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SUMMARY

Plant defense manipulation via effector secretion is a strategy employed by plant-
associated microbes to promote host colonization. Due to the high economic
impact of plant diseases caused by filamentous microbes such as fungi, the
functional characterization of effectors is of utmost importance. Understanding
effector function can provide insight into their mechanisms of action and
ultimately facilitate the development of novel plant resistance strategies. This
research focuses on Zymoseptoria tritici, a devastating fungal pathogen of wheat
and the causal agent of Septoria tritici blotch (STB). Z. tritici possesses an
extensive effector repertoire, the role of which in plant defense modulation
remains largely unknown. Using a combination of reverse genetic approaches, |
aimed to functionally characterize Z. tritici effectors potentially involved in host
defense manipulation. In Chapter |, | analyzed a candidate apoplastic effector,
Zt09 _chr_5 00190 (Zt190), whose function and contribution to virulence were
previously unknown. My findings reveal that Zt190 contributes to fungal virulence
and may exert its effects through interaction with host proteins. In Chapter II, |
identified candidate effectors potentially involved in hormonal manipulation.
These include Ztlscl, a putative isochorismatase potentially interfering with host
salicylic acid biosynthesis, and a set of fungal biosynthetic genes possibly
involved in cytokinin production (Ztipt, Ztlogl, Ztfmo). However, further
investigation is needed to confirm their specific roles in defense modulation. The
results presented here contribute to the field of plant molecular pathology by
demonstrating the relevance of Z. tritici effectors in manipulating both apoplastic
defenses and the host hormonal network, underscoring these processes as
promising targets for the development of new strategies to combat STB in wheat.
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GENERAL INTRODUCTION

1. Filamentous pathogens and plant disease: insights into molecular
mechanisms of infection

Filamentous plant pathogens, such as fungi and oomycetes, are major causes of
plant diseases and significant contributors to global agricultural losses, posing
serious threats to both food security and economic stability. These pathogens
reduce crop yields through direct infection and secondary effects, accounting for
up to 30% losses in staple crops such as wheat, rice, and maize. They also
frequently contaminate food and feed with harmful mycotoxins, necessitating
extensive reliance on chemical treatments for their management (Dean et al.
2012). Notable examples include Zymoseptoria tritici in wheat (Fones and Gurr
2015), Magnaporthe oryzae in rice (Skamnioti and Gurr 2009), Fusarium
graminearum in cereals (Goswami and Kistler 2004), Sclerotinia sclerotiorum in
broadleaf crops (Boland and and Hall 1994), and the oomycete Phytophthora
infestans in potatoes and tomatoes (Nowicki et al. 2012). The impact of these
pathogens is further exacerbated by climate change and the rapid evolution of
resistance to both fungicides and host resistance genes, rendering conventional
control methods increasingly ineffective (Majumdar et al. 2022; Islam et al. 2024;
Mohanapriya et al. 2025). These challenges underscore the urgent need for more
sustainable and resilient strategies to manage the impact of filamentous
pathogens on plant health.

These strategies may include breeding or engineering crops with specific
resistance genes, employing biocontrol agents, and integrating pest
management practices that minimize the ecological impact (Mohanapriya et al.
2025; Al-Rawashdeh 2025; Sadvakasova et al., 2025). However, the
development of more durable and sustainable resistance approaches depends
heavily on advancing agricultural management through a deeper understanding
of plant-pathogen molecular interactions and eco-evolutionary dynamics
(McDonald and Stukenbrock 2016; Vishwakarma et al. 2020). Such insights can
facilitate a shift away from broad-spectrum, short-lived control measures toward
more targeted, long-lasting, and environmentally responsible solutions.

1.1. Eco-evolutionary aspects of filamentous pathogen 7 plant host
interactions: a brief overview

Filamentous pathogensd primarily fungi and oomycetesd are characterized by
their hyphal-like growth and are integral components of complex plant-associated
microbial communities. They can establish antagonistic interactions with their
hosts, leading to fitness costs and, in many cases, to disease (Faust and Raes



2012). In contrast, mutualistic microbes, such as endophytes, can colonize plant
tissues without inducing disease and confer benefits, including enhanced nutrient
uptake and protection against pathogens (Saikkonen et al. 1998; Bronstein and
Bronstein 2015). These contrasting interactions illustrate that plant-microbe
relationships exist on a gradient, ranging from beneficial to harmful, and are
notably influenced by environmental conditions (Faust and Raes 2012;
Saikkonen et al. 2020). As such, pathogenesis might not be a fixed feature but
instead an outcome of several interplaying factors; for instance, microbes that are
typically neutral or beneficial under normal conditions can shift toward pathogenic
behavior under environmental stress, such as drought, host immune
suppression, or alterations in the microbial community (Trivedi et al. 2020;
Mohanapriya et al. 2025). Understanding the ecological factors that govern
pathogenesis within host-microbe interactions is therefore essential, particularly
in the context of climate change, as rising global temperatures increase the risk
of formerly non-pathogenic species acquiring pathogenic traits (Mohanapriya et
al. 2025).

When colonizing their hosts, filamentous pathogens employ diverse feeding

strategies and develop a range of specialized morphological structures (Fig. 1).

They can acquire nutrients in different ways; if they rely on living tissue, they are

call ed hikidootpraotphogens and often form speci :
haustoria. For example, in the barley powdery mildew fungus Blumeria graminis,

these haustorial structures create an intimate membrane interface, facilitating the

exchange of nutrients and molecules between the pathogen and the host

(Bourrasetal. 2018). A Necrotrophico pathogens, by con
to exploit released nutrients. Still, these pathogens, such as Sclerotinia

sclerotiorum, exhibit a brief latent phase during early infectiond growing
asymptomatically and suppressing host immune responsesd this phase is

typically short-lived (Kabbage et al. 2013; 2015). AHemi bi otrophico p
bridge these two strategies, beginning with an initial biotrophic/latent phase

(longer than the true necrotrophs) that maintains host viability, followed by a

necrotrophic phase characterized by host cell death and nutrient release.

Besides haustoria, other morphological structures can play critical roles during
infection, particularly in host penetration and the delivery of molecular effectors.
For example, hemibiotrophic fungi like Magnaporthe oryzae form leaf-penetrating
appressoria that mechanically disrupt plant cell walls to facilitate host entry
(Wilson and Talbot 2009) (Fig. 1). This fungus also develops a specialized
membrane-rich structure, the biotrophic interfacial complex (BIC), located at the
tips of invading hyphae, which is crucial for delivering pathogen-derived
molecules into host cells (Kishimoto et al. 2010). However, not all pathogens rely
on such specialized structures; for instance, the hemibiotrophic fungi



Cladosporium fulvum and Zymoseptoria tritici can infect their hosts without
forming appressoria or BICs.
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At the core of plant-pathogen biology is the molecular arsenal developed by both
hosts and microbes, which shapes evolutionary dynamics and resistance.
Pathogens produce molecules that enable them to adapt to specific host
environments and overcome plant immune defenses, influencing whether
infections succeed or fail (Lo Presti et al. 2015). In response, plants have evolved
complex molecular defense mechanisms to counteract pathogen attacks (Dodds
et al. 2024). These ongoing molecular interactions drive co-evolution, often
determining host specificity: for example, Blumeria graminis has developed
specialized lineages to infect wheat and barley (Bourras et al. 2018), while
generalist pathogens like Botrytis cinerea can infect a broad range of plant
species (Cheung et al. 2020; Newman and Derbyshire 2020; Bi et al. 2023).
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Pathogens can also shift to new hosts over time, reshaping disease landscapes
and agricultural risks (Schulze-Lefert and Panstruga 2011; Thines 2019; de Vries
et al. 2020). A significant example is wheat blast disease, caused by
Magnaporthe oryzae, which was adapted to infect wheat in Brazil during the
1980s before spreading to Bangladesh, India, and Zambia (Ceresini et al. 2019;
Singh et al. 2021). Similarly, Fusarium graminearum is expanding its geographic
distribution and increasing mycotoxin contamination in grains (Trail 2009), which
is likely fueled by climate change. Phytophthora infestans, initially co-evolved with
solanaceous plants, became a significant threat in Europe after the introduction
of susceptible potato cultivars, leading to devastating outbreaks that persist today
through the emergence of new lineages (Nowicki et al. 2012). In some cases,
such as with wheat rust pathogens (Puccinia spp.), rapid pathogen evolution
enables the circumvention of plant resistance genes (Kiran et al. 2016). In others,
such as Rhizoctonia solani, no effective genetic resistance markers have yet
been identified (Anderson et al. 2016). These examples illustrate how both
emerging and established fungal pathogens continue to pose a threat to global
food production, underscoring the urgent need for a deeper molecular
understanding and more resilient management strategies.

2. Effector -mediated suppression of plant immunity and its
implications for resistance development

A key molecular feature to understand plant-pathogen biology is the molecular
interplay between the attack and defense mechanisms of both the plant and the
pathogen. Pathogens deploy specialized molecules known as effectors to
manipulate host biology and promote infection. In response, plants have evolved
the ability to recognize both conserved microbial patterns and specific effectors,
triggering immune responses that restrict pathogen proliferation. Plant resistance
is frequently mediated by protein receptors that detect pathogen-derived
effectors, initiating defense signaling cascades. Beyond physical recognition,
pathogens may also disrupt hormonal signaling pathways to suppress immune
responses and favour infection. Unraveling these complex molecular interactions
could open the door to engineering novel resistance strategiesd whether by
enhancing recognition, restoring disrupted signaling, or reinforcing apoplastic
defense mechanismsd to better protect crops against evolving pathogens.

2.1. A brief overview of effector classification and plant immunity
organization

During |jfnifleecrhemtnous pl ant pat hogens
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effectors have been comprehensively reviewed in several key publications ( L o

Prest 2a0I1.5; e$edliln6 ; eToxdd2.2; Seong and .Krasile
These works collectively provide a comprehensive overview of the effector

biology landscape, encompassing effector classification, structural diversification,

secretion and delivery mechanisms, and host targets. They also highlight

advances in understanding molecular functions, evolutionary trajectories,

computational prediction methods, and experimental validation strategies.

The critical role of effectors in planti pathogen interactions stem from their
remarkable diversity and functional complexity. While secretion is a defining
feature of effectors, they vary widely in their molecular natured being either
proteinaceous or non-proteinaceousd and in their site of action, which can be the
apoplast or the host cell interior; differing in size, secretion pathways, and delivery
mechanisms (Lo Presti et al. 2015; Collemare et al. 2019). They are
characterized by high sequence divergence, species specificity, and functional
redundancy, which make their identification and characterization challenging
(Stergiopoulos and Wit 2009; Fouché et al. 2018; Sanchez-Vallet et al. 2018).
Functionally, effectors can aid pathogens in suppressing plant immunity,
conditioning the infection environment, and influencing the plant microbiome
(Roussin-Léveillée et al. 2024; Rovenich et al. 2014; Snelders et al. 2021; 2022;
2023). The following sections will discuss how specific effectors facilitate
pathogen infection by downregulating plant immunity.

As pathogens attempt to colonize plant tissues, they must overcome host
defenses, beginning with physical barriers and progressing to a complex, multi-
layered immune system (Fig. 2). In their landmark review, Jones and Dangl|
(Jones and Dangl 2006) described plant immunity as a two-layered systemad

comprising surface and intracellular responsesd which are now recognized as
highly interconnected, engaging in extensive signaling crosstalk and cooperation
(Yuan etal. 2021; Ngou et al. 2021). For a comprehensive understanding of these
defense layers, several in-depth reviews are available (Dodds and Rathjen 2010;
Ngou et al. 2021; Yuan et al. 2021; Bernoux et al. 2022). Briefly, the first line of
immune detection at the plant surface is mediated by pattern-recognition
receptors (PRRs), including receptor-like kinases (RLKS), receptor-like proteins
(RLPs), and wall-associated kinases (WAKSs). These membrane-bound receptors
detect conserved pathogen- and damage-associated molecular patterns
(PAMPs/MAMPs and DAMPSs), initiating a cascade of immune signals known as
pattern-triggered immunity (PTI). PTI activation involves the rapid production of
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reactive oxygen species (ROS), activation of mitogen-activated protein kinases

(MAPKSs), and induction of defense-related gene expression. In the case of
filamentous pat hogens, known PAMPs -capabl e
glucans, mannans, and chitin (Lo Presti et al. 2015). This immune activation

creates a hostile biochemical environment that can effectively block many

invaders, particularly obligate biotrophs.
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Plants have evolved a second layer of defense that operates intracellularly and
is activated upon recognition of an effector. During colonization, pathogens
secrete effectors that suppress pattern-triggered immunity (PTI) by interfering
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with key processes such as receptor recognition or downstream signaling
pathways (Dodds et al. 2009; Koeck et al. 2011; Jaswal et al. 2020). Once inside
the host cell, these effectors can be recognized by intracellular receptorsd
nucleotide-binding leucine-rich repeat (NLR) proteinsd which mediate this
second defense layer. Effector recognition by NLRs activates a strong and often
localized immune response known as effector-triggered immunity (ETI) (Dodds
et al. 2024). ETI commonly leads to hypersensitive cell death at the site of
infection and can also initiate systemic acquired resistance, allowing long-
distance immune signaling throughout the plant. Al t hough ETI

S

effective against biotrophic pathogens,
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( R) p r artnien al. 2003; Kourelis and van der Hoorn 2018). Once
recognized, effectors are termed avirulence (Avr) factors, following the classical
gene-for-gene model proposed by Flor (1971), in which disease resistance is
triggered when a specific Avr effector is detected by its corresponding R protein.
A well-known example is in the rice blast fungus Magnaporthe oryzae, where the
intracellular effector AVR-Piz-t is recognized by the cytosolic R protein Piz-t,
leading to resistance if the corresponding R gene is present (Li et al. 2009; Park
et al. 2012). However, pathogens possess a range of genomic and genetic
mechanisms that enable effector evolution and facilitate immune evasion (Presti
et al. 2015; Sanchez-Vallet et al. 2018; Mat Razali et al. 2019). The "zig-zag"
model of plant immunity explains this highly dynamic interplay between R proteins
and effectors, which reflects an ongoing co-evolutionary arms race in which
plants evolve new receptors to detect effectors, while pathogens continuously
adapt by modifying or replacing them (Jones and Dangl 2006; Ngou et al. 2022).
This underscores the importance of continued research into effector evolution
and recognition mechanisms, as R proteins remain a cornerstone in developing
crop varieties of economic importance with durable genetic resistance.

2.2. Apoplastic effectors in plant T pathogen interactions and their role
in defense manipulation

Activation of plant defense responses transforms the apoplast into a hostile
environment for pathogen proliferation, enriched with hydrolytic enzymes,
protease inhibitors, defense metabolites, and antimicrobial compounds
(Doehlemann and Hemetsberger 2013). Many of these enzymes also contribute
to immune activation by generating microbial fragments that are recognized by
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surface-localized pattern recognition receptors (PRRSs), triggering pattern-
triggered immunity (PTI). For example, plant chitinases degrade fungal cell walls,
releasing chitin oligomers that serve as immune elicitors (Vaghela et al. 2022).
To evade this response, pathogens often intercept chitin fragments before they
are detected by the host. A widely used strategy involves the secretion of LysM
domain-containing effectors, which specifically bind chitin and prevent immune
recognition. Known pathogens using this strategy include Cladosporium fulvum
in tomato (de Jonge et al. 2010a), Magnaporthe oryzae in rice (Mentlak et al.
2012), and Zymoseptoria tritici in wheat (Marshall et al. 2011).

Beyond fragment sequestration, apoplastic effectors can also disrupt other critical
immune processes. For example, the maize smut fungus Ustilago maydis
secretes the effector Pepl, which inhibits a host peroxidase involved in the
production of reactive oxygen species (ROS), thereby dampening a key early
immune response (Doehlemann et al. 2009; Hemetsberger et al. 2012).
Additionally, effectors can interfere with pathogenesis-related (PR) proteins,
which are crucial components of the plant defense arsenal. A notable example is
SnTox3, an effector that blocks the proteolytic cleavage of PR1 into CAPE
peptides, which play a role in systemic immune signaling (Sung et al. 2021).
Together, these examples illustrate how the apoplast serves as a battleground,
where apoplastic effectors play a ce
defenses, thereby allowing pathogens to establish an infection and spread.

During infection, apoplastic effectors can be recognized by plant surface immune
receptors. In pathogens that primarily colonize the apoplastd such as
Cladosporium fulvum and Leptosphaeria maculansd resistance often depends
more on surface-localized receptors than on intracellular immune receptors. For
example, AvrLm1 is an apoplastic effector recognized by LepR3, a receptor-like
protein (RLP) located at the plasma membrane in oilseed rape. Recognition of
AvrLm1 by LepR3 activates immune responses in the host plant (Petit-Houdenot
and Fudal 2017). In Cladosporium fulvum, Avr4 is a well-characterized apoplastic
effector that binds to chitin in the fungal cell wall to protect it from degradation by
plant chitinases. However, this effector is recognized by the tomato Cf-4 receptor,
also located at the plasma membrane, which triggers defense responses upon
detection (van Esse et al. 2007). These examples highlight the importance of
expanding our understanding of extracellular effector recognition as a crucial
aspect of plant immunity.

Effectoromics approaches offer a powerful, high-throughput means to screen
candidate effectors and their plant protein interaction partners (Du and
Vleeshouwers 2014; Todd et al. 2022). This process often begins with prioritizing
candidates from the pathogends effec
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EffectorP (Sperschneider et al. 2016) and DeepLoc (Thumuluri et al. 2022), which
help predict effector likelihood and subcellular localization. Structural modeling
platforms such as AlphaFold further support functional predictions by revealing
structural motifs and potential interaction interfaces (Seong and Krasileva
2023a). Transcriptomic data from both in vitro and in planta conditions, combined
with proteomic evidence of secretion, can help refine the selection of candidate
effectors for functional characterization (Dalio et al. 2018; Li et al. 2024).
Additional experimental strategiesd such as heterologous transient
overexpression via agroinfiltration in model plants like Nicotiana benthamiana to
observe hypersensitive responses or other phenotypes, and the generation of
mutant strains lacking or overexpressing effector genesd have proven effective
in elucidating effector functions (Du and Vleeshouwers 2014; Rocafort et al.
2020). Furthermore, proteini protein interaction assays, including yeast two-
hybrid and pull-down experiments, are commonly used to identify host targets of
effectors, thereby validating their roles in planti pathogen interactions (Dalio et al.
2018). Integrating these complementary approaches provides a robust
framework for uncovering the functions of uncharacterized effectors, some of
which may serve as valuable tools for engineering disease resistance in crops.

