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Abstract 
 
In nature, plants constantly interact with a multitude of microorganisms, collectively 

called the plant microbiota. Intimate associations and interdependencies between the 

plant and its microbiota result in a modulation of plant traits that ultimately determine 

plant health and yield production. Thus, unraveling the interaction networks, molecular 

mechanisms, and influencing factors that underlie plant-microbiota interactions is a 

prerequisite for developing future sustainable agricultural strategies. 

Fungi of the ecologically relevant order Sebacinales feature a wide geographical 

distribution and host range. Root colonization by Sebacinales like Serendipita 

vermifera and Serendipita indica leads to beneficial effects for the host, including 

increased biomass and resistance to biotic and abiotic stresses. Yet little is known 

about factors and mechanisms that shape these widespread beneficial interactions. 

The studies comprised in this thesis aim to investigate the nature and relevance of the 

beneficial effects of Sebacinales on the host in multiple interactions. 

 

The first study addressed the effects of the beneficial root endophyte Serendipita 

vermifera (Sv) and the cereal pathogen Bipolaris sorokiniana (Bs) on barley in a 

tripartite system. We showed that Sv exerts a biocontrol function by reducing pathogen 

colonization and host disease symptoms. Comparing the local and systemic 

transcriptional responses of all organisms in a gnotobiotic soil-based split-root system, 

we found that despite some degree of systemic protection, the major antagonistic 

effects were exerted upon direct contact and exhibited signs of mycoparasitism. 

 

In the second study, the tripartite setup was extended by including a second plant host 

and bacterial synthetic communities (SynCom) to investigate the influence of biotic 

factors on the Sv-mediated beneficial traits. The combined presence of Sv and 

members of the core bacterial microbiota provides synergistic protection against Bs on 

both host plants. In addition, host- and microbe-dependent synergistic early growth 

promotion was observed. RNA-sequencing analysis revealed that these beneficial 

activities are not associated with extensive host transcriptional reprogramming but 

rather with the modulation of expression of fungal effectors and carbohydrate-active 

enzymes (CAZymes). 



Abstract 

 2 

Therefore, the third study investigated the regulation of Sv effector and CAZyme 

expression in biotic interactions, including interactions with three plant hosts, a fungus 

or a bacterial SynCom at four time points. RNA-seq analysis identified commonalities 

and differences in the Sv transcriptome during fungal accommodation in planta or 

microbe-microbe confrontation in the absence of the host. Further, a Sv chitinase was 

identified and characterized as a determinant of fungal antagonism. 

 

The fourth study investigated the Bs-induced expression of barley HvKSL4 and 

HvCPS2, that was observed in the original tripartite setup. This led to the identification 

of a barley gene-cluster for barley diterpene synthesis and was a first step in decifering 

the role of a secreted barley diterpene during biotic interactions.  

 

Finally, a protocol to monitor plant health and cell death via Ion leakage and Pulse 

Amplitude Fluorometry (PAM) was developed. This method is suitable for future 

multipartite setups as well as for chemical treatments and particularly useful for large-

scale screenings. The studies comprised in this thesis expand our knowledge in the 

fields of plant-microbe interactions and biocontrol and lay the foundation for answering 

future research questions. 
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Kurzzusammenfassung 
 

In der Natur interagieren Pflanzen kontinuierlich mit einer Vielzahl von 

Mikroorganismen, die zusammenfassend als Mikroflora bezeichnet werden. Die enge 

Assoziation und wechselseitigen Abhängigkeiten zwischen der Pflanze und ihrer 

Mikroflora führt zu einer Modulation von Pflanzenmerkmalen, die unmittelbar im Bezug 

zu Pflanzengesundheit und -ertrag stehen. Das Ergründen der Netzwerke, 

molekularen Mechanismen und Einflussfaktoren von Pflanzen-Mikroben-Interaktionen 

ist daher eine Voraussetzung für die Entwicklung zukunftsfähiger landwirtschaftlicher 

Strategien. 

Die ökologisch bedeutende Ordnung der Wachskrustenartigen (Sebacinales) weist 

eine weite geographische Verbreitung und ein breites Spektrum an Wirtspflanzen auf. 

Die Kolonisierung der Wirtswurzeln durch Sebacinales Pilze wie Serendipita vermifera 

und Serendipita indica führt zu der Ausprägung positiver Pflanzenmerkmale, wie einer 

gesteigerten Biomasse und dem Schutz gegen biotische und abiotische 

Stressfaktoren. Die Faktoren und Wirkmechanismen, welche diese nützliche 

Interaktion beeinflussen, sind jedoch bisher noch unzureichend verstanden. Die 

Studien im Kontext dieser Doktorarbeit haben zum Ziel die Art und Relevanz der 

positiven Effekte auf die Wirtspflanze durch Sebacinales in verschiedenen 

Interaktionen zu untersuchen. 

 

In der ersten Studie wurden die Effekte des Wurzelendophyten Serendipita vermifera 

(Sv) und des Getreidepathogens Bipolaris sorokiniana (Bs) in einem trilateralen 

System mit Gerste getestet. Wir zeigen, dass Sv eine Biokontroll-Funktion aufweist, 

da der Pilz die Kolonisierung des Pathogens sowie die Pathogen-induzierten 

Krankheitssymptome an der Wirtspflanze reduziert. Unter Verwendung eines 

gnotobiotischen, Erde-basierten Systems, dass das Wurzelsystem der Wirtspflanze in 

zwei separate Abschnitte teilt, haben wir die lokale und systemische transkriptionelle 

Reaktion der drei Organismen untersucht. Neben einem gewissen systemischen 

Schutz fand der Großteil des Antagonismus in direktem Kontakt beider Pilze statt und 

wies mykoparasitäre Züge auf. 

 

Im Rahmen der zweiten Studie wurde der trilaterale Versuchsaufbau durch das 

Integrieren einer zweiten Wirtspflanze und synthetischen bakteriellen Gemeinschaften 
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erweitert, um die Einflüsse biotischer Faktoren auf die positiven Effekte von 

Sebacinales auf die Wirtspflanze zu untersuchen. Die gemeinschaftliche Anwesenheit 

von Sv und Mitgliedern der bakteriellen Kern-Mikroflora schützt beide Wirtspflanzen 

synergistisch vor Bs. Zusätzlich wurde eine Wirtspflanzen- und Mikroben-spezifische 

Wachstumsförderung beobachtet. RNA-Sequenzierungen haben gezeigt, dass sowohl 

der Schutz als auch die Wachstumsförderung nicht mit einer intensiven 

transkriptionellen Reprogrammierung der Wirtspflanze zusammenhängen, sondern 

vielmehr mit der Modulation der Expression von pilzlichen Effektoren und 

Kohlenhydrat-aktiven Enzymen. 

 

In der dritten Studie wurde daher die Regulierung der Geneexpression von Sv 

Effektoren in verschiedenen biotischen Interaktionen wie der Interaktion mit drei 

verschiendenen Wirtspflanzen, einem Pilz oder einer synthetischen bakteriellen 

Gemeinschaft über vier Zeitpunkte hinweg untersucht. RNA-Sequenzierungen 

offenbarte Gemeinsamkeiten und Unterschiede in der transkriptionellen Regulierung 

während der Kolonisierung von Wirtspflanzen im Vergleich mit der Interaktion mit 

Mikroorganismen. Weiter wurde eine Sv Chitinase als relevant in der Interaktion mit 

Bs identifiziert. 

 

Im Rahmen der vierten Studie wurde die Bs-induzierte Expression der Gerstegene 

HvKSL4 und HvCPS2 untersucht, die wir im ursprünglichen trilateralen System 

beobachtet hatten. Dies führte zu der Identifikation des ersten Gen-Clusters, dass in 

die Produktion von Gerste Diterpenen involviert ist. Ergänzend haben wir damit 

begonnen die Funktion eines sekretierten Gerste Diterpens in biotischen Interaktionen 

zu entschlüsseln. 

 

Zuletzt wurde ein Protokoll zur Messung pflanzlicher Gesundheit und pflanzlichen 

Zelltods mittels Ion Leakage und Puls Amplituden Fluorometrie (PAM) etabliert. Die 

Methode kann in der Zukunft sowohl für biotische als auch für chemische 

Anwendungen an Pflanzen verwendet werden und ist besonders für groß angelegte 

Versuchsaufbaue geeignet. 
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Die Studien, die in dieser Arbeit enthalten sind, erweitern unser Wissen in den 

Bereichen der Pflanzen-Mikroben Interaktion und der Biokontrolle und legen das 

Fundament für die Beantwortung zukünftiger Fragestellungen. 
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Introduction 
 
The Spectrum of Plant-associated Microbes  

Plants constantly interact with a multitude of bacteria, oomycetes, and fungi, with whom 

they form parasitic, commensal, or mutualistic relationships. Parasitic microorganisms 

exploit their host and cause harm, while mutualistic relationships benefit both partners. 

Either way, the interaction with microorganisms has a massive impact on plant health 

and productivity (Kumar et al., 2002; Perreault & Laforest-Lapointe, 2022; Trivedi et 

al., 2020). From an evolutionary perspective, facultative and obligate interacting 

microorganisms evolved from free-living ancestors and continue to evolve. The nature 

of an interaction between the same organisms can change with environmental or 

ecological alterations within the interacting species or its surrounding communities. In 

this regard, microbial lifestyles are not rigid but rather move along a parasite-mutualist 

continuum (Drew et al., 2021; Fesel & Zuccaro, 2016; Newton et al., 2010; Xu et al., 

2015).  

Microbe Recognition and Plant Immunity 

Plants recognize surrounding microbes via specialized cell surface pattern recognition 

receptors (PRRs). PRRs detect microbial structures called microbe-associated 

molecular patterns (MAMPs) or endogenous signals that are induced upon wounding 

called damage-associated molecular patterns (DAMPs). This recognition activates a 

first layer of immunity called pattern-triggered immunity (PTI) (Jones and Dangl, 2006). 

A second layer of recognition occurs in interaction with adapted microorganisms that 

overcome PTI via the secretion of effectors. Effectors are small, secreted molecules 

that affect the host or surrounding microbes (Todd et al., 2022). The direct or indirect 

detection of these effectors by the host via specialized, intracellular receptors leads to 

an enhanced immune response called effector-triggered immunity (ETI) (Jones and 

Dangl, 2006). The plant immune system comprising PTI and ETI was previously 

described in a “zig-zag”-model that depicts PTI and ETI as independent immune 

pathways (Jones and Dangl, 2006). However, recent research suggests that the two 

immunity pathways are interconnected and potentiate each other (Chang et al., 2022; 

Ngou et al., 2021; Pruitt et al., 2021; Tian et al., 2021; Jiang, et al., 2021; Ngou, et al., 

2021). The activation of plant immunity (PTI and ETI) induces various defense 

responses, including the production of reactive oxygen species (ROS), mitogen-
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activated protein kinase (MAPK) cascades, calcium influx, the production and 

secretion of defense-related proteins such as pathogenesis-related (PR) proteins and 

antimicrobial compounds including phenylpropanoids, oxylipids, carotenoids and 

terpenoids (Peng et al., 2018; Tsuda and Katagiri, 2010).  

