this study, we postulate that PIP signaling is activated and potentially involved in facilitating

and enhancing ergosterol perception in barley roots. Thus, investigation of PIP levels using bulk

lipid quantification methods and PIP localization using biosensors is required to monitor the

changes upon ergosterol treatment. Additionally, it would be interesting to develop S. indica

strains expressing sterol marker probes such as D4H to decipher whether ergosterol integrates

into the host membrane during colonization. Moreover, PIP signaling is highly intertwined with

membrane trafficking processes. Often, chemical inhibitors of endo- and exocytosis are used

to investigate the contribution of these processes to signaling events. However, broad-range

inhibition of membrane trafficking can lead to various off-target effects, making the results dif-

ficult to interpret. Especially monitoring ROS accumulation, which can be triggered by various

stresses is difficult to combine with strong inhibitors. Furthermore, vesicle trafficking is coupled

to cytoskeleton remodelling but many factors regulating these processes during plant-microbe

interactions remain still unknown. The contribution of the complex cell wall-PM-cytoskeleton

continuum to host immune responses during plant microbe interactions needs further investiga-

tion.

4.3 Beneficial microbes as promising alternatives to chemical

fertilizers and pesticides.

With the constantly growing world population, potentially reaching 10 billion people by 2050

and an overall increase in prosperity, the global food demand increases. At the same time,

arable land decreases and crop plants are exposed to increasing abiotic and biotic stresses due

to climate change. The Intergovernmental Panel on Climate Change (IPCC) proposes an in-

crease in temperature of around of 2.2 ◦C to 3.5 ◦C and sea level rise of 2 to 3 m by 2100

(Calvin et al., 2023). With that, extreme weather phenomena such as droughts, flooding and

heavy winds increase. This increase of abiotic stress also renders crop plants more vulnerable to

pathogen infection (Lahlali et al., 2024). Moreover, rising temperatures are projected to increase

the abundance and broaden the range of many soil-borne pathogens (Delgado-Baquerizo et al.,

2020; Singh et al., 2023). Increased global interactions allow spread of pathogens to new areas

and new hosts, further increasing the pathogen thread for crop plants and potentially leading
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to pandemic outbreaks (Ristaino et al., 2021; Lahlali et al., 2024). Furthermore, monocultures

and high-density crops as well as the excessive use of pesticides promote rapid emergence of

new pathogenic strains, capable of overcoming disease-resistant crop plants (Singh et al., 2023).

Together, this leads to reduced crop yields, increasing the gap between global food demand and

supply. However, agriculture is not only affected by climate change, but also highly contributes

to climate change. The IPCC special report on climate change and land use estimates that

14-28 % of the global greenhouse gas (GHG) emissions are attributable to crop and livestock

production and land use (Shukla et al., 2019). Thus, developing strategies to increase crop yields

in a more sustainable way is crucial to reduce agricultural contributions to GHG emissions and

climate change while meeting the increasing food demand.

While the extensive use of synthetic pesticides in the past led to environmental concerns and

pesticide resistance, cultural control measures such as crop rotation and intercropping together

with the cultivation of resistant varieties can promote sustainable agriculture (Lahlali et al.,

2024). In the past years, fundamental research has led to the emergence of improved tradi-

tional breeding approaches and novel plant breeding techniques to develop pathogen resistant

crop varieties (Langner et al., 2018). Modern technologies rely on precise DNA manipulation

by programmable nucleases including zinc-finger nucleases, TAL (transcription-activator-like)

effector nucleases (TALENs) and CRISPR (clutered regularly interspaced palindromic repeat)

RNA-guided Cas (CRISPR-associated protein) endonucleases, which target specific DNA se-

quences and avoid integration of random mutations as observed in classic breeding approaches

(Langner et al., 2018). However, politic regulations regarding genetic modified organisms and

the lack of public acceptance impede exploitation of the full potential of these techniques in

Europe. Therefore, alternative solutions to enhance stress resilience of crop plants are needed.

For instance, the use of beneficial microbes or secondary metabolites, produced by beneficial

microbes, as biofertilizers and biocontrol agents is a promising alternative to chemical solutions