Effectoromics has been successfully applied across various planti pathogen
systemsd including Cladosporium fulvumi tomato, Fusarium oxysporumi tomato,
Phytophthora infestansi potato, Leptosphaeria maculansi oilseed rape, and
Magnaporthe oryzaeiriced to functionally characterize effectors, identify
resistance genes, and guide breeding strategies aimed at achieving durable
disease resistance (Todd et al. 2022; Du and Vleeshouwers 2014). In the F.
oxysporumi tomato pathosystem, effectoromics has enabled the identification of
"Secreted in Xylem" (Six) effectors such as Six1 and Six4, which have been
functionally characterized for their roles in virulence and host specificity; and now
are routinely used to screen tomato cultivars for resistance (Tintor et al. 2020).
Similarly, in the C. fulvumi tomato interaction, resistance is mediated by Cf genes
that encode receptor-like proteins (RLPs), which recognize specific small
secreted proteins (SSPs) produced by the pathogen. For instance, Mesarich et
al. (2018) applied an effectoromics pipelined combining transcriptomics,
proteomics, and gene overexpression assayso to identify nine SSPs recognized
by wild tomato accessions. In the case of P. infestans, the causal agent of potato
late blight, effectoromics approaches such as agroinfiltration and potato virus X
(PVX)-based expression assays have been used to characterize RXLR effectors
functionally. The transient expression of these effectors in cultivated and wild
potato species has facilitated the identification of corresponding resistance (R)
genes and helped elucidate effector roles in immune suppression and host
manipulation (Domazakis et al. 2017).
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Diverse resistance strategies have been developed based on apoplastic defense
mechanisms. For example, in cotton, the overexpression of the apoplastic
chitinase-like protein CTL1 redirects the Verticillium dahliae effector VdTRPd

usually toxic to plant cellsd from the plasma membrane to the apoplast ( L € u

2 0 2 4., Thirédirection significantly enhances cotton resistance to V. dahliae
without affecting growth or development, highlighting its potential for breeding
durable wilt-resistant varieties. Additionally, the design of specific metabolites to
disrupt effectori host protein interactions in the apoplast represents a promising
avenue for disease control. A notable example involves Magnaporthe oryzae,
where targeting the interaction between the effector MoErs1 and the rice papain-
like cysteine protease OsRD21 with the structure-based compound FY21001
effectively controls rice blast disease ( L ieu 20 2.4While engineering
intracellular immune receptors has already proven successful in riced where
domain modifications have produced variants capable of recognizing novel
effectors ( Zd r z et gak R023)d similar strategies could be extended to
extracellular receptors as our understanding of their recognition and signaling
mechanisms deepens. Such advances will significantly benefit from increased
characterization of apoplastic effectors and the identification of their host targets,
which are critical steps toward developing innovative and durable resistance
strategies.

2.3. Manipulation of plant hormonal signaling by pathogen effectors

A key component of plant immunity is the hormonal defense network, which
consists of tightly regulated crosstalk among multiple signaling pathways that
respond to the lifestyle of the invading pathogen (Fig. 3). The primary defense-
related hormonesd salicylic acid (SA), jasmonic acid (JA), and ethylene (ET)d
play distinct roles (Shigenaga and Argueso 2016). SA is crucial for resistance
against biotrophic and hemibiotrophic pathogens, which depend on living host
tissue. Its accumulation triggers the production of pathogenesis-related (PR)
proteins, initiates a hypersensitive response (HR) to limit pathogen spread, and
activates systemic acquired resistance (SAR) for long-term immunity. In contrast,
JA and ET are primarily involved in defense against necrotrophic pathogens and
herbivorous insects, in part by inducing the production of antimicrobial
compounds (Robert-Seilaniantz et al. 2011; Shigenaga and Argueso 2016).
Although SA and JA signaling pathways often act antagonistically, increasing
evidence suggests that coordinated activation of both pathways is frequently
required for an effective and balanced immune response (Robert-Seilaniantz et
al. 2011; Shigenaga and Argueso 2016). Beyond these classical defense
hormones, growth-related regulators such as auxins, cytokinins, and the abiotic
stress-related hormone abscisic acid (ABA) also participate in shaping immune
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responses through complex interactions with the SAT JAT ET network (Denancé
et al. 2013; Shigenaga and Argueso 2016).

biotrophic/ .
hemibiotrophic microbes necrotrophic microbes

( oo
. b/

activation of
defense genes

Figure 3. A complex network of phytohormone signaling pathways tightly
regulates plant immunity.  Salicylic acid (SA) is predominantly up-regulated in response
to biotrophic pathogens, while jasmonic acid (JA) and ethylene (ET) are typically
activated in defense against necrotrophic pathogens. In addition to these core immune
hormones, several other hormones involved in abiotic stress responses and growth
regulationd such as abscisic acid (ABA), cytokinins (CK), auxins (AUX), gibberellins
(GA), and brassinosteroids (BR)d also contribute to plant immunity. These hormones
modulate defense responses by either up-regulating or down-regulating components of
the SA or JA/ET signaling branches. In visual representations, each phytohormone is
depicted in a distinct color. Solid lines indicate direct regulatory effects: arrows denote
activation, while blunt-ended lines indicate inhibition. Dashed lines represent signaling
pathways that ultimately lead to the activation of defense-related genes. Red lines
highlight pathogen strategies to interfere with specific hormone pathways in accordance
with their lifestyle.

Changes in abiotic conditions induce stress responses that activate hormonal
signalling pathways to maintain homeostasis and promote acclimation (Zhu 2016;
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Verma et al. 2016). Because abiotic stress signalling and plant immunity share
core signalling components, including phytohormones, MAP kinase cascades,
calcium signalling, and reactive oxygen species, abiotic stress responses
frequently modulate immune outcomes (Dodds and Rathjen 2010; Bigeard et al.
2015). Consequently, exposure to stresses such as drought or salinity can alter
plant susceptibility or resistance to pathogens in a lifestyle-dependent manner,
often increasing susceptibility to biotrophs while enhancing resistance to
necrotrophs (Robert-Seilaniantz et al. 2011; Shigenaga and Argueso 2016). This
extensive crosstalk provides pathogens with opportunities to exploit abiotic stress
signalling to manipulate host immunity.

Pathogens have evolved diverse strategies to exploit plant hormonal crosstalk to
their advantage, frequently through the secretion of proteinaceous and non-
proteinaceous effectors that interfere with hormone signaling pathways.
Biotrophic and hemibiotrophic pathogens typically suppress salicylic acid (SA)
signaling to evade host immune responses, whereas necrotrophic pathogens
may manipulate or even activate SA pathways to promote host susceptibility
(Chanclud and Morel 2016; Han and Kahmann 2019). For example, Ustilago
maydis secretes a chorismate mutase (Cmul) protein effector that diverts
chorismate away from the SA biosynthesis pathway, reducing SA accumulation
and facilitating infection (Djamei et al. 2011). Similarly, Verticilium dahliae and
Phytophthora sojae produce isochorismatase effectors that degrade SA
precursors, thereby suppressing SA-mediated defenses (Liu et al. 2014). In
addition to proteinaceous effectors, some pathogens produce hormone-like
secondary metabolites that mimic or interfere with plant signaling molecules.
Magnaporthe oryzae, for instance, synthesizes 12-hydroxy-jasmonic acid (120H-
JA), a jasmonic acid analog that subverts JA-dependent defenses (Patkar et al.
2015). This metabolite-based strategy is not exclusive to M. oryzae; other
pathogens such as Fusarium pseudograminearum (Sgrensen et al. 2018; Blum
et al. 2019), Leptosphaeria maculans (Darma et al. 2019), and Botrytis cinerea
(Siewers et al. 2006) have also been reported to produce plant hormone mimics,
including cytokinins and abscisic acid. However, the precise molecular
mechanisms by which these compounds modulate plant immunity remain largely
unresolved.

Beyond hormone production, fungal pathogens possess a vast and largely
unexplored biosynthetic potential, as revealed by genome-wide analyses of
biosynthetic gene clusters (BGCs) using tools such as the antiSMASH algorithm
and database (Medema et al. 2011). These tools allow for the prediction of
putative metabolite effectors, many of which remain functionally and chemically
uncharacterized. Transcriptomic studies reveal that numerous fungal biosynthetic
gene clusters (BGCs) are specifically expressed at key stages of host
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colonization. For example, in Magnaporthe oryzae, Colletotrichum higginsianum,
Zymoseptoria tritici, and Fusarium graminearum, distinct sets of BGCs are
upregulated during host penetration, biotrophic growth, asymptomatic
colonization, or the transition to necrotrophy (Collemare et al. 2019). However,
most of the resulting metabolites remain chemically undefined, mainly due to the
specialized methodologies required for metabolite detection, isolation, and
functional analysis. The identification of non-proteinaceous effectors (NPES) in
planta is particularly challenging, as it is often hindered by low metabolite
abundance, spatially restricted secretion, chemical instability, or rapid
transformation during sample preparation (Collemare et al. 2019). Nevertheless,
overcoming these technical hurdles and elucidating the structures and biological
functions of fungal SMs holds great promise for uncovering novel virulence
mechanisms and developing innovative strategies for crop protection.

3. Effector -mediated defense manipulation in the  Zymoseptoria tritici 1
wheat pathosystem

The ascomycete Zymoseptoria tritici is the causal agent of Septoria tritici blotch
(STB), a major disease in wheat. Given the significant economic impact of STB,
there is an urgent need to develop new resistance strategies. However, the
molecular understanding of Z. tritici pathogenicity remains limited. The fungus
possesses an extensive effector repertoire, with apoplastic effectors
hypothesized to play a key role in manipulating plant defenses. In addition, the
pathogen is capable of producing secondary metabolites, whose roles in host
manipulation are still largely unknown, but may include interference with the
plant's hormonal signaling during infection. Identifying and characterizing these
effectors could provide valuable insights into the infection biology of Z. tritici and
serve as a foundation for developing novel resistance approaches against the
disease in wheat.

Wheat production is heavily impacted by Zymoseptoria tritici, with Septoria tritici
blotch (STB) currently recognized as the most important fungal disease of wheat
in Europe. For infection to be successful, specific compatibility between wheat
cultivars or landraces and fungal genotypes must occur. This interaction
determines whether a particular wheat cultivar is resistant or susceptible (Ors et
al., 2018; Mirzadi Gohari et al., 2015). In susceptible cultivars, STB can cause
yield losses of up to 50% and often requires extensive fungicide applications for
effective control( Fon e s and .Zmticihas 2o@etolved with wheat since
its domestication and has spread globally alongside wheat cultivation. Its high
evolutionary potential enables it to overcome host resistance and adapt rapidly
to single-site fungicides. This remarkable adaptability underscores the urgent
need for more sustainable disease management strategies. Nevertheless, our
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understanding of the molecular mechanisms driving Z. tritici infection and disease
progression remains limited.

Zymoseptoria tritici grows mainly apoplastically, thoughi t s t rophi c cl assi

remains unclear, being céKegaril®86; adDuachean
Howard 2md0al so as a |(Sanhceez-vallehet alr 2015). o p h
Zymoseptohymhaeidcamidevel op on( Fbmetsvladat | e
2017; Tabmad 2,4hpwever, they need to penetrate into the leaf

mesophyll through stomatal openings (Fig. 4). Once in the leaf apoplast, the

fungus followsa bi phasic | ifestyle, with an early
(l atent phase) followed by a necrotrophic p

i's unclear how,ashet faunfgwrsg f e eddlses not form
haustlorkiea s t(rKuecntau rl1les9ét; 2d0ld.03)k n expression data

suggest fungal lipid reserves might be used to prompt hyphal development

without damaging plant tissues, and survive until necrotrophy ( K aeyt 2a0l 2;4 )

hence the use of the term latent necrotrophy as opposed to hemibiotroph.

Disease symptoms and asexual reproductive structures, called asexual spore-

containing pycnidia, appear as necrotrophy develops. Although the initial
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Efforts to combat Z. tritici and STB include the identification and deployment of
resistance genes. In wheat, 23 distinct sources of genetic STB resistance have
been identified, although only three specific R-genes have been cloned (Brown
et al. 2015; Yang et al. 2018; Saintenac et al. 2018; 2021; Langlands-Perry et al.
2022; Hafeez et al. 2025). For STB resistance to be successful, it must recognize
and trigger defenses against the invading pathogen, while simultaneously
ensuring that the fungus lacks the ability to suppress or evade the triggered
defenses. Inversely, susceptibility appears to rely on the fungus's ability to evade
recognition and, subsequently, for the host to fail to mount a successful defense
response. For example, the first cloned STB resistance gene, Stb6, encodes a
wall-associated receptor kinase that has a gene-for-gene interaction with an
effector from Z. tritici, described as AvrStb6 (Zhong et al. 2017; Saintenac et al.
2018; Kema et al. 2018). If both Stb6 and AvrStb6 are expressed, then a
resi stance response i s -tmbruodgho MHotwaewter al I
AvrStb6 have evolved among Z. tritici populations that are no longer recognized
by Stb6 (Brunner and McDonald 2018; Rad et al. 2023). As such, isolates
expressing these mutant AvrStb6 alleles are virulent, and successful defense is
not mounted against these isolates. Notably, the two other isolated R-genes,
Stbql6 and Stbl5, are also cell-surface receptors, specifically a cysteine-rich
receptor kinase and a lectin receptor, respectively, highlighting the relevance of
surface immunity in mounting resistance against Z. tritici. Because genetic
resistance can break down quickly, as in the case of Stb6/AvrStb6, a better
understanding of the molecular basis of Z. tritici-led defense manipulation is
required to develop novel genetic resistance strategies to manage the fungus and
STB impact.

Many apoplastic effectors in Zymoseptoria tritici remain uncharacterized,
particularly regarding their roles in defense manipulation, making their
identification a promising avenue for discovering new sources of resistance.
Transcriptomic studies have shown that the expression of virulence-related
genesd especially effectorsd is highly phase-dependent during infection ( Ru d d
et 22015; H aeut e i280elrn-pr example, during the early stages of
colonization, Z. tritici evades or suppresses host immunity with the help of
apoplastic effectors such as LysM proteins (Mg3LysM and MglLysM), which
scavenge chitin fragments or bind fungal cell wall chitin to shield it from plant
chitinases and prevent the activation of chitin-triggered immunity ( Ma r seht a lall
2011; e @ iza0h2.A )arge number of effectors are predicted to be secreted

22



into the apoplast during early infection, although their specific roles and host
targets remain largely unknown ( Hau eé ts €adl 1.9 a; & b y2adi2elk s
hypothesized that these effectors contribute to disarming surface immunity and

its apoplastic components. This idea is supported by findings that surface-
triggered immunity alone may be sufficient to arrest Z. tritici growth if activated
early, as shown by the recognition of AvrStb6 by the corresponding resistance
gene Stb6. Recognition of AvrStb6 halts fungal growth at the stomatal openings
without triggering a hypersensitive response (HR) ( Al as s emo & 2.4)
Interestingly, although AvrStb6 remains the only avirulence gene cloned in Z.
tritici to date, its precise biological function remains unclear.

Future resistance strategies against Zymoseptoria tritici may depend on
deciphering the dynamic interplay between uncharacterized apoplastic effectors
and their targets within wheat surface immunity. This approach offers strong
potential for uncovering novel avirulence factors or immune receptors, as well as
revealing previously unrecognized defense mechanisms localized in the
apoplast. Notably, considerable efforts have also been directed toward identifying
candidate necrotrophic effectors as resistance-inducing targets, based on the
hypothesis that the necrotrophic phase of Z. tritici infection may result from an
overactivation of host defenses triggered by these effectors ( Ke t @ tl adl 1.7 ;
We | el 220 2. Hpwever, these efforts have so far been unsuccessful,
highlighting the need for more comprehensive functional studies of effectors
within the Z. triticii wheat pathosystem.

| Zymosept or iian tasrmdieerc $ttcaand effector functi on
forward and rever sehaeeneenmpt ay dapprwaa dhegesnet i
approaches, -isnudcuhc eads muM agen edsicsrteamd ng, hav.i
rapi dly idenAvigeees pupabivvei ng-pandioglens [
i nter a(cBliwtnls202 3 ;etAl202.4)Seqthearsceed predi cti o
i ntegrated wi t h genomi c and transcriptomi
shortlisting of candidate ef(fPogepieladllBor f ur
Haueieste 2a0l1.9b; & h y2abh2ed4 )wh itblaes eAdl structur al pr
al gorithms hdeead.ihfetyjapidtd cctior s wi th structura
yeast ki(ThRkryeth @®l2.d3Recent | yan glroofstiespnoipc ast i c
fluid has reveal ed several fungal protei n;
put atoive suppressing plant | mmunhEr arsipons,.es
Abukhet a280(2.3)

However, unravelling the function of Zymoseptoria tritici effectors remains a major
challenge, mainly due to their high functional redundancy. In many cases, gene
deletions result in no visible phenotypic changes or only minor reductions in
virulence, making it challenging to pinpoint individual effector contributions to
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pathogenicity. To overcome this bottleneck, the heterologous system Nicotiana
benthamiana has emerged as a powerful screening platform, enabling the cell

induction ability of necrotrophic candidate effectors ( Ke td tl @a8l1.7 ; é&Vie |

a 12.0 2 2aipd effectors with potential immune-suppressive activity during the
early, asymptomatic phase of infection ( Thy ren e 20 2.4Dgspite these
advances, uncovering the wheat host proteins that interact with Z. tritici effectors
remains challenging. In Brennan et al. ( 2 0 Zd gxample, yeast two-hybrid
screening and bimolecular fluorescence complementation (BiFC) assays were
used to identify TaSRTRG6 and TaSRTRG7, two taxonomically restricted genes
(TRGSs), as possible targets of Z. tritici effectors.