As MAMPs are a common feature of microbes across all lifestyles, successful 

colonization of pathogenic as well as beneficial microbes often relies on strategies to 

suppress or evade the plant immune responses (Jacobs et al., 2011; Pel and Pieterse, 

2013; Yu et al., 2019). Till today, little is known about how plants induce immunity to 

restrict pathogen growth and proliferation while at the same time actively engaging with 

beneficial microorganisms (Dudenhöffer et al., 2016; Santoyo, 2021). 

Beneficial Plant-Microbe Interactions 
 
Interactions between plants and beneficial microorganisms are highly diverse. 

Colonization by certain microorganisms, such as arbuscular mycorrhizal fungi or 

nitrogen-fixing rhizobia, is tightly regulated by a conserved reciprocal signaling 

cascade between host and microbe and is often associated with the formation of 

specialized structures (Chaulagain and Frugoli, 2021; Oldroyd, 2013). Other beneficial 

microbes colonize the host plant endophytically but do not form specialized structures 

(Brotman et al., 2010; Hiruma et al., 2016; Weiß et al., 2016; Yuan et al., 2010). 

Further, certain epiphytic microbes that do not enter the plant but reside on its surface 

exhibit symbiotic beneficial effects (Bruisson et al., 2019; Butani et al., 2021). 

Interaction with beneficial microbes can improve plant nutrition, increase plant 

biomass, or protect plants against biotic as well as abiotic stresses (Almario et al., 

2017; de Lamo and Takken, 2020; Franken, 2012; Harbort et al., 2020; Hermosa et 

al., 2012; Hiruma et al., 2016; Lugtenberg and Kamilova, 2009; Pieterse et al., 2014; 

Spaepen et al., 2007; Vlot et al., 2021; Vorholt, 2012). 

Microbe-mediated plant growth promotion is often associated with enhanced nutrient 

availability. Plant growth-promoting microbes (PGPMs) increase the supply of 

essential nutrients such as nitrogen, phosphate, potassium, iron, and sulfur via a 

variety of mechanisms, including nitrogen fixation, inorganic phosphate solubilization, 

iron chelation, and the production of volatile compounds (Lopes et al., 2021; Souza et 

al., 2015; Varma et al., 2019). Certain endophytic fungi recruit inorganic phosphate 

(Pi)-solubilizing bacteria for Pi mobilization that they then take up and translocate 

further to the plant host (Ezawa and Saito, 2018; Meena et al., 2010; Singh et al., 
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2009). Besides this, certain PGPMs function through the modulation of plant hormone 

status by increasing concentrations of auxin, gibberellin, and cytokinin and mitigating 

stress through the production and supply of exopolysaccharides, antioxidants, and 

osmoregulants (Lopes et al., 2021).  

Microbe-mediated biocontrol activities can occur directly via microbe-microbe 

interactions or indirectly via the plant host. Indirect biocontrol activities comprise 

induced systemic resistance (ISR) and systemic acquired resistance (SAR). Direct 

biocontrol activities comprise, among others, antibiosis and mycoparasitism (Latz et 

al., 2018). Various studies reveal the relevance of secreted antimicrobial compounds 

or volatiles as well as microbial effectors in direct microbe-microbe antagonism (Eitzen 

et al., 2021; Hassani et al., 2018; Horner et al., 2012; Laur et al., 2018; Mgbeahuruike 

et al., 2011; Tilocca et al., 2020).  

The Plant Microbiota 
 
While the mechanisms underlying microbe-mediated host beneficial traits used to be 

primarily investigated in bipartite or tripartite interactions, recent research is expanding 

this perspective, and the plant microbiota moved into focus as a major contributor to 

plant health and protection (Berendsen et al., 2012; Schlaeppi and Bulgarelli, 2015). 

The plant microbiota comprises all microbes that live inside or in close proximity to a 

plant host and can be divided into the aboveground phyllosphere microbiota and the 

belowground rhizosphere microbiota (Berendsen et al., 2012; Raaijmakers et al., 2009; 

Vorholt, 2012). The plant rhizosphere comprises the soil adjacent to the roots and 

belowground organs and constitutes an essential source for plants to acquire water 

and nutrients (Liu et al., 2022). It is a hotspot for plant-microbe interactions and 

features a huge microbial diversity (Dlamini et al., 2022; Ling et al., 2022; Pathan et 

al., 2020). This microbial diversity gradually decreases from rhizosphere to the 

endosphere compartment, whose colonization relies on a more intimate plant microbe 

association (Lemanceau et al., 2017). Past studies employed environmental sampling 

or sampling in controlled conditions in the field and laboratory to determine members 

of different microbiota (Bai et al., 2015; Bulgarelli et al., 2015; Durán et al., 2018; 

Edwards et al., 2015; Fitzpatrick et al., 2018; Lundberg et al., 2012; Runge et al., 2022; 

Thiergart et al., 2020). Research identified hub and keystone species that strongly 

shape the microbiome community structure via direct or indirect biotic interactions 

(Agler et al., 2016; Zheng et al., 2021) as well as core microbiota strains that have 
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repeatedly been identified as endophytes across different plant species in different soil 

types and environmental conditions (Lemanceau et al., 2017).  

Due to their strong association, some studies describe the host and its surrounding 

microbiota as an inseparable functional unit - the plant holobiont (Hassani et al., 2018; 

Lyu et al., 2021; Rosenberg and Zilber-Rosenberg, 2016; Vandenkoornhuyse et al., 

2015). On the contrary, others disagree with the assumption of a high partner fidelity 

within the whole community (Douglas and Werren, 2016; Moran and Sloan, 2015). 

Indeed, plant-microbiota associations form an entangled interaction network that is 

shaped by abiotic factors and host factors as well as by microbe-microbe cooperation 

and competition (Berendsen et al., 2012; Raaijmakers et al., 2009; Snelders et al., 

2018; Vannier et al., 2019). While the complexity of microbiota networks and microbial 

interaction patterns can be visualized using bioinformatical networks and co-

occurrence analysis; understanding the mechanisms underlying these associations 

requires a complex scientific interface between ecological and molecular approaches 

with a focus on all key players, plant physiology and plant immunology, microbial 

responses, and environmental factors. Recent experimental approaches reconstruct 

plant microbiota compositions with the help of microbial synthetic communities 

(SynComs), and thereby attempt to bridge large-scale ecological and mechanistic 

studies.  

Fungal and plant models to study host-microbe interactions 
 
Sebacinales  
 
The fungal order Sebacinales (Agaricomycetes, Basidiomycota) comprises 

ectomycorrhizal, endophytic, and saprotrophic species that all derived from a 

saprotrophic ancestor (Garnica et al., 2016; Weiß et al., 2016). Sebacinoid fungi 

display a wide geographical distribution and a broad host range, rendering them 

potential key players for terrestrial ecosystems (Oberwinkler et al., 2013; Riess et al., 

2014; Verbruggen et al., 2014; Weiß et al., 2011). Among them, Serendipita indica and 

Serendipita vermifera have been intensively studied studies as model species for 

Sebacinales and root endophytes (Deshmukh et al., 2006; Dunken et al., 2022; 

Ghimire et al., 2009; Ghimire and Craven, 2011; Lahrmann et al., 2015; Nizam et al., 

2019; Ray and Craven, 2016; Waller et al., 2008; Wawra et al., 2019).  

Serendipita vermifera was originally isolated from the Australian orchid Cyrostylis 
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reniformis (Warcup, 1988) and Serendipita indica from the woody shrubs Prosopis 

juliflora and Ziziphus nummularia in the Indian dessert (Verma et al., 1998). However, 

they both show little host specificity and further grow saprotrophically in absence of a 

living host (Franken, 2012; Ray and Craven, 2016). Colonization of these species is 

typically associated with diverse beneficial effects including host growth promotion, 

nutrient acquisition, and protection (Barazani et al., 2007; Franken, 2012; Ghimire and 

Craven, 2011; Kumar et al., 2012; Lahrmann et al., 2015; Nautiyal et al., 2010; Qiang 

et al., 2012a; Shahollari et al., 2005; Waller et al., 2008). Moreover, their ability to grow 

axenically and their amenability to genetic modification render them excellent models 

to study plant-endophyte interactions. 

S. vermifera and S. indica colonize plant roots extra- and intracellularly. Fungal growth 

is restricted to the epidermal cells and cortex cell layers. The fungi do not enter the 

endodermis, nor the vascular tissue and colonization does not extend systemically into 

the shoots. Intracellular colonization is further not associated with specialized 

structures. Colonization increases with root maturation and is most abundant in the 

elongation and differentiation zone (Deshmukh et al., 2006; Jacobs et al., 2011). 

Following an initial biotrophic growth phase, S. vermifera and S. indica undergo a 

switch to a cell death-associated phase that is restricted to colonized cells and does 

neither cause root browning nor necrosis. This localized cell death is required for 

successful fungal accommodation and to establish long-lasting beneficial interactions 

with plant hosts (Deshmukh et al., 2006; Jacobs et al., 2011; Lahrmann et al., 2013; 

Schäfer et al., 2009). Several fungal effectors were previously described to contribute 

to host colonization (Dunken et al., 2022; Nizam et al., 2019; Nostadt et al., 2020a, 

2020b; Wawra et al., 2019). However, fungal effectors that contribute to the conferred 

host beneficial traits remain to be elucidated. 

Bipolaris sorokiniana 
 
The ascomycete Bipolaris sorokiniana (teleomorph: Cochiobolus sativus) causes black 

point, common root rot and leaf blotch disease in a variety of economically relevant 

crops including barley and wheat (Parmelee et al., 1990). Diseases caused by B. 

sorokiniana result in severe, worldwide yield losses (Al-Sadi, 2021; Krishnendu 

Acharya et al., 2011; Kumar et al., 2002; Sharma & Duveiller, 2006). Consequently, 

the hemi-biotrophic fungus was declared a major threat to wheat production in warmer 
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regions (Duveiller, 1994; Manamgoda et al., 2014 Ghazvini & Tekauz, 2012; Kang et 

al., 2020; Karov et al., 2009; Murray et al., 1998; Sharma & Duveiller, 2010).  

Root rot often originates from inoculum carried on the seeds or from infections by 

soilborne conidia near the seedling, but the fungus can infect plants at any growth 

stage. The conidia attach to the plant surface, where they germinate and form germ 

tubes with multiple branches. From these branches appressoria are formed that 

penetrate the host cell surface (Krishnendu Acharya et al., 2011). B. sorokiniana 

produces a variety of sesquiterpenoid toxins that are the key factors determining fungal 

pathogenicity (Apoga et al., 2002; Jahani et al., 2014; Kumar et al., 2001, 2002; Nilsson 

et al., 1993). Furthermore, B. sorokiniana carries the ToxA gene, encoding a host-

selective toxin that exhibits effector functions (Navathe et al., 2020). Besides toxins, 

hydrolytic enzymes such as an endo-1,4-b-xylanase and putative secreted effector 

genes were hypothesized to be required for host colonization and pathogenicity 

(Condon et al., 2013; Geimba et al., 1999; Zhang et al., 2022).  

Barley 
 
Barley (Hordeum vulgare) is among the oldest cultivated crops that spread from the 

fertile crescent in the Middle East to the rest of the World from near desert areas to 

arctic or subarctic regions (Nevo, 1992). Barley gained relevance as a model species 

from its close relatedness to wheat and its diploid genome. However, with the use of 

barley in alcohol production, animal feed and human food, it has significant economic 

relevance (Newton et al., 2011). Indeed, barley ranks fourth among all grain crops with 

an annual production of over 140 million tons from about 55 million ha (Zhou, 2009). 