(Daniel et al., 2022). Beneficial microbes can directly or indirectly impact pathogen virulence

on host plants. They can either directly antagonize pathogens in the rhizosphere or protect the

plant indirectly by enhancing its nutrient and water uptake and thus reducing abiotic stress

factors (dos Santos Lopes et al., 2021; Mikiciuk et al., 2024). Further, beneficial microbes were

shown to activate the plant immune system, triggering ISR allowing an enhanced and faster

response to pathogens (Pieterse et al., 2014). Thus, it is essential to understand the interaction

of beneficial microbes with their host plants and the mechanisms employed to facilitate stable

accommodations on a molecular level. Moreover, characterization of the plant immune response

to MAMPs might lead to discovery of novel targets for plant breeding approaches. Since in

nature, the plant microbiome consists of a variety of microbes, it is difficult to decipher molec-

ular mechanisms in these complex systems. Therefore, single-association studies are important

to understand and engineer beneficial plant microbe associations. The work presented in this

thesis expands our knowledge on the role of lipids and polysaccharides in plant immunity during

beneficial plant-microbe interactions on a molecular level. This newly acquired knowledge can

be implemented to develop novel strategies to enhance plant resistance to abiotic and biotic

stresses and apply more sustainable agricultural procedures.
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Acevedo-Garcia, J., Gruner, K., Reinstädler, A., Kemen, A., Kemen, E., Cao, L., Takken, F. L.,
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Kelly, S., Hansen, S. B., Rübsam, H., Saake, P., Pedersen, E. B., Gysel, K., Madland, E., Wu, S.,

Wawra, S., Reid, D., Sullivan, J. T., Blahovska, Z., Vinther, M., Muszynski, A., Azadi,

P., Thygesen, M. B., Aachmann, F. L., Ronson, C. W., Zuccaro, A., . . . Stougaard, J.

(2023). A glycan receptor kinase facilitates intracellular accommodation of arbuscular

mycorrhiza and symbiotic rhizobia in the legume lotus japonicus. PLOS Biology, 21.

https://doi.org/10.1371/JOURNAL.PBIO.3002127
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Teilpublikationen: siehe Publications (Seite iv)
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Table S1: Detailed information and references for MAMP/DAMP-PRR pairs depicted in Figure 2 
MAMP origin 

(organism) 
biomolecul
e class 

PRR PRR 
Type 

co-
receptor 
kinase 

RLCK  References 

flagellin / 
flg22 

bacteria protein AtFLS2 
NbFLS2 
OsFLS2 
VvFLS2 

LRR AtBAK1 AtBIK1, AtPBL1, 
AtBSK1m, AtPBL39, 
AtPBL40, AtPBL13, 
AtRLCK-VII-5, AtRLCK-
VII-7, AtPBL19 

At: (Gómez-Gómez & Boller, 2000; 
Robatzek et al., 2006; Boller & Felix, 
2009) 
Nb:(Hann & Rathjen, 2007) 
Os:(Takai et al., 2008)  
Vv: (Trdá et al., 2014)  

EF-Tu 
(elf18) 

bacteria protein AtEFR LRR AtBAK1 AtBIK1, AtPBL1, 
AtBSK1m, AtPBL39, 
AtPBL40, AtPBL13, 
AtRLCK-VII-5, AtRLCK-
VII-7, AtPBL19 

(Kunze et al., 2004; Zipfel et al., 2006) 

Xanthine/ 
uracil 
permease 
(xup25) 

bacteria protein AtXPS1 LRR 
  

(Mott et al., 2016) 

IF1 bacteria protein AtRLP32 
(RLP), 
AtSOBIR1 

LRR AtBAK1 
 

(Fan et al., 2022) 

eMax bacteria protein AtRLP1/ 
ReMAX 
(RLP); 
AtSOBIR1 

LRR 
  

(Jehle et al., 2013) 

Flagellin 
(flgII-28 

bacteria protein SlFLS3 LRR 
  

(Hind et al., 2016) 

csp22 bacteria protein SlCORE, 
NbCSPR, 
NbCORE 

LRR NbBAK1 
 

(Saur et al., 2016; Wang et al., 2016; 
Wei et al., 2018; Dodds et al., 2023) 

RaxX bacteria protein OsXA21 LRR OsSERK2 OsRLCK107, 
OsRLCK57, 
OsRLCK118, 
OsRLCK176, 
OsRLCK102 

(Pruitt et al., 2015; Ercoli et al., 2022) 

nlp20 oomycete / 
bacteria 

protein AtRLP23 
(RLP) + At 
SOBIR1 

LRR AtBAK1 AtPBL31 (Albert et al., 2015) 
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nlp20 oomycete  protein AtSBP1 
AtSBP2 + At 
SOBIR1 

G-Lectin   (Bao et al., 2023) 

Elicitins 
(INF1) 

oomycete protein SmELR, 
NbEIR1, 
NbREL 
(RLP), 
NbSOBIR1 

LRR NbBAK1 NbBSK1 (Du et al., 2015; Chen et al., 2023; 
Zhang et al., 2023) 

elicitin 
PpEli2 

oomycete protein NbREli 
(RLP), 
NbSOBIR1 

 
NbBAK1 

 
(Yang et al., 2023) 