An unexplored aspect of Zymoseptoriatriticid s ef f ect or repertoire

interfere with the plant hormonal network. Fungal infection alters the host defense
metabolite profile, particularly that of salicylic acid (SA). SA levels remain low
during the early, symptomless phase of infection, but increase during the
necrotrophic phased though this response varies depending on the wheat

cultivar (Rudd et al. 2015). The pathogends anbedidtadt y

defenses is further supported by increased susceptibility to non-adapted bacterial
pathogens in both local and systemic leaves during Z. tritici infection (Seybold et
al. 2020), suggesting that systemic acquired resistance (SAR) is compromised
and that defense suppression occurs both locally and systemically. In addition,
several other defense-related metabolite pathwaysd such as those involved in
the biosynthesis of lignin precursors, benzoxazinoids (BXs), and
hydroxycinnamic acid amides (HCAAS)d are disrupted in susceptible cultivars
(Seybold et al. 2020). It is hypothesized that both proteinaceous and non-
proteinaceous fungal effectors, including secondary metabolites, may be involved
in manipulating these pathways, although this has yet to be definitively
demonstrated.

Genomic, transcriptomic, and metabolomic analyses support the idea that Z. tritici
produces a diverse array of metabolites during infection. For instance, genome
mining of the Z. tritici IPO323 strain using the antiSMASH algorithm identified 32
putative biosynthetic gene clusters (BGCs), many of which remain
uncharacterized (Cairns and Meyer 2017; Hassani et al. 2022). These BGCs are
predicted to encode the biosynthesis of compounds such as melanin,
siderophores, non-ribosomal peptides, terpenes, and even plant hormone mimics
like abscisic acid (ABA). However, their specific roles in virulence and defense
manipulation are still unknown. Elucidating the function of these metabolites
could reveal new facets of fungal pathogenicity and open up alternative avenues
for developing resistance strategies against Z. tritici.
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In general, a deeper, more systematic understanding of effector biology in the Z.
triticii wheat interaction is needed to identify and select for new resistance traits
in wheat. Expanding these studies will shed light on the molecular mechanisms
of fungal pathogenicity and open new avenues for developing durable resistance
strategies against Septoria tritici blotch (STB).

25



SCOPE OF THE THESI S:

Th
un
mi

fo
fo
me
mi

Th
fu
de
bo
me
fo
ap
p e

My

Th
s e
e X
s u
un
ap
Co
c h
ef
as
mo
as
de
Zt
w h
tr
t h

O = = O O O

>

t

- 0O O O —+ —+~ 35 T

i
c

p
S

p
0
n
a
f

S
d
S
t

1

e

functional <characterizatfiaamdvahcmngr obi @
er stafn dpgnagtntogen bi ol ogy. Understanding
robi al effectors and their role i n mani |
unraveling the moriecrudme idnytnerma atsi confs .h
pat hogenic iapeghées, athesceai tical for (
anisms and developing molecul amdt ool s
gate taegriaplatur alf damage.

thesis aims to gain dydesepet duandet si &
al pat hodgwetni loifzewheiatts effector reperto
nse responses during infeZctitdraptliocyi®r oac
proteinaceous and metabolite effectorl
ani sms, thereby promoting infection ani
sed on characterizing the ability of s
pl ast isc adnedf etmosdeu | at eahongopat hwaygs. To t
formed theatgbcmubnaple candidate effect

CcC OIS DO KQ wn

research is based on the specific resear

Wh at i s t he contribution to def ense ma
putative apopitd®dDt 609ethecObr 00190) ?

s questionChapdatfdrtéesisdtl®d®dsaspredicted s
reted protein with unknown function tha;

ressed during infection and highly abund
ceptible cul tda.vatl P3f238c t € 6 reaini stzll 3 o

ubl i shed) . Considering the high abundan
plastic fluids of infected wheat | eaves,
tri Zut éngsaintiopcuil ati on of apophésecitcodef éns
pter, I aimed to det eZr.mitrodi tti Hoee fcuamalti idan
eLtt @At 09 chr 05 _00190) . For this, I I nv
ociated with Zt190 by overexpressing ¢ttt
el MNIli ottt j ana b emtdh apne mfmar, mi ng i mmunopr
ays, couplsepde cwirtohmemagys Subsequentl vy, I

ected interactions using wheat homol ogue
90 gene Z.elterniitoinction devel opment oand di s e
at i nfection. The findings proviZzde i nsi |

ietfifceict or s with wheat apoplastic proteins

e

mechani sms bwanmwhpcuclhat es host demgnse r e

i nfection.

26



1 DesZymoseptousa effectors to interfere

signaling as a defense manipul ation

The results of this investigation are presented in Chapter II. The aim was to
identify and characterize proteinaceous and metabolite effectors that interfere
with plant hormonal signaling during Zymoseptoria tritici infection in wheat. Based
on phylogenetic analyses of fungal proteins with homology to hormone
biosynthesis or hormone-interfering enzymes, | hypothesized that Z. tritici
manipulates host hormonal signaling as a defense suppression strategy by: i)
secreting a proteinaceous effector that interferes with salicylic acid (SA)
biosynthesis and ii) producing fungal-derived cytokinin (CK) and abscisic acid
(ABA) metabolites.

Specifically, | functionally characterized an isochorismatase effector, Ztlscl
(Zt09_chr_3 00944), predicted to disrupt SA biosynthesis during infection. To
test its function, | examined whether overexpression of Ztlscl could alter defense
responses in the heterologous plant system Nicotiana benthamiana. | also
investigated whether Z. tritici secretes Ztlscl, despite the absence of a predicted
signal peptide in its sequence. To assess its role in virulence, | generated a fungal
deletion strain and performed phenotypic assays during wheat infection. In
addition, | explored whether Z. ftritici putative cytokinin biosynthetic genes
contribute to defense manipulation in N. benthamiana. Upon observing that one
of these genes induced cell death when expressed in planta, | further examined
the importance of its catalytic site through site-directed mutagenesis. | also
designed and attempted gene knock-out to generate Z. tritici mutants lacking
cytokinin and ABA biosynthetic genes to enable future metabolite profiling and
virulence assays. Overall, the findings presented in this chapter highlight the
potential of Z. tritici to manipulate plant hormonal signaling through multiple
mechanisms, underscoring the relevance of the selected candidate effectors in
suppressing host defenses during infection.
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CHAPTER |

Exploring the virulence -related role of an
apoplastic putative effector of the wheat
pathogenic fungus Zymoseptoria tritici
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ABSTRACT

Plant-associated microbes use manipulation of apoplastic defenses to promote
host colonization. To do so, microbes secrete molecules known as effectors, such
as proteins that can interfere with the recognition of microbial fragments and the
elicitation of immune responses. This research focuses on Zymoseptoria tritici, a
devastating fungal pathogen that causes the disease Septoria tritici blotch (STB)
in wheat. Here, we investigate the functional role of the effector candidate Zt190,
which is hypothesized to contribute to the manipulation of apoplastic defenses
during wheat infection. Comparative transcriptomic analyses showed that Zt190
is highly expressed during early host colonization in multiple isolates of Z. tritici.
Furthermore, proteome analyses showed that Zt190 is one of the most abundant
Z. tritici proteins in the wheat apoplast during infection. Transient expression of
Zt190 in Nicotiana benthamiana allowed the identification of several putative
plant protein interaction partners of Zt190, which were also identified through an
immunoprecipitation (IP) assay coupled with protein mass spectrometry (IP/MS).
Among the putative protein partners were several pathogenesis-related (PR)
proteins, including a chitinase, a germin-like protein, and a lipid transfer protein;
these interactions are currently being corroborated through yeast two-hybrid
(Y2H) assays. Furthermore, infection of a susceptible wheat cultivar with a Z.
tritici mutant lacking Zt190 resulted in a reduction in disease symptoms compared
to wheat infected with the wild-type strain, suggesting that this putative effector
may be relevant during plant infection. Ongoing research involves performing
additional assays to confirm the role of Zt190 in Z. tritici virulence.
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BACKGROUND

Proteinaceous effectors acting in the apopl
of microbe-associated molecular patterns (MAMPS), such as chitin. As previously
described, chitin recognition can activate pattern-triggered immunity (PTI), which
hampers pathogen proliferation. To circumvent this defense, fungal pathogens
have evolved effectors that either sequester or shield chitin fragments. These
mechanisms are often mediated by LysM domains, which bind chitin with higher
affinity than plant pattern recognition receptors, thereby suppressing chitin-
triggered immunity (Tian et al. 2022). Notable examples include the effectors Avr4
and Ecp6 from Cladosporium fulvum (van den Burg et al. 2006; Bolton et al. 2008;
de Jonge et al. 2010b), MglLysM and Mg3LysM from Zymoseptoria tritici
(Marshall et al. 2011), and Slp1 from Magnaporthe oryzae (Mentlak et al. 2012).
Beyond chitin binding, fungal effectors also interfere with chitin perception
through alternative strategies, such as proteolytic degradation of plant chitinases
(Pusztahelyi 2018), secretion of chitinase-like proteins that lack enzymatic activity
but retain chitin-binding capacity (Fiorin et al. 2018), and chemical modification
of chitin into chitosan via fungal deacetylases (Mapuranga et al. 2024). Together,
these diverse strategies underscore the evolutionary conservation and critical
role of effector-mediated suppression of chitin-triggered immunity in promoting
successful host colonization.

Pathogens also deploy effectors to target pathogenesis-related (PR) proteins in
the apoplast, which play essential roles in plant immunity. PR proteins are
classified into 17 families (Stintzi et al. 1993; Han and Schneiter 2024) and
perform diverse defense functions, including immune signalingd such as PR1
proteins through the release of CAPE peptides (Van loon and Van strien 1999;
Han et al. 2023)d generation of microbe-associated molecular patterns (MAMPS)
by PR2 and PR3 glucanases and chitinases (Stintzi et al. 1993; Ferreira et al.
2007), membrane destabilization by PR14 lipid transfer proteins (Sels et al. 2008;
Gao et al. 2022), and reactive oxygen species (ROS) production by PR15 and
PR16 (Pei et al. 2019). Several fungal effectors specifically target PR1 to
suppress plant defenses, including SnTox3 from Parastagonospora nodorum
(Breen et al. 2016; Sung et al. 2021) and FolSvpl from Fusarium oxysporum (Li
et al. 2022), primarily by blocking the release of immunogenic CAPE peptides.
These findings highlight PR1 as a key target in effector-mediated immune
suppression. However, evidence for effectors targeting other PR families remains
limited. Since some PR proteinsd such as PR1, PR5, and PR146 can form
heteromeric complexes to enhance defense responses (Han et al. 2023), it
remains an open question whether effectors can also disrupt these protein-
protein interactions to further subvert host immunity.
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Zymoseptoria tritici is thought to rely extensively on the secretion of a suite of
apoplastic effectors to suppress host immunity and facilitate early colonization
(Thynne et al. 2024). Several of these effectors have been shown to reduce
reactive oxygen species (ROS) production in Nicotiana benthamiana, although
their precise modes of action remain unclear (Kettles et al. 2017; Thynne et al.
2024). These proteins are presumed to manipulate apoplastic defense
responses, but direct evidence of their functional mechanisms is still lacking.
Recognition of microbe-derived molecular patterns is particularly critical for Z.
tritici, as demonstrated by the immune-suppressive activity of its LysM effectors
(Marshall et al. 2011; Sanchez-Vallet et al. 2020a; Tian et al. 2021). Despite these
insights, the molecular mechanisms through which Z. tritici effectors suppress
apoplastic immunity remain largely unresolved. Notably, no effector has yet been
directly linked to the targeting of pathogenesis-related (PR) proteins, which play
a key role in plant defense. Bridging this knowledge gapd by identifying
apoplastic effectors and their specific host targetsd could provide critical insights
into fungal virulence strategies and inform the development of durable resistance
in wheat.

The dimorphic transition between yeast-like blastospores and filamentous
hyphae in Zymoseptoria tritici is a critical adaptation that underpins its life cycle
and pathogenicity on wheat. This morphological switch facilitates effective
colonization of the apoplastic space and is essential for successful infection.
Several regulatory genes have been identified as key players in this transition,
including the transcription factors Zt107320 ( Ha betg 20D 2,04tvfl
(Mohammadi et al. 2017), and ZtMsr1 (Francisco, Abukhalaf, et al. 2023), as well
as components of the White-Collar Complex (WCC) (Kilaru et al. 2022). These
genes are crucial for dimorphic switching, hyphal development, and fungal
growth, and their deletion markedly impairs pathogenicity on wheat. In addition
to genetic regulators, environmental factors such as temperature, light, nutrient
availability, and oxidative stress also modulate this developmental switch
(Francisco et al. 2019; McCorison and Goodwin 2020; Kilaru et al. 2022). Notably,
no effector proteins have yet been identified as being involved in regulating
dimorphism. Elucidating the molecular mechanisms that govern this transition
could provide valuable insights into fungal development and reveal novel targets
for disease control and management.

In a previous proteomic analysis of apoplastic fluids from leaves infected with
Zymoseptoria tritici, a LysM-containing protein was revealed as differentially
abundant during infection ( Fr anci s c o ,e t A Bad R Bnpelesirigly, the
authors identified other proteins likely relevant for apoplastic proliferation,
including a set of small secreted proteins. One of these Z. tritici-derived proteins,
designated Zt190, was identified as a putative apoplastic effector. In the present
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study, we investigate the contribution of the Zt190 effector to host defense
manipulation by identifying protein interactors associated with Zt190 through
overexpression in Nicotiana benthamiana. We further validated the putative
interaction partners using wheat homologues. To assess the overall functional
relevance of Zt190, we generated deletion mutants in Z. tritici and conducted
detailed phenotyping using infection assays and confocal microscopy. The
findings presented here provide new insights into the potential interactions
between Z. tritici effectors and wheat pathogenesis-related (PR) proteins,
enhancing our understanding of the mechanisms by which Z. tritici manipulates
host defense responses during infection.

MATERIAL AND METHODS
Fungal culture, plant material, and growth conditions

All experiments were conducted using the Z. tritici reference isolate 1IPO323,
isolated in the Netherlands ( Ke ma 2a)l0.Eor genetic manipulation and plant
inoculations, the Z. tritici strain IPO323 was grown on yeast malt sucrose (YMS,
0.4% [w/v] yeast extract, 0.4% [w/v] malt extract, 0.4% [w/v] sucrose, 2% [w/V]
bacto agar) or yeast peptone-dextrose broth (YPD, yeast extract 10 g L%, peptone
20gL? anddextrose20gL?t)for4-5 days at 18 C by orbital s
The A. tumefaciens strains AGL1 and GV3101 were cultivated on yeast extract
tryptone medium (dYT, 1.0 % [w/v] yeast extract, 1.6 % [w/Vv] tryptone, 0.5 % [w/V]
NacCl, and 2% [w/v] Bacto agar) supplemented with the respective antibiotics (40
ug mlt kanamycin, 10 pg ml? gentamicin, 50 ug mi?! rifampicin, 1 0 @uig ml?
carbenatwci28i @)

The pICSL22011 plasmid (kindly provided by Mark Youles) was used to generate
constructs for transient overexpression in Nicotiana benthamiana. In contrast, the
pES61 plasmid (internally designated by the Environmental Genomics Group)
was used to generate constructs for Agrobacterium-mediated fungal
transformation.

The wheat cultivar Obelisk (Triticum aestivum) was grown in the phytochamber

with 22 C day/ 20 C ni gh thrligha pefod foreld-at i ve h
21 days before inoculation (see below). N. benthamiana plants were grown at

21°C and 60% relative humidity, with a 16-hour light period, for 4-5 weeks before

transient gene overexpression.

Generation of bacterial mutant strains for gene transient overexpression in
N. benthamiana
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Agrobacterium tumefaciens strain GV3101 was transformed with the constructs
of interest for transient gene overexpression in N. benthamiana. Briefly, the
complete coding sequence of the effector candidate Zt190 with a N-terminal N.
benthamiana signal peptide (TWIST Biosciences, South San Francisco, USA)
was cloned into the vector plasmid pICSL22011, which allowed the protein

expression of the effector i n frame

Overexpression constructs were cloned using Golden Gate assembly in a one-
step ligation reaction with the Bsal-HFv2 enzyme (New England Biolabs, Ipswich,
USA), as all DNA fragments contained the appropriate complementary
overhangs. As a negative control, a construct with a secreted hell-fire tag (sHF)
was generated. Correct fragment insertion was confirmed by Sanger sequencing
(Eurofins Genomics, Ebersberg, Germany). The generated plasmids were
transformed into A. tumefaciens GV3101 strain by electroporation. For
infiltrations, A. tumefaciens GV3101 carrying the constructs of interest was grown
on solid dYT medium supplemented with 40 pg mlt kanamycin, 10 pg ml?
gentamicin, and 50 pg mlt rifampicin. Bacterial cells were scraped and
resuspended in infiltration buffer (water, 10 mM MgCl>-MES, 150 upM
acetosyringone) and incubated for 1 hour at room temperature. Samples were
adjusted (to ODeoo of 0.5) and each of them co-infiltrated with p19 silencing
suppressor (ODsoo of 0.1). Co-infiltrations were performed into 4- to 5-week-old
N. benthamiana leaves using a 1-ml needleless syringe. Primers, plasmids, and
strains used or generated in this section are provided in the Supplementary
Material (Tables S1 and S2).

Reactive oxygen species measurement (ROS) in  N. benthamiana

A luminol-based assay was used to measure the production of reactive oxygen
species (ROS). Briefly, 4-5-week-old N. benthamiana leaves were infiltrated with
A. tumefaciens carrying the constructs of interest. For this experiment, one half
of the leaf was infiltrated with the effector candidate, and the negative control was
infiltrated in the other half. Thirty-six leaf discs were collected per treatment,
placed into a white-bottomed 96-well plate, rinsed, and incubated overnight in
200 pl water. After incubation, half the water was replaced with 100 pl of fresh
water. Samples were treated either with mock or elicitor containing solutions
(water, 200 pg mit chi t i n, 20 €M | uminol and
production. Chemiluminescence measurements in relative light units (RLU) were
taken every minute over 30 minutes using an Infinite M200 plate reader (Tecan,
Mannedorf, Switzerland). Standard errors were calculated at each time point and
for each treatment. Experiments were repeated at least three times.

