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Zymoseptoria tritici stealth infection is facilitated by
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Introduction

Summary

o Plant cell walls constitute a major defence barrier against pathogens, although it is unclear
how specific cell wall components impact pathogen colonisation. Pathogens secrete cell
wall-degrading enzymes (CWDEs) to facilitate plant colonisation, but damaged or infected
cells are often a source of cell wall-derived oligosaccharides that trigger host immunity. The
mechanisms by which pathogens minimise the release of cell wall-derived oligosaccharides
while colonising the host remain to be elucidated.

¢ We combined biochemical, molecular, and transcriptomic analyses to functionally charac-
terise a glycoside hydrolase (ZtGH45) from the wheat pathogen Zymoseptoria tritici.

e ZtGH45 gene is expressed during the necrotrophic phase. At this stage, wheat p-1,3/1,4-
mixed-linked glucan (MLG)-derived oligosaccharides are also accumulated. We show that
overexpression of ZtGH45 in Z. tritici enhances hydrolysis of MLG from wheat cell walls, and
the released MLG oligosaccharides trigger an immune response in wheat. The results demon-
strate that tight regulation of ZtGH45 is critical for the infection process as it prevents early
accumulation of MLG oligosaccharides that would prematurely induce host immunity,
thereby counterbalancing fungal virulence.

e We suggest that the balance between plant cell wall degradation by fungal CWDEs and the
release of immunogenic wall-derived oligosaccharides governs the outcome of host invasion
by pathogens.

The activity of CAZymes on wall polysaccharides can lead to the
release of plant cell wall-derived glycans, which can function as

Successful plant colonisation largely depends on the pathogen’s
ability to overcome the host resistance machinery and efficiently
acquire nutrients (Haueisen & Stukenbrock, 2016). Plant cell
walls act not only as defensive barriers against potential pathogens
but also as a source of nutrients and biosynthetic building blocks
for colonising microorganisms. To surmount this defensive bar-
rier and acquire plant nutrients, fungal pathogens secrete an
arsenal of cell wall-degrading enzymes (CWDEs). CWDE:s are a
subset of carbohydrate-active enzymes (CAZymes, Drula
et al., 2022), such as glycoside hydrolases (GHs), which hydrolyse
the glycosidic linkage of carbohydrates present in plant cell walls.

*These authors contributed equally to this work.
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elicitors of host immune responses and are commonly known as
damage-associated molecular patterns (DAMPs; Molina et al,
2024a,b).

Plant cell wall-derived glycans can be perceived by plant pat-
tern recognition receptors (PRRs), triggering a cascade of defence
responses referred to as pattern-triggered immunity (PTI) that
include the accumulation of reactive oxygen species (ROS), sto-
matal closure, callose accumulation, and upregulation of defen-
sive genes (Bigeard er al., 2015; Boutrot & Zipfel, 2017; Gust
et al., 2017; Bacete et al., 2018; Molina et al., 2024b). Thor-
oughly investigated plant cell wall-derived oligosaccharides acting
as DAMPs include oligogalacturonides derived from pectins
(Hahn et al, 1981; Voxeur et al, 2019), as well as
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oligosaccharides derived from xyloglucans (Claverie ez 4/, 2018),
mannans (Zang et al., 2019), callose (Mélida ez al., 2018), arabi-
noxylan (Mélida ez al, 2020), xylans (Pring et al, 2023; Fernd
ndez-Calvo et al, 2024), cellulose (Aziz et al, 2007; Martin-
Dacal ez al., 2023), and B-1,3/1,4-glucan (Rebaque ez al., 2021;
et al, 2021). PB-1,3/1,4-glucans,
mixed-linked glucans (MLGs), consist of linear polymers of glu-
cose molecules linked by B-1,4 and B-1,3 bonds and are a distinc-
tive feature of the plant cell walls of Equisetaceae and Poaceae
species (Labavitch & Ray, 1978; Fry er al, 2008; Serensen
et al., 2008; Fuertes-Rabanal ez al., 2025). MLG oligosaccharides
can also be derived from the walls of comycetes and be perceived
by the host as microbe-associated molecular patterns (MAMPs),
triggering PTT (Rebaque ez al., 2021). Regardless of their origin,
MLG-derived oligosaccharides, particularly the well-characterised
trisaccharide B-p-cellobiosyl-1,3-B-p-glucose (MLG43), confer
enhanced disease resistance to pathogens in several plant species,

Yang also known as

including Arabidopsis, tomato, pepper, batley, and rice (Bar-
ghahn ez al, 2021; Rebaque et al, 2021; Yang et al, 2021).
Recent works have shown that the LysM receptor kinase Chitin
Elicitor Receptor Kinase 1 (CERK1) and Lectin Receptor Kinase
1 (LecRK1) are involved in the perception of MLG oligosacchar-
ides in rice (Yang et al., 2021; Dai et al., 2023). In Arabidopsis,
Leucine-Rich Repeat-Malectin  Receptor Kinases (LRR-MAL
RKs), Impaired in Glycans Perception 1 IGP1/CORK1), IGP3
and IGP4, and the LysM-containing receptors CERK1, LYK4,
and LYKS are required for the perception of MLG oligosacchar-
ides (Rebaque ez al., 2021; Martin-Dacal e al., 2023).

Septoria tritici blotch is one of the major diseases of wheat
globally and is caused by the fungal pathogen Zymoseptoria tritici
(Meile er al, 2025). This fungus harbours in its genome 203
genes encoding putative glycoside hydrolases (GHs), which
potentially function as CWDEs (Drula er 4/, 2022). The initia-
tion of the infection cycle in Z. #ritici occurs upon the germina-
tion of either a sexual or an asexual spore on the surface of plant
leaves. Following stomatal penetration, the fungus colonises the
apoplastic space in intimate interaction with plant cell walls with-
out exhibiting any visible signs of plant damage. This asympto-
matic phase can last several days (820 d) depending on the
wheat genotype, the Z. #ritici strain, and the environmental con-
ditions. After this phase, the pathogen produces chlorotic lesions
that will subsequently become necrotic and initiates the necro-
trophic phase (Kema et 4/, 1996; Duncan & Howard, 2000;
Keon ez al., 2007; Deller ez al., 2011; Sanchez-Vallet ez al., 2015;
Steinberg, 2015). Effector recognition by wheat resistant cultivars
prevents Z. tritici penetration through the stomata and the subse-
quent apoplast colonisation (Battache er /., 2022, 2024; Alassi-
mone ¢t al., 2024). At the onset of necrotic symptoms, fungal
growth spikes and the reproductive structures, known as pycnidia
and pycnidiospores, are produced (Steinberg, 2015). Distinct sets
of virulence factors are postulated to be required throughout the
different phases of a Z. tritici infection. In fact, several predicted
cellulases, hemicellulases, pectinases, and cutinases show a specific
life-cycle-dependent expression pattern during wheat infection
(Brunner et al., 2013; Palma-Guerrero et al., 2017). However,
the mechanistic contribution of CWDEs to Z. #ritici virulence
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remains largely unknown. In other pathogens, several CWDEs
have been shown to play key roles in the infection process
through diverse mechanisms, such as nutrition or hydrolysis of
immunity-triggering elicitors (Esquerré-Tugayé et al, 20005
Bradley ez al, 2022). Impairment of the cellulose degradation
machinery in the soil-borne fungus Fusarium oxysporum increases
its virulence in Arabidopsis (Gdmez-Arjona et al., 2022). More-
over, constitutive expression of two endoglucanases from the
GH12 family (MoCel12A and MoCel12B) in the rice pathogen
Magnaporthe  oryzae
MLG-derived DAMPs and a reduction of symptom development
(Yang er al., 2021). These findings indicate that the activity of
CWDEs may also lead to the release of oligosaccharides that act
as DAMPs, thereby activating plant immune responses and
potentially limiting infection (Yang er al, 2021; Molina ez al.,
2024b).

In this study, we identified a GH belonging to the GH45
family from Z. tritici (ZtGH45) and demonstrated that its expres-
sion is tightly regulated, occurring only during the necrotrophic
phase of the fungus. Overexpression of ZtGH45 in Z. tritici leads
to a reduced fungal virulence and an enhanced release of
MLG-derived oligosaccharides. Such MLG oligosaccharides trig-
ger disease resistance responses in wheat, which involve ROS

results in an increased release of

accumulation, stomatal closure, and transcriptional activation of
defensive genes, and hinder Z. #ritici infection progression. We
propose that tuning the expression of CWDEs, such as ZtGH45,
impacts pathogen colonisation and host recognition.