XEG1 oomycete protein NbREXG1 
(RLP), 
NbSOBIR1, 

LRR NbBAK1 
 

(Ma et al., 2015; Sun et al., 2022) 

PcEXLX1 oomycete protein NbERK1 G-lectin   (Pi et al., 2022) 
CBM1/CB
EL 
 

oomycete protein     (Raaymakers & Van Den Ackerveken, 
2016) 

OPEL 
 

oomycete protein     (Raaymakers & Van Den Ackerveken, 
2016) 

Pep-13 oomycete protein     (Raaymakers & Van Den Ackerveken, 
2016) 

VmE02 fungus protein NbRE02/ 
NbCSPR 
(RLP), 
NbSOBIR1 

LRR NbBAK1  (Nie et al., 2021) 

EndoPG fungi protein AtRLP42/ 
AtRBPG1 + 
AtSOBIR1 

LRR AtSERK 
 

(Zhang et al., 2014) 

SCFE1 fungi extract AtRLP30 + 
AtSOBIR1 

LRR AtBAK1 
 

(Zhang et al., 2013) 

Ave1 fungi protein SlVe1 (RLP) 
+ SlSOBIR1 

LRR SlBAK1 
 

(De Jonge et al., 2012; Fradin et al., 
2014) 

EIX fungi protein SlEix2/ 
SlEix1, 
NbEIX2 
(RLP) 

LRR 
  

Sl: (Ron & Avni, 2004) 
Nb: (Yin et al., 2021) 

Avr1/Six4 fungi protein SlI + 
SlSOBIR1 

LRR SlBAK1 
 

(Catanzariti et al., 2017) 
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Avr2/Gr-
VAP1 

fungi protein SlCf-2b + 
SlSOBIR1 

LRR SlBAK1 
 

(Dixon et al., 1996; Rooney et al., 2005) 

Avr4 fungi protein SlCf-4b + 
SlSOBIR1 

LRR SlBAK1 
 

(Thomas et al., 1997) 

Avr5 fungi protein SlCf-5 + 
SlSOBIR1 

LRR SlBAK1 
 

(Dixon et al., 1998) 

Avr9 fungi protein SlCf-9 + 
SlSOBIR1 

LRR SlBAK1 
 

(Jones et al., 1994) 

AvrLm1 
and 
AvrLm2 

fungi protein BnLepR3/ 
BnRLM2,  
NbLEPR3 + 
BnSOBIR1, 
Nb SOBIR1 

LRR BNbAK1 
NbBAK1 

 
(Larkan et al., 2013, 2015; Ma & 
Borhan, 2015) 

AvrLm5-9 
/ AvrLm4, 
AvrLm4-7 

fungi protein BnRlm9/ 
BnRlm4/ 
BnRlm7 

WAK 
  

(Larkan et al., 2020; Haddadi et al., 
2022) 

Avr3/Six1 fungi protein SlI-3 G-Lectin 
  

(Catanzariti et al., 2015) 
AvrStb6 fungi protein TaStb6 WAK, 

noEGF 

  
(Saintenac et al., 2018) 

SnTox1 fungi protein Snn1/ 
TaWAK, 

WAK/ 
EGF 

  
(Shi et al., 2016) 

SCOOP fungi, plants protein AtMIK2, 
BnMIK2 

LRR AtBAK1, 
BNbAK1 

 
(Wu et al., 2024) 

AtPep1, 
OsPep3 

plant protein AtPEPR1, 
AtPEPR2; 
OsPEPR1/2 

LRR AtBAK1 AtBIK1, AtPBL1, 
AtBSK5, AtPBL19 

(Yamaguchi et al., 2006, 2012) Os: 
(Shinya et al., 2018; Shen et al., 2022) 

AtPIP1 plant protein AtRLK7 LRR AtBAK1 
 

(Hou et al., 2014) 
AtRALF23 plant protein AtLLG1 GPI-AP AtFER AtPBL14/AtRIPK (Haruta et al., 2014; Stegmann et al., 

2017) 
AtCTNIPs plant protein AtHSL3 LRR AtBAK1 

 
(Rhodes et al., 2022) 

Systemin plant protein SpSR160, 
SlSYR1/2 

LRR SlPORK1
? 