Despite agricultural measures, infection with pathogens including Bipolaris sorokiniana 

cause severe barley yield losses (Dutbayev et al., 2022; Kumar et al., 2002; 

Manamgoda et al., 2014) underlying the need for the development of new strategies 

to prevent pathogen infection. 

Aim of Studies  
 
The aim of these studies was to unravel the mechanisms underlying the interactions 

between the beneficial root endophyte Serendipita vermifera (Sv), the hemibiotrophic 

pathogen Bipolaris sorokiniana (Bs) and barley as a plant host. Accounting for the 

complexity of plant-microbiota interactions, this system was analyzed from different 

perspectives including endophytic and pathogenic colonization, endophyte-mediated 
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host beneficial effects, the influence of biotic factors on these interactions and 

interaction relevant host factors. 

A gnotobiotic soil-based split root system allowed the investigation of local and 

systemic effects of both fungi on the host plant and each other (Sarkar et al., 2019). 

Sv antagonizes Bs resulting in host protection. Transcriptomics further gave first 

insights into the underlying molecular mechanisms. Among the differentially expressed 

genes, a Sv chitinase (SvCHIT-CBM5) was upregulated in response to Bs and 

hypothesized to be relevant for fungal antagonism. Barley immunity and the expression 

of genes associated with terpenoid biosynthesis were induced in response Bs but only 

minor in response to Sv. 

The influence of biotic factors on the observed fungal effects was investigated by 

including Arabidopsis thaliana as a second plant host as well as two bacterial 

SynComs, each isolated from one of the respective host plants. Effects of non-native 

bacterial communities were determined using a SynCom swap approach (Mahdi et al., 

2022). Sv and bacterial SynComs synergistically mediate host protection and growth 

promotion. These beneficial traits were not associated with large host transcriptional 

reprogramming but rather a modulated expression of fungal effectors and 

carbohydrate active enzymes.  

To gain insight into the regulatory mechanisms that underlie microbe-plant and 

microbe-microbe interactions, the transcriptional responses of Sv to different plant 

hosts and microorganisms was investigated in a large time course experiment ( Mahdi 

et al., n.d.). The data set revealed commonalities and differences in the transcriptional 

response of Sv to the different organisms and confirmed the specific upregulation of 

SvCHIT-CBM5 in the presence of Bs. SvCHIT-CBM5 and the Serendipita indica 

homolog SiCHIT-CBM5 inhibit Bs spore germination, revealing a direct antagonistic 

function. 

Following up on the barley transcriptomic response to Bs, the pathogen-induced 

expression of genes associated with terpenoid synthesis was further investigated. This 

led to the characterization of a barley gene cluster involved in the production of 

labdane-related diterpenoids. Exogenous application of a major secreted barley 

diterpene does not inhibit spore germination and growth of Bs but of other fungi, 

suggesting an effect on the plant microbiota (Liu et al., 2021).  
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Finally, the increased complexity of multipartite experimental setups prompted the 

establishment of a screening protocol for a high throughput quantification of plant 

health and cell death in Arabidopsis (Dunken et al., 2021). The research performed in 

these studies gives important insights into plant-microbe and microbe-microbe 

interactions and supplies several large data sets that will serve as a basis for future 

research to understand their underlying molecular mechanisms. 

 

Figure 1: Schematic overview of the studies included in this thesis. 1) A tripartite system to analyze the 

interaction between Barley, S. vermifera (Sv), and B. sorokiniana (Bs) (Sarkar et al. 2019); 2) The extension of the 
tripartite system to analyze the stability of the tripartite system in response to changes in the biotic environment that 

include a second plant host as well as host- and non-host specific bacterial synthetic communities (Mahdi et al. 

2021); 3) The analysis of Sv transcriptional responses to different plant hosts and microorganisms that reflect 
different interaction strategies; 4) The investigation of host diterpene secretion in response to Sv or Bs (Liu et al. 

2022); 5) The development of a large-scale screening method for plant health and cell death using ion leakage and 

PAM fluorometry (Dunken et al. 2022)  
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Abstract 

Associations between plants and beneficial root-associated fungi facilitate plant 

nutrient uptake, growth, and resistance to biotic and abiotic stresses. Endophytic 

generalists such as Sebacinales fungi form associations with a variety of different plant 

hosts and dynamically adapt to changes in the biotic environment to ensure a stable 

colonization. Their resilience likely relies on a large number of tightly regulated 

effectors and carbohydrate-active enzymes (CAZymes) that are required for both root 

colonization and inter-microbial interaction. However, little is known about the function, 

specificity, and regulation of these effectors. In this study, we examined gene 

expression of the Sebacinales fungus Serendipita vermifera in response to different 

plant hosts and microbes at four time points to determine interaction partner-specific 

expression of effector genes. Further, we identified a set of 177 DEGs that were 

specific to the presence of the fungal pathogen Bipolaris sorokiniana, including a 

chitinase (SvCHIT-CBM5) that we identified as a determinant for fungal antagonism. 

Introduction 

Beneficial root-associated fungi are major players within the host microbiota, the 

consortia of plant-associated microorganisms (Glynou et al., 2018, 2016; Trivedi et al., 

2020). They contribute to plant health and productivity by enhancing host nutrient 

uptake, plant growth, and resistance to biotic and abiotic stresses (Finkel et al., 2017; 

Hermosa et al., 2012; Mahdi et al., 2022; Raaijmakers et al., 2009). Such beneficial 

properties have been found in plant interactions with ectomycorrhizal fungi (ECM) and 

arbuscular mycorrhizal (AM) fungi, as well as non-mycorrhizal fungal endophytes 

(Zuccaro et al., 2014). The Sebacinales fungi Serendipita vermifera and Serendipita 

indica (Basidiomycota, Sebacinales) form an outer loose hyphal network around the 
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root and additionally colonize the epidermis and cortex cell layers of different plant 

hosts inter- and intracellularly (Deshmukh et al., 2006; Jacobs et al., 2011). 

Colonization of both fungi is associated with host beneficial traits (Deshmukh et al., 

2006; Mahdi et al., 2022; Sarkar et al., 2019; Zuccaro et al., 2014). In later stages of 

the association, intracellular colonization leads to localized death of host cells while 

the beneficial effects on the plant host are maintained (Deshmukh et al., 2006; Qiang 

et al., 2012b). This restricted cell death is required for successful colonization and is 

thought to represent a nutritional strategy of Sebacinales that maintained the 

saprotrophic capabilities of their ancestors. The combination of their saprotrophic and 

biotrophic traits has likely led to the evolution of these fungi as generalists with a broad 

range of distantly related hosts, including mycorrhizal and nonmycorrhizal plants 

(Lahrmann and Zuccaro, 2012; Weiß et al., 2016, 2011). A broad host range implies 

that the fungus is confronted with various host-specific physiological characteristics 

and defense mechanisms. Indeed, S. indica colonization strategies are highly host-

specific (Lahrmann et al., 2013; Zuccaro et al., 2014). Such adaptive capabilities are 

most likely associated with a large repertoire of effectors, specialized molecules that 

modulate the interaction between the microbe and its host. Genome analysis of S. 

indica revealed an arsenal of genes involved in plant cell wall degradation and protein 

hydrolysis, an expanded repertoire of proteins that function in carbohydrate binding 

with proteins containing LysM, WSC, and CBM1-Pfam domains, and numerous small 

secreted proteins (SSPs) with effector-like properties (Zuccaro et al., 2014, 2011).  

 

Microbial effectors facilitate the evasion of host recognition, suppress the host immune 

response, modulate host cell physiology, or manipulate the host microbiota 

(Hemetsberger et al., 2012; lo Presti et al., 2015; Snelders et al., 2022; Veneault-

Fourrey and Martin, 2011; Win et al., 2012). While pathogenic microorganisms use 

effectors to manipulate the plant microbiota and increase virulence (Snelders et al., 

2022), members of the beneficial microbiota exert biocontrol activities, including 

antibiosis and mycoparasitism via secretion of antimicrobial compounds and volatiles 

or effector proteins (Eitzen et al., 2021; Hassani et al., 2018; Mgbeahuruike et al., 2011; 

Romero-Contreras et al., 2019; Tilocca et al., 2020). Similarly, the ability of S. vermifera 

to antagonize the necrotrophic fungus Bipolaris sorokiniana is associated with 

increased expression of putative effector proteins and carbohydrate-active enzymes 

(CAZymes) (Sarkar et al., 2019).  
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The function of fungal effectors with microbiome-manipulating capabilities may be 

"rooted" in the soil biome by competing with soil-dwelling bacteria. Inter-microbial 

competition within the plant microbiota can result in the evolution of effectors that act 

on both the plant host and surrounding microbes. Transcriptomic analysis of S. 

vermifera and B. sorokiniana during bipartite and tripartite interactions with barley 

revealed that while both fungi express plant host- or microbe-specific effectors, a core 

set of effectors is induced during both interactions, suggesting a dual function in 

microbe-plant and inter-microbial interactions (Sarkar et al., 2019). Examples of dual 

function are reported for Trichoderma virens tvhydii1, a class II hydrophobin, and the 

LysM effector Tal6 of T. atroviride, which are relevant for both plant root colonization 

and mycoparasitism against pathogenic fungi (Guzmán-Guzmán et al., 2017; Romero-

Contreras et al., 2019).  

 

This study aimed to identify the transcriptional strategies Sebacinales fungi employ to 

interact with different plant hosts and microbes. Therefore, we created a large RNA 

seq data set consisting of bipartite interactions between S. vermifera and different 

organisms, the monocot hosts barley (Hordeum vulgare) and Brachypodium 

distachyon (Bd21-3), as well as the dicot host Arabidopsis thaliana, a bacterial 

synthetic community (SynCom), and the fungal pathogen B. sorokiniana. By comparing 

the gene expression of S. vermifera in response to these interactions at four time 

points, we identified general determinants of host colonization as well as interaction 

partner-specific expression patterns. We further identified a fungal chitinase 

(Sebve1_16391/GH18-CBM5) as a determinant for fungal antagonism. Recombinant 

SvCHIT-CBM5 inhibits spore germination of B. sorokiniana, revealing a direct 

antagonistic function. This study provides the first comparative data set to study fungal 

interaction strategies and will help to unravel other molecular mechanisms underlying 

fungal-plant and fungal-microbial interactions in the future.  

Material and methods 

Plant, fungal and bacterial materials: Barley (Hordeum vulgare L. cv Golden Promise), 

Brachypodium distachyon (Bd21-3), and Arabidopsis thaliana Col-0 were used as plant 

hosts. Serendipita vermifera (MAFF305830) and Bipolaris sorokiniana (ND90Pr) were 
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used as fungal models. The AtSynCom consists of four bacterial strains from the 

AtSphere collection (Bai et al., 2015), which were used in (Mahdi et al., 2022). 