Immunoprecipitation coupled to protein mass -spectrometry (IP/MS)
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Interactions of Zt190 with N. benthamiana proteins were determined by an
immunoprecipitation assay. The Zt190 hell-fire tag fused sequence and the
negative control (the secreted hell-fire tag) were each transiently overexpressed
three times in N. benthamiana, for a total of six independent leaves (three effector
leaves and three sHF leaves). Leaves were ground in liquid nitrogen, and proteins
were extracted using an extraction buffer composed of GTEN, 2% (w/v) PVPP,
10 mM DTT, 1x protease inhibitor cocktail (Sigma-Aldrich, San Luis, USA), and
1% IGEPAL. Protein extracts were incubated with anti-FLAG resin (Thermo
Fischer Scientific, Waltham, USA) to capture FLAG-tagged proteins. The resin
was subsequently washed four times with immunoprecipitation wash buffer
(GTEN, 2% w/v PVPP, 10 mM DTT, 1% IGEPAL) to remove unbound proteins
and N. benthamiana proteins nonspecifically associated with the tagged proteins.
The eluted proteins were digested into peptides using trypsin (Sigma Aldrich, San
Luis, USA), prior to analysis by liquid chromatography-tandem mass
spectrometry (LC-MS/MS), enabling the identification and quantification of
proteins present in the immunoprecipitate (Liu et al., 2022). The resulting peptide
spectra were analysed and compared against appropriate controls to distinguish
specific interactors from background contaminants. ldentified peptides were
further annotated and analysed using bioinformatics tools, such as BLASTp
(NCBI, https://www.ncbi.nim.nih.gov) searches against the Nicotiana tabacum
annotated proteome. Primers, plasmids, and strains used or generated in this
section are provided in the Supplementary Material (Tables S1 and S2).

Yeast two -hybrid (Y2H)

The yeast two-hybrid assay was used to test whether the Zt190 candidate effector
specifically interacts with wheat homologs of interactors detected during the
IP/MS analyses. Synthetic protein sequences corresponding to the plant genes
were cloned into the pGADT7 plasmid, while the Zt190 sequence was inserted
into the pGBKT7 plasmid. Signal peptides were removed from the native
sequences prior to cloning. Plasmids were confirmed by sequencing and
subsequently co-transformed into the yeast strain Y2HGold by the LIAC method.
Transformants were selected on SD/-Leu/-Trp (DDO) agar plates, and positive
and negative controls were establish
The emerging colonies on the DDO plates were subjected to a higher stringency
selection on SD/-Ade/-His/-Leu/-Trp/X-U-Gal (QDO/X) agar plates. Y2H analysis
was performed using a GAL4-based Y2H system (Matchmaker Gold Systems;
Clontech, Palo Alto, CA, USA). Primers, plasmids, and strains used or generated
in this section are provided in the Supplementary Material (Tables S1 and S2).
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Co-immune precipitation (co -IP) in N. benthamiana

A co-immune precipitation analysis was performed to confirm the interaction
between the Zt190 candidate effector and the wheat homologs of proteins
detected during the IP/MS analyses in N. benthamiana, for this were constructed
plasmids carrying the gene of interests fused to the HF tag in the case of the
effector and the GFP tag in the case of the wheat proteins. Electroporation was
used to transform the generated plasmids into A. tumefasciens AGL1 strain.
Proteins were co-infiltrated into N. benthamiana and three days post-infiltration,
three leaves per sample were collected, and the tissue was ground in liquid
nitrogen thereafter with a buffer containing GTEN, 2% (w/v) PVPP, 10 mM DTT,
1x protease inhibitor cocktail (Sigma-Aldrich, San Luis, USA), and 1% IGEPAL.
Clarified samples after centrifugation were used for the co-immunoprecipitation
analyses with Chromotek GFP-trap beads (Proteintech Group, Chicago, USA).
Samples were washed with buffer to reduce non-specific binding, and bound
proteins were subsequently eluted. Both the crude extract (input) and the eluted
co-immunoprecipitated (co-IP) fractions were separated by SDS-PAGE.
Following electrophoresis, proteins were transferred to a nitrocellulose
membrane using standard Western blotting techniques. Membranes were
incubated with the appropriate primary antibodies: a mouse anti-HF antibody
(1:10,000; Roche, Switzerland) and a mouse anti-GFP antibody (1:10,000;
Roche, Switzerland). After incubation with the primary antibodies, both
membranes were incubated with a secondary anti-mouse antibody conjugated to
horseradish peroxidase (HRP) at a dilution of 1:20,000 (Santa Cruz
Biotechnology, Dallas, USA). Protein detection was performed using the ECL
Select Western Blotting Detection Reagent (Cytiva, Munich, Germany), and
signals were visualized using a Vilber imaging system. Primers, plasmids, and
strains used or generated in this section are provided in the Supplementary
Material (Tables S1 and S2).

Generation of Z. tritici mutant strains

Z. tritici mutant strains were generated by homologous recombination using
Agrobacterium tumefaciens-mediated transformation (ATMT). This method was
used for the targeted deletion of the Zt190 gene and its reintroduction into the
knock-out mutant strain. For the generation of the knock-out strain, a plasmid was
constructed containing approximately 1.0 kb of upstream and downstream
fragments of the Zt190 gene, amplified from the genomic DNA of Z. tritici IPO323
(using the primers listed in Table S1), along with a hygromycin resistance marker.
Fragments were amplified using Q5 High-Fidelity DNA polymerase (New England
Biolabs, Ipswich, USA) from Z. tritici genomic DNA, purified, and cloned into an
EcoRV-pES61 linearized vector by Gibson Assembly. Fragment insertion was
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confirmed by enzyme digestion and Sanger sequencing, for later electroporation
into A. tumefaciens AGL1. For fungal transformation, A. tumefaciens AGL1
carrying the replacement vector (OD600 of 0.35-0.40) and Zymoseptoria tritici
conidiospores (in a concentration of 107 spores ml') were plated on solid
induction medium (IM) supplemented with 40 pug ml* kanamycin, 100 pg mi?
carbenicillin, 50 pg mlt rifampicin, and 200 pg ml! acetosyringone.
Transformation membranes were transferred three days later onto YMS agar
plates containing 200 pug mi? cefotaxime, 200 pg ml* timentin, and 150 pg mi?
hygromycin. Membranes were incubated at 18 °C in the dark for 2 weeks until
the appearance of fungal colonies. Putative transformants were then transferred
to YMS plates supplemented with the appropriate antibiotic. A multiplex PCR-
based screening was used to determine gene deletion from ectopic integration,
using as template quick-and-dirty-extracted DNAGJ the presence of both the gene
and the resistance cassette indicating ectopic integration. Additionally, specific
primers were used to verify the correct in-locus integration of the resistance
cassette by PCR (using genomic DNA), followed by a Southern Blot analysis to
confirm that only a single integration of the resistance cassette occurred. Primers,
plasmids, and strains used or generated in this section are provided in the
Supplementary Material (Tables S1 and S2).

A procedure similar to that described above was used to generate a
complementation strain, utilizing the Zt190 gene deletion mutant strain as the
genetic background. For this, a plasmid containing the Zt190 gene and a
geneticin resistance cassette was assembled. Besides multiplex PCR screening
of the putative transformants, gene expression was checked by RNA extraction
followed by cDNA synthesis. RNA was extracted and purified using the Direct-
zol™ RNA Miniprep (Zymo Research, USA), according to the manufacturer's
instructions, and then treated with DNase. Later, cDNA synthesis was performed
using M-MuLV Reverse Transcriptase (New England BioLabs, Ipswich, USA).

In vitro phenotyping

To visualize in vitro morphological development, the wild-type and derived mutant
strains were grown on YMS agar supplemented with 0.5 M NaCl, 1 mM H202, 1
M sorbitol, 500 pug ml* Congo red, and 200 pg ml? calcofluor white. Additionally,
strains were grown on Minimal medium (MM) and MM supplemented with wheat
leaf surface extract (WLSE) ( Ki led r 2a0l 2.® )nduce hyphal growth. Plates
were inoculated with 4 pL drops of Z. tritici spore suspensions at 108, 10%, 104,
and 10° spores mltand incubated at 18°C. An additional plate of YMS agar was
incubated at 28°C. Pictures were taken after 5 days.

In planta phenotyping
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The wheat cultivar Obelisk (Triticum aestivum), susceptible to Z. tritici IPO323,
was used for all plant inoculations. For inoculations, wild-type and mutant strains
were grown on YPD for 5-6 days to obtain yeast-like conidiospores. Cultures were
filtered through a Miracloth layer to remove hyphal clumps, and cells were

adjusted to a final concentration of 10° spores/ml with 0.1% Tween 20 for spray
inoculation ( F a g u B t €280l 2. &gcond- or third-leaf samples from 14- to 21-
day-old plants were inoculated, and the plants were kept in plastic bags for 48
hours to maintain high humidity levels. At least 30 leaves were infected per
treatment.

Two independent deletion and complemented mutants were used for
inoculations. After the initial, symptomless fungal establishment, the necrotic
phase of the infection begins, during which leaf tissue begins to die and lesions
become visible on the surface. The onset of necrosis symptoms and lesion
coverage (PLACL) were measured in fungal- and mock-infected leaves from 9
dpi to 21 dpi. For this a qualitative measure was used, ranging from O (without
visible symptoms), 1 (1 % to 20 %), 2 (21 % to 40 %), 3 (41 % to 60 %), 4 (61 %
to 80 %) and 5 (81 % to 100 %). Lesion coverage (PLACL) and pycnidia density
were calculated at 21 dpiusinganIimageJmacro( Sc h n et Rell.Disease
phenotyping was performed three times independently. Statistical analyses were
performed in RStudio (RStudio, 2025).

Confocal microscopy

Confocal laser microscopy was used to visualize the morphological development
of Z. tritici mutant strains during wheat colonization. The protocol followed by
Haueisen et al. (2019) was modified. For this, three fungal and mock-infected
leaves were harvested from 3 dpi to 17 dpi, covering the initial establishment
phase, the necrotrophic switch, and the pycnidia formation. Harvested leaves
were cleared in 96% ethanol for a week. Prior to staining, the cleared leaves were
washed in 1X phosphate-buffered saline (PBS, pH 7.4), incubated in 10% KOH,
and washed three times in 1X PBS. Samples were stained in a solution made of
0.02% Tween-20 in 1X PBS, 10 pug ml* wheat germ agglutinin conjugated to
fluorescein isothiocyanate (WGA-FITC) combined with 20 pug ml? propidium
iodide (PI). Vacuum infiltration for 10 minutes at 800 mbar was used for the
staining samples, followed by overnight incubation at 4 °C. Microscopy was
conducted using a Leica TCS SP5 (Leica Microsystems, Germany) and a Zeiss
LSM880 (Carl Zeiss Microscopy, Germany). FITC was excited with an argon laser
at 488 nm and emission detected between 500 and 540 nm. Pl was excited with
a diode-pumped solid-state laser at 561 nm and detected between 600 and 670
nm. Analyses, visualization, and processing of image z-stacks were performed
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using Leica Application Suite Advanced Fluorescence, Zen black, and Zen blue
(Carl Zeiss Microscopy, Germany).

RESULTS

The putative effector Zt190 is highly abundant in apoplastic fluids during
early host infection

The gene Zt190 (Zt09 chr_5 00190) includes a signal peptide and is
transcriptionally upregulated during early infection ( Ha u e & 8 e2a0 1. 9 ¥0)
known functional domains were identified using InterProScan. To gain further
insight, | predicted the protein structure using AlphaFold3, which generated a
structural model for the 173-amino-acid sequence (Fig. S1). In previous work,
Thynne et al. ( 2 0 2empnstrated that homologous sequences of this gene are
exclusively present within the genus Zymoseptoria. The corresponding protein
was detected as highly abundant in a proteomic screening of leaf apoplastic fluid
from a susceptible wheat cultivar infected with Z. tritici IPO323 (Fig. S1)
(Franci sco,tA2PQ X &ugdestirig that Z. tritici secretes Zt190 into
the apoplast. Altogether, this highlights the functional relevance of Zt190 during
Z. tritici-led infection in wheat, supported additionally by a higher level of
transcripts detected in several Z. tritici isolates, mainly at the symptomless stage
of infection (Fig. S2).

Zt190 interacts with several plant proteins, including PR proteins in
Nicotiana benthamiana

In a previous study, Thynne etal. ( 2 0 2efnpnstrated that Zt190 overexpression
in the non-host model N. benthamiana resulted in immune suppression,
specifically by reducing flg22-triggered ROS burst accumulation. Based on these
observations, we hypothesized that this effector could interact with conserved
proteins shared across dicots and monocots, which are present in both N.
benthamiana and wheat. Through immunoprecipitation (IP) assay, coupled with
protein mass-spectrometry (IP/MS), several plant proteins were identified that
were statistically more abundant in the Zt190 samples (Fig. 1). Differentially
abundant peptides in leaves overexpressing Zt190 were identified by comparison
with peptides detected in leaves expressing only a secreted tag. The resulting
peptide fragments were BLASTed against the Nicotiana tabacum proteomic
dataset, used as the closest available reference to N. benthamiana. We selected
the wheat homologues of the top five most abundant interactors and used
AlphaFold3 ( Abr a md$ 02a0l 2.t predict putative interaction pairs based on
protein structures (Fig. S3). Based on the low ipTM scores obtained, the protein
pairs interact weakly or do not interact at all.
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Zymoseptoria tritici grows throughout the apoplast during infection and colonizes
the mesophyll tissue. Therefore, in addition to the detection level, we focused on
proteins potentially relevant to the fungal lifestyle. Then, priority was given to plant
proteins located in the apoplast or associated with the cell membrane, based on
the hypothesis that Zt190 contributes to virulence within the apoplast during
wheat infection. From this candidate list, we identified three interesting
candidates classified as PR proteins: an endochitinase (PR3 family), a lipid
transfer protein (PR14 family), and a germin-like protein (PR15/16 families).
Currently, yeast two-hybrid interaction assays and co-immunoprecipitation
experiments in Nicotiana benthamiana are underway to validate further the
putative interactions between Zt190 and wheat homologues of a germin-like
(XP_044321852.1), an endochitinase (AKQ09033.1), and a lipid transfer protein
(AAP23941.1) (Fig. S4).

Accession Description Log2FC
sp R00001 ZT190_effector 6,81
AOA1S3XVTE cytochrome b6 6,25
AOA1S3Z2922 Germin-like protein 5,65
Ferredoxin-dependent glutamate synthase,
AOA1S4A4P8 chloroplastic-like 4,99
Phosphoglucomutase (alpha-D-glucose-1,6-
A0A1S4B2X8 bisphosphate-dependent) 4,78
a Photosystem | reaction center subunit I,
g AOA1S3XBE6 chloroplastic 4,69
A0A1S3YB66 28 kDa ribonucleoprotein, chloroplastic-like 4,66

% 5 M) 2 0 2 3
Difference (Ctrl - Zt190)

Figure 1. The candidate effector Zt190 produced by  Z. tritici interacts with several

proteins in N. benthamiana . Protein interactions were detected through
immunoprecipitation and mass spectrometry (IP/MS). The genome of Nicotiana tabacum
was used as a reference to identify detected protein fragments. The differentially
abundant proteins detected in the Zt190 IP/MS samples are displayed above the left-
side cutoff line (in black). In contrast, the abundant proteins from the negative control
(the secreted hell-fire tag) samples are shown above the right cutoff line. The top hit
interactors of Zt190 are displayed in the table based on the Log2FC change values, with
the Zt190 protein being the most abundantly detected. A complete table of hit interactors
is provided in the supplementary material (Table S3). In total, 20 proteins were identified
as differentially abundant: 17 showed increased abundance in the Zt190 samples, while
three were more abundant in the negative control. Highlighted in red in the volcano plot
is an acidic endochitinase (NbL02g16530.1) detected among the top interactors. These
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results represent the pooled data from three independent biological replicates for each
sample. Statistical significance was calculated using a two-sample Student's t-test
(permutation-based FDR, 0.05, SO = 0.5).

Zt190 contributes to hyphal development during in vitro growth and
virulence during Z. tritici infection on wheat

To assess the contribution of Zt190 to Zymoseptoria tritici virulence, we first

generated a @Zt 190 knockout by replacing

hygromycin-resistance cassette. Southern blot analysis confirmed correct
cassette integration and complete gene deletion (Fig. S5). For functional
complementation, we attempted to reintroduce Zt190 at its native locus together
with a geneticin-resistance cassette. Although native-site integration could not be
demonstratedd indicating the insertions were ectopicd RT-PCR confirmed that
Zt190 is expressed in the complemented strain (Fig. S6). All resulting strains (wild
type, ®@Zt 190, and compl emented) wrevire
and in planta.

On media supplemented with stress-i nduci ng compounds
consistently displayed a more yeast-like morphology than the wild type, even on
unsupplemented control medium at 18 °C (Fig. 2). This phenotype persisted on
Congo red and on medium containing hydrogen peroxide, indicating
compromised cell wall integrity and diminished oxidative stress tolerance (Fig. 2).
At 28 °C, the mutant could still form hyphae and melanize, but to a markedly
lesser extent than the wild type (Fig. 2). Hyphal development was likewise
reduced on minimal medium and on wheat-leaf surface extract (WLSE) (Fig. 2),
which generally promotes filamentation in Z. tritici (Kilaru et al. 2022). To test
whether reintroduction of the Zt190 gene could restore the wild-type phenotype,
a complementation strain was generated. Gene expression was confirmed in vitro
by expression analysis; however, all recovered clones showed ectopic integration
rather than insertion at the native locus (Fig. S6). Following gene reintroduction,
the wild-type phenotype was only partially restored in the complementation strain.
Notably, the three independent complemented clones displayed distinct
phenotypes, likely due to the ectopic nature of the integrations. Integration at
different genomic positions may have variably affected morphological
development (Fig. 2).

These phenotypes could imply that Zt190 function is related to cell-wall integrity,
stress tolerance, or more general aspects of fungal morphogenesis. One
possibility is that Zt190 associates with the plasma membrane; however, no
trans-membrane helices or lipid-anchoring motifs could be predicted from the
amino-acid sequence by the Al-based algorithm DeepLoc 2 (Thumuluri et al.

41

subseq

®Zt 1¢



2022). Although this does not rule out a membrane anchor entirely, it favours an
indirect associationd perhaps mediated by a membrane-bound partner. Among
the putative wheat interactors, germin-like proteins (GLPs) are notable for their
structural roles in the apoplast. Because GLPs belong to the cupin superfamily,
we searched the Z. tritici IPO323 genome in MycoCosm database for proteins
carrying the canonical cupin domain (PF00190). The search identified at least
seven cupin-domain proteins, annotated as oxalate decarboxylases and
homologous to those described in Sclerotinia sclerotiorum (Fig. S8). These fungal
cupins represent plausible targets for Zt190 and offer a testable hypothesis for
future interaction studies.