 
(Scheer & Ryan, 2002; Wang et al., 
2018) 

AMPs, 
PtRISP1 

plant protein PtRALR + 
PtSOBIR1 

LRR   (Lintz et al., 2024) 

Peptidogl
ycan 

bacteria poly-
saccharide 

AtLYM1b 
and 
AtLYM3b 

LysM AtCERK1 
 

(Willmann et al., 2011) 
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Peptidogl
ycans/chi
tin  

bacteria poly-
saccharide 

OSlYP4 and 
OSlYP6 

LysM-RP OsCERK
1 

OsRLCK176, 
OsRLCK107, 
OsRLCK57, 
OsRLCK118 

(Liu et al., 2012) 

Chitin fungi poly-
saccharide 

AtLYK4 and 
AtLYK5 

LysM AtCERK1 AtPBL27, AtRLCK-VII-
5, AtRLCK-VII-7, 
AtPBL19 

(Miya et al., 2007; Wan et al., 2008; 
Iizasa et al., 2010; Petutschnig et al., 
2010; Cao et al., 2014) 

chitin fungi poly-
saccharide 

MmLYP1, 
GbLyp1, 
AtLYM2, 
MtLYM2 

LysM MmLYK2 
(homolog 
of 
CERK1) 

 
(Fliegmann et al., 2011; Faulkner et al., 
2013) 

Chitin fungi poly-
saccharide 

OsCEBiP, 
HvCEBiP? 

LysM RP OsCERK
1 

OsRLCK185, 
OsRLCK176, OsBSR1, 
OsRLCK107, 
OsRLCK57, 
OsRLCK118, OsBSK1-
2 

(Kaku et al., 2006; Shimizu et al., 2010; 
Tanaka et al., 2010; Hayafune et al., 
2014) 

lam6, 
short, 
linear ß-
1,3 
glucans 

fungi poly-
saccharide 

 
LysM AtCERK1 

 
(Mélida et al., 2018) 

MLGs plant poly-
saccharide 

OsCERK1, 
OSlecRK1 

LysM OsCEBIP 
 

(Dai et al., 2023) 

MLGs, 
CEL3, 
XYL4? 

plant poly-
saccharide 

AtIGP1; 
AtLYK4/5, 
AtCERK1  
(for MLG) 

LRR-
malectin 

AtIGP3, 
AtIGP4 

 
(Rebaque et al., 2021; Martín-Dacal et 
al., 2023; Fernández-Calvo et al., 2024) 

Oligogala
cturonide
s 

plant /fungi poly-
saccharide 

AtWAK1 and 
AtWAK2 

WAK/ 
EGF 

  
(Brutus et al., 2010) 

chitin fungi poly-
saccharide 

PsLYR4 LysM PsLYK9 
(CERK1) 

 
(Leppyanen et al., 2021) 

chitin fungi poly-
saccharide 

LjLYR4 LysM LjLYS6(C
ERK1) 

 
(Bozsoki et al., 2017) 

chitin fungi poly-
saccharide 

VvLYK5-1  LysM VvLYK1-
1, LYK1-2 

 
(Brulé et al., 2019; Roudaire et al., 
2023) 

chitooligo
saccharid

fungi poly-
saccharide 

MtLYR4 LysM MtCERK1 
(LYK9) 

 
(Bozsoki et al., 2017; Feng et al., 2019) 
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es (CO4-
CO8) 
Ergosterol fungi lipid ? ? 

   

3-OH-FA bacteria lipid AtLORE G-Lectin 
 

AtPBL34 (Ranf et al., 2015; Kutschera et al., 
2019) 

Pi-Cer-D,  
9-me-Spd 

oomycete lipid AtRDA2 Lectin 
  

(Kato et al., 2022) 

Pi-
DAG/EPA, 
5,8,11,14-
TEFA 

oomycete lipid     (Monjil et al., 2024) 

NAD+ plant nucleotide AtLecRKI-8 Lectin 
  

(Wang et al., 2017) 
eATP plant nucleotide AtP2K1/AtLe

cRK-I.9/ 
AtDORN1; 
AtP2K2/AtLe
cRK-I.5 

L-Lectin 
  

(Choi et al., 2014; Pham et al., 2020) 

short ß-
1,6-
branchen
d ß-1,3- 
glucans 

fungi poly-
saccharide 

LjEPR3a LysM 
  

(Kelly et al., 2023) 

Extracellu
lar 
polysacch
arides 
(EPS) 

bacteria poly-
saccharide 

LjEPR3, 
LjEPR3a 

LysM 
  

(Kawaharada et al., 2015; Kelly et al., 
2023)  

Lipochito-
oligosacc
harides 
(Nod 
factor) 

bacteria poly-
saccharide 

LjNFR1 and 
LjNFR5; 
MtLyK3 and 
MtNFP; 
PsSYM10 
and 
PsSYM37 

LysM LjSymRK, 
MtDMI2 

LjNiCK4 (Krönauer & Radutoiu, 2021) 

chitooligo
saccharid
es (CO4-
CO8) 

fungi poly-
saccharide 

MtLYR4, 
MtLYK8 

LysM MtCERK1 
(LYK9), 
MtDMI2 

 
(Gibelin-Viala et al., 2019; Feng et al., 
2019; Zhang et al., 2024) 
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