Growth conditions and microbial inoculations: Hordeum vulgare and Arabidopsis 

thaliana seeds were sterilized and germinated as previously described (Mahdi et al., 

2022). Brachypodium distachyon seeds were sterilized in 3 % sodium hypochlorite and 

0.1 % Triton-X for 30 min under constant shaking and then washed four times with 

sterile water every 15 min. Seeds were stratified for ten days in darkness at 4 °C on 

wet filter paper and then transferred to sterile glass vials containing 1/10 PNM (Plant 

Nutrition Medium, pH 5.7) for germination on a day-night cycle of 16/8 h at 22/18 °C, 

60 % humidity, and a light intensity of 108 µmol/m2s for eight days. Sv was propagated 

on MYP medium (Lahrmann et al., 2015) and Bs on modified CM medium (Sarkar et 

al., 2019), each containing 1.5% agar, at 28 °C in darkness for 21 and 14 days, 

respectively. Sv mycelial suspensions and Bs spore suspensions were prepared as 

previously described (Sarkar et al., 2019). Bacteria were grown in liquid TSB medium 

(Sigma Aldrich) (15 g/l) at 28 °C in the dark at 220 rpm for 1-3 days depending on the 

growth rate. Bacterial suspensions were prepared as previously described (Mahdi et 

al., 2022). Plant roots were inoculated on a 12 x 12 cm Petri dish (Arabidopsis thaliana) 

or in a sterile glass jar (Hordeum vulgare and Brachypodium distachyon) containing 

1/10 PNM with Sv mycelium (2g/50ml for Hordeum vulgare and Brachypodium 

distachyon / 1g/50ml for Arabidopsis thaliana) or sterile water as control. Microbe-

microbe confrontation experiments on plates were performed on Petri dishes 

containing 1/10 PNM. Plates were inoculated with 2 ml of either a pure suspension of 

Sv mycelium (2g/50ml) or a mixed suspension of Sv mycelium with Bs spores (5000 

spores/ml) or the bacterial SynCom (OD600 = 0.01). All samples were kept on a day-

night cycle of 16/8 hours at 22/18 °C, 60% humidity, and 108 µmol/m2s light intensity 

for 1, 3, 6, and 10 days post inoculation (dpi), respectively. Samples for microbial 

confrontation were collected by scraping the fungal and bacterial material from the 

plate surface. Plant roots of all species were washed in Milli-Q water to remove 

extraradical fungal hyphae. All samples were frozen in liquid nitrogen and used for 

RNA extraction. 

RNA isolation for RNA-seq analysis: RNA extraction for RNA-seq analysis was 

performed as previously described (Sarkar et al., 2019). RNA sequencing was 

performed at JGI under a project proposal (Proposal ID: 505829) (Zuccaro and 
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Langen, 2020a). Stranded RNASeq libraries were generated and quantified by qPCR. 

The sequencing was performed with Illumina technology in 151PE mode for each 

sample at the U.S. Department of Energy Joint Genome Institute. On average, 18 

million fragments were generated per sample. Raw reads were filtered and trimmed 

using the JGI QC pipeline. BBDuk was used to filter raw reads for artifact sequences 

by kmer matching (kmer=25), allowing one mismatch. Detected artifacts were trimmed 

at the 3’end. RNA spike-in reads, PhiX reads, and reads containing NS were removed. 

Quality trimming was performed using the phred trimming set at Q6. After trimming, 

the reads with a length below 25 bases or 1/3 of the original read length were removed 

– whichever is longer). Filtered reads from each library were aligned to the S. vermifera 

MAFF 305830 v1.0 reference genome downloaded from Mycocosm, Joint Genome 

Institute (https://mycocosm.jgi.doe.gov/mycocosm/home) using HISAT2 version 2.2.0. 

The raw gene counts were generated using featureCounts and the S. vermifera gff3 

annotations. Only primary hits assigned to the reverse strand were included in the raw 

gene counts. 

Differential gene expression analyses: the proportion of reads assigned to organisms 

per RNA-seq sample was examined. The consistency of normalized transcription for 

the biological replicates was confirmed by assessing the distribution of the number of 

genes and then the correlation of the biological replicates. Spearman's rank correlation 

was calculated using the normalized number of genes of all biological replicates. 

Transcript counts of genes were normalized using the R package DESeq2 (Love et al., 

2014), and then log2 transformed. Significant DEGs specific to conditions (> 2 log2 FC 

or < -2 log2 FC; FDR-adjusted p < 0.05) were visualized using the R package UpSetR 

(Conway et al., 2017). Genes that were differentially expressed among conditions were 

identified using the principal coordinates calculated with the R package Vegan 

(Oksanen et al., 2020). The first five principal coordinates were used to select genes 

with high loadings.  

Fungal gene annotations: Fungal genomes and functional annotations were obtained 

from Mycocosm, Joint Genome Institute 

(https://mycocosm.jgi.doe.gov/mycocosm/home). Secreted proteins were identified 

with the secretome pipeline at INRAE Nancy, France, using SignalP, WoLF PSORT, 

TMHMM, TargetP, and ps-scan (Pellegrin et al., 2015). Effectors were predicted using 

EffectorP3.0 (Sperschneider and Dodds, 2022) and selected based on the secretome 
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prediction above. The CAZyme annotation is from the CAZy team at the University of 

Aix-Marseille, France (www.cazy.org).  

GO enrichment: The functional annotations of S. vermifera were obtained from 

Mycocosm, Joint Genome Institute (https://mycocosm.jgi.doe.gov/mycocosm/home). 

For each group of upregulated genes that are specific to a treatment or shared between 

treatments, Gene Ontology (GO) enrichment analysis was performed using the 

function enricher of ClusterProfiler. The top 10 significant GO categories were plotted 

for group of genes (Table S3).  

Chitinase expression in E. coli: The coding sequences of SvCHIT-CBM5 and SiCHIT-

CBM5 were amplified and cloned into E. coli using the primers and protocols listed in 

the supplementary Method section. Protein expression was induced using 1 mM IPTG. 

The bacterial cultures were incubated at 16 °C and 120 rpm overnight. The pellets 

were collected via centrifugation at 5.000 g at 4 °C. For protein extraction, 6.5 ml lysis 

buffer (50mMNaH2PO4, 300 mM NaCl, and 10 mM Imidazole) were added per g of 

bacterial pellet. Pellets were 3 x sonicated for 20s on ice and centrifuged at 13500 rpm 

for 30 min. The supernatant was stored at 4 °C on ice. Protein concentrations were 

measured by Bradford assay and adjusted to equal levels. The presence and activities 

of both chitinases within the crude protein extracts were confirmed via SDS-Page, 

western blot, and chitin azure assay.  

 

Chitin azure assay: Chitin azure was adjusted to 4 mg/mL in 20 mM phosphate buffer 

(pH 6), and 100 µL was added to 2 mL reaction tubes. 100 µL of 5 mg/mL crude protein 

extract from E. coli in lysis buffer was added. The samples were incubated at 28 °C 

and 120 rpm overnight. Next, samples were centrifuged at 13000 rpm for 10 min, and 

supernatants were transferred to a 96-well plate. Absorption was measured at 560 nm. 

 

Bs spore germination assay: Bs spores were isolated as previously described (Sarkar 

et al., 2019) and diluted in TSB medium to a final concentration of 125.000 spores/ ml. 

200 uL spores were mixed with 200 uL protein extract to a final concentration of 2,8 

mg/mL, filled into 8 well chamber slides (Kammerobjektträger NuncTM Lab-TekTM 

II;VWR) and incubated for 6 h at 28 °C. The germination rate was quantified by non-

invasive counting using an inverted microscope. 
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Results 

The broad host range of S. vermifera is associated with host-specific 
transcriptional responses. 

To investigate how S. vermifera (hereafter Sv) colonizes a wide range of organisms 

while coping with plant host- and microbe-specific stresses, we created a large RNA-

seq data set that includes bipartite interactions of Sv with the plant hosts Hordeum 

vulgare, Brachypodium distraction, and Arabidopsis thaliana, as well as with the fungal 

pathogen B. sorokiniana (hereafter Bs) or a bacterial synthetic community (SynCom) 

derived from Arabidopsis roots. Possible temporal differences in the establishment of 

colonization stages were addressed by examining the interactions at four time points 

(1, 3, 6, and 10 days post inoculation (dpi)) (Fig. 1A). In this way, we identified a total 

of 5606 differentially expressed genes (DEGs) compared with the fungus cultured 

alone, accounting for approximately 37% of all Sv genes.  

 

The total number of Sv DEGs was highest in response to the tested plant hosts barley 

(Hv, 2781 DEGs), Brachypodium (Bd, 3165 DEGs), and Arabidopsis (At, 2908 DEGs), 

indicating that a large repertoire of genes is required for successful host colonization 

(Fig. 1B,C). Among these, 685 DEGs (12.3% of all plant-responsive DEGs) were 

common to all three plant hosts (Fig. 1B, Table S1). These genes are considered to 

be general determinants of root colonization. These common determinants include 

proteases and hydrolytic enzymes such as GH3 family members, which detoxify plant-

derived defense compounds (Bradley et al., 2022) (Fig. 2,3b Table S2). Further, 

general determinants comprise genes related to nucleotide metabolism, namely a 5'-

nucleotidase (Sebve1_17804; Sv5NT) and two nucleases (Sebve1_26106; SvNucA, 

Sebve1_9616) (Fig. 2). Sequence homology and expression pattern of SvE5NT and 

SvNucA are reminiscent of the mechanism of cell death induction during colonization 

of S. indica by the synergistic action of SiE5NT and SiNucA (Dunken et al., 2021), 

indicating a similar mechanism for induction of cell death during Sv colonization.  

Strikingly, 1043 DEGs (At), 945 DEGs (Bd), and 910 DEGs (Hv) were specific to each 

plant host, revealing large host-specific transcriptional responses (Fig. 1). Host-specific 

DEGs were found across all time points from initial colonization to early biotrophic and 

later host cell death associated colonization stages (Fig. S3). These results are 

consistent with host-specific transcriptional responses of fungal generalists with 

different lifestyles (Kusch et al., 2022; Lahrmann et al., 2013; Mela et al., 2011; Xia et 
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al., 2001) and highlight a versatile transcriptome as a prerequisite for fungal 

generalism.  

 
Figure 1: Differentially expressed genes (DEGs) of Sv in response to different interaction 
partners. A) Schematic overview of the experimental setup. Bipartite interactions between Sv and 

different plant hosts or microbes At: Arabidopsis thaliana. Bd: Brachypodium distachyon. Hv: Hordeum 

vulgare. Sv: Serendipita vermifera. Bs: Bipolaris sorokiniana. Bact: bacterial SynCom. dpi: days after 

inoculation. The day of inoculation is marked in orange. The analyzed time points (dpi) are marked in 

yellow. B) UpSetplot of significantly differentially expressed genes (DEGs) across all time points (FDR-

adjusted p < 0.05) compared to control (fungus alone). Dotted lines indicate a combination of conditions. 
(Table S1 – Significant DE genes). 
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Interaction between S. vermifera and members of a core bacterial 
microbiota is not associated with large transcriptional responses. 

Compared to the transcriptional responses to plant hosts, Sv responds little to the 

presence of the bacterial SynCom with 213 DEGs across all four time points (Fig. 1). 