Materials and Methods

Growth conditions for Zymoseptoria tritici and bacterial
strains

The Swiss Zymoseptoria tritici (Desm.). strain ST99CH_3D7
(abbreviated as 3D7; Linde et @/, 2002) was used in this study.
Zymoseptoria tritici was grown in yeast sucrose broth (YSB, 1%
w/v yeast extract and 1% w/v sucrose) or in yeast peptone dex-
trose (YPD, 1% w/v yeast extract, 2% w/v peptone, and 2% w/v
dextrose) amended with 50 pug ml™' kanamycin sulphate, at
18°C, 120 rpm in 100-ml Erlenmeyer flasks. Blastospores from
Z. tritici were collected after 6 d and used for the infection and
developmental assays. Liquid fungal cultures were filtered
through double-layered sterile cheesecloth, blastospores were col-
lected by centrifugation at 3273 g for 15 min at 4°C and resus-
pended in water. Blastospore concentration in the suspension was
determined using Neubauer counting chambers. For molecular
cloning and plasmid propagation, Escherichia coli strain NEB®
5-alpha (New England Biolabs, Ipswich, MA, USA) and Stellar™
Competent Cells (TaKaRa Bio Inc., Shiga, Japan) were used.
Escherichia coli was grown on LB media (1.6% w/v tryptone, 1%
wi/v yeast extract, 0.5% w/v NaCl) amended with kanamycin sul-
fate (50 pg ml™) at 37°C. Agrobacterium tumefaciens strain
AGLI was grown at 28°C in LB media containing kanamycin
sulfate (50 pg ml™"), carbenicillin (100 ug ml™"), and rifampi-
cin (50 pg ml™Y), and used for Agrobacterium-mediated transfor-
mation of Z. tritici.

© 2025 The Author(s).
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Generation of Z. tritici transformants

Based on RNA-seq reads (NCBI accessions: SRA SRP152081
and SRP077418), we amended the annotation of the ZtGH45
gene in the 3D7 genome. For the strains 3D1 and 1E4, the
gene was correctly annotated. We obtained two types of over-
expression lines, one in which the gene was inserted in locus
and the second one with the ectopic insertion. To obtain Z.
tritici  lines  overexpressing ZrGH45 (ZT3D7_G10118,
ZtPO323_ 110030,  Z:09_chr_10_00532,  Mycgr3_76589
ZrGH45_OE, Supporting Information Table S1) in locus, the
Aspergillus nidulans glyceraldehyde-3-phosphate dehydrogenase
(gpdA) promoter was inserted upstream of the start codon of
ZtGH45 by homologous recombination in the strain 3D7.
Up- and downflanking regions (c. 1000 bp) were amplified
from 3D7 genomic DNA using PfuTurbo® Cx Hotstart
DNA polymerase (Stratagene, Cedar Creek, TX, USA). USER
Friendly cloning technique was used to fuse the flanking
regions to the binary vector backbone of prfHU2E (Frandsen
et al., 2008). Fusion was performed using USER enzyme mix
from New England Biolabs and the plasmid (Fig. Sla) was
cloned in E. coli, following the manufacturer’s instructions.
To obtain Z #ritici lines ectopically overexpressing the
wild-type (WT) or mutated version of ZtGH45 generated
either with or without a C-terminal 3x HA epitope
tag (ZtGH45_OEY', ZtGH45_OEPYAPYA - 7:GH45_
OEYT3HA " nd ZtGH45_ QEPI7A/DISASHA) o plasmids
were assembled wusing the In-Fusion HD Cloning Kit
(TaKaRa Bio Inc.). Previously, the pCCLI plasmid was con-
structed by inserting the gpdl promoter upstream of the 7ref
terminator into the pLMI1 plasmid (Fig. Slb,c; Meile
et al., 2020). The WT PCR product of ZrtGH45 (from start
to stop codons) was obtained from 3D7 genomic DNA and
the catalytically dead version (D37A and D145A) was con-
structed by PCR-driven mutagenesis, as described (Heckman
& Pease, 2007). The 3x HA coding fragment was amplified
by PCR from the pGWBG614 vector (Nakamura ez 4/, 2010).
The corresponding fragments were inserted between the gpdl
promoter and the T77¢f terminator of the EcoRV-linearised
pCCL1 plasmid. The plasmid used for targeted deletion of
the ZtGH45 gene via homologous recombination was con-
previously  described  (Suarez-Fernandez
et al., 2023). Briefly, a PCR fragment containing the hygro-
mycin resistance gene was flanked by ¢ 1.1 kb homology

structed as

arms corresponding to the ZtGH45 locus. This fragment was
assembled into the Kpnl- and Sbfl-linearised pCGEN plasmid
using the In-Fusion HD Cloning Kit (Takara Bio, Japan;
Fig. S1d). All PCR amplifications were performed using
Supreme NZYProof 2x Green Master Mix (NZYTech, Lis-
boa, Portugal), and the primers listed in Table S2. The Z. #-
obtained by A
tumefaciens-mediated transformation and selected using hygro-
mycin (100 pg ml™") as previously described (Zwiers & De
Waard, 2001; Krishnan ez al, 2018; Meile ez al, 2020). In
locus insertion of the overexpression mutant (Z:GH45_OE)
was confirmed by PCR (Fig. Sle—f; primers in Table S2).

tici  overexpressing — mutants — were

© 2025 The Author(s).
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Zymoseptoria tritici infection assays

Wheat (Triticum aestivum L.) cultivars Titlis, Drifter, Fielder,
and Paragon were grown in a growth chamber at 18°C during
the day and 15°C during the night and 60% relative humidity
for 15 d, as described (Suarez-Fernandez ez al, 2023). A sus-
pension of 5 X 10° or 107 spores ml ™" of Z. #ritici in water
with 0.1% v/v Tween 20 was used to spray-inoculate wheat
leaves (1 ml per plant). Upon infection, plants were placed in
sealed plastic bags for 48 h to maintain high humidity. For the
protection assay, 24 h before infection, wheat plants were
sprayed (1 ml per plant) with a solution of 0.5 mM of B-p-cel-
lobiosyl-1,3-B-p-glucose (MLG43; O-BGTRIB; Megazyme,
Auchincruive, UK) or 0.5 mM cellotriose (Cello3; O-CTR;
Megazyme) with the adjuvants UEP-100 (0.1% v/v; Croda,
Snaith, UK) and Tween 20 (0.01% v/v). The adjuvant solution
alone was used as the mock control. Disease symptoms in sec-
ond leaves were estimated at 13-18 d post infection (dpi), as
described by Meile ez al. (2018). Leaves were analysed using
IMAGE] (Schneider ez al, 2012) and an automatic image analy-
sis method (Stewart ez al., 2016) to estimate the percentage of
covered by density
(pycnidia cm™? of leaf or pycnidia cm™? of lesion).

leaf area lesions and  pycnidia

Zymoseptoria tritici developmental assay

A 3-pl drop at 10° spores ml™" of each Z. #ritici line was placed
on solid YMS (0.4% w/v yeast extract, 0.4% w/v malt extract,
0.4% w/v sucrose, and 1.2% w/v Bacto™ Agar) amended with
1 mM H,0,, 1 M sorbitol, 0.5 M NaCl, or 200 ng pl~" Cal-
cofluor white or on Vogel’s minimal media (Vogel, 1956)
amended with 5 g 17" sucrose, 5 g 1" fructose, 5 g 1" carboxy-
methyl cellulose (CMC) sodium salt (C4888; Sigma-Aldrich), or
5 g 17! barley B-glucan (P-BGBL; Megazyme). Plates were incu-
bated at 18°C, except for one of the plates that was incubated at
28°C, for 6 d.