10° 10° 10%103 102 105 10° 10%10° 102 10° 10° 10%103 102 10° 10° 10%10° 102

7t244 1
7t244 2
KO_1
KO_9
KO_21
Comp_41
Comp_53

Comp_58

YMS_18 °C YMS_28 °C YMS_1.5 mM H,0, YMS_2M Sorbitol

106 10° 104103 10> 106 10° 10%10% 10> 106 10° 10%103 10? 106 10° 104103 10?
7t244_1
7t244_2

KO_1
KO_9
KO_21
Comp_41
Comp_53

Comp_58

YMS_1M NacCl 1x MM 1x MM_methanol 1x MM_met_WLSE

Figure 2. Deletion of Zt190 induces a ye ast-like growthby Z . t r.Invitrogroviths
experiments were done using mutants of Z. tritici IPO323 (with our lab ID Zt244),
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including three independently generated mutants where Zt190 had been deleted (KO#1,
KO#9, and KO#21) and subsequently complemented (COMP#41, COMP#53, and
COMP#58). The wild type Z. tritci IPO323 and the derived mutants were grown under
different types of stress. The strains were grown in Yeast Malt Sucrose medium at 18 °C
as a control treatment. Different stressors including temperature stress (28 °C) and
chemical compounds imposing oxidative (H202), osmotic (Sorbitol), and salt stress
(NacCl). In addition, strains were subjected to nutrient-limiting conditions (MM: Minimal
Medium) and the presence of plant cues that can induce hyphal development
(MM_WLSE: Minimal Medium + Wheat leaf surface extract). Cultures of all treatments
were grown for seven days.

To assess the role of Zt190 in wheat infection, we inoculated leaves of the
susceptible cultivar Obelisk with the Zt190-d el et i on mut ant (
complemented strain, and the wild-type strain. Disease progression was
quantified by measuring the percentage of necrotic leaf area and the number of
pycnidia. In the initial experiment, which excluded the complemented strain,
| PO323®Zt 190 produced significantly
wild type (p < 0.05, Wilcoxon rank-sum test with Bonferroni correction; Fig. 3). As
is typical for Zymoseptoria tritici assays, virulence varied among individual clones.
When the complementation strain was included in a subsequent experiment, its
disease phenotype closely resembled that of the deletion mutant rather than the
wild type, demonstrating that reintroduction of Zt190 did not restore full virulence
(Fig. 4, Fig. S9).
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Figure 3. Disease progression in wheat infected with Zymoseptoria tritici  and
mutant strains. Diseases such as necrosis coverage and pycnidia are reduced in wheat
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leaves infected with the Z. tritici Zt190 deletion strain. Inoculations were performed in the
susceptible cultivar Obelisk. (A) Percentage of the leaf area covered by lesions (PLACL)
at 13 and 14 dpi. (B) Amount of pycnidia per cm? at 21 dpi. Infected leaves of wheat
cultivar Obelisk with Z. tritici IPO323 (WT) and derived mutants. The adjusted p-values
(using Bonferroni correction) of a pairwise Wilcoxon test are displayed.
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Figure 4. Symptom development in susceptible wheat cv Obelisk infected with
Zymoseptoria tritici . Seedlings of obelisk were inoculated with two strains of Z. tritici
IPO323 (WT#1 and WT#2) and two mutant strains in which the gene Zt190 was replaced
with a hygromycin resistance cassette (KO#1 and KO#9). Subsequently, the gene was
complemented in two independent mutants (COMP#41 and COMP#58). Inoculations of
spores and mock treatments were performed with 0.01% Tween 20. Visual disease
progression was measured at the approximate switch from biotrophic to necrotrophic
growth (9 dpi) to the extended development of necrosis (16 dpi).

To visualize the dynamic of necrosis development, | manually scored infected
leaves starting at 9 days post-inoculation (dpi), coinciding with the expected onset
of the necrotrophic phase, and continued until 16 dpi, representing advanced
necrotrophy. Both the knockout and complemented strains showed a delayed
onset of necrotic lesion formation compared to the wild type. While the wild-type
strain caused complete necrosis by 16 dpi, substantial areas of green tissue
remained in leaves infected with the mutant strains, indicating that disease
progression was impaired (Fig. 4). These observations were supported by
confocal microscopy, which revealed reduced apoplastic hyphal colonization in
both the knockout and complementaation strains during infection stages when
extensive hyphal growth was evident in the wild type (Fig. 5). In addition, the
knockout strain exhibited defects in stomatal penetration during the early stages
of infection. Variability was also observed among knockout clones, particularly in
the timing and extent of pycnidia formation, which occurred at inconsistent rates

(Fig. 5).
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16 dpi

18 dpi

Figure 5. Confocal microscopy of  Zymoseptoria tritici  at different time points of
wheat infection. Confocal microscopy analyses show reduced disease progression in
FITC-WGA-stained wheat leaves during infection with Z. tritici IPO323-derived Zt190
mutant strains. Two independent deletion mutants of Zt190 (KO#1 and KO#9) and
complementation (COMP#41) clones were used for the microscopy analyses. Samples
were collected at the switch from biotrophic to necrotrophic growth (9 dpi) and at the
stage of full necrosis development (18 dpi), and then stained with WGA for confocal
microscopy analysis. While the hyphae of the wild-type strain colonize the apoplastic
space and develops pycnidia, such development is not observed either in the deletion or
the complementation strain.
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DISCUSSION

Microbial recognition and subsequent immune activation create a harsh
environment in the apoplast that restricts microbial proliferation. In this context,
protein effectors help microbes to evade or suppress the apoplast defense
machinery. In this study, we characterise a candidate effector of unknown
function, hypothesized to facilitate Zymoseptoria tritici defense manipulation in
the wheat apoplast. This protein was previously identified in the apoplastic fluid
of wheat leaves infected with Z. tritici IPO323 and was found to be highly
expressed in planta across different Z. tritici strains. Our findings provide
preliminary evidence of a Z. tritici effector targeting PR proteins, highlighting the
relevance of effector-aided hyphal establishment in the apoplast during early Z.
tritici infection. Altogether, this research might reinforce suppression of chitin-
triggered immunity as a key virulence strategy for Z. tritici.

It was detected that Zt190 interacts with several plant proteins in Nicotiana
benthamiana, including members of the pathogenesis-related (PR) protein family.
Immunoprecipitation followed by mass spectrometry (IP/MS) analysis identified
associations between Zt190 and multiple PR proteins, such as a chitinase, a
germin-like protein, and a lipid transfer protein (Fig. 1). Based on these findings,
we hypothesize that similar interactions occur with the corresponding wheat
homologs and contribute to the fungal apoplastic lifestyle. To test this, yeast two-
hybrid (Y2H) and co-immunoprecipitation (Co-IP) assays using the wheat
homologs are currently being conducted (Fig. S4).

Given its apoplastic localization, Zt190 may target host proteins as part of
Zymoseptoria triticid s d e-évasiors serategy within the apoplast. For instance,
germin-like proteins are strongly upregulated during Z. tritici infection ( Ru d d
2 0 1.39germin-like proteins contribute to ROS production, Zt190 may interfere
with hydrogen peroxide (HFOF) production, thereby attenuating the oxidative
burst. Similarly, interaction with an endochitinase could inhibit its enzymatic
activity, particularly the release of chitin fragments that serve as potent immune
elicitors. Additionally, binding to lipid transfer proteins may impair their ability to
disrupt fungal membranes, thereby enhancing fungal survival and colonization.
However, directly testing these hypotheses in wheat remains challenging due to
the complexity of both wheat genetic manipulation and the functional genetics of
Z. tritici.

To circumvent the challenges of studying Zt190 directly in wheat, we used the
heterologous system Nicotiana benthamiana to investigate its potential role in
immune suppression. Previous work by Thynne et al. (2024) demonstrated that
gene overexpression of Zt190 reduces ROS production triggered by the bacterial
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elicitor flg22. Ongoing experiments aim to determine whether a similar effect
occurs in response to chitin, a fungal elicitor. Since flg22 and chitin are
recognized by distinct pattern recognition receptors (Miya et al. 2007; Wan et al.
2008), observing suppression in both cases would suggest that Zt190 either
targets a shared downstream component of these immune signaling pathways or
interferes with multiple independent routes that converge on ROS production in
N. benthamiana.

The latter possibility is particularly compelling, given the results showing that
Zt190 could be interacting with host proteins that directly or indirectly influence
ROS generationd such as germin-like proteins, which can contribute to ROS
production (Mao et al. 2022; Wang et al. 2024), and chitinases, which release
chitin fragments capable of triggering chitin-induced immunity and subsequent
ROS accumulation (Wan et al. 2008; Vaghela et al. 2022). To explore these
scenarios, we are currently co-expressing Zt190 with a wheat germin-like protein
and a wheat chitinase in N. benthamiana, and assessing their impact on ROS
production. These assays will shed light on Zt190's role in manipulating host
defenses, particularly its potential to disrupt apoplastic immune responses such
as ROS generation.

Infection assays in wheat using the (pZ t 1d@létion strain indicate that Zt190
contributes to disease development, as shown by a reduction in disease
progression (Fig. 3-5). Although the mutant strain can still induce necrosis and
form pycnidia, these symptoms are less severe than those caused by the wild-
type strain, suggesting a delay in disease advancement. During the in vitro
assays, the gpZ t 1rBufant predominantly exhibited yeast-like growth (Fig. 2),
indicating a defective ability to undergo filamentation and suggesting an
impairment in the dimorphic switch. This defect likelyc o mpr omi ses the fu
capacity to colonize host tissue, thereby reducing its proliferation during the early
stages of infection. Consistently, confocal microscopy at 9 days post-inoculation
(dpi) in wheat revealed extensive hyphal development in the wild-type strain,
whereas the qpZ t 1rBufant remained largely in a yeast-like form, displaying
impaired filamentation (Fig. 2). Previous studies have demonstrated that this
morphological switch is critical for Z. triticid s 1 nf e ct (Foancisce etralat e gy
2019; Kilaru et al. 2022), and impaired hyphal growth has been linked to the
deletion of genes involved in morphological regulation, including transcription
factors and phosphatases (Habig et al. 2020; Mohammadi et al. 2017; Francisco,
McDonald, et al. 2023). Notably, all of these proteins are intracellular regulators
involved in endogenous signaling pathways. To date, no effector gene has been
implicated in controlling this developmental transition, making Zt190 a potential
link between effector activity and fungal morphogenesis.
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complementation strain frequently arrest development at stomatal openings (Fig.
5). Previous studies have shown that effector recognition by the host can trigger
defense responses that restrict hyphal proliferation at these sites (Alassimone et
al. 2024). However, our observations do not clarify whether colonization by the
mutant strains is halted due to host immune activation or a reduced capacity for
filamentation in planta. Notably, complementation of the Zt190 gene did not fully
restorethewild-t ype phenotype, complicating
role in virulence (Fig. 4-5; Fig. S9). To further dissect its function, assays involving
the application of purified Zt190 protein, produced via heterologous expression in
the yeast Pichia pastoris, could be performed on infected tissues. If exogenous
Zt190 protein application restores both filamentation and disease development,
this would support a direct role in fungal morphogenesis, although a potential
immune-suppressive function could not be excluded.

| speculate that Zt190 may influence filamentation in Zymoseptoria tritici through
structural functions or proteini protein interactions. Although it lacks typical
features of membrane-associated proteins (Fig. S7), Zt190 could interact with
membrane-bound fungal proteins. This hypothesis is supported by the
identification of a germin-like protein (GLP) as a putative Zt190 interactor in
Nicotiana benthamiana. GLPs serve also as structural proteins in plants and

t

he

contain a single cupin domain ( Ber ni er and Berna 2001;

2 0 0. While fungi do not produce GLPs, they encode related bicupin enzymesd
oxalate decarboxylasesd that degrade oxalate and contribute to fungal
development ( Li &n g 2ad 1 5 ;e t L ¥ad 2.3n) Colletotrichum siamense,
deletion of oxalate decarboxylase genes impairs vegetative growth and spore
germination ( Lest 2a0l 2, vhile in Sclerotinia sclerotiorum, specific isoforms
localize to the cell wall and function independently of oxalic acid metabolism
(Li @ahg2a0l1.5)

The Z. tritici genome encodes several oxalate decarboxylases, many of which
are highly expressed during the necrotrophic phase of infection (Fig. S8). It is
therefore plausible that Zt190 interacts with these fungal cupin-domain proteinsd
potentially acting as a protein inhibitord to modulate fungal physiology and
filamentation. Moreover, transcriptomic data show that Zt190 expression
responds to environmental stimuli such as light, temperature, and nutrient

availability ( Mo h a meméa d2e0l1.7; Frean2dlk;0 Franci sco,

et 2a0l23; Mc Cori son and é&to @ahi@dble2Sa)2a0 of
which are known to influence filamentation. This suggests that Zt190 may act as
a regulatory node that integrates environmental signals to control morphological
development, a hypothesis that needs to be confirmed experimentally.
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The present results suggest that Zt190 is a dual-function effector, both as a
structural component involved in fungal development and as an immune-
suppressive effector (Fig. 6). Dual-function effectors are thought to be relatively
common in plant pathogens, although direct evidence remains limited. In Ustilago
maydis, for instance, the multifunctional effector UmPR-1La contributes to host
immune suppression by interfering with PR1 signaling and to fungal
morphogenesis by acting as a sensor of phenolic compounds ( L € h 2a0l12. &)
UmPR-1La, this dual activity is facilitated by the presence of multiple functional
domains. It will be interesting to investigate how such multifunctionality might be
achieved in Zt190, which does not exhibit apparent domain modularity. In Z. tritici,
effector multifunctionality has been previously demonstrated for Zt6, a
ribonuclease effector that suppresses plant immunity and exhibits cytotoxic
activity ( Ke tda tl @adl 1.9 the functional characterization of fungal effectors
advances, it is likely that additional Z. tritici effectors with dual or multiple roles
will be identified, offering deeper insights into the complexity of virulence
strategies.

L 4 -

Immune suppressive role

» . Taes_chitinase
g» Taes_germin apROS ¢

. Taes_LTP

Structural role

AP 71190 effector e plant interactors %apoplastic ROS

Figure 6. Proposed model illustrating the potential roles and contributions of the

Zt190 effector during Zymoseptoria tritici  infection in wheat.  Although preliminary,
the results suggest that Zt190 may contribute directly or indirectly to hyphal development,
indicating a possible structural function. In addition, immunoprecipitation/mass
spectrometry (IP/MS) analysis in Nicotiana benthamiana identified potential protein
interactors, pointing to possible mechanisms by which Zt190 could suppress apoplastic
defensesd for instance, by reducing reactive oxygen species (ROS) production. Image
created with Biorender.
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CONCLUSIONS

I n this study, t hee fcfaencdtiodrat 2t 1a%0o,p|l kb s € f
previously unknown, was sHowre tpo oitretier,a@t cwa
and a | ipid triHdincsdtiranpar olb € "Whheatmhiearn aZt 190
i nteracts with the wheat homologs of these
Zt 180ntri bAymesetpot oviauktenteciduring wheat

evidenced by the reduced di s eAatsle9 Os ydreplteotnmsor
mut ant. However, the precise cause of this

I't ymastem from morphol ogical defedt s affe
suggesting a struct Wroal frolme af ocro mph e me sfeec
suppress host i mmune responses, potentiall
host proteins, a®inndgpaumvtrht ad s adwys pakrniducted
bent hami ana

This research advances our understanding of the molecular interactions
mediated by Z. tritici effectors in the apoplast during wheat infection, which is
critical for uncovering the mechanisms underlying fungal establishment and
disease progression. These insights may also inform the development of novel
strategies to disrupt effector function and enhance plant resistance.
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SUPPLEMENTARY MATERIAL

Tabl eLiSslt. of primers usedZfotr imeit@aihedgéenet aei 6o
characteri Zatt®dndotatbeeffector

T a b | ePlaSndds and microbial strains (E. coli, A. tumefaciens, and Z. tritici) generated
for the functional characterization of the Zt190 candidate effector. This includes
constructs used for transient overexpression in Nicotiana benthamiana (ROS burst
assay and IP/MS analysis), as well as Z. tritici deletion and complementation strains
derived from the IPO323 background for phenotypic assays in wheat.

Table S3. Table of Zt190 protein interactors detected through IP/MS in N. benthamiana
and homologues in wheat (Triticum aestivum).

Table S4. Annotation and expression patterns of the Zt190 gene across studies.

The Zt190 gene shows differential expression under various environmental conditions. It

was significantly upregulated in all light treatmentsd white, blue, and redd compared to

dark conditions, indicating that light is a key factor influencing its expression (McCorison

and Goodwin, 2020). Other environmental factors such as temperature and surface-

derived cues modulate Zt190 expression in a strain-dependent manner (Kilaru et al.,

2022). Notably, Zt190 was upregul ated at 18 AC during in
medium (MM) supplemented with wheat surface leaf extracts (WSLE), and its expression

is regulated by the White Collar Complex (WCC) (Kilaru et al., 2022).
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Model confidence effector | Apoplastic | AOATX7RTWS |LDAVRRNGYPSCSSSNTCSCSAIGYPHDV
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Figure S1. Zt190 is an effector candidate with an unknown function . It was detected
as highly abundant in apoplastic fluid of wheat leaves infected with Z. tritici. (A) No
functional domains could be predicted from its sequence, after the removal of the signal
peptide the 173 amino acid protein structure of Zt190 was predicted using AlphaFold 3
and visualized through ChimeraX 1.8. The predicted regions with higher confidence
values are highlighted in blue, whereas in orange the poor predicted regions. Predicted
template modeling (pTM) scores above 0.5 indicate the predicted structure might be
similar to the true structure. (B) The Zt190 effector candidate and a LysM containing
protein were detected during a proteomic screening of leaf apoplastic fluid infected with
Z. tritici strains at early stages of infection in the wheat landrace Chinese Spring and the
mutant lacking the Stb6 gene. Data obtained from Francisco et al. (2023).
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Figure S3. Prediction of Zt190 interactions with wheat proteins . Potential
interactions between Zt190 and wheat proteins were predicted based on homologs

of the interactors identified in Nicotiana benthamiana during IP/MS analyses.