Despite the synergistic beneficial effects on host plants mediated by Sebacinales and 

bacteria (del Barrio-Duque et al., 2019; Hestrin et al., 2022; Mahdi et al., 2022), little is 

known about the mechanisms underlying their interaction. Microscopic analyses 

revealed a link between Sv and individual bacterial strains, with the fungal glucan 

matrix as a major interaction zone (Mahdi et al., 2022). Accordingly, early bacterial-

specific DEGs include enzymes that are associated with the modulation of 

carbohydrates, such as a carbohydrate esterase 4 (CD) (Sebve1_73479) and an 

apoplastic CBM13 effector (Sebve1_326195) (Fig. 2, Fig. 3B+S4). These proteins may 

alter the structure of the fungal cell wall or matrix to regulate fungal-bacterial 

interactions. At 10 dpi, genes associated with laccase production (Sebve1_17986) are 

induced, indicating fungal stress during prolonged growth in the presence of the 

bacteria on nutrient-poor media (Fig. 2)(Baldrian, 2004; Crowe and Olsson, 2001; 

Divya and Sadasivan, 2016; Freitag and Morrel, 1992). In general, the results suggest 

that a limited number of Sv genes are involved in the interaction with bacterial strains. 
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Figure 2: Overview of Sv DGSs encoding effectors, secreted proteins/enzymes, and secondary 
metabolites across different interactions and time points. Gene IDs with annotations are listed on 

the Y-axis, treatments, and time points on the X-axis. At: Arabidopsis thaliana. Bd: Brachypodium 

distachyon; Hv: Hordeum vulgare; Sv: Serendipita vermifera; Bs: Bipolaris sorokiniana; Bact: bacterial 

SynCom; d: days. The averaged transcription of genes combined from the replicates is indicated for 

each time point. Genes with more than 2 log2 different expression were selected (FDR-adjusted p < 

0.05) by comparing them to the control (Sv alone) at the same time points (Table S2 - Selected DE 

genes per protein type). 

S. vermifera GH18-CBM5 chitinase is a marker gene for fungal 
antagonism.  

The transcriptional response of Sv to Bs included 912 DEGs in all treatments. In 

support of previous findings, we observed similarities between the transcriptomic 

response to Bs and plant hosts (Sarkar et al., 2019). 216 Sv DEGs (23.6% of all Bs-