In vitro assays of B-glucan enzymatic degradation

Zymoseptoria tritici and wheat alcohol insoluble residue (AIR)
were obtained as described by Rebaque (2021) with modifica-
tions. Zymoseptoria tritici blastospores were grown in YPD media
for 6 d as indicated above. After centrifugation at 3273 g for
15 min at 4°C, the cells were washed twice with distilled water.
Zymoseptoria tritici cells and dry leaves of 17-d-old wheat plants
were fine-powdered and washed three times with 30 ml g~
methanol/chloroform (1 : 1; v/v), shaking at 4°C for 1 h, over-
night, and 1 h, respectively. After each step, centrifugation at
3273 gfor 10 min at 4°C was performed, and supernatants were
discarded. Pellets were washed with acetone for 1 h, and the
resulting pellet was dried. Samples were treated with 30 ml g71
70% v/v ethanol twice overnight and for 1 h. After this last treat-
ment, pellets were washed with acetone, dried, and considered as
AIR. For B-1,3-1,4-glucan quantification in wheat and Z. #tici
AIR, the B-Glucan Assay Kit (Mixed Linkage; K-BGLU, Mega-

zyme) was used.
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To determine P-glucan oligosaccharides released by the
Z. witici lines (3D7-GFP, Agh45, ZtGH45_OEY', and
ZtGH45_QEPY7A/DISA g, Fig. 2 (see later); and 3D7 and three
independent lines of in locus ZtGH45_OE for Fig. S2 (see later)),
a spore suspension of each line of Z. #ritici at a concentration of
4 x 10° spores ml™" was grown in Vogel’s minimal medium
(Vogel, 1956) with 0.5% (w/v) fructose as a carbon source to
avoid the presence of free glucose in the media. For the B-
1,3/1,4-glucan, cellulose, and AIR degradation assay, commercial
barley B-glucan (P-BGBL; Megazyme), CMC sodium salt
(C4888; Sigma-Aldrich), or wheat AIR were added to the media
at a concentration of 0.5% (w/v). Cellulase (EC 3.2.1.4; endo-
from  Aspergillus
2.5 U ml™" was used as a positive control. The released oligosac-
charides were partially purified from the supernatant of 96-h-old
cultures by adding one volume of 100% ethanol and precipitat-

1,4-B-p-glucanase niger; Megazyme) at

ing the polymers at —20°C overnight (Voxeur et al., 2019). Sam-
ples were centrifuged at 5000 g for 10 min at 4°C, and the
supernatants were collected and freeze-dried. B-glucan oligosac-
charides released in the media of four different biological repli-
cates were quantified using the modified B-Glucan Assay Kit
(Mixed Linkage; K-BGLU, Megazyme). Samples were directly
treated with B-glucosidase following the protocol of the manufac-
turer. Serial D-glucose dilutions were used to perform the stan-
dard calibration curve. In addition, to identify the released
oligosaccharides, samples from the commercial barley B-glucan
were analysed with HPAEC-PAD in an LC 930 Compact IC
Flex (Metrohm) chromatography system with an IC pulsed
amperometric detector (FlexiPAD). Oligosaccharides were sepa-
rated using a Metrosep Carb 2250/4.0 (Metrohm) analytical col-
umn and a Metrosep Carb 2 Guard/4.0 (Metrohm) guard
column at 40°C with an isocratic 200 mM NaOH and 150 mM
sodium acetate and variable flux: 0-12 min at 0.7 ml min~!,
12.1-22.0 min at and 22.1-27.0 min at
0.7 ml min~!. For oligosaccharide ~quantification, standard
curves of D-glucose (PanReac), b-fructose (Merck), MLG43 (O-
BGTRIB; Megazyme), Cello3 (O-CTR; Megazyme), and
MLG443 (O-BGTETB; Megazyme) commercial standards were
used. MLG4443, MLG_HDP1, and MLG_HDP2 were purified
according to Rebaque er @/ (2021). The experiment was per-
formed two times independently.

0.9 ml min~},

Characterisation of in planta B-glucan oligosaccharide
production

For the in planta identification and quantification of oligosac-
charide production during the course of the infection, wheat
plants were infected as described above using 3D7. Two centi-
metres from the second leaf tips were discarded, and the adjacent
13 cm from each leaf were collected and frozen in liquid nitro-
gen. Three independent biological replicates, each consisting of 2
second leaves per treatment, were collected for oligosaccharide
analysis at 6, 8, and 10 dpi. Samples were homogenised in liquid
nitrogen and freeze-dried. In this study, 10-15 mg of dry mate-
rial was resuspended in 0.5 ml deionised water, ultrasonicated
for 10 min, and heated at 95°C for 10 min. After cooldown,
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samples were centrifuged for 10 min at 17 000 g. Supernatants
were filtered through 10 kDa MWCO Centrifugal Filters (Ami-
con®, Ultracel®). A second extraction was performed using the
same pellets following the same procedure, and both supernatants
were pooled together. Oligosaccharide-containing filtered super-
natants were freeze-dried and resuspended in 0.1% formic acid-
acetonitrile (1 : 1 v/v). For HILIC-ESI-MS, samples were
injected onto a XBridge Amide column (3.5 pm,
2.1 x 150 mm; Waters, Milford, MA, USA) with a flow of
0.8 ml min~". The mobile phase consisted of 0.1% (v/v) formic
acid in water (Eluent A) and 0.1% (v/v) formic acid in acetoni-
trile (Eluent B). The eluent program was as follows: 20% A at
0 min, 35% A at 10 min, 55% A at 11 min, 55% A at 12 min,
0% A at 13 min, 0% A at 14 min, and 20% A at 15 min. A
standard calibration was performed using MLG43 (O-BGTRIB;
Megazyme) and Cello3 (O-CTR; Megazyme), and quantification
was based on the 527 m/z ion [M + Na']. The chromatogram
and spectra were processed using MassLYNX software (Waters).

SDS-PAGE and Western blot

Zoseptoria tritici was cultured in YPD medium for 6 d as
described above. After centrifugation at 3273 g for 15 min at
4°C, culture supernatants were filtered through 0.22 pum filters
and concentrated 20-fold using Amicon Ultra centrifugal filter
units with a 3 kDa molecular weight cutoff (UFC9003; Merck).
Proteins were separated by SDS-PAGE on 4-20% precast polya-
crylamide gels (4561094; Bio-Rad) and transferred to a nitrocel-
lulose membrane using iBlot3 Transfer Stacks Mini NC
(IB33002; Thermo Fisher Scientific, Waltham, MA, USA). The
membrane was blocked in 7.5% w/v milk in blocking buffer
(phosphate buffered saline with 0.1% v/v Tween 20, PBST) for
1 h at room temperature and incubated overnight at 4°C with a
mouse monoclonal anti-HA antibody (H3663-200UL; Sigma-
Aldrich) diluted 1 : 1000 in 5% w/v milk in PBST. Following
three washes with PBST, the membrane was incubated for 1 h
with the horseradish peroxidase-conjugated anti-mouse second-
ary antibody (A9044-2ML; Sigma-Aldrich) diluted 1 : 6000 in
5% w/v milk in PBST. Chemiluminescent signals were detected
using the Pierce ECL Western Blotting Substrate kit (32209;
Thermo Scientific) and acquired with the iBright FL1000 ima-
ging system (Invitrogen). To verify equal protein loading, the
samples were run on an SDS-PAGE gel and stained with 0.1%
w/v Coomassie Brilliant Blue R-250. The gel image was acquired
using a flatbed scanner (CanoScan LiDE 400).