Interaction confidence was evaluated using AlphaFold3-generated interface predicted
TM (ipTM) scores. Lower ipTM values may reflect either non-specific associations
lacking biological relevance or, alternatively, weak but potentially meaningful
interactions. Among the wheat candidates predicted to interact with Zt190 are:
photosystem | reaction center subunit Il, chloroplastic-like protein (XP_044391097.1),
ferredoxin-dependent  glutamate  synthase, chloroplastic-like  isoform X2
(XP_044322393.1), 28 kDa ribonucleoprotein, chloroplastic protein (XP_044398905.1),
phosphomannomutase/phosphoglucomutase-like protein (XP_044423040.1),
cytochrome b6 protein (AGP51312.1), germin-like protein 8-14 (XP_044321852.1 ).
Visualization was represented with ChimeraX, in red the Zt190 effector and in blue the
plants proteins
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between correct and incorrect gene deletions. Following Ndel-EcoRI digestion, two
fragments (3830 bp and 1996 bp) were expected for a successful gene deletion, while a
single fragment (5102 bp) was expected for the wild type (WT). All tested transformants
displayed the expected pattern for a correct deletion. Similarly, Sall digestion yielded a
single fragment (5138 bp) in deletion strains and two fragments (2729 bp and 1691 bp)
in the WT. (B) Gene deletion was further validated by RT-PCR. No amplification of Zt190
was observed in the deletion strain, while the WT showed expression. Amplification of
the Z. tritici housekeeping gene GAPDH from both genomic DNA (gDNA) and cDNA was
used as a positive control.

Expected sizes (bp)
Comp | KO | WT

F1 | 1592 - | 1592
F2 | 2772 - | 1617
F3 | 1004

3000 bp

1000 bp

gDNA_Zt244
H20

1000 bp
750 bp
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primers cDNA gDNA

0ES4642_0ES4643 392 bp 459 bp
(Zt190)

oES1026_oES1027 431bp 491 bp
(GADPH)
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CHAPTER 1|1

Hor monal mani pul ation as a VviruEZent¢ei mecha
during wheat infection

Authors: Ana E. Bergues Pupo, Elisha Thynne a n Bva H. Stukenbrock
ABSTRACT
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BACKGROUND

Salicylic acid (SA) biosynthesis in plants occurs via two main pathways: the
isochorismate (ICS) pathway and the phenylalanine ammonia-lyase (PAL)
pathway ( Dempeéy 2011, L eft e ad 2.€In the ICS pathway,
chorismate is converted into isochorismate by isochorismate synthase (ICS)
within the chloroplasts. In contrast, the PAL pathway begins with the deamination
of phenylalanine by phenylalanine ammonia-lyase, producing trans-cinnamate,
an essential precursor in the phenylpropanoid pathway. This pathway leads to
the synthesis of a wide range of defense-related secondary metabolites, including
anthocyanins, lignins, flavonoids, and phytoalexins ( Di 2@ n2a0l0.2; &t dav
al2.0 2 (Fig. 1). The relative contribution of each pathway to overall salicylic
acid (SA) production varies among plant species. For instance, the ICS pathway
predominates in Arabidopsis and barley (Hordeum vulgare). In contrast, in rice,
SA is mainly derived from the PAL pathway, with spatial differences observed
between shoots and roots ( De mp e & y2a0 1 1n)soybean, both pathways
appear to contribute equally to SA biosynthesis ( L e f eevte 2a@l 2.0 )

In wheat, the biosynthetic pathways and regulation of salicylic acid (SA) remain
poorly understood. However, recent findings by Zhang etal. ( 2 0 2ugygest that
both the ICS and the PAL pathways contribute to SA production. In their study,
three isochorismate synthase (ICS) genesd TalCSA, TalCSB, and TalCSDd

were identified and validated in vitro. Notably, the overexpression of TalCSA
resulted in a significant increase in SA accumulation and enhanced resistance to
Fusarium head blight (FHB) disease. Additionally, transcriptomic analysis and
RT-PCR revealed the presence of 37 PAL genes, potentially involved in
endogenous SA biosynthesis. Despite these advances, the SA production in
response to pathogens in wheat is not yet fully elucidated. Furthermore, it
remains unclear how specific pathogens deploy distinct strategies to manipulate
host signaling pathways, which may vary depending on the site of colonization,
whether in shoots, roots, or reproductive tissues.

Plant pathogens have evolved effectors that disrupt salicylic acid (SA)
biosynthesis, weakening host immune responses. Notably, this appears to be a
strategy widely employed by biotrophic and hemibiotrophic pathogens, as well as
some plant-parasitic nematodes. In the biotrophic fungus Ustilago maydis, the
causal agent of corn smut disease, the effector-like chorismate mutase Cmul
suppresses SA-associated defense mechanisms by diverting chorismate, the
precursor for SA, away from the ICS pathway and toward the PAL pathway
( Dj aente i2a0 1. Similarly, isochorismatase effectors, such as Pslscl from
Phytophthora sojae and Vdliscl from Verticillium dahliae, inhibit SA production by
interfering with the ICS pathway, thereby reducing SA levels in infected
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Arabidopsis and cotton plants ( L e ¢t 2a0 1. 4n)particular, isochorismatases
catalyze the conversion of isochorismate into 2,3-dihydro-2,3-dihydroxybenzoate
(DDHB) and pyruvate (Fig. 1), effectively depleting the precursor pool required
for SA biosynthesis. These isochorismatase effectors lack classical signal
peptides and are thought to be secreted via unconventional pathways. Given the
species-specific roles of salicylic acid (SA) in plant immunity, it is plausible that
SA-targeting effectors, such as isochorismatases, contribute differently to
virulence depending on the pathosystem. Studying these effectors may therefore
offer valuable insights, particularly in pathosystems where SA manipulation
strategies remain poorly understood.

During Zymoseptoria tritici infection in wheat, it remains unclear which salicylic
acid (SA) biosynthetic pathway is predominantly targeted and whether specific
fungal effectors mediate this manipulation. Metabolite profiling has shown that SA
and various phenolic defense compounds are downregulated during infection
( Sey ®ad |l 2301 2. 0gtably, a chorismate mutase was recently detected in the
wheat apoplast during Z. tritici infection via proteomic analysis ( Fr anci s c o,
Abuk hatl a0l 2,3uggesting that it is secreted and may contribute to the
modulation of host metabolism, although its precise function remains
uncharacterized. Despite these findings, our understanding of Z. tritici's capacity
to manipulate SA levels or interfere with associated signaling pathways remains
limited. Therefore, the identification and functional characterization of candidate
effectors involved in SA suppression could significantly advance our
understanding of Z. tritici virulence mechanisms in wheat.
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F i g u rSalicylate biosynthesis in plants occurs via two main pathways that are

susceptible to interference by microbial effectors . Both the isochorismate pathway
(ICS) and the phenylalanine ammonia-lyase pathway (PAL) rely on chorismate, a product
of the shikimate pathway, as a common precursor. In green, the key intermediates and
enzymes of the ICS pathway described in Arabidopsis thaliana include AVRPPHB
SUSCEPTIBLE 3 (PBS3) and ENHANCED PSEUDOMONAS SUSCEPTIBILITY 1
(EPS1). In red, the PAL pathway involves the intermediate phenylalanine, and enzymes
such as Phenylalanine Ammonia-Lyase (PAL), ABNORMAL INFLORESCENCE
MERISTEM (AIM1), and Benzoic Acid 2-Hydroxylase (BA2H). Several microbial
effectors (indicated in red text) specifically target these components involved in salicylate
biosynthesis. For example, isochorismatases, including Psiscl from Phytophthora sojae
and Vdiscl from Verticillium dahliae, degrade isochorismate, disrupting the ICS pathway.
COR (coronatine) and HopM1, produced by Pseudomonas syringae, as well as AvrE,
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found in various plant-pathogenic bacterial genera, interfere with multiple immune
signaling pathways. Cmul, an effector from Ustilago maydis, also targets the salicylic
acid biosynthetic network, further compromising plant defense.

Filamentous pathogens calni kpee odam o wn dasnt s uhco
cytokinins (CKs) an@Ksarbasdversiclass d lmormoney ABA) .
derived either from ATP, ADP, or AMP or via tRNA degradation pat hway s,

i nvol ving isopentenyl transferase (I PT) al
(Sakakibara 2006; Frébort et al. 2011). Homol ogs of these enzymes
i dentified in various fungi,Usnhcladongaydm
an€l aviceps(pugpbonegthese host s, CKs promot e

( Mor reits 2afll 1.5 ; eKi2a0l1l.8 )Howev-eumonogenic fungi s
Magnaporthandugaaeum pseudadrsamipnrecadruuicne CK:
whose implication in virulence 1is |ikely

nutrient allocation, and stress responses,
fully unJaegresat 2002dChanclud et al. 2016; Sgrensen et al. 2018).

Abscisic acid (ABA) biosynthesis in fungal pathogens occurs through a
mevalonate (MVA)-derived pathway ( | z q uB we | d 2a0l 1. & )pathogens

such as Botrytis cinerea and Magnaporthe oryzae, ABA has been implicated in
promoting infection by suppressing host immune responses ( Sp e a8 t e2a0l1.5 ;

Li evemn s2al 1L Tonsistently, fungal mutants deficient in ABA production
exhibit reduced virulence, underscoring
( Speat all.8is hypothesizedthatfungal-d er i ved ABA mi mi cs
own ABA, thereby interfering with plant signaling pathways to modulate stress
responses and attenuate immune defenses. However, the whole range of
functions is not fully understood. Elucidating the roles of pathogen-produced
hormones during infection can deepen our understanding of virulence strategies

and uncover novel targets for enhancing crop resistance.
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F i g u rQvenZew of cytokinin biosynthesis pathways in Claviceps purpurea . Two
main biosynthetic routes have been described: (1) the de novo pathway (shown in light
brown), which begins with AMP as the substrate, and (2) the tRNA degradation pathway
(shown in light blue), which originates from the degradation of modified tRNAs. Both
pathways utilize dimethylallyl diphosphate (DMAPP) for the formation of cytokinins.
Dashed arrows represent steps not shown in detail. In Claviceps purpurea, the key
enzymes involved in cytokinin biosynthesis are highlighted in red: a bifunctional enzyme
containing both isopentenyl transferase (IPT) and LONELY GUY (LOG) domains
(referred to as IPT-LOG), a cytochrome P450 monooxygenase (P450), a tRNA-
isopentenyltransferase (tRNA-IPT), and a standalone LONELY GUY (LOG) protein.
Central cytokinin intermediates include: iPRMP (isopentenyladenosine-5 -N;j
monophosphate), CZRMP (cis-zeatin riboside-5 -Njonophosphate), iP
(isopentenyladenine), tZ (trans-zeatin), cZ (cis-zeatin). Although not all intermediates are
depicted, forms such as iPRMP, tZ, and iP are common to both pathways. Adapted from
Kindetal.( 201 8)

Her e, I hypoZ.hetsmaiznteigcuit aaes the plant hor mol
defense manipul ation strategy during infect
t hat interfere wi t h hor monal bi osynt hesi s
compounds. To test this heyipnoatcheeosuiss ,&flf escetaorrc
t ritthiacti can interfere with salicylate bios:
functional chaztalce ek i patiaonvefi sochori smat
Additionally, | BdkressedClépthed alystce i c
bi osynthetic pathwaysaadewhpeebbentthaeay cont
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mani pul ation of pl ant hor mone networks thr
effectors could be a relevadt traliel icr thelecetiiesdm  f
defense during wheat infection.

MATERI AL AND METHODS
Fungal and bacterial strains

The Dutch Zymoseptoria tritici isolate IPO323 ( Ke ma 2a0l 0.®gs used as
the wild-type strain for generating fungal transformants. Escherichia coli DH5 U
was used for plasmid cloning. For transient overexpression in Nicotiana
benthamiana, Agrobacterium tumefaciens GV3101 (AtumGV3101) was used,
while the AGL1 strain was employed for Z. tritici mutant generation via
Agrobacterium-mediated transformation. Details on growth conditions of fungal
and bacterial strains are provided in the following sections.

Bioinformatic searches and sequence prediction

To identify protein sequences containing the isochorismatase domain in the Z.

tritici IPO323 genome, the corresponding PFAM domain (PF00187) was used as

a query search in the JGI MycoCosm database ( Gr i get i 2 1, 4ist
according to the Goodwinetal. ( 20aAhnot ati on and then update
t he Laptal @aR028Bynotation. Addi tional protei
i sochorismatase sequence wer e( Joemmetsc haeld u s
201.4)Ef fector prediction was( 9eerfoaietai dieri n
al201,6)and secretion mechani sms( Zvhearbe aplr.edi c
201.9)

Bl ast P from t he Nati onal Center for

(https:// www. ngtwas nusiedi Ht.ogoivdenti fy homol oc
protein sequezZnycneoss ephortiPa®3R2BI tgiecnio me . As q
sequences, previously characterized hor mon:¢
fungal pat hogens were used, specifically t
aci d, and auxin biosynthesis analyshg. Prot
MUSCL E, and phyl ogenetic t Gea®i omesr e Prciomes
(https:// www.)gewmsiimgl st. ceo PRAXML t ool . The max
met hod was appl i edarvaimeih rlcO®b®bonsnhnrap repl:i
statistical support for the tree topology.

Cloning for gene tr ansNiecnat ioavnea ebxeprrtehsasmioann a

For transient overexpression in N. benthamiana, the gene sequences of interest
were either amplified from Zymoseptoria tritici IPO323 genomic DNA or
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synthetically produced (TWIST Biosciences, South San Francisco, USA). The
plasmid plSCL22010 was used as a backbone, containing a promoter for
transient overexpression, a blue chromophore for blue/white selection of correct
integration events, and a kanamycin resistance cassette. All constructs were
fused to GFP for protein detection. The Golden Gate cloning technique was used
for construct assembly, allowing the simultaneous ligation of multiple DNA
fragments into a single construct using Type IIS restriction enzymes and T4 DNA
ligase. In a single-step reaction, sequences of interest carrying Bsal recognition
sites with designed overhangs were ligated into the pISCL22010 backbone. The
assembled plasmids were then introduced into Escherichiacoi DH5U vi a heat
shock at 42°C and grown overnight at 37°C in dYT medium supplemented with
kanamycin (40 pg ml?). Plasmids were purified using a homemade miniprep
protocol, and successful assembly was verified through PCR amplification,
restriction enzyme digestion, and Sanger sequencing of the inserted gene
sequences.

| generated Agrobacterium tumefaciens GV3101 (AtumGV3101) strains carrying
the genes of interest for transient overexpression in Nicotiana benthamiana.
Bacterial transformants were obtained via electroporation. Ice-chilled cuvettes
containing the AtumGV3101 cells and the corresponding plasmids were
electroporated and recovered by incubating at 28°C with shaking for 1 hour. Then
the samples were plated on dYT medium supplemented with 40 pg ml?
kanamycin, 10 pg mlt gentamicin, and 50 pg mi? rifampicin. Plates were
incubated for two days at 28°C to allow colony formation. Single colonies were
cultured overnight in liquid medium with the appropriate antibiotics, and glycerol
stocks were prepared for long-term storage at -80°C. A list of primers, plasmids,
and bacterial strains generated for this section is provided in the supplementary
material (Table S1).

Il Mmmune suppredsastieadni aNd scaoytd ana bent hami ana

For i nfiNtrkaentomsminnd\va3, 101 strains carrying
overexpression were streaked out from glyc
dYT media supplemented with the appropriate
i ncubated for at | east @{tdvdH hd®r snM mMMEISH fMigICtl r
100M acetosyrandonandjusted stonalthe ddeaperedi nOP
the specific assay and sampl e. -wekedlvdes (th
Ni coti ana bseenetdhlammigasnaver e infiltrated using
di fferent coll ection and observation point
specific assay.

75



To deter mi ne awlaé tygseende st haef f ect ed reactive o
( ROS) accumul dbtaisem, RIOGEmMibruals t assays were ¢

presence of the bacterial elicitor flg22.
Busceaitl laR021)Briefly, three days after a (
overexpression constructs, |l eaf discs were
wer e l ncubated overnight i n 200 OL of ste
measurement, the watel awas isbhand®@€&d Oanaofr é

followed by the addit-¢é@mcort rladt0e dLs wlfu tai odno
wat o, ¢ Mmi hodhgpr seradi s h(HRP3,r oaxnidd alsCe0 nM f | g2

mock treat ment wit hout the elicstencevas u
measurements wer e p mfinteoM200eptite reader n(Tgecam n

Mannedorf, Switzerland). Dat a anal ysi s and statistic
conducted using Excel and RStudi o.

The Agromonas assay ( B u s e & 128012 a¥ performed to determine whether
bacterial growth was enhanced in the presence of the analysed genes. For this,
the pathogenic bacterial strain Pseudomonas syringae pv. tomato (PstDC3000)
was co-infiltrated at the same site three days post-agroinfiltration at an ODsoo of
0.01 in MgCIF Leaf discs were collected at two time points, starting two days after
inoculation, from four leaves (biological replicates) per treatment. The collected
leaves were homogenized in MgCIF, followed by serial dilutions and plating on
dYT medium supplemented with the CFC selective supplement (Merck
Cetrimide-Fucidin-Cephalotin), which selectively promotes the growth of
Pseudomonas spp. As a control, dilutions were also plated on dYT supplemented
with the corresponding antibiotics to assess potential growth of Agrobacterium
tumefaciens. Plates were incubated at 28°C for 2 to 3 days, and the bacterial
colony-forming units (CFU) were counted. Statistical analyses were conducted in
RStudio.

Cel | death assays werienduwaddrgmrerde ussiihngn cvii mg
N. bent hami ana wHeatnh eXrt ti@hteessysneeshset i ¢ gene i nc
death under silencing conditions. VIGS vect

kindly provided by Dr Jack Rhodes, and the
by Dr. ElI'i sha Thynne.

GeneratZontmwifansf or mant s

Agrobacterium tumefaciensi mediated transformation (ATMT) was used to
generate Zymoseptoria tritici mutant strains lacking and overexpressing the
Ztlscl gene respectively. This method relies on homologous recombination,
whereby flanking sequences of the target gene direct its replacement with a
selectable resistance cassette. To create the deletion strain, a plasmid was
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constructed containing a hygromycin resistance cassette, flanked by the
upstream and downstream regions of Zt09 chr_03_00944. A similar approach
was used to create deletion strains for additional genes discussed in this chapter,
including those involved in cytokinin biosynthesis and the key gene of the abscisic
acid biosynthetic cluster.