responsive genes) were shared across these treatments. GO term enrichment 
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325674|GH55
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328656|GH31
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327649|CE4−CBM50x4
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77965|AA5_1
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330850|Uncharacterized_secreted_protein_ARB_07590|Apoplastic effector
200090|Uncharacterized_secreted_protein_ARB_07590|Apoplastic effector
329560||Apoplastic effector
326754|CE16|Apoplastic effector
26863||Cytoplasmic effector
328975||Cytoplasmic effector
329338|GH28|Apoplastic effector
263442||Cytoplasmic effector
278113||Apoplastic effector
332402||Apoplastic effector
326426|WSC_domain|Apoplastic effector
333198||Apoplastic effector
27091|Synuclein|Cytoplasmic effector
20732||Cytoplasmic effector
21792||Cytoplasmic effector
328749|H\GURSKRELQ−1|ASRSODVWLF�HIfector
331217||Cytoplasmic effector
332880|EJK16−OLke_virulence_factor|Apoplastic effector
333542|EJK16−OLke_virulence_factor|Apoplastic effector
293655||Cytoplasmic effector
62080||Apoplastic effector
144618||Apoplastic effector
325319|CE16|Apoplastic effector
27893||Cytoplasmic effector
268024||Apoplastic effector
213839||Apoplastic effector
317358||Apoplastic effector
29814|GH7−CBM1|ASRSODVWLF�HIfector
309505|GH45−CBM1|ASRSODVWLF�HIfector
25958|GH11|Apoplastic effector
12528||Apoplastic effector
31329|GH11|Apoplastic effector
331237||Apoplastic effector
21110||Cytoplasmic effector
308915|PL1|Apoplastic effector
28713||Apoplastic effector
43945||Apoplastic effector
58812||Apoplastic effector
26869||Apoplastic effector
9689|CE8|Apoplastic effector
101699||Apoplastic effector
309621|WSC_domain|Apoplastic effector
331246|EQGR−1�4−EHWD−x\ODQDVH_A|ASRSODVWLF�HIfector
202700||Apoplastic effector
225648|CBM1−PL1_7|ASRSODVWLF�HIfector
231409||Apoplastic effector
330759||Apoplastic effector
23099||Cytoplasmic effector
22926|AA9|Apoplastic effector
331896||Apoplastic effector
299648||Apoplastic effector
325392|Hydrophobic_surface_binding_protein_A|Apoplastic effector
85817|Uncharacterized_secreted_protein_ARB_07590|Apoplastic effector
293649||Cytoplasmic effector
28678||Cytoplasmic effector
30405||Cytoplasmic effector
327853||Cytoplasmic effector
23653||Cytoplasmic effector
162868||Cytoplasmic effector
10923||Apoplastic effector
330428||Apoplastic effector
22378|AA9−CBM1|ASRSODVWLF�HIfector
20819||Cytoplasmic effector
334052||Cytoplasmic effector
61932|Probable_secreted_lipase_ARB_02369|Apoplastic effector
299664||Apoplastic effector
72640|GH11|Apoplastic effector
206751||Cytoplasmic effector
330234|Hsp70_protein|Cytoplasmic effector
200063|Uncharacterized_secreted_protein_ARB_07590|Apoplastic effector
263257||Cytoplasmic effector
333574|CE4|Apoplastic effector
86226|GH134|Apoplastic effector
118705||Apoplastic effector
19749|CBM50x2|ASRSODVWLF�HIfector
234224||Cytoplasmic/apoplastic effector
6697||Apoplastic effector
325699|CBM1|ASRSODVWLF�HIfector
18866||Apoplastic effector
293927||Cytoplasmic effector
66885|GH28|Apoplastic effector
219910||Apoplastic effector
292456||Cytoplasmic effector
67328|GH28|Apoplastic effector
282684||Apoplastic effector
333016||Cytoplasmic effector
287576|ExWracellular_metalloprotease_1|Apoplastic effector
7298||Cytoplasmic effector
328875||Cytoplasmic effector
9788||Cytoplasmic effector
30719||Apoplastic effector
288137|C)EM_GRPDLQ|ASRSODVWLF�HIfector
9297||Apoplastic effector
327010|CROODJHQ−OLke_protein_2|Cytoplasmic effector
326176|MLWRFKRQGrial_import_inner_membrane_translocase_subXQLW_7,M14|C\WRSODVPLF�HIfector
326195|CBM13|ASRSODVWLF�HIfector
67991|AA14|Apoplastic effector
108215||Cytoplasmic effector
326147|GH128|Apoplastic effector
22080|C)EM_GRPDLQ|ASRSODVWLF�HIfector
326311||Cytoplasmic effector
5990||Apoplastic effector
29743||Cytoplasmic effector
26567|CBM13|ASRSODVWLF�HIfector
66163|Pathogenicity_cluster_5_protein_d|Apoplastic effector
328874||Cytoplasmic effector
333017||Cytoplasmic effector
29742||Cytoplasmic effector
331524|C)EM_GRPDLQ|ASRSODVWLF�HIfector
110404||Cytoplasmic effector
211473||Cytoplasmic effector
327012||Cytoplasmic effector
328562||Apoplastic effector
329827|CBM13|ASRSODVWLF�HIfector
19907|ApolipophorLQ−,,,_SUHFXUVRU_�DSRLS−,,,�|C\WRSODVPLF�HIfector
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29224|
18942|Predicted_transporter_(major_facilitator_superfamily)
327445|Sexual_differentiation_process_protein_ISP4
327540|H+/oligopeptide_symporter
14736|Molecular_chaperones_HSP70/HSC70,_HSP70_superfamily
31236|C−W\SH_OHFWLQ
10334|Splicing_coactivator_SRm160/300
327875|
76867|Glycosyltransferase
18364|Glyceraldeh\GH_3−SKRVSKDWH_GHhydrogenase
326567|
113508|Phosphoadenosine_phosphosulfate_reductase
177502|Uridine_permease/thiamine_transporter/allantoin_transport
52856|
60879|
325909|
325912|
17494|
330675|Synaptic_vesicle_transporter_SVOP_(major_facilitator_superfamily)
329815|
289609|
256643|
22142|
7766|
329822|Splicing_coactivator_SRm160/300,_subunit_SRm300
6604|GOXWDWKLRQH_6−Wransferase
331704|Chitinase
5348|
330817|Lipid_phosphate_phosphatase
327304|
312791|
323363|GOXWDWKLRQH_6−WransferDVH−OLke_protein
26561|
208390|
331927|
327205|Predicted_hydrolase
79356|GOXWDWKLRQH_6−Wransferase
333189|Copper_transporter
331736|Monocarboxylate_transporter
79332|GOXWDWKLRQH_6−Wransferase
333535|
62112|Cation_transport_ATPase
163177|
331159|Xanthine/uracil_transporters
328974|FOG:_PPR_repeat
332454|
81944|Na+/Pi_symporter
237644|
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332019|Fasciclin_domain
332568|'−DrDELQRQR−14−ODFWRQH_oxLGDVH
16653|
327572|FHUrLWLQ−OLkH_GRPDLQ
329219|C\WRFKURPH_P450
15075|PUREDbOH_fHrulo\O_HVWHrDVH_A
329777|
327613|SurvivDO_SURWHLQ_6XUE
329508|VDFXRODU_SURWHLQ_VRrWLQJ−DVVRFLDWHG_SURWHLQ_62
6373|
9616|
5231|
7310|
331786|UncharDFWHrizHG_VHFUHWHG_SURWHLQ_A5B_08043
330042|GO\FRV\O_H\GURODVH_Family_88
17804|5
−nXFOHRWLGDVH
291746|T\URVLQDVH_XVW4
26106|'HoxyribonXFOHDVH_1XFA�1XFB
14225|GO\FRV\O_H\GURODVH_Family_88
329485|
158255|
292704|CRPPRQ_FHQWrDO_GRPDLQ_RI_W\URVLQDVH
75654|'Lox\JHQDVH
330946|:6C_GRPDLQ
260268|5LERnXFOHDVH_Trv
61343|PHSWLGH−14−�1−DFHW\O−EHWD−JOXFRVDPLnyl)asparDJLQH_DPLGDVH_A
325877|PURWHLQ_UGV1
23774|
137744|AOJLQDWH_OyDVH
28920|T\URVLQDVH_XVW4
147921|'RPDLQ_RI_XQNQoZQ_IXQFWLRQ_�'8)1996�
23875|C\WRFKURPH_P450_PRQRox\JHQDVH_COX1
325694|
331984|61�P1_1XFOHDVH
327404|
330267|
332929|
326313|C2_domain
327360|PUREDbOH_XURSRrphyrLQRJHQ−,,,_C−PHWhyltransfHrDVH
330942|EJK16−OLkH_YLrXOHQFH_factor
28179|VDFXRODU_SURWHLQ_VRrWLQJ�WDUJHWLQJ_SURWHLQ_10
183842|PKRVSKROLSDVH_'
327261|
19287|
27493|G'6L−OLkH_LLSDVH�AF\Oh\GURODVH
28686|DOSKD�EHWD_h\GURODVH_fold
11943|
28684|DOSKD�EHWD_h\GURODVH_fold
330861|EQGRnXFOHDVH�ExRnXFOHDVH�SKRVSKDWDVH_family
23377|UncharDFWHrizHG_FRQVHrvHG_SURWHLQ_�'8)2183�
284199|DOSKD�EHWD_h\GURODVH_fold
24421|PHSWLG\O−L\V_PHWDOORHQGRSHSWLGDVH
146400|AAA_ATPDVH_GRPDLQ
28181|VDFXRODU_SURWHLQ_VRrWLQJ�WDUJHWLQJ_SURWHLQ_10
25934|G'6L−OLkH_LLSDVH�AF\Oh\GURODVH_family
7496|'yH−GHFRORrL]LQJ_SHUoxLGDVH_ADX'\P1
24089|CRPPRQ_FHQWrDO_GRPDLQ_RI_W\URVLQDVH
21704|
110952|
170271|:6C_GRPDLQ−FRQWDLQLQJ_SURWHLQ_A5B_07867
330120|,QRVLWRO_SKRVSKRFHrDPLGH_PDQQRV\OWransfHrDVH_3
330442|T\URVLQDVH_XVW4
328331|)XQJDO_FHOOXORVH_ELQGLQJ_GRPDLQ
28704|'Lox\JHQDVH
332916|Diox\JHQDVH
327270|Carbonic_anhydrDVH
332915|Diox\JHQDVH
29006|
309739|G'P−IXFRVH_SURWHLQ_2−IXFRV\OWransfHrDVH
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133737|Neutral_protease_2_homolog_SNOG_10522
9671|Astacin_(Peptidase_family_M12A)
312167|Astacin_(Peptidase_family_M12A)
18182|Proteinase_R
26612|PKHQD]LQH_ELRV\QWKHVLV−OLke_protein
330463|Probable_extracellular_serine_carboxypeptidase
130013|6XEWLODVH−W\SH_SURWHLQDVH_SVS3
29211|Probable_serine_carboxypeptidase_ARB_06414
10123|6XEWLOLVLQ−OLke_serine_protease_pepC
330251|Eukaryotic_aspartyl_protease
297436|Aspartic_protease
20740|Mitochondrial_oxaloacetate_transport_protein
16108|CXWLFOH−GHJrading_protease
21628|CXWLFOH−GHJrading_protease
93800|Extracellular_metalloproteinase_NpI
22002|Minor_extracellular_protease_vpr
177621|Aspartic_protease
73840|Leucine_aminopeptidase_1
253075|PHSWLG\O−Lys_metalloendopeptidase
65702|)Q3−OLke_domain
332377|Peptidase_family_S41
333314|Probable_leucine_aminopeptidase_1
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106949|Aldehyde_dehydrogenase|CLUSTER3
80958|Squalene_synthetase|CLUSTER5
5231|Nuclear_pore_complex,_Nup98_component|CLUSTER1
65378|H/ACA_small_nucleolar_RNP_component_GAR1|CLUSTER2
13528|3−hydrox\−3−PHWhylglutar\O−CRA_UHGXFWDVH|CL867E51
327964|Serine/threonine_protein_kinase|CLUSTER2
23745|VDFXRODU_H�−ATPase_V1_sector,_subunit_B|CLUSTER4
16310||CLUSTER4
80942|von_Willebrand_factor_and_related_coagulation_proteins|CLUSTER5
29802||CLUSTER5
328599||CLUSTER3
15400|Transcription_regulator_XNP/A75;�_'EA'−Eox_superfamily|CLUSTER2
325319||CLUSTER1
325333||CLUSTER1
13529|Predicted_cell_surface_protein|CLUSTER1 0
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325674|GH55
119217|GH32
328656|GH31
18400|AA3_2
326147|GH128
327649|CE4−CBM50x4
73415|AA5_1
18815|GH3
77965|AA5_1
236138|CE4−CBM50x2
332491|GH3
333991|AA3_2
327240|GH5_9
26567|CBM13
27349|GH30_3
332567|AA1_1
329338|GH28
309370|GH6
249852|CBM1−GH10
327727|AA1_1
290573|AA3_2
209796|GH16
330970|AA1_1
327105|GH10
330203|CBM1−GH5_5
10753|CBM1−GH5_5
30411|GH51
265895|CBM1−PL4_1
60598|AA12
209168|GH13_32−CBM20
16391|GH18−CBM5
99123|GH20
237730|GH115
110734|CBM1−GH10x2
75261|CBM1−GH5_5
73479|CE4
333035|CE4
21476|CE4−CBM50
329827|CBM13
72620|GH3
64595|AA1_1
9822|GH43_5
72599|GH128
136554|GH44
169710|GH51
182000|GH43_5
333843|GH12−CBM1
67328|GH28
17973|GH10
30477|GH44
331136|GH13_32
81781|AA3_2
225648|CBM1−PL1_7
82574|CE4
66885|GH28
27525|CBM1−CE1
80942|CBM1−CE15
9147|GH43_26
9689|CE8
25095|CE4
71316|GH5_7
308915|PL1
29814|GH7−CBM1
23617|GH44
22378|AA9−CBM1
145203|GH16
111216|CBM1−CE15
82633|GH6
8744|GH6
30410|GH51
293800|CBM1−CE1
17986|AA1_1
70880|GH131
21028|GH5_9
19097|AA14
324171|CBM1−CE1
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330850|Uncharacterized_secreted_protein_ARB_07590|Apoplastic effector
200090|Uncharacterized_secreted_protein_ARB_07590|Apoplastic effector
329560||Apoplastic effector
326754|CE16|Apoplastic effector
26863||Cytoplasmic effector
328975||Cytoplasmic effector
329338|GH28|Apoplastic effector
263442||Cytoplasmic effector
278113||Apoplastic effector
332402||Apoplastic effector
326426|WSC_domain|Apoplastic effector
333198||Apoplastic effector
27091|Synuclein|Cytoplasmic effector
20732||Cytoplasmic effector
21792||Cytoplasmic effector
328749|H\GURSKRELQ−1|ASRSODVWLF�HIfector
331217||Cytoplasmic effector
332880|EJK16−OLke_virulence_factor|Apoplastic effector
333542|EJK16−OLke_virulence_factor|Apoplastic effector
293655||Cytoplasmic effector
62080||Apoplastic effector
144618||Apoplastic effector
325319|CE16|Apoplastic effector
27893||Cytoplasmic effector
268024||Apoplastic effector
213839||Apoplastic effector
317358||Apoplastic effector
29814|GH7−CBM1|ASRSODVWLF�HIfector
309505|GH45−CBM1|ASRSODVWLF�HIfector
25958|GH11|Apoplastic effector
12528||Apoplastic effector
31329|GH11|Apoplastic effector
331237||Apoplastic effector
21110||Cytoplasmic effector
308915|PL1|Apoplastic effector
28713||Apoplastic effector
43945||Apoplastic effector
58812||Apoplastic effector
26869||Apoplastic effector
9689|CE8|Apoplastic effector
101699||Apoplastic effector
309621|WSC_domain|Apoplastic effector
331246|EQGR−1�4−EHWD−x\ODQDVH_A|ASRSODVWLF�HIfector
202700||Apoplastic effector
225648|CBM1−PL1_7|ASRSODVWLF�HIfector
231409||Apoplastic effector
330759||Apoplastic effector
23099||Cytoplasmic effector
22926|AA9|Apoplastic effector
331896||Apoplastic effector
299648||Apoplastic effector
325392|Hydrophobic_surface_binding_protein_A|Apoplastic effector
85817|Uncharacterized_secreted_protein_ARB_07590|Apoplastic effector
293649||Cytoplasmic effector
28678||Cytoplasmic effector
30405||Cytoplasmic effector
327853||Cytoplasmic effector
23653||Cytoplasmic effector
162868||Cytoplasmic effector
10923||Apoplastic effector
330428||Apoplastic effector
22378|AA9−CBM1|ASRSODVWLF�HIfector
20819||Cytoplasmic effector
334052||Cytoplasmic effector
61932|Probable_secreted_lipase_ARB_02369|Apoplastic effector
299664||Apoplastic effector
72640|GH11|Apoplastic effector
206751||Cytoplasmic effector
330234|Hsp70_protein|Cytoplasmic effector
200063|Uncharacterized_secreted_protein_ARB_07590|Apoplastic effector
263257||Cytoplasmic effector
333574|CE4|Apoplastic effector
86226|GH134|Apoplastic effector
118705||Apoplastic effector
19749|CBM50x2|ASRSODVWLF�HIfector
234224||Cytoplasmic/apoplastic effector