Gene expression analysis

Fifteen-day-old wheat plants from the cultivar Titlis were treated,
as described above, with 0.5 mM MLG43, 0.5 mM Cello3 or
the mock control (0.1% v/v UEP-100; Croda and 0.01% v/v
Tween 20) for 3 h. Additionally, plants were spray-inoculated
with the mock solution, with the WT strain and the overexpres-
sion mutant line ZtGH45_OE, as described above. Three inde-
pendent biological replicates, each consisting of second leaves,
processed as described in ‘Characterization of in planta B-glucan
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oligosaccharide production’ per treatment were used. Total RNA
was extracted using the TRIzol® reagent (Invitrogen; Cat. No.
15596018), treated with DNase I (Qiagen; Cat. No. 792256)
and purified using the RNeasy Plant Mini Kit (Qiagen; Cat. No.
74904) according to the manufacturer’s protocol. cDNA was
synthesised using the Transcriptor First Strand cDNA Synthesis
Kit (Roche Applied Science, Mannheim, Germany). Quantitative
reverse transcription—polymerase chain reaction (qRT-PCR)
experiments were performed as previously described (Meile
et al., 2020) using the specific primers listed in Table S2. RNA
quality check, library preparation (nonstranded polyA enrich-
ment), and subsequent sequencing were performed by Novogene
(Beijing, China) using the Illumina NovaSeq 6000 platform.
The raw RNAseq reads were deposited in the NCBI Sequence
Read Archive (SRA) under the BioProject accession number
PRJNA1276321. About 30 million paired reads of 150 base pairs
(bp) per sample were obtained. More than 95% and 1% of the
reads were aligned to the 7. aestivum (GCA_018294505) and
the Z. tritici ST99CH_3D7 (GCA_900091695) reference gen-
omes (available in Ensembl Plants and Ensembl Fungi), respec-
tively, using the STAR aligner with predetermined parameters
(Table S3; Dobin et al, 2013). Uniquely mapped reads were
counted using FEATURECOUNTs (Liao ez @/, 2014) in the case of
wheat genes and Kallisto (Bray ez al., 2016) in the case of Z. tritici
genes with default parameters. Differentially expressed genes
(DEGs; Logy-fold change = + 0.58 with adjusted P value
<0.05) were identified in each comparison using DESEQ2 (Love
et al., 2014). Gene ontology (GO) enrichment analysis was
using  The
(https://gencontology.org/) against the biological process annota-
tion dataset. Significantly enriched GO terms were identified
with PANTHER overrepresentation test using a Fisher’s exact

performed Gene Ontology Resource tool

test with false discovery rate correction (P < 0.05).

Reactive oxygen species quantification

Discs (12.6 mm?) from second leaves of 2-wk-old wheat plants
of Titlis, Fielder, and Paragon cultivars were incubated for 16 h
in the dark and at 15°C in 100 pl of a solution containing
150 uM Luminol L-012 (12-0-04891; FUJIFILM Wako Pure
Chemical Corp., Osaka, Japan) and 30 pg ml~" peroxidase from
horseradish  (P6782; Sigma-Aldrich). Fifty microlitres of
300 uM MLG43, 300 uM  Cello3, 300 pM  hexaacetyl-
chitohexaose, 3 pM flg22, or H,O were added to the discs, and
the luminescence was measured using a Varioskan Lux lumines-
cence reader (Thermo Scientific). ROS production was estimated
as relative luminescence units (RLU) over time. At least 8 leaf
discs per treatment were used in each experiment. The experi-
ment was performed three times independently.

Stomatal aperture measurement

Wheat epidermal peels isolated from 2-wk-old plants were incu-
bated in a buffer containing 50 mM KCI, 10 mM MES,
10 mM CaCl,, and pH 6.25 under light for 14 h to open sto-
mata. Subsequently, the epidermal peels were treated with

© 2025 The Author(s).
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0.5 mM MLG43, 0.5 mM Cello3, 10 pM abscisic acid (ABA),
or deionised water for 6 h. ABA was used as a positive control for
inducing stomatal closure (Hsu ez al, 2021). Images of each
stoma were captured with a MikrOkular Full HD camera (Bres-
ser, GmbH, Rhede, Germany) attached to a Labophot-2 micro-
scope (Nikon Corp., Tokyo, Japan) using CamLab Lite software.
Stomatal width and length were measured using IMAGE] (Schnei-
der ez al., 2012). The experiment was repeated three times inde-
pendently.

Synteny plot and population analyses

To assess the genomic environment of ZtGH45, we compared
synteny in the 50-kb region surrounding ZrGH45 in three refer-
ence genomes of Z. rritici strains: 3D7, 3D1, and 1E4 assemblies
(Plissonneau ez al., 2018). For this, we used a previous annota-
tion of orthologous genes using PoFF, a tool that integrates con-
served synteny information to infer orthologous relationships
(Lechner ez al., 2011). We integrated the transposable element
annotation previously described (Lorrain ez 4/, 2021) into a syn-
teny plot designed with the R package GGrLoT2 v.3.5.0 (Wick-
ham, 2016).

To investigate the genetic variability found within the ZtGH45
coding sequence, we examined the polymorphism found in a Swiss
Z. tritici population of more than 800 strains (Lorrain
et al., 2024). We used the variant calling results from Lorrain
er al. (2024) and extracted the genomic region corresponding to
the ZtGH45 gene (Zt/PO323_110030; Lapalu et al., 2023). We
identified the single nucleotide polymorphism (SNP) variants with
a predicted nonsynonymous effect, using SnpEff (Cingolani
et al., 2012) with a custom database based on the latest gene anno-
tation of the reference genome IPO323 (Lapalu ez al, 2023).

Statistical analysis

Data sets were statistically analysed with Prism 9 software (Graph-
Pad Software, San Diego, CA, USA). First, outliers were detected
using the ROUT method (Q = 1%), and the Gaussian distribu-
tion of the data was tested using the Shapiro-Wilk and
Kolmogorov—Smirnov tests. Comparisons between two groups
were performed by two-tailed #tests. Comparisons between multi-
ple groups that were normally distributed were performed by para-
metric ordinary one-way ANOVA, followed by the Dunnett test
or ordinary two-way ANOVA followed by the Sidik test. Compar-
isons between multiple groups that were nonnormally distributed
were performed by the nonparametric Kruskal-Wallis test together
with Dunn’s test. Raw data are available in Dataset S1.

Results

Mixed-linked glucan oligosaccharides are released during
Z. tritici infection of wheat

To mechanistically explore how Z. #ritici interacts with wheat cell
walls, we monitored the accumulation of B-glucan oligosacchar-
ides (MLG- and cellulose-derived oligosaccharides) during wheat
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infection. We collected Z. tritici (strain 3D7)-infected and non-
infected (Mock) wheat leaves at different time points (6, 8, and
10 dpi) and evaluated the presence of B-glucan oligosaccharides
with low degrees of polymerisation (DP; Fig. S2). We quantified
in these samples the well-described PTT activators B-glucan trisac-
charides (MLG43 and Cello3) using hydrophilic interaction
liquid chromatography in combination with electrospray
ionisation-mass spectrometry (HILIC-ESI-MS; Figs 1a,b, S2).
Zymoseptoria tritici infections led to the release of the MLG-
derived oligosaccharide MLG43, which displayed maximum
levels with the first appearance of the lesions (10 dpi; Fig. 1b,c).
Additional putative B-glucan oligosaccharides of higher DP were
detected (Fig. S2). Remarkably, the levels of the main expected
potential products derived from cellulose degradation, cello-
oligosaccharides, did not increase during infection (Fig. 1b). To
determine the origin of the detected MLG43 during Z. #ritici
infection of wheat, we evaluated the presence of -1,3/1,4-glucan
in the cell walls of both wheat and Z. #ritici. In leaves of 17-d-old
wheat  plants, B-1,3/1,4-glucan  accounted for  0.8%
(7.8 £ 0.6 mg gfl) of the cell wall (Alcohol Insoluble Residue;
AIR), whereas B-1,3/1,4-glucan was not detected in Z. mitici
AIR. These results point to wheat as the sole source of the
observed release of B-1,3/1,4-glucan oligosaccharides. Overall,
the results indicate that B-1,3/1,4-glucan-derived oligosacchar-
ides are released from wheat cell walls during Z. #ritici infection.
We next aimed to identify the CAZyme(s) secreted by Z. tritici
which led to the production of MLG43. We hypothesised that
enzymes leading to MLG43 accumulation should have a pre-
dicted glucanase activity (EC 3.2.1.4) and be highly expressed at
the beginning of the necrotrophic phase. Of the 27 Z. #ritici
genes encoding GHs with a predicted glucanase activity (from
the families GH5, GH7, GH10, GH12, GH45, and GH51),
one (ZtGH45/Z:3D7_G10118) displayed very low expression
levels at 7 dpi and when grown under axenic conditions, but was
highly induced at the necrotrophic phase, and exhibited expres-
sion levels that remained high during this phase (12-28 dpi;
Figs S3, S4a; Palma-Guerrero er al, 2017; Francisco
et al., 2019). We checked whether ZtGH45 was also present in
other Z. tritici strains. Indeed, in the strains 3D1 and 1E4,
ZtGH45 was also present in chromosome 10 (Fig. S4d). We
additionally used a previously published RNAseq dataset per-
formed with the strains 3D1 and 1E4 (Palma-Guerrero
et al., 2017) to evaluate the expression of ZrGH45 in these
strains. These strains have a slower infection rate than 3D7, 3D1
being a slower coloniser than 1E4 (Palma-Guerrero et al., 2017).
Accordingly, we observed that in 1E4, ZtGH45 was expressed
slightly lower at 12 dpi than in 3D7, and that in 3D1, ZtGH45
expression was increased only at 14 dpi (Fig. 1d). Thus, ZtGH45
is expressed at the necrotrophic phase for these three strains.
Z#GH45 harbours six cysteine bridges, as shown in an ArpHA-
FoLD2 model, is highly polymorphic and was previously shown to
be under significant diversifying selection (Fig. S4e,f; Brunner
et al., 2013). Despite the high number of polymorphic residues of
Z#GH45, the critical residues for GH45 activity (D37 and D145),
as reported in Neurospora crassa and Thermothielavioides terrestris
(Gao et al., 2017; Kadowaki & Polikarpov, 2019), were shown to
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be conserved in all the investigated strains of Z. #ritici, suggesting a

potential B-1,4-glucanase activity of ZsxGH45 (Fig. S4c.f).