For the overexpression strain, the intronless coding sequence of Ztlscl was
placed under the control of the constitutive Aspergillus PgpdA promoter and fused
to a C-terminal HA tag. This construct, introduced along with a geneticin
resistance cassette, was targeted to an ectopic locus on chromosome 1 of Z.
triticid a genomic region previously validated by our group for stable integration
and transgene expression.

Agrobacterium tumefaciens AGL1 strains carrying the respective plasmids
(assembled via the Gibson Assembly method and introduced by electroporation)
were co-cultivated with Zymoseptoria tritici IPO323 on membranes for three days
on induction medium supplemented with glucose, 200 uM acetosyringone, 50 ug
mid rifampicin, 100 pg midgs carbenicillin, and 40 pg migd kanamycin. Putative
transformants were selected on YMS medium containing hygromycin and were
singularized multiple times prior to confirmation by PCR. A multiplex PCR was
conducted using DNA extracted with the Quick and Dirty method to amplify the
hygromycin or geneticin resistance cassette, while simultaneously confirming the
presence or absence of the gene of interest (GOI).

To verify single-copy integration of the hygromycin cassette, Southern blot
analysis was performed. Genomic DNA was extracted from mutant strains using
the phenol-chloroform method, digested with specific restriction enzymes, and
separated on a 2% agarose gel for two hours. The gel was treated with 0.25 M
HCl and 0.4 M NaOH, and subsequently blotted onto Hybond N+ membranes.
Hybridization probes were designed from the upstream and downstream flanking
regions of the GOI. Detection was carried out using DIG-labeled antibodies and
CDP-Star substrate (Sigma Aldrich, San Luis, USA) and signals were visualized
using a ChemiDoc System (Bio-Rad Laboratories, California, USA).

A detailed list of primers, plasmids, and bacterial strains used in this section is
provided in the supplementary material (Table S1 and Table S2).

I n vphemot ype of fungal transformants

To assess the effects of gene deletion on morphological growth, mutant strains
were tested invitrounder various conditions. Strains
three days in liquid YMS medium, shaking at 200 rpm. Cells were then
centrifuged at 3000 rpm for 10 minutes, washed, resuspended, and adjusted to
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different cell concentrations. Chemical stressors were applied as described in the
Methods section of Chapter | for in vitro assays. Additionally, to investigate the
role of the Ztlscl gene in iron metabolism, an in vitro assay was performed to
mimic iron-limiting conditions. For this, the iron chelating agent bipyridyl (Sigma
Aldrich, San Luis, USA) was added to YMS medium at varying concentrations.
Plates forthe invitoas says wer e incubated at 18 AC f o]

Testing secretion of Ztlscl

To determine whether Ztlscl secretion could be detected in Zymoseptoria tritici
liquid cultures, a mutant strain constitutively overexpressing the gene was
constructed. The overexpression strain was cultivated in liquid media, and
supernatants were collected for protein analysis. Liquid samples were first filtered
to remove hyphal clumps, followed by centrifugation at 3000 rpm for 15 min at
4°C. The resulting supernatants were further filtered using a pipette tip, and one
cOmpleteE EDTA-free protease inhibitor cocktail tablet (Roche Applied Science,
Penzberg, Germany) was added. The processed samples were lyophilized
overnight, resuspended in water, and stored at -20°C. Protein concentration was
determined using the Bradford assay, and samples were denatured at 95°C in 2x
SDS loading dye. Proteins were separated on Mini-PROTEAN TGX Precast Gels
(87 16% polyacrylamide, Bio-Rad Laboratories, California, USA) and transferred
onto nitrocellulose membranes (Bio-Rad Laboratories, California, USA).
Membranes were blocked for one hour at room temperature in 1x TBS-T (Tris-
buffered saline with Tween-20) containing 5% non-fat dry milk, then incubated
overnight at 4°C with agitation in primary antibodies against Histone H3 (H3,
Agrisera, Vannas, Sweden) (1:5,000) or anti-HA (Thermo Fischer Scientific,
USA) (1:10,000). After washing with 1x TBS-T, membranes were incubated with
a secondary goat anti-mouse antibody for alkaline phosphatase (APS) detection
(Gt Ms IgG Alk Phos, Merck, Germany). Protein bands were visualized using a
rapid one step colorimetric detection solution (NBT/BCIP, Thermo Fischer
Scientific, USA). The fungal cytoplasmic protein Histone H3 served as a marker
to assess intracellular contamination of the culture supernatant. Additionally, Z.
tritici overexpression strains carrying candidate effector proteins previously
generated in the lab were used as positive controls.

Di sease phenotype during wheat infection

Wheat infection assays were conducted to assess the role of selected genes in
Zymoseptoria tritici virulence. Knock-out strains lacking the gene(s) of interest
were generated and used for plant inoculations, following the protocol described
by Fagundes et al. ( Fa g u red e £ad 2. (5geds of the susceptible wheat
cultivar Obelisk were germinated under controlled phytochamber conditions at
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22 AC (day) [/ 20 AC (ni ght-haurlighB8%hourdark at i ve h

photoperiod for 141 21 days prior to inoculation. Fungal inoculum was prepared
from4i5-day-ol d | i quid cultures, initiated
with shaking at 200 rpm. Cultures were filtered through Miracloth to remove
hyphal clumps and centrifuged to pellet the cells. Pellets were resuspended in
sterile distilled water, and the final inoculum was prepared with 0.1% Tween 20,
adjusted to a concentration of 1 1 10 fungal cel |
sprayed with the inoculum and incubated under high humidity conditions for 48
hours to facilitate infection. The order of plant placement on trays was
randomised, and these were then maintained under standard growth conditions
(as above). Infected leaves were harvested at various time points for further
analysis. Disease progression was quantified based on lesion coverage and
pycnidia density. Image analysis was performed using a custom macro for Z. tritici
(St ewar201.@®)nagel( Sc hnei dzadl 1, 2nd statistical analyses
were conducted using RStudio.

Gener atZtoimputwa fant variants

To confirm the cytokinin biosynthetic activity of the Ztipt gene, a mutational
analysis targeting its predicted catalytic site was performed. The ATP-binding
domain in the Z. tritici Ztipt sequence was first identified through protein alignment
with homologous fungal and plant IPT proteins. Point mutations were introduced
at eight key residues within the binding site, resulting in eight distinct mutant
variants. Additionally, silent mutations were introduced to eliminate internal Bsal
restriction sites, thereby facilitating subsequent cloning using the Golden Gate
assembly method. The synthetic gene variants were commercially produced by
TWIST Biosciences (South San Francisco, USA) and cloned into vectors for
transient overexpression in Nicotiana benthamiana, following the protocol
described in previous sections. The same agroinfiltration procedure was used to
test for cell death induction activity. Protein expression in infiltrated leaves was
verified by western blot analysis. For this, total proteins were extracted using a
extraction buffer composed of GTEN, 2% (w/v) PVPP, 10 mM DTT, 1x protease
inhibitor cocktail (Sigma-Aldrich, San Luis, USA), and 1% IGEPAL. Western
blotting was performed as previously described. A mouse anti-GFP primary
antibody (1:10,000; Roche, Switzerland) was used to detect GFP-tagged
proteins. A secondary anti-mouse antibody conjugated to horseradish peroxidase
(HRP) was applied at a dilution of 1:20,000 (Santa Cruz Biotechnology, Dallas,
USA). Detection was carried out using the ECL Select Western Blotting Detection
Reagent (Cytiva, M¢nchen, Ger many) ,
Images were acquired using a ChemiDoc System (Bio-Rad Laboratories,
California, USA).
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RESULTS

Ztl 91 a putative isochorismatase ed.fector

triitnfcecti on on wheat

| queried the annotated genome of Zymoseptoria tritici IPO323 available in
MycoCosm ( Go o dewti 8a0l1.1 ; B & p2all 2uearching according PFAM
terms, and identified eight sequences containing the Pfam domain PF00857,
characteristic of isochorismatase activity (Fig. 3A; Fig. S1). Interestingly, three of
the identified sequences (Zt09 chr_01_00091, Zt09 chr_03_ 00454, and
Zt09 _chr_03_00944) were predicted to function as cytoplasmic effectors based
on the EffectorP 3.0 algorithm, despite lacking classical N-terminal signal
peptides (Fig. 3B). Notably, these same sequences were also predicted to be
secreted via unconventional pathways according to the OutCyte algorithm (Fig.
3B). Transcriptomic data from multiple Z. tritici isolates during wheat infection
(Haueies ema0 1 9revealed that among the isochorismatase-domain
containing genes, Ztlscl (Zt09_chr_03_00944) exhibited the highest expression
level in planta (Fig. 3C). The remaining sequences were poorly expressed during
infection. Ztlscl displayed a biphasic expression pattern during the early
asymptomatic colonization phase and again during the transition to necrotrophy,
when the pathogen shifts from latent growth to host tissue degradation. When
compared to the characterized isochorismatases in Verticillium dahliae and
Phytophthora sojae, Ztlscl shares a higher sequence similarity with Vdiscl
(~56%) than with Pslscl (~36%) (Table S3).
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the necrotrophic switch and necrotrophic phase,

Rol eZtolf swkrexpression in i mmMmune enudppprmd saniao n

|l used transient gene ovVerNixcporteisasn ao nb el nnt h ahnei
to assessZtwhsettphperresses pl amMbhei mamunobhgl e was
Ztl saoalerferes with salicylate biosynthesis,
of defense responses dependent on salicyl at
usedAgnobacteri umGM3ulntelf actireanisn carrying a ¢
fluorescent protein (GFP) construct. As a |
salicyl ateahipddPmleaasi® monas whutcihdaconverts sa
i nto catechol anpdr ehvaiso tbse eins arcedegadr tiiesdf dstitausdei e s
et 2014)To determinkeadwhether early defense
measured reactive oxygen species-b(@aB@3) acc

assay. ROS bursts are triggered early in g
enhancing defense signaling and Hoewewvrerc,t iln
observed no chktea&nt | meeheat ROS accumul ati on
chall emgibgnt haimihanahe bacteri al elicitor

samples oveZéexpcROGSilngvel s appeared to be e
reduced, as indicated by Il ight wunit values
the negative control during the ROS assay
observations, wher e a d e cgrgeeasstee dZ tntl lsctimi n e
suppressed I mmune responses by reducing F

Preliminary observations indicated that while nahG did not reduce ROS
accumulation in the presence of flg22, ROS levels were drastically lower when
samples were incubated with salicylate (Fig. S4A). This suggests that the
bacterial protein byproduct, catechol, may be toxic or possess antioxidant
properties. However, a similar assay was not conducted to assess the effect of
Ztlscl on ROS accumulation in the presence of salicylate.
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(A) The effect of overexpressed genes on reactive oxygen species (ROS) production

and immune suppression was assessed by calculating the ratio of total light units

generated by each gene of interest, normalized against the negative control (sGFP). A

ratio below 1 indicates a reduction in ROS production, suggesting immune suppression,

while a ratio equal to 1 indicates no effect, as shown by the sGFP vs. sGFP control.

Salicylate hydroxylase (nahG) from Pseudomonas putida was used as a positive control

for immune suppression. Leaf discs for ROS measurements were collected three days
post-agroinfiltration. Suppl ement ary materi al includes the
assay for each i nde (fFgnSAR).(B) Bacterial growthe(expresged i r

as CFU/mL) of the pathogenic strain Pseudomonas syringae pv. tomato DC3000
(PstDC3000) was evaluated in the presence of Ztlscl. In addition to nahG, the fungal

effector ZtsLRR was included as a positive control. The left graph shows the mean values

from three independent experiments, while the right graph displays the data from

individual replicates. Each experiment included four biological replicates per treatment,

and samples were collected at 2 and 5 days post-infiltration. Agroinfiltration was

performed at OD?3 ¢ Q.4. For bacterial growth assays, PstDC3000 was infiltrated at

OD? Q001 into 4-week-old Nicotiana benthamiana seedlings two days after the initial
agroinfiltration.
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In addition to its potential role in countering early defense mechanisms, |
investigated whether Ztlscl can promote the growth of non-adapted bacteria in
Nicotiana benthamiana, which serves as an indirect measure of immune
suppression. To assess this, | performed an Agromonas assay, which involves
co-infiltration of Agrobacterium tumefaciens GV3101 carrying the Ztlscl
overexpression construct along with Pseudomonas syringae pv. tomato DC3000
(PstDC3000). If Ztlscl suppresses plant immunity, it is expected to enhance the
proliferation of PstDC3000. The results showed that PstDC3000 growth
increased in leaves infiltrated with either Ztlscl or nahG, with the latter having a
stronger effect. Compared to the negative control, Ztlscl expression consistently
favored bacterial growth, although not all biological replicates showed a uniform
trend (Fig. 4B). These findings suggest that Ztlsc1 may downregulate defense
mechanisms that restrict PstDC3000 proliferation, supporting its potential role in
immune suppression.

Ztl setretion was amaot twdlei daat ed rul ence is d
duriZng twheatciinfection

Ztlscl lacks a conventional signal peptide, similar to other previously
characterized isochorismates in different pathosystems. Here, | investigate
whether Ztlscl is secreted by Zymoseptoria tritici despite the absence of a
classical secretion signal. Since salicylic acid biosynthesis occurs in the plant
cytoplasm, Ztlscl would need to be secreted and translocated into the host cell
to exert its isochorismate activity. To test whether Ztlscl is secreted, | generated
an overexpression strain of Z. tritici using Agrobacterium-mediated
transformation (AMT) (Fig. S4; Fig. S5). The Ztlscl coding sequence was
ectopically integrated into the fungal genome under the control of a constitutive
Aspergillus promoter and fused to a C-terminal hemagglutinin (HA) tag to
facilitate detection via antibody-based assays. The generated mutant strain was
grown in YMS medium, where Ztlscl expression had been previously detected
(Haueisen et al. 2019b), and liquid cultures of the mutant strains were
fractionated into supernatant and pellet fractions for protein extraction. Protein
production was assessed in multiple candidate clones by Western blot analysis
using anti-HA antibody treatment and luminescence-based detection. However,
the results did not show a clear protein signal in samples from the Z. tritici Ztlscl
overexpression strain (Fig. S5), leaving the Ztlscl protein secretion unresolved.

To determine t Ze¢ | sdrlt tvribrauiliceoemc e fdur i ng wheat
I genedatl edt mai n | @aecki eagpghaihmdd ngusi ng | PO323

background strain. This mutant strain was ¢
t hrough DNA probes that bind to the resist
flanks. To identify possible growth def ect
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Figure 5. In vitro phenotypic analysis of Ztlscl deletion mutants. Multiple Ztlscl
knock-out (KO) clones (#4, #16, #19, #23, and #25) were tested under various stress
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conditions to assess potential phenotypic differences. The tested stress conditions
included temperature stress (28 °C) and exposure to chemical compounds affecting cell
wall integrity (Congo red), oxidative stress (HFOF), osmotic stress (sorbitol), and salt
stress (NaCl). The tested concentrations are displayed in the figure. As reference strains,
the wild-type Z. tritici strain Zt244 (Z. tritici IPO323) and the GFP-expressing derivative
strain, Zt395, were included to ensure that the transformation process itself did not alter
fungal morphology. Except for temperature stress, all cultures were incubated at 18 °C
for five days.

Several independent clones of the Z. tritici a&Ztlscl strain were used to assess
fungal virulence in wheat. The second leaf of two-week-old Triticum aestivum cv.
Obelisk plants was spray-inoculated with either a mock solution, the wild-type Z.
tritici strain, or the Ztlscl KO mutant, using a fungal suspension adjusted to 1 x
10 cell s/ mL. Di sease progression was moni
inoculation (dpi) by quantifying necrotic leaf area and pycnidia density (number
of pycnidia per cm?2). At each time point, infected leaves were harvested,
scanned, and analysed using ImageJ to measure the extent of necrosis and
pycnidia formation. At 16 dpi, the aZtlscl strain induced slightly higher levels of
necrosis compared to the wild-type strain; however, this difference was not
observed at 20 dpi. Pycnidia production also appeared higher in the deletion
strain, though the difference was not statistically significant (Fig. 6). Despite some
variability in the phenotypic data, these findings suggest that deletion of Ztiscl
does not significantly affect the virulence of Z. tritici under the tested conditions.
A similar pattern was observed using a aZtlscl strain, in which the replacement
vector was constructed based on the genome annotation published by Goodwin

etal. ( 2 0 {Fig)S8).

In addition to its potential role in immune suppression, | investigated whether
Ztlscl might also serve in iron acquisition. In bacteria, isochorismatases are
known to participate in siderophore biosynthesis, facilitating the sequestration of
irond an essential micronutrient for pathogenicity. Similarly, the ability to capture
iron is a critical determinant of virulence for plant-associated fungi. | performed a
growth assay under iron-limiting conditions using a chelating agent, where |
hypothesized that if Ztisc1 helped in iron sequestration, the qpZ t | s$rainiwould
exhibit impaired growth compared to the wild-type. However, the results were
inconclusive, and no clear evidence emerged linking Ztlscl function to iron
acquisition for Z. tritici (Fig. S9).
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Several putative hormonal biosynthetic hormonal pathways are present in
Z. tritici .