6697||Apoplastic effector
325699|CBM1|ASRSODVWLF�HIfector
18866||Apoplastic effector
293927||Cytoplasmic effector
66885|GH28|Apoplastic effector
219910||Apoplastic effector
292456||Cytoplasmic effector
67328|GH28|Apoplastic effector
282684||Apoplastic effector
333016||Cytoplasmic effector
287576|ExWracellular_metalloprotease_1|Apoplastic effector
7298||Cytoplasmic effector
328875||Cytoplasmic effector
9788||Cytoplasmic effector
30719||Apoplastic effector
288137|C)EM_GRPDLQ|ASRSODVWLF�HIfector
9297||Apoplastic effector
327010|CROODJHQ−OLke_protein_2|Cytoplasmic effector
326176|MLWRFKRQGrial_import_inner_membrane_translocase_subXQLW_7,M14|C\WRSODVPLF�HIfector
326195|CBM13|ASRSODVWLF�HIfector
67991|AA14|Apoplastic effector
108215||Cytoplasmic effector
326147|GH128|Apoplastic effector
22080|C)EM_GRPDLQ|ASRSODVWLF�HIfector
326311||Cytoplasmic effector
5990||Apoplastic effector
29743||Cytoplasmic effector
26567|CBM13|ASRSODVWLF�HIfector
66163|Pathogenicity_cluster_5_protein_d|Apoplastic effector
328874||Cytoplasmic effector
333017||Cytoplasmic effector
29742||Cytoplasmic effector
331524|C)EM_GRPDLQ|ASRSODVWLF�HIfector
110404||Cytoplasmic effector
211473||Cytoplasmic effector
327012||Cytoplasmic effector
328562||Apoplastic effector
329827|CBM13|ASRSODVWLF�HIfector
19907|ApolipophorLQ−,,,_SUHFXUVRU_�DSRLS−,,,�|C\WRSODVPLF�HIfector
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29224|
18942|Predicted_transporter_(major_facilitator_superfamily)
327445|Sexual_differentiation_process_protein_ISP4
327540|H+/oligopeptide_symporter
14736|Molecular_chaperones_HSP70/HSC70,_HSP70_superfamily
31236|C−W\SH_OHFWLQ
10334|Splicing_coactivator_SRm160/300
327875|
76867|Glycosyltransferase
18364|Glyceraldeh\GH_3−SKRVSKDWH_GHhydrogenase
326567|
113508|Phosphoadenosine_phosphosulfate_reductase
177502|Uridine_permease/thiamine_transporter/allantoin_transport
52856|
60879|
325909|
325912|
17494|
330675|Synaptic_vesicle_transporter_SVOP_(major_facilitator_superfamily)
329815|
289609|
256643|
22142|
7766|
329822|Splicing_coactivator_SRm160/300,_subunit_SRm300
6604|GOXWDWKLRQH_6−Wransferase
331704|Chitinase
5348|
330817|Lipid_phosphate_phosphatase
327304|
312791|
323363|GOXWDWKLRQH_6−WransferDVH−OLke_protein
26561|
208390|
331927|
327205|Predicted_hydrolase
79356|GOXWDWKLRQH_6−Wransferase
333189|Copper_transporter
331736|Monocarboxylate_transporter
79332|GOXWDWKLRQH_6−Wransferase
333535|
62112|Cation_transport_ATPase
163177|
331159|Xanthine/uracil_transporters
328974|FOG:_PPR_repeat
332454|
81944|Na+/Pi_symporter
237644|
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Other secreted proteins
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332019|Fasciclin_domain
332568|'−DrDELQRQR−14−ODFWRQH_oxLGDVH
16653|
327572|FHUrLWLQ−OLkH_GRPDLQ
329219|C\WRFKURPH_P450
15075|PUREDbOH_fHrulo\O_HVWHrDVH_A
329777|
327613|SurvivDO_SURWHLQ_6XUE
329508|VDFXRODU_SURWHLQ_VRrWLQJ−DVVRFLDWHG_SURWHLQ_62
6373|
9616|
5231|
7310|
331786|UncharDFWHrizHG_VHFUHWHG_SURWHLQ_A5B_08043
330042|GO\FRV\O_H\GURODVH_Family_88
17804|5
−nXFOHRWLGDVH
291746|T\URVLQDVH_XVW4
26106|'HoxyribonXFOHDVH_1XFA�1XFB
14225|GO\FRV\O_H\GURODVH_Family_88
329485|
158255|
292704|CRPPRQ_FHQWrDO_GRPDLQ_RI_W\URVLQDVH
75654|'Lox\JHQDVH
330946|:6C_GRPDLQ
260268|5LERnXFOHDVH_Trv
61343|PHSWLGH−14−�1−DFHW\O−EHWD−JOXFRVDPLnyl)asparDJLQH_DPLGDVH_A
325877|PURWHLQ_UGV1
23774|
137744|AOJLQDWH_OyDVH
28920|T\URVLQDVH_XVW4
147921|'RPDLQ_RI_XQNQoZQ_IXQFWLRQ_�'8)1996�
23875|C\WRFKURPH_P450_PRQRox\JHQDVH_COX1
325694|
331984|61�P1_1XFOHDVH
327404|
330267|
332929|
326313|C2_domain
327360|PUREDbOH_XURSRrphyrLQRJHQ−,,,_C−PHWhyltransfHrDVH
330942|EJK16−OLkH_YLrXOHQFH_factor
28179|VDFXRODU_SURWHLQ_VRrWLQJ�WDUJHWLQJ_SURWHLQ_10
183842|PKRVSKROLSDVH_'
327261|
19287|
27493|G'6L−OLkH_LLSDVH�AF\Oh\GURODVH
28686|DOSKD�EHWD_h\GURODVH_fold
11943|
28684|DOSKD�EHWD_h\GURODVH_fold
330861|EQGRnXFOHDVH�ExRnXFOHDVH�SKRVSKDWDVH_family
23377|UncharDFWHrizHG_FRQVHrvHG_SURWHLQ_�'8)2183�
284199|DOSKD�EHWD_h\GURODVH_fold
24421|PHSWLG\O−L\V_PHWDOORHQGRSHSWLGDVH
146400|AAA_ATPDVH_GRPDLQ
28181|VDFXRODU_SURWHLQ_VRrWLQJ�WDUJHWLQJ_SURWHLQ_10
25934|G'6L−OLkH_LLSDVH�AF\Oh\GURODVH_family
7496|'yH−GHFRORrL]LQJ_SHUoxLGDVH_ADX'\P1
24089|CRPPRQ_FHQWrDO_GRPDLQ_RI_W\URVLQDVH
21704|
110952|
170271|:6C_GRPDLQ−FRQWDLQLQJ_SURWHLQ_A5B_07867
330120|,QRVLWRO_SKRVSKRFHrDPLGH_PDQQRV\OWransfHrDVH_3
330442|T\URVLQDVH_XVW4
328331|)XQJDO_FHOOXORVH_ELQGLQJ_GRPDLQ
28704|'Lox\JHQDVH
332916|Diox\JHQDVH
327270|Carbonic_anhydrDVH
332915|Diox\JHQDVH
29006|
309739|G'P−IXFRVH_SURWHLQ_2−IXFRV\OWransfHrDVH
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Secreted Proteases
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133737|Neutral_protease_2_homolog_SNOG_10522
9671|Astacin_(Peptidase_family_M12A)
312167|Astacin_(Peptidase_family_M12A)
18182|Proteinase_R
26612|PKHQD]LQH_ELRV\QWKHVLV−OLke_protein
330463|Probable_extracellular_serine_carboxypeptidase
130013|6XEWLODVH−W\SH_SURWHLQDVH_SVS3
29211|Probable_serine_carboxypeptidase_ARB_06414
10123|6XEWLOLVLQ−OLke_serine_protease_pepC
330251|Eukaryotic_aspartyl_protease
297436|Aspartic_protease
20740|Mitochondrial_oxaloacetate_transport_protein
16108|CXWLFOH−GHJrading_protease
21628|CXWLFOH−GHJrading_protease
93800|Extracellular_metalloproteinase_NpI
22002|Minor_extracellular_protease_vpr
177621|Aspartic_protease
73840|Leucine_aminopeptidase_1
253075|PHSWLG\O−Lys_metalloendopeptidase
65702|)Q3−OLke_domain
332377|Peptidase_family_S41
333314|Probable_leucine_aminopeptidase_1
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Secondary metabolites
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106949|Aldehyde_dehydrogenase|CLUSTER3
80958|Squalene_synthetase|CLUSTER5
5231|Nuclear_pore_complex,_Nup98_component|CLUSTER1
65378|H/ACA_small_nucleolar_RNP_component_GAR1|CLUSTER2
13528|3−hydrox\−3−PHWhylglutar\O−CRA_UHGXFWDVH|CL867E51
327964|Serine/threonine_protein_kinase|CLUSTER2
23745|VDFXRODU_H�−ATPase_V1_sector,_subunit_B|CLUSTER4
16310||CLUSTER4
80942|von_Willebrand_factor_and_related_coagulation_proteins|CLUSTER5
29802||CLUSTER5
328599||CLUSTER3
15400|Transcription_regulator_XNP/A75;�_'EA'−Eox_superfamily|CLUSTER2
325319||CLUSTER1
325333||CLUSTER1
13529|Predicted_cell_surface_protein|CLUSTER1 0
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Secreted CAZymes
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332772|AA9
325674|GH55
119217|GH32
328656|GH31
18400|AA3_2
326147|GH128
327649|CE4−CBM50x4
73415|AA5_1
18815|GH3
77965|AA5_1
236138|CE4−CBM50x2
332491|GH3
333991|AA3_2
327240|GH5_9
26567|CBM13
27349|GH30_3
332567|AA1_1
329338|GH28
309370|GH6
249852|CBM1−GH10
327727|AA1_1
290573|AA3_2
209796|GH16
330970|AA1_1
327105|GH10
330203|CBM1−GH5_5
10753|CBM1−GH5_5
30411|GH51
265895|CBM1−PL4_1
60598|AA12
209168|GH13_32−CBM20
16391|GH18−CBM5
99123|GH20
237730|GH115
110734|CBM1−GH10x2
75261|CBM1−GH5_5
73479|CE4
333035|CE4
21476|CE4−CBM50
329827|CBM13
72620|GH3
64595|AA1_1
9822|GH43_5
72599|GH128
136554|GH44
169710|GH51
182000|GH43_5
333843|GH12−CBM1
67328|GH28
17973|GH10
30477|GH44
331136|GH13_32
81781|AA3_2
225648|CBM1−PL1_7
82574|CE4
66885|GH28
27525|CBM1−CE1
80942|CBM1−CE15
9147|GH43_26
9689|CE8
25095|CE4
71316|GH5_7
308915|PL1
29814|GH7−CBM1
23617|GH44
22378|AA9−CBM1
145203|GH16
111216|CBM1−CE15
82633|GH6
8744|GH6
30410|GH51
293800|CBM1−CE1
17986|AA1_1
70880|GH131
21028|GH5_9
19097|AA14
324171|CBM1−CE1
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Effectors
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330850|Uncharacterized_secreted_protein_ARB_07590|Apoplastic effector
200090|Uncharacterized_secreted_protein_ARB_07590|Apoplastic effector
329560||Apoplastic effector
326754|CE16|Apoplastic effector
26863||Cytoplasmic effector
328975||Cytoplasmic effector
329338|GH28|Apoplastic effector
263442||Cytoplasmic effector
278113||Apoplastic effector
332402||Apoplastic effector
326426|WSC_domain|Apoplastic effector
333198||Apoplastic effector
27091|Synuclein|Cytoplasmic effector
20732||Cytoplasmic effector
21792||Cytoplasmic effector
328749|H\GURSKRELQ−1|ASRSODVWLF�HIfector
331217||Cytoplasmic effector
332880|EJK16−OLke_virulence_factor|Apoplastic effector
333542|EJK16−OLke_virulence_factor|Apoplastic effector
293655||Cytoplasmic effector
62080||Apoplastic effector
144618||Apoplastic effector
325319|CE16|Apoplastic effector
27893||Cytoplasmic effector
268024||Apoplastic effector
213839||Apoplastic effector
317358||Apoplastic effector
29814|GH7−CBM1|ASRSODVWLF�HIfector
309505|GH45−CBM1|ASRSODVWLF�HIfector
25958|GH11|Apoplastic effector
12528||Apoplastic effector
31329|GH11|Apoplastic effector
331237||Apoplastic effector
21110||Cytoplasmic effector
308915|PL1|Apoplastic effector
28713||Apoplastic effector
43945||Apoplastic effector
58812||Apoplastic effector
26869||Apoplastic effector
9689|CE8|Apoplastic effector
101699||Apoplastic effector
309621|WSC_domain|Apoplastic effector
331246|EQGR−1�4−EHWD−x\ODQDVH_A|ASRSODVWLF�HIfector
202700||Apoplastic effector
225648|CBM1−PL1_7|ASRSODVWLF�HIfector
231409||Apoplastic effector
330759||Apoplastic effector
23099||Cytoplasmic effector
22926|AA9|Apoplastic effector
331896||Apoplastic effector
299648||Apoplastic effector
325392|Hydrophobic_surface_binding_protein_A|Apoplastic effector
85817|Uncharacterized_secreted_protein_ARB_07590|Apoplastic effector
293649||Cytoplasmic effector
28678||Cytoplasmic effector
30405||Cytoplasmic effector
327853||Cytoplasmic effector
23653||Cytoplasmic effector
162868||Cytoplasmic effector
10923||Apoplastic effector
330428||Apoplastic effector
22378|AA9−CBM1|ASRSODVWLF�HIfector
20819||Cytoplasmic effector
334052||Cytoplasmic effector
61932|Probable_secreted_lipase_ARB_02369|Apoplastic effector
299664||Apoplastic effector
72640|GH11|Apoplastic effector
206751||Cytoplasmic effector
330234|Hsp70_protein|Cytoplasmic effector
200063|Uncharacterized_secreted_protein_ARB_07590|Apoplastic effector
263257||Cytoplasmic effector
333574|CE4|Apoplastic effector
86226|GH134|Apoplastic effector
118705||Apoplastic effector
19749|CBM50x2|ASRSODVWLF�HIfector
234224||Cytoplasmic/apoplastic effector
6697||Apoplastic effector
325699|CBM1|ASRSODVWLF�HIfector
18866||Apoplastic effector
293927||Cytoplasmic effector
66885|GH28|Apoplastic effector
219910||Apoplastic effector
292456||Cytoplasmic effector
67328|GH28|Apoplastic effector
282684||Apoplastic effector
333016||Cytoplasmic effector
287576|ExWracellular_metalloprotease_1|Apoplastic effector
7298||Cytoplasmic effector
328875||Cytoplasmic effector
9788||Cytoplasmic effector
30719||Apoplastic effector
288137|C)EM_GRPDLQ|ASRSODVWLF�HIfector
9297||Apoplastic effector
327010|CROODJHQ−OLke_protein_2|Cytoplasmic effector
326176|MLWRFKRQGrial_import_inner_membrane_translocase_subXQLW_7,M14|C\WRSODVPLF�HIfector
326195|CBM13|ASRSODVWLF�HIfector
67991|AA14|Apoplastic effector
108215||Cytoplasmic effector
326147|GH128|Apoplastic effector
22080|C)EM_GRPDLQ|ASRSODVWLF�HIfector
326311||Cytoplasmic effector
5990||Apoplastic effector
29743||Cytoplasmic effector
26567|CBM13|ASRSODVWLF�HIfector
66163|Pathogenicity_cluster_5_protein_d|Apoplastic effector
328874||Cytoplasmic effector
333017||Cytoplasmic effector
29742||Cytoplasmic effector
331524|C)EM_GRPDLQ|ASRSODVWLF�HIfector
110404||Cytoplasmic effector
211473||Cytoplasmic effector
327012||Cytoplasmic effector
328562||Apoplastic effector
329827|CBM13|ASRSODVWLF�HIfector
19907|ApolipophorLQ−,,,_SUHFXUVRU_�DSRLS−,,,�|C\WRSODVPLF�HIfector
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Intracellular proteins 
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29224|
18942|Predicted_transporter_(major_facilitator_superfamily)
327445|Sexual_differentiation_process_protein_ISP4
327540|H+/oligopeptide_symporter
14736|Molecular_chaperones_HSP70/HSC70,_HSP70_superfamily
31236|C−W\SH_OHFWLQ
10334|Splicing_coactivator_SRm160/300
327875|
76867|Glycosyltransferase
18364|Glyceraldeh\GH_3−SKRVSKDWH_GHhydrogenase
326567|
113508|Phosphoadenosine_phosphosulfate_reductase
177502|Uridine_permease/thiamine_transporter/allantoin_transport
52856|
60879|
325909|
325912|
17494|
330675|Synaptic_vesicle_transporter_SVOP_(major_facilitator_superfamily)
329815|
289609|
256643|
22142|
7766|
329822|Splicing_coactivator_SRm160/300,_subunit_SRm300
6604|GOXWDWKLRQH_6−Wransferase
331704|Chitinase
5348|
330817|Lipid_phosphate_phosphatase
327304|
312791|
323363|GOXWDWKLRQH_6−WransferDVH−OLke_protein
26561|
208390|
331927|
327205|Predicted_hydrolase
79356|GOXWDWKLRQH_6−Wransferase
333189|Copper_transporter
331736|Monocarboxylate_transporter
79332|GOXWDWKLRQH_6−Wransferase
333535|
62112|Cation_transport_ATPase
163177|
331159|Xanthine/uracil_transporters
328974|FOG:_PPR_repeat
332454|
81944|Na+/Pi_symporter
237644|