Impact of constitutive ZtGH45 expression on Z. tritici
virulence

We functionally characterised Z#GH45 by obtaining mutant
lines in which ZtGH45 was disrupted. The three tested indepen-
dent knockout lines (Agh45) did not show differences in viru-
lence compared to the control (Fig. S5a,b). We also obtained
overexpression lines in which we substituted the native promoter
with the constitutive gdpA promoter (Z:GH45-overexpression
line in locus, ZtGH45_OE). In the WT control, ZtGH45 is not
expressed under axenic conditions and has low expression levels
at the early stages of the infection, as previously reported (Meile
et al., 2020; Suarez-Fernandez ez al., 2023; Figs 1e, S4a). By con-
trast, in the ZitGH45_OF line, ZtGH45 expression levels
remained high throughout the Z. #ritici infection cycle (Figs le,
S4b, S5c). The three tested ZtGH45_OE lines showed reduced
virulence in the cultivar Titlis in comparison to the WT strain, as
reflected by a reduction in the percentage of leaf area covered by
lesions and by impaired reproduction, as shown by diminished
pycnidia density (Figs 1f,g, S5d). This effect was not cultivar-
specific since we observed a similar effect in the cultivar Drifter
(Fig. S5e,f). ZtGH45 expression levels were not significantly dif-
ferent between the WT and ZrGH45_OE lines during the necro-
trophic phase (Fig. le). These data suggest that the reduced
virulence phenotype observed in the ZtGH45_OE lines was attri-
butable solely to the misexpression of the gene at the early stages
of infection. To rule out the possibility that the virulence pheno-
type resulted from altered growth of the mutant, we conducted
an in vitro growth analysis in minimal medium supplemented
with different carbon sources (sucrose, fructose, and CMC, and
barley B-glucan) and in yeast malt sucrose (YMS) medium in the
presence of different abiotic stresses (sorbitol, NaCl, H,O,, Cal-
cofluor white, and 28°C). No differences in growth were
observed between the ZrGH45_OEF and the WT lines (Fig. S6).
These results demonstrate that misexpression of ZtGH45 ham-
pered the ability of Z. #ritici to colonise the host.

We next explored whether the reduced virulence of
ZtGH45_OE was due to the recognition of the ZsGH45 protein
itself or due to the recognition of the released oligosaccharides
from the wheat cell walls by the activity of ZxGH45. With this
aim, we obtained a mutant line that overexpressed an enzymati-
cally inactive version of ZtGH45 (Z1GH45_QEP¥A/DIBAY pq o
control, we also obtained an overexpression mutant line of the
WT version of ZtGH45 (ZtGH45_OEY¥™). The gene expression
levels of both the mutant and the WT version of the protein were
statistically not different (Fig. S5¢). We additionally obtained
3xHA-tagged Z:GH45™" and ZiGH45P¥APIHA gverexpres-
sion lines, which showed that both protein versions accumulated
to similar levels, indicating that the catalytic dead version is stable
(Fig. S7a). ZtGH45_OF D37AIDIBA g ot impaired in viru-
lence, while ZtGH45_OE™" hindered Z #ritici progression
(Figs 1g, S7b—d). This effect was not cultivar-specific since it was
also observed in the cultivars Fielder and Paragon (Fig. S7e,f).
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Fig. 1 Mixed-linked glucan oligosaccharides are released in wheat during Zymoseptoria tritici infection and early expression of ZtGH45 hampers virulence.
(a) Base peak intensity (BPI) chromatogram obtained by hydrophilic interaction liquid chromatography coupled to electrospray ionisation-mass
spectrometry (HILIC-ESI-MS) of wheat leaf extracts at 10 d post infection (dpi) with 107 spores ml~" of wild-type (WT) strain ST9O9CH_3D7 (3D7) of Z
tritici. B-p-cellobiosyl-1,3-B-p-glucose (MLG43) mean peak and cellotriose (Cello3) peak are labeled. (b) Quantification by HILIC-ESI-MS of the mixed-
linked glucan-derived oligosaccharides MLG43 (left) and Cello3 (right) released at 6, 8, and 10 dpi with 10” spores mI~" of 3D7. P-values according to
two-way ANOVA followed by Sidék test between plants infected with the 3D7 strain and mock-treated plants are displayed in the plots. Values below the
detection limit are expressed as not detected (nd). The results are from three biological replicates and errors represent SE. (c) Images of leaf sections of
wheat plants infected with 3D7 (107 spores ml~") at 6, 8, and 10 dpi. The average of the percentage of leaf area covered by lesions (PLACL + SE of the
mean) of the first 17 cm from the tip is indicated next to each picture. Bar, 1 cm. This experiment was repeated twice. (d) Expression levels of ZtGH45 in
the Z. tritici strains 3D1, 3D7, and 1E4 at 7, 12, 14, and 28 dpi. Data were obtained from a previously published RNA-seq study (NCBI accessions: SRA
SRP077418). Note that the virulence of 3D7 is higher than that of 1E4 and 3D1. (e) Expression pattern of ZtGH45 in the WT strain 3D7 (yellow bars) and
in the lines constitutively overexpressing in locus ZtGH45 (ZtGH45_OE, blue bars) during wheat (cultivar Titlis) infection (107 spores ml~") at 4, 6, 8, and
12 dpi. Values shown are relative to the Z. tritici housekeeping gene TFC7. P values according to a two-tailed t-test between plants infected with the
ZtGH45_OE line and the 3D7 strain are displayed in the plots. Data are from three biological replicates. Errors represent SE of the mean. (f) Percentage of
leaf area covered by lesions produced by the infection (107 spores ml~") with 3D7 (control, yellow bar) and ZtGH45_OE (blue bars; in locus mutant) lines
at 13 dpi on wheat plants of cultivar Titlis. The experiment was performed three times with line #3 and we obtained similar results. (g) PLACL produced by
the infection (5 x 10° spores ml~") in wheat plants (cultivar Titlis) by 3D7-GFP (control, yellow bar) and lines ectopically overexpressing the ZtGH45 WT
version (ZtGH45_OE™T; blue bars) or ZtGH45 with the catalytic site mutated (ZtGH45_OEP37A/P14%A red bars; ectopic mutants) at 13 dpi. In both (f, g),
the P values according to a one-way ANOVA followed by Dunnett test between plants infected with the mutant lines and the control strain are displayed
in the plots. In the boxplots, the middle line and the box represent the median and the interquartile range, respectively. Whiskers extend to the minimum
and maximum values, and each black dot represents an individual datapoint. ns indicates non significant differences.
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The results demonstrate that the phenotype of Z:GH45_OEY" is
exclusively attributable to the catalytic activity of ZtGH45, and
that the wheat immune system does not recognise the protein
itself.