Phylogenetic analyses suggest that Zymoseptoria tritici may have two
independent biosynthetic pathways for cytokinin production. One potential
pathway involves the recycling of modified tRNAs, initiated by a tRNA-
isopentenyltransferase (Zttrna-ipt, Zt09 chr_2 00408) (Fig. 7). This enzyme
catalyzes the first step of tRNA modification, a mechanism previously associated
with cytokinin production in other organisms. In addition, Z. tritici may also utilize
a de novo cytokinin biosynthetic pathway, potentially mediated by a small gene
cluster that shares similarity with a cytokinin-producing cluster identified in
Fusarium pseudograminearum (Sgrensen et al. 2018). This cluster includes an
adenylate isopentenyltransferase (Ztipt, Zt09 chr_2 00144), a cytokinin-
activating hydrolase (Ztlogl, Zt09 chr_2 00143), and a flavin-containing
monooxygenase (Ztfmo, Zt09 chr_2 00145) (Fig. 6). Furthermore, Z. tritici may
be capable of synthesizing abscisic acid (ABA) via a polyketide synthase (PKS)-
based biosynthetic gene cluster, in which Ztpks5 (Zt09 chr_10 00494) is
considered the core biosynthetic gene. This cluster was previously identified
using the fungal antiSMASH algorithm ( Cai rns and Mey eert
2022)

Gene expression profiles suggest that cytokinin and abscisic acid (ABA)
biosynthetic genes may play important roles during the lifestyle transition of
Zymoseptoria tritici to necrotrophy. The small cytokinin biosynthetic cluster shows
strong upregulation during this transition phase, indicating a potential role in
necrotrophic development (Fig. 7; Ha u e i este r2a0l 1. 9n)contrast, Zttrna-ipt
expression is induced under temperature stress, whereas genes in the de novo
cytokinin pathway appear to be upregulated under nutrient starvation, suggesting
distinct environmental triggers foreach pathway ( Fr a ne i 22&ld. Similarly,
the ABA biosynthetic gene clusterd including Ztpks5d also exhibits increased
expression during the switch to necrotrophy, reinforcing its potential involvement
in virulence regulation (Fig. 7, Haueieste 2a0l 1. Despi t e mul t

220 1. 7 ;
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plasmids had to be redesigned due to discre
Zymosepto(rhiag.t rS1t0d)c.i Ztmn pahdeta@aseonf strain w
using the annot adti o@2 QHHF)i Go. o dSi In) ; however,
i nconsistencies wdtt (a2l0.le& nGrt aarnd amnmhertthi s str e
used for wheat infection assays.
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and their expression profilesHdueiestg2ddh® pt i nf e
(BPhyl ogeneti cZtdapad ty s-i psee@qfuencesd. ftroi@liocnigsi de
homol ogous genes from ot hdér albliuhagmd i.sp dthhHealgiearse
phyl ogenetic tree was <constructed using RAXxXML
Statistical support for tree topology was evalu
with 1,-0&80ametric bootstrap replicates.

Zti,pone of the components of the putative s
cell dé&latbenbhami ana

To investigate whether the biosynthetic genes of the putative cytokinin cluster and
their products can alter plant defense responses, transient overexpression
assays were performed in Nicotiana benthamiana. Initially, using the Agromonas
assay, | observed that the overexpression of the cytokinin cluster led to the
appearance of necrotic lesions. To better understand this phenotype, each cluster
component was expressed individually. Among them, only Ztipt triggered a strong
cell death response. At the same time, Ztlogl and Ztfmo did not induce any visible
symptoms (Fig. 8A). Similarly, Zttrna-ipt, the putative primary enzyme of the
alternative cytokinin biosynthesis pathway via tRNA recycling, did not trigger cell
death. Notably, the Ztipt-induced cell death phenotype was robust and could be
observed even at lower concentrations of Agrobacterium used for infiltration (Fig.
8B), highlighting its strong effect on plant tissue.

A Ztlog1 0.3 Ztipt +
- Ztipt + Ztlog1 0.15 Ztlog1 0.15
+ Ztfmo 0.15 e~

~ \-f

Ztimo 0.3 t sGFP 0.3

(o} non silenced plants VIGS GFP silenced plants VIGS BAK-1 silenced plants
21667 0.5

21667 0.5
Pt > , 216 0.5

Ztipt 0.05 sGFP 0.5

Ztipt 0.05
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Fi g ur &tipt 8nduces cell death in N. benthamiana in a BAK1 -independent
manner. (A) Transient overexpression assays in N. benthamiana leaves using
Agrobacterium tumefaciens carrying individual cytokinin biosynthetic genes from Z. tritici:
Zttrna-ipt, Ztipt, Ztlogl, and Ztfmo. Additionally, co-infiltrations were performed with all
three components of the small de novo cytokinin biosynthetic cluster (Ztipt, Ztlogl, and
Ztfmo) at different optical densities (OD3 § 1© assess dose-dependent effects. A strain
expressing secreted GFP (sGFP) was included as a negative control for all conditions.
Cell death symptoms, characterized by necrotic lesions, were documented at 4 days
post-infiltration (dpi). This panel shows that only Ztipt is capable of triggering a strong
cell death phenotype. (B) Cell death induction by Ztipt was tested in N. benthamiana
plants silenced for BAK1 expression using virus-induced gene silencing (VIGS), to
evaluate the role of BAK1-dependent surface immune signaling. Control plants were
infiltrated with Agrobacterium carrying Zt6, a known BAK1-independent ribonuclease
effector from Z. tritici (Kettles et al., 2018), and Zt667, an effector candidate putatively
involved in the necrotrophic phase of Z. tritici.

Next, it was addressed whether Ztipt-induced cell death depends on components
of the surface plant immunity. To assess this, | performed assays using Nicotiana
benthamiana plants in which BAK1, a plant membrane co-receptor essential for
many surface immune responses, was silenced via virus-induced gene silencing
(VIGS). Using this molecular technique, a modified virus is employed to

temporarily fAknock dhetargebgerehAlerthexipusiefects i o n

of

the plant, the plantdos antiviral def ense
degrades RNA sequences that match itd i ncl udi ng t he pl ant 0s

transcripts corresponding to the inserted fragment (Rossner et al. 2022). In
BAK1-silenced plants, Ztipt was still able to trigger a strong cell death response,
indicating that its activity is independent of BAK1-mediated signaling (Fig. 8C).
As a control, the known ribonuclease effector Zt6 from Z. tritici, which induces cell
death independently of BAK1 ( Ket €t e &0 1,8howed a comparable
phenotype. In contrast, the Zt667 effector 8 hypothesized to be involved in the
necrotrophic phase of Z. tritici (Haueisen et al. 2019)d did not trigger cell death
in BAK1-silenced plants (Fig. 8C). These results suggest that Ztipt-induced cell
death is not mediated through BAK1-dependent surface immunity but likely
involves intracellular recognition mechanisms or alternative signaling pathways
that need to be explored.

Mut ati onadt igpetntehes equence abolish its

Considering the biosynthetic function of Ztipt, we hypothesized that a metabolite
produced by this enzyme could mediate the observed cell death. Specifically, the
accumulation of a cytokinin intermediate or its conversion into an active cytokinin
by plant enzymatic machinery could be toxic or trigger hypersensitive response
(HR)-like mechanisms in Nicotiana benthamiana. To test whether the cytokinin
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biosynthetic activity of Ztipt is required for cell death induction, | performed a
mut ational analysis targeting the pr

In plants, adenylate isopentenyltransferase (IPT) activity is defined by a
conserved ATP-binding domain. Using the Arabidopsis thaliana adenylate-IPT3
sequence (IPT3_ARATH, UniProt Q93WC09) as a reference, a protein alignment
was performed with fungal IPT-like sequences, including Ztipt (Fig. 9A). The
alignment revealed that Ztipt shares conservation in most of the eight critical ATP-
binding residues. To disrupt its catalytic activity, non-synonymous point mutations
were introduced in each of these residues, replacing them individually with
alanine (Fig. 9A). A full-site mutant containing simultaneous alanine substitutions
at all eight positions was also generated, resulting in nine Ztipt variants.

For Golden Gate cloning, synonymous point mutations were also introduced to
eliminate internal Bsal recognition sites, and external overhangs containing Bsal
sites were added. All mutant and wild-type Ztipt sequences were synthesized and
cloned into Agrobacterium tumefaciens strain GV3101 for transient expression in
N. benthamiana, following the same strategy used for other constructs.

If cytokinin biosynthesis was not required for cell death, | expected all mutants to
induce a phenotype comparable to that of the wild-type Ztipt. However, while
several mutants still triggered cell death, fourd including the full-site mutantd
failed to do so (Fig. 9B-C). Western blot analysis confirmed that these mutants
were expressed at expected size (~59 kDa for Ztipt-GFP fusion), excluding the
possibility of protein expression failure (Fig. 9B). These results indicate that the
enzymatic activity of Ztipt is essential for its ability to induce cell death, suggesting
that cytokinin biosynthesisd or the accumulation of a specific intermediated
could likely responsible for triggering the observed phenotype in N. benthamiana.
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dahlanBehyt opht henhasogegdet hePlvytraptlthnlter afcaps
i NN. bent hamioaanrael at i ng wi t h reduced SA ac
expression of ke apedhepdarnriecz2adliPdRTo further
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measure SA content and PR1 expressiion f ol
pl ant a

The observed role of the nahG gene as a salicylate detoxifier (Fig. S3A) is
exciting, as Z. tritici expresses uncharacterized nahG-like genes during the
necrotrophic phase. Itis plausible to speculate that the gene has a similar function
in the degradation of salicylic acid (SA) (Fig. S3B). Similar infection strategies
have been reported in the smut fungus Ustilago maydis, which expresses a
salicylate hydroxylase (Shyl) that contributes to virulence in maize ( Ra b é al
2 0 1,3and in Fusarium graminearum, where a similar enzyme (FgNahG) plays a
role in SA detoxification and promotes infection ( Qeit 2a0l 1. @Given that plants
overexpressing nahG are unable to accumulate SA upon pathogen challenge
( L awe to nadl 9, is plausible that Z. tritici employs a nahG-like mechanism
to counteract SA-mediated immunity. If confirmed, this would represent a
previously undescribed virulence strategy in the Z. triticii wheat pathosystem.

The Ztlscl protein is predicted to be unconventionally secretedd a feature that
may be essential for its function as an effector targeting salicylic acid (SA)
biosynthesis in the host. Since SA is synthesized in the plant cytoplasm, Ztlscl
must be both secreted by Z. tritici and translocated into host cells to exert its
activity. The absence of a classical N-terminal signal peptide in Ztlsc1l suggests
that secretion occurs via a non-canonical pathway, similar to that described for
isochorismatases in V. dahliae (VdIscl) and P. sojae (Pslscl) ( Le t 2a0l1.4)
To investigate the secretory mechanisms of Ztiscl, | employed a comparable
experimental strategy to that used by Liu et al. ( 2 0 1&a42. tritici strain was
engineered to overexpress Ztlscl with an epitope tag, and secretion was
assessed by detecting the protein in the culture supernatant using antibody-
based methods. While this approach has yielded reliable results in other systems,
it produced inconclusive results in this case (Fig. S5), leaving the hypothesis of
unconventional secretion unresolved.

Not ablWd| sacmds | scXTruncati-toer noifnatiher egi on i m
secretion withoutsuppfessing Bmmumety, sugd
region may <contai n sciognnvaelnst iroehdawkiuread.ctrniotr non
A similar strategyZtclotudld i dentaipfpyl i € g ueonce
involved in its secr etbiaocsne.d Tsoe cerxeptlioorne a shsiasy,
empl ofyeede and Ridsee2FG13) S4) Zt 1l maadhi ¢ sass
truncated variants woul d -doeef ifcuseend tionvar § B¢
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readout of its secreti oinntcoaptahcat tirwed &£ doefe nt i a
gained in future studies using this approac

I n this studyl| s&@yemosepeowiiaultence cappeared
di spensabl e, as no significant differences
growth were observed betweenypdestdreBien s onF im
This contrastsV.widtahhltwhaeede ngbei nsochori smat
required for full Aviabuldempce siat haadtstaam!| &nd or
to a reduction in éhetucg0lladt)@haseumabattitens.t
that |l sn@ay contribute only quantitatively t

redundancy Zwi ttgnemaoaménecompensates for its |c
genes encoding -desmahorpsoma¢ias® are present
may perform overlapping functions. Future
expression profiles of i kkeh s g @inna gdotitldnisocrli s mat
background during wheat infection to test t

Here, | initially hypothesized that deletion of Ztlscl might impair fungal growth

due to increased salicylic acid (SA) accumulation and/or enhanced host immune

activation. Previous studies have demonstrated that SA can directly inhibit Z. tritici

growth both in vitro and during infection ( Zamanmni 20 1.8) t hough t he
Ztl smalant did not exhibit a pronounced phe

i nvestigat 2t |velcelt éeir on i mpact s SA modul at
suppression, particularly during the ear/l.\
influences fungal d e v e [Too pdaress tthis, aseverat h a t st

complementary approaches could be employed: (1) High-Performance Liquid
Chromatography (HPLC) to quantifyzZti&A | evels
strain, as well as with the overexpression strain used for secretion studies; (2)
analysis of PR1 gene expression as a marker for SA-dependent defense
activation; and (3) quantification of fungal biomass during the asymptomatic
phase using qRT-PCR. Together, these assays would help determine whether
Ztlscl contributes actively to the suppression of SA accumulation and immune
modulation in Z. tritici. Similar approaches have previously proven useful in wheat

to assess the impact of Z. tritici on salicylic acid (SA) accumulation ( Ruéd al
2015; eMe pafl iL, 29 well as to investigate the specific effects of fungal
effectors on this process ( Ka e k i2a012.4 )

Beyond immune suppression, isochorismatases may fulfill additional roles. In

bacteria, these enzymes are often involved in the biosynthesis of siderophores,
particularly catecholate-type siderophores, which facilitate iron sequestration, a
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critical process for virulence (McRose et al. 2018; Xie et al. 2024). In this study, |
investigated whether Zymoseptoria tritici isochorismatases contribute to iron
acquisition. However, the experimental results were inconclusive, and it remains
unclear whether Ztlscl is involved in iron metabolism (Fig. S9). Isochorismatases
may also have endogenous metabolic functions. Further research is needed to
confirm whether Ztiscl is secreted and to determine whether it plays a dual role
in the Z. triticii wheat interaction, acting both as a metabolic enzyme and as an
Immune-suppressive effector that targets salicylic acid biosynthesis.

Exploring the role in virulence of putative cytokinin and abscisic acid.
Several putative hormonal biosynthetic pathways are present in Z. tritici .

In this study, | identified several genetic elements in Z. tritici that may contribute
to the biosynthesis of plant hormone-like compounds. The detection and
expression of homologs to IPT, tRNA-IPT, and LOG genesd alongside a
previously described putative abscisic acid (ABA) biosynthetic clusterd suggest
that cytokinin (CK) and ABA production could be active and tightly regulated in Z.
tritici, potentially supporting its ability to colonize the host. | aimed to functionally
characterize these genes through targeted deletion to assess their role in disease
progression in wheat. However, repeated attempts to delete ZtPKS5, the
predicted core gene of the ABA-like cluster, were unsuccessfuld possibly due to
the essential function of the gene or the structural features of the genomic region
hindering homologous recombination. Likewise, efforts to knock out Zttrna-Ipt
were unsuccessful, potentially due to the presence of a nearby transposable
element interfering with recombination at one of the flanking regions (Fig. S10).
To overcome these challenges, an alternative strategy could involve using a Z.
triticic pk u 70 background, which maintains virul
improved homologous recombination efficiency ( B o wé & r 2ad 1. CApother
alternative is that the transformation process could be lethal for the fungal strain.

One of the genes within the puZatpwascyt ok

found to induce celll deat hN.whbeenn tthraafnhsaigean t |
cel |l death response was indepeptdent i af sBAF
i mmunity, suggesting that the wunderlying m
pat tteeringgered i mmunity (PTI). l nstead, this
of actiblny, iprowslivi ng general toxicity or in
similarnBAKéndentherdtl ypge alt das pb e eah. rterpiotrit ceid
effeztt®mwhi ch exhibits (rkebtodniuesld.gd 3o taachkli w,i t
sequemasxed mut ati ondatl Irpggrvalay eids tbfat di srupt
predicted enzymatic active site abolished
suggesting that enzymati c actiinvi plyafibsa r eq
determine whether this response iIis |linked t
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could be quantified wusitmgpmdEmgumad sclsmpemd tr g
(L-&S/ MS), a sensitive and robust method for
(Novék et al. 2008; Chen et al. 2010).

However, theZt bmawarede ccfl | death i n wheat |
deter mi ne whet her t he pheobtt gpe bbstehamda
conserved i n the natur al host, a wheat p
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on hsopdci fic factors absent in wheat <cell s.
may reflect the need for ad&gaopietcidnal | ndrp arc:
present only during infection. As a complem
Zt Ipprtot ein into wheat | eaves could help de
phenotype can be reproduced in the host.

Despite t he cel | death Npheheontylpemboamaer v e
overexpressiZan georfe,t heei rect evidence i nki
bi osynthetic gene <cluster to cytokinin pr
i nvestigate this further, | propose an appr

of wiylp@ and gene deletion i muitnanwistirgjouoan u
conditions. A i mplsaudsgrameageagfaoud [y i dent
cytodmimimki ng metabolite prodwded eldy cd uphsy
(Serensen et al. 2018; Blum et al. 2019). Based on those findings
t hat tmiightcisynthesize a similar molecul e t
pat hway. However, due to time constraints,
and the =execution of downstream infection
compl et ed. These expiempanretnd rst ciams ipg hotvsi dient o
genes in this cluster are involved in infec

CONCLUSI ONS

I n this study, the candiZddtgdi sathall gmanas
in salicylic acdwaq SFAQurmd otsynplhayi a di spens
Z. tirnftectii on, |l i kely due to functional r e
accumul ation could not be confir med, and i1
suppress I mmuneN.r els @ o lsRegardingnthe biosynthetic
genes putatively linked to fungal cytokinin and abscisic acid production, their
contribution to virulence could not be determined due to the inability to generate
mutant strains. However, one of the cytokinin biosynthetic genes was shown to
induce cell death in N. benthamiana, and this effect appears to depend on the
proteinbs catalytic activity, suggesting a
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SUPPLEMENTARY MATERIAL

TableS1.Li st of primers used for cloning related t
i sochori smatZaslgs celinfdedcth@r h©r monalZtbjiots-y pahetic
Zt Loigf)mo( Chapter 1| 1)

Tabl e PBEasmand mi cgeorberadt ed for t he offuntche onal
i sochori smatZaslgxaoeld ftelte olmor monal (Bt pZptytArtphaet i ¢ g €
Zt |, Dtgf)ma. b e nt haanrdhenotypic assays in wheat.

Tabl3E&Codmpari son of s esseqgauearciesmaitna s ev amal imat hos
Zymosept osrtiraaitnrsi tZcti05 and Zt 10

Figure S1. Search results for isochorismatase-domain-containing proteins in the
MycoCosm database using the PFAM domain PF0O0857 as the query. Based on the
genome annotation of Zymoseptoria tritici by Lapalu et al. ( 2 0 2dnge proteins
containing the isochorismatase domain were identified. The candidate selected for
functional characterization, Ztlscl (Zt09 chr_3 00944), is highlighted in red.

105