Constitutive expression of ZtGH45 leads to enhanced
release of MLG-derived oligosaccharides

We further explored the capacity of ZiGH45 to release B-
glucans. We cultivated Z. #ritici WT and three independent
ZtGH45_OE lines in the presence of 0.5% (w/v) B-1,3/1,4-
glucan or B-1,4-glucan (CMC). B-glucan oligosaccharide quanti-
fication of the culture filtrates after 96 h of growth revealed that
the ZtGH45_OE line significantly released more B-glucan oligo-
saccharides than the WT strain when employing B-1,3/B-1,4-
glucan as a substrate (39%, 51%, and 66% for each independent
ZtGH45_OE line and 15% for the WT; % w/w of the initial
material), and these levels were similar to those generated by
incubating MLG with a commercial cellulase (Fig. S8a). When
using CMC as a substrate, we detected the release of -1,4-glucan
oligosaccharides (0.2% of the initial material; w/w) only in the
ZtGH45_OE lines and not in the WT strain (Fig. S8b). To assess
the contribution of the catalytic activity to the release of oligosac-
charides, we grew the knockout (Agh45) and the ectopic lines
overexpressing either the WT or the catalytic dead version
(ZtGH45_OE™" and ZtGH45_OE°**P'%) in the presence
of 0.5% (w/v) B-1,3/1,4-glucan. As expected, we observed that
only the overexpression line of the WT Z:rGH45 led to an
enhanced release of B-glucans compared to the control line
(3D7-GFP; Fig. 2a), indicating that ZtGH45 catalytic activity is
key for the hydrolysis of B-1,3/1,4-glucan. To bring the experi-
mental conditions closer to the 7 vivo wheat environment, the
control line (3D7-GFP) and the mutant lines were grown in
the presence of wheat cell wall fraction (AIR) obtained from 17
d-old seedlings. B-1,3/1,4-glucan- and B-1,4-glucan-derived oli-
gosaccharides were released by all the lines tested, but the
ZtGH45_OE™ line released 2.4-fold higher levels of B-glucan
oligosaccharides than 3D7-GFP (Fig. 2b). The knockout and the
catalytic dead overexpression lines released similar levels of
the oligosaccharides as the control line (Fig. 2b). Oligosacchar-
ides released by ZrGH45_OE from f-1,3/1,4-glucans were
further characterised using high-performance anion-exchange
chromatography with pulsed amperometric detection (HPAEC-
PAD). ZtGH45_OE™" exhibited an enhanced production of
MLG43 compared to the control, the knockout mutant line, and
the line overexpressing the catalytic dead version of ZtGH45
(ZZGH45_OED37A/D14SA; Figs 2¢, S8c¢). These findings corrobo-
rate that B-1,4-glucanase activity of ZsGH45 contributes to the
hydrolysis of B-1,3/1,4-glucan from the wheat cell wall, leading
to the release of B-glucan oligosaccharides.

Mixed-linked glucan oligosaccharides trigger wheat
immunity

We hypothesised that the impaired virulence of the
ZtGH45_OE lines was due to an early ZtGH45-dependent
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release of B-glucan oligosaccharides. To test this hypothesis, we
investigated whether ZtGH45-derived oligosaccharides function
as plant immunity-activating molecular patterns. MLG43 treat-
ment of wheat leaves 24 h before inoculation with the WT
strain resulted in a reduction in symptoms and pycnidia forma-
tion compared to mock-treated plants in the cultivar Titlis after
14 d of infection (Figs 2d,e, S8d). Cello3 also led to a reduc-
tion in symptom development and a slight reduction in pycni-
dia formation (Figs 2d,e, S8d). These results suggest that these
B-glucan oligosaccharides prime wheat plants against pathogen
attack.

To determine whether these cell wall-derived oligosaccharides
induced transcriptional reprogramming in wheat, including the
activation of defence-related genes, we performed a comparative
wheat transcriptomic analysis in plants 3 h after treatment with
either MLG43, Cello3, or the mock solution. In the principal
component analyses, MLG43-induced transcriptional changes
compared to mock were primarily captured by PCl, explaining
88% of the total variance, while Cello3-associated changes were
delineated by PC2, which accounted for 4% of the total variance
(Fig. S9a). Surprisingly, this observation indicates that MLG43
triggers a more pronounced transcriptional reprogramming in
wheat plants compared to Cello3. Accordingly, when comparing
the transcriptomic profiles of treated and control samples, we
identified a total of 26 (20 upregulated) and 3997 (3173 upregu-
lated) DEG (foldchange (Log,) £ 0.58, P-adjusted value
< 0.05) upon treatment with Cello3 and MLG43, respectively.
Of these, 17 genes were differentially expressed upon both treat-
ments, indicating that the two oligosaccharides elicit distinct
transcriptomic responses or, alternatively, that the response to
Cello3 may occur at a different time point (Tables $4, S5). Con-
sistent with its role as a DAMP, the 3173 genes upregulated upon
MLGA43 treatment were enriched in GO terms related to disease
resistance responses (‘innate immune response’ (GO:0045087),
‘defence response to other organism’ (GO:0098542), and ‘trans-
membrane receptor protein serine/threonine kinase signalling
pathway’ (GO:0007178; Table S6)) and included 178 genes
encoding for defence-related proteins, consisting of homologues
of 22 chitinases and 149 receptor kinases, including CERKI,
CEBIiP (chitin elicitor-binding protein), LYK5 (LysM motif
receptor kinase 5), one LRR-MAL receptor kinase, 21 LRR
receptor kinases, six wall-associated receptor kinases (WAK), and
23 LecRKs (Table S7). Remarkably, cell wall-related GOs
(GO:0071554 and GO:0044036) were also significantly
enriched in the genes induced by MLG43 (Table S6). Overall,
the results suggest that MLG43 treatment leads to a transcrip-
tional reprogramming involving the induction of an immune
response and cell wall remodelling.

In parallel, we also investigated the transcriptional response of
wheat plants to infection with the line constitutively expressing
ZtGH45 (ZtGH45_OE). Samples from WT (3D7)-infected,
ZtGH45_OFE-infected, and non-infected control plants were col-
lected at an early stage of infection (6 dpi), when no macroscopic
symptoms were yet visible (Bernasconi ez al., 2023; Alassimone
et al., 2024), and the WT strain did not express ZtGH45. The
principal component analysis highlighted that infection with

© 2025 The Author(s).
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Fig. 2 ZtGH45 overexpression leads to an enhanced degradation of wheat cell wall B-glucan polysaccharides and to the release of oligosaccharides
that trigger resistance against Zymoseptoria tritici. (a, b) B-glucan oligosaccharides released by Zymoseptoria tritici 3D7-GFP (background control),
the knockout of ZtGH45 (4Agh45), and the mutant lines overexpressing the wild-type (WT) version of ZtGH45 (ZtGH45_OFE""), and the catalytic
dead version of ZtGH45 (ZtGH45_OEP37A/P1454) grown in Vogel's minimal medium supplemented with 0.5% (w/v) fructose and with either 0.5%
(w/v) barley mixed-linked glucan polysaccharide ($-1,3/1,4-glucan) (a) or 0.5% (w/v) wheat alcohol insoluble residue (AIR) (b). Oligosaccharides
were quantified after 96 h (a) or 120 h of growth (b). (c) B-p-cellobiosyl-1,3-B-p-glucose (MLG43) released by 3D7, ZtGH45_OF, ZtGH45_QFP3"#
D145A "and Agh45 lines after 96 h of growth in B-glucan-supplemented media quantified by high-performance anion-exchange chromatography with
pulsed amperometric detection (HPAEC-PAD). Bars shown in (a—c) panels represent the mean of three biological replicates, and the error bars
represent the SE of the mean. Different letters indicate significant differences (P value <0.05) according to one-way ANOVA followed by Sidak
multiple comparison test. (d, ) Zymoseptoria tritici strain 3D7 virulence measured as a percentage of leaf area covered by lesions (d) and pycnidia
density (pycnidia cm™ of lesion) (e) at 14 d post infection (dpi) with 5 x 10° spores mI~" in Titlis wheat plants pretreated with 0.5 mM B-p-
cellobiosyl-1,3-B-p-glucose (MLG43; green bar) or 0.5 mM cellotriose (Cello3; red bar) 24 h before infection. P values according to one-way ANOVA
followed by Dunnett test between the oligosaccharide treatments and the mock control are displayed in the plots. In the boxplots, the middle line
and the box represent the median and the interquartile range, respectively. Whiskers extend to the minimum and maximum values, and each black
dot represents an individual datapoint. One representative picture of each treatment is shown in (d). Bars, 1 cm. An additional replicate of the results
presented in (e) is shown in Supporting Information Fig. S8(d).
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Fig. 3 Mixed-linked glucan oligosaccharides trigger a defense response in wheat. (a) Venn diagram representing shared and distinct significant
upregulated genes in wheat plants upon infection (10” spores ml~") with Zymoseptoria tritici 3D7 or ZtGH45_OF or upon treatment with 0.5 mM B-p-
cellobiosyl-(1,3)-B-b-glucose (MLG43) or 0.5 mM cellotriose (Cello3). Wheat transcriptomes were analysed 3 h after treatment with the oligosaccharides
or at 6 d after infection. (b) Log, fold change levels of potential resistance genes upregulated by 0.5 mM MLG43 (green bars; 3 h after treatment) and by
infection with ZtGH45_OE (blue bars; 6 dpi). Upregulated genes encoding putative resistance genes (NB-ARC-containing proteins) and receptors from
different families (Lectin, LysM, Leucine Rich Repeat (LRR), and wall-associated receptor kinases (WAK)) are shown.

the WT and the ZtGH45_OE lines led to changes in the tran-
scriptome compared to the mock, explaining 90% of the total
variance (Fig. S9b). In total, 20 451 and 17 375 wheat genes
were differentially expressed upon infection with the WT and the
overexpression line, respectively, compared to the control plants,
of which 14 940 genes were shared and 2435 were specific to
ZtGH45_OE infection (Tables S4, S5). Of the total upregulated
genes upon infection, we identified 1019 genes (12.3%) that
were induced only upon Z:tGH45_OE infection (Fig. 3a;
Table S8). These genes specifically induced upon ZtGH45_OFE
infection were enriched in ‘regulation of B-glucan biosynthetic
process  (GO:0032951), ‘response to other organisms’
(GO:0051707), and ‘phosphorylation’ (G0O:0016310) GO
terms (Table S9). Among these genes, two encoded for 1,3-B-
glucan synthases, 26 for receptor-like kinases (Table S8). From
the fungal side, only seven genes were differentially regulated
in the ZtGH45_OFE line compared to the WT strain
(Tables S10, S11).

We further evaluated if the transcriptomic profiles of the Z. #i-
tici and MLG43 treatments overlapped. We found that > 60%
(2016) of the genes upregulated by MLG43 were also induced
upon Z. tritici infection, and that ¢. 50% (1698) of the upregu-
lated genes by MLG43 were induced by ZtGH45_OE (Figs 3a,
S9¢). Of these, 56 genes were specifically regulated by
ZtGH45_OEF and not by the 3D7 WT strain, including 13 genes
involved in stress perception and signalling (Fig 3b; Table S12).
Overall, we identified a set of wheat defence-related genes
induced after treatment with MLG43 and infection with
ZtGH45_OE.

New Phytologist (2025) 248: 3191-3207
www.newphytologist.com

MLGA43 triggers a ROS burst and stomatal closure

In Arabidopsis thaliana, respiratory burst oxidase (RBOH) pro-
duces ROS upon MAMP recognition (Torres er al, 2002).
Since five wheat respiratory burst oxidase (RBOH) homologues
were upregulated upon MLG43 treatment (Fig. 4a), we quanti-
fied ROS accumulation upon treatment with this elicitor in cul-
tivar Titlis. We used either chitohexaose (O-CHI6) or flg22 as
positive controls since they both trigger ROS accumulation in
wheat (Fig. §9d, ¢). We observed that wheat leaves underwent a
ROS burst upon treatment with MLG43 (Fig. 4b, ¢). Remark-
ably, a ROS burst was also observed in cultivars Fielder and
Paragon, indicating that MLG43 triggers this immune response
regardless of the wheat cultivar used (Figs 4d,e, S9f,g). By con-
trast, wheat treated with Cello3 did not undergo ROS accumu-
lation (Figs 4b,c, S9f,g). Additionally, the transcriptomic
analysis also revealed an upregulation of 15 genes involved in
stomatal closure regulation, encoding for homologues of two
SLAH3 (Liu er al, 2019), eight plant glutamate receptors
(Kong et al, 2016), four calcium-dependent protein kinases
(Geiger et al., 2010; Brandt er al., 2012; Scherzer ez al., 2012),
and one CBL-interacting protein kinase (Fig. 4a; Forster
et al., 2019), suggesting that MLG43 might regulate stomatal
closure. Since stomata have been shown to play a pivotal role in
plant resistance and are the major entry gate for Z. #ritici to the
apoplast (Battache er al, 2022, 2024; Bernasconi ez al., 2023),
we investigated whether ZiGH45-released cell wall oligomers
regulate stomatal movements by treating wheat leaves with
MLG43 and Cello3 and opening.

assessing stomatal

© 2025 The Author(s).
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Fig. 4 Mixed-linked glucan oligosaccharides trigger reactive oxygen species (ROS) burst and stomatal closure in wheat plants. (a) Expression levels of

stomatal immunity-related genes in wheat plants treated with MLG43. Log,-fold change compared to mock is represented. (b) ROS production in wheat

leaf discs of cultivar Titlis upon treatment with 100 pM MLG43 or cellotriose (Cello3) measured as relative luminescence units (RLU) over time. One
microMolar flagellin-derived 22-amino-acid epitope (flg22) was used as a positive control. Dashed lines represent the SE of the mean. (c) Total ROS
production estimated as cumulative RLUs over 40 min in cultivar Titlis. These experiments were repeated twice and gave similar results. (d, e) ROS
production, estimated as RLUs, in wheat leaf discs of cultivar Fielder (d) and Paragon (e) upon treatment with 100 pM MLG43 or 100 uM hexaacetyl-

chitohexaose (O-CHI6), used as a positive control. Total ROS production is shown in the right upper corner. In (b—e), water was used as a negative control
and in (c-e), significant differences (P values according to one-way ANOVA followed by Dunnett test) with the negative control (H,O) are displayed in the

plots. (f) Stomatal closure in response to MLG43. Boxplots represent the width : length ratio of the stomatal pore, as a proxy for stomatal aperture, in
wheat epidermal peels treated with 0.5 mM of MLG43 or 0.5 mM Cello3 for 6 h. Water and 10 pM abscisic acid (ABA) were used as negative and
positive controls, respectively. P values according to Kruskal-Wallis test followed by Dunn test between MLG43, Cello3, or ABA treatment and H,O are
displayed in the plots. This experiment was repeated twice and gave similar results. Representative images of stomata exposed to 10 pM ABA, 0.5 mM

MLG43, or 0.5 mM Cello3 for 6 h are shown. Bars, 10 pum. In the boxplots, the middle line and the box represent the median and the interquartile range,

respectively. Whiskers extend to the minimum and maximum values, and each black dot represents an individual datapoint. ns indicates non significant

differences.

Remarkably, we observed that wheat plants closed their stomata
6 h after MLG43 treatment, mimicking the response induced
by ABA, which was used as a positive control (ABA; Fig. 4f;
Hsu er al, 2021). By contrast, stomata remained open upon

© 2025 The Author(s).

New Phytologist © 2025 New Phytologist Foundation.

Cello3 and water treatment (Fig. 4f). These results indicate that
the recognition of MLG43 triggers an immune response and
leads to ROS accumulation and subsequent stomatal closure in
wheat plants.

New Phytologist (2025) 248: 3191-3207
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Discussion

Plant cell walls play a central role in mediating plant-pathogen
interactions since they act as defensive barriers against pathogen
invasion and serve as a source of nutrients for pathogens (Molina
et al., 2024a). Pathogens secrete an arsenal of CAZymes (includ-
ing CWDEs) during their infection cycle (Brunner er a/., 2013;
Bradley ez al., 2022) to modify and break down plant cell wall
carbohydrate polymers, presumably to surmount the cell wall as a
physical barrier and to acquire nutrients (Bradley et al., 2022). As
a result of CAZyme activity, cell wall-derived oligosaccharides are
released and frequently detected by the host as DAMPs, trigger-
ing immune responses and hindering pathogen progression
(Bacete et al., 2018; Molina et al., 2024a). In this work, we func-
tionally characterised a GH from family 45 of the fungal plant
pathogen Z. tritici, ZsxGH45. Constitutive expression of ZtGH45
hinders Z. tritici infection and leads to an enhanced release of
plant cell wall-derived MLG oligosaccharides, which the wheat
host recognises as immunity-activating molecular patterns. These
results suggest that Z. #ritici tightly regulates ZtGH45, which is
expressed only during the necrotrophic phase, to delay the release
of MLG oligosaccharides and prevent early recognition by the
host. Our experiments demonstrate that tight regulation of
pathogen CWDEs controls the release of elicitors that trigger
plant resistance.

Zymoseptoria tritici- infection leads to changes in the cell wall
composition, featuring an increase of oligosaccharides derived
from B-1,3/1,4-glucans (MLGs). The released MLG-derived tri-
saccharide is immunogenic and confers protection against Z.
tritici in wheat plants, similar to what has been described for
other plant species, including rice, tomato, pepper, and A. thali-
ana (Rebaque er al, 2021; Dai er al, 2023). Perception of
MLG43 in A. thaliana and rice is mediated by LysM receptor
kinases, and OsLecRK1 and AtLRR-MAL RKs (IGP1/CORK1,
IGP3 and IGP4) (Rebaque ez al., 2021; Yang et al., 2021; Dai
et al., 2023; Martin-Dacal ez al., 2023). The mechanisms mediat-
ing MLGA43 perception in wheat remain unknown. We speculate
that a PRR directly interacts with MLG43, similar to what has
been reported for other oligosaccharides acting as
MAMPs/DAMPs (Martin-Dacal ez al, 2023), but further evi-
dence is required to demonstrate this hypothesis. MLG43 detec-
tion leads to the activation of several defence-related genes,
including three LysM-containing receptors, one LRR-MAL RK,
23 LecRKs, and six genes encoding WAKSs. The upregulation of
these putative receptor-encoding genes in wheat in response to
MLG43 treatment suggests their potential contribution to the
perception of this elicitor. However, we cannot discard that they
are part of a general immune response triggered by this DAMP.
Notably, 50% of MLG43-induced genes were also upregulated
during infection with the ZtGH45 overexpression line, highlight-
ing its contribution to wheat resistance. In addition to inducing
defence-related genes, MLG43 triggers the accumulation of ROS
and stomatal closure in wheat, which likely limits penetration by
Z. tritici and potentially accounts for the observed protection
capacity of MLG oligosaccharides.

New Phytologist (2025) 248: 3191-3207
www.newphytologist.com
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Remarkably, we did not detect an increase in cellulose-derived
oligosaccharides upon Z. tritici infection. This was unexpected
since the wheat cell wall is rich in cellulose. This might be due to
the higher accessibility of -1,3/1,4-glucans in the plant cell wall
compared to PB-1,4-glucan, which forms cellulose microfibrils
(Zoghlami & Paés, 2019). Additionally, we cannot discard the
possibility that cello-oligosaccharides with a low degree of poly-
merisation might be released but subsequently targeted by
degrading enzymes, including cellodextrin oxidases, from the
plant, as reported in Arabidopsis (Costantini ez 4/, 2023), and
are therefore not detected. Cello3 treatment hindered symptom
development by Z. #ritici but did not lead to a significant reduc-
tion in pycnidia formation. We did not observe major transcrip-
tomic changes in response to cellulose-derived oligosaccharides.
This may reflect a distinct transcriptional profile with different
temporal dynamics, such that key responses might occur outside
the time point we analysed. Overall, we suggest that the mechan-
isms leading to MLG43 and Cello3-triggered immunity are not
fully shared.

We hypothesise that during colonisation, pathogens, including
Z. tritici, seek to minimise the generation of cell wall-derived
DAMPs to enhance the infection process. Accordingly, MLG-
oligomers accumulation is not observed at the early stages of the
infection but increases at the later stages with the first appearance
of symptoms. We propose that MLG43-triggered immune
responses at this late stage — when the pathogen is already prolif-
erating in the apoplast — are insufficient to halt disease progres-
sion. By contrast, if MLG43 were released earlier, it could
effectively impede infection by triggering stomatal closure,
defense gene induction, and ROS accumulation. Thus, we sug-
gest that the expression of enzymes hydrolysing MLGs and releas-
ing MLG-derived DAMPs (as Z{GH45) is repressed in Z. tritici
during the early colonising stages of the infection as a mechanism
of host evasion. Accordingly, the early expression of ZtGH45 in
the overexpression lines triggers an early induction of 26 poten-
tial PRRs, as shown in the transcriptomic analysis. In M. oryzae,
MoCel12 hydrolyses MLG and releases MLG oligosaccharides.
As we observed for ZtGH45, the expression levels of MoCell2 are
regulated to potentially mitigate the detection of the pathogen
(Yang et al., 2021). Remarkably, distinct GHs can trigger the
release of the same DAMP species (Yang ez al., 2021; this work),
underscoring the central role that B-1,3/1,4-glucans represent in
the outcome of plant—pathogen interactions. Notably, Z. #ritici
has a homologue of MoCel12 (Z:GH12), which is also expressed
at the necrotrophic phase. We suggest that Z:GH45 and
ZGH12 might contribute to the breakdown of MLGs and influ-
ence pathogen progression. The function of these two enzymes at
the late stages of the infection and how they contribute to the
pathogen’s life cycle remains to be unveiled (Fig. 5).

Despite the low expression at the early stages of infections,
ZtGH45 is highly induced during the necrotrophic phase. Several
effector genes display a similar expression pattern (Rudd
et al., 2015; Palma-Guerrero ez al., 2017), but the signal leading
to the activation of these genes remains unknown. The expression
pattern of ZtGH45 suggests a role for the enzyme at the

© 2025 The Author(s).
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Fig. 5 Proposed model for the function of ZtGH45 during Zymoseptoria tritici infection of wheat plants. Mixed-linkage glucan (8-1,3/1,4-glucan; MLG)
oligosaccharides are released during Z. tritici infection from wheat cell walls at the onset of the necrotrophic phase (yellow arrows, left side). By contrast, in
plants inoculated with the line overexpressing ZtGH45, MLG-derived oligosaccharides are released earlier during infection, are perceived by wheat, and
trigger an immune response, characterised by the induction of defence-related genes, production of reactive oxygen species, and stomatal closure, which
hinders the progression of Z. tritici (blue arrows; right side). Dashed arrows indicate nonexperimentally proven information. ROS, reactive oxygen species;
WT, wild-type; ZtGH45_OE, line overexpressing ZtGH45. Yellow and blue arrows indicate processes for Z. tritici WT and Z. tritici_OE respectively. Dashed
arrows indicate hypotheses extracted from the results. Blunt-ended arrows indicate negative effects.

necrotrophic phase. However, disruption of ZtGH45 does not
impair virulence. We postulate that other proteins, including
ZiGH12, might have redundant functions with ZxGH45 and be
involved in nutrition, formation of pycnidia, or in triggering cell
death. Alternatively, we cannot discard that Z#GH45-released oli-
gosaccharides might be used to close the stomata once the patho-
gen is in the apoplast and, this way, keep high humidity
conditions inside the host. Plant bacterial pathogens, when reach-
ing the apoplast, release effectors that close the stomata to keep
high humidity conditions (Melotto ez al., 2017).

Biotechnological strategies for crop protection based on the
capacity of plant cell wall-derived oligosaccharides to increase
plant resistance to pathogens have recently gained interest
(Molina er al, 2024a). Notably, pretreatment of plants with
MLG oligosaccharides (especially MLG43) can protect different
crops such as pepper, rice, and tomato against bacterial and fun-
gal diseases (Rebaque ¢f al., 2021; Yang et al., 2021). The ability
to obtain these active oligosaccharides from plant-based indus-
trial waste and plant biomass would contribute to the circular
economy and enable more sustainable agriculture (Rebaque ez al,
2023). The results shown here illustrate the potential to apply
this technology to wheat crops.

In conclusion, B-1,3/1,4-glucan oligosaccharides produced
during Z. mritici-wheat interactions serve as danger signals trigger-
ing wheat immunity that leads to the production of ROS,

© 2025 The Author(s).
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stomatal closure, and a transcriptional response (Fig. 5). We pro-
pose that, over the course of evolution, the expression of the B-
glucan-degrading ZiGH45, and probably other
CAZymes, was limited to the necrotrophic stages when the
pathogen has already colonised the apoplastic space, melanised
pycnidia are being formed, and the MLG-triggered plant
immune response may not effectively interfere with the pathogen

enzyme

progression.
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Table S4 Fold change (Log,) expression levels of wheat genes
upon MLG43, or cellotriose (Cello3) treatment (3h) compared
to mock or upon infection with Zymoseptoria tritici 3D7 or
ZtGH45_OF-infected plants compared to mock treated plants
(6 dpi).
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Genes potentially involved in defence are highlighted in green.
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