0

5

10

15

Tr
an

sc
rip

tio
n 

(lo
g2

)

Other secreted proteins
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332019|Fasciclin_domain
332568|'−DrDELQRQR−14−ODFWRQH_oxLGDVH
16653|
327572|FHUrLWLQ−OLkH_GRPDLQ
329219|C\WRFKURPH_P450
15075|PUREDbOH_fHrulo\O_HVWHrDVH_A
329777|
327613|SurvivDO_SURWHLQ_6XUE
329508|VDFXRODU_SURWHLQ_VRrWLQJ−DVVRFLDWHG_SURWHLQ_62
6373|
9616|
5231|
7310|
331786|UncharDFWHrizHG_VHFUHWHG_SURWHLQ_A5B_08043
330042|GO\FRV\O_H\GURODVH_Family_88
17804|5
−nXFOHRWLGDVH
291746|T\URVLQDVH_XVW4
26106|'HoxyribonXFOHDVH_1XFA�1XFB
14225|GO\FRV\O_H\GURODVH_Family_88
329485|
158255|
292704|CRPPRQ_FHQWrDO_GRPDLQ_RI_W\URVLQDVH
75654|'Lox\JHQDVH
330946|:6C_GRPDLQ
260268|5LERnXFOHDVH_Trv
61343|PHSWLGH−14−�1−DFHW\O−EHWD−JOXFRVDPLnyl)asparDJLQH_DPLGDVH_A
325877|PURWHLQ_UGV1
23774|
137744|AOJLQDWH_OyDVH
28920|T\URVLQDVH_XVW4
147921|'RPDLQ_RI_XQNQoZQ_IXQFWLRQ_�'8)1996�
23875|C\WRFKURPH_P450_PRQRox\JHQDVH_COX1
325694|
331984|61�P1_1XFOHDVH
327404|
330267|
332929|
326313|C2_domain
327360|PUREDbOH_XURSRrphyrLQRJHQ−,,,_C−PHWhyltransfHrDVH
330942|EJK16−OLkH_YLrXOHQFH_factor
28179|VDFXRODU_SURWHLQ_VRrWLQJ�WDUJHWLQJ_SURWHLQ_10
183842|PKRVSKROLSDVH_'
327261|
19287|
27493|G'6L−OLkH_LLSDVH�AF\Oh\GURODVH
28686|DOSKD�EHWD_h\GURODVH_fold
11943|
28684|DOSKD�EHWD_h\GURODVH_fold
330861|EQGRnXFOHDVH�ExRnXFOHDVH�SKRVSKDWDVH_family
23377|UncharDFWHrizHG_FRQVHrvHG_SURWHLQ_�'8)2183�
284199|DOSKD�EHWD_h\GURODVH_fold
24421|PHSWLG\O−L\V_PHWDOORHQGRSHSWLGDVH
146400|AAA_ATPDVH_GRPDLQ
28181|VDFXRODU_SURWHLQ_VRrWLQJ�WDUJHWLQJ_SURWHLQ_10
25934|G'6L−OLkH_LLSDVH�AF\Oh\GURODVH_family
7496|'yH−GHFRORrL]LQJ_SHUoxLGDVH_ADX'\P1
24089|CRPPRQ_FHQWrDO_GRPDLQ_RI_W\URVLQDVH
21704|
110952|
170271|:6C_GRPDLQ−FRQWDLQLQJ_SURWHLQ_A5B_07867
330120|,QRVLWRO_SKRVSKRFHrDPLGH_PDQQRV\OWransfHrDVH_3
330442|T\URVLQDVH_XVW4
328331|)XQJDO_FHOOXORVH_ELQGLQJ_GRPDLQ
28704|'Lox\JHQDVH
332916|Diox\JHQDVH
327270|Carbonic_anhydrDVH
332915|Diox\JHQDVH
29006|
309739|G'P−IXFRVH_SURWHLQ_2−IXFRV\OWransfHrDVH
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Secreted Proteases
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133737|Neutral_protease_2_homolog_SNOG_10522
9671|Astacin_(Peptidase_family_M12A)
312167|Astacin_(Peptidase_family_M12A)
18182|Proteinase_R
26612|PKHQD]LQH_ELRV\QWKHVLV−OLke_protein
330463|Probable_extracellular_serine_carboxypeptidase
130013|6XEWLODVH−W\SH_SURWHLQDVH_SVS3
29211|Probable_serine_carboxypeptidase_ARB_06414
10123|6XEWLOLVLQ−OLke_serine_protease_pepC
330251|Eukaryotic_aspartyl_protease
297436|Aspartic_protease
20740|Mitochondrial_oxaloacetate_transport_protein
16108|CXWLFOH−GHJrading_protease
21628|CXWLFOH−GHJrading_protease
93800|Extracellular_metalloproteinase_NpI
22002|Minor_extracellular_protease_vpr
177621|Aspartic_protease
73840|Leucine_aminopeptidase_1
253075|PHSWLG\O−Lys_metalloendopeptidase
65702|)Q3−OLke_domain
332377|Peptidase_family_S41
333314|Probable_leucine_aminopeptidase_1

0

2

4

6

8

10

12

14

Tr
an

sc
rip

tio
n 

(lo
g2

)

Secondary metabolites
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106949|Aldehyde_dehydrogenase|CLUSTER3
80958|Squalene_synthetase|CLUSTER5
5231|Nuclear_pore_complex,_Nup98_component|CLUSTER1
65378|H/ACA_small_nucleolar_RNP_component_GAR1|CLUSTER2
13528|3−hydrox\−3−PHWhylglutar\O−CRA_UHGXFWDVH|CL867E51
327964|Serine/threonine_protein_kinase|CLUSTER2
23745|VDFXRODU_H�−ATPase_V1_sector,_subunit_B|CLUSTER4
16310||CLUSTER4
80942|von_Willebrand_factor_and_related_coagulation_proteins|CLUSTER5
29802||CLUSTER5
328599||CLUSTER3
15400|Transcription_regulator_XNP/A75;�_'EA'−Eox_superfamily|CLUSTER2
325319||CLUSTER1
325333||CLUSTER1
13529|Predicted_cell_surface_protein|CLUSTER1 0
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Secreted CAZymes
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332772|AA9
325674|GH55
119217|GH32
328656|GH31
18400|AA3_2
326147|GH128
327649|CE4−CBM50x4
73415|AA5_1
18815|GH3
77965|AA5_1
236138|CE4−CBM50x2
332491|GH3
333991|AA3_2
327240|GH5_9
26567|CBM13
27349|GH30_3
332567|AA1_1
329338|GH28
309370|GH6
249852|CBM1−GH10
327727|AA1_1
290573|AA3_2
209796|GH16
330970|AA1_1
327105|GH10
330203|CBM1−GH5_5
10753|CBM1−GH5_5
30411|GH51
265895|CBM1−PL4_1
60598|AA12
209168|GH13_32−CBM20
16391|GH18−CBM5
99123|GH20
237730|GH115
110734|CBM1−GH10x2
75261|CBM1−GH5_5
73479|CE4
333035|CE4
21476|CE4−CBM50
329827|CBM13
72620|GH3
64595|AA1_1
9822|GH43_5
72599|GH128
136554|GH44
169710|GH51
182000|GH43_5
333843|GH12−CBM1
67328|GH28
17973|GH10
30477|GH44
331136|GH13_32
81781|AA3_2
225648|CBM1−PL1_7
82574|CE4
66885|GH28
27525|CBM1−CE1
80942|CBM1−CE15
9147|GH43_26
9689|CE8
25095|CE4
71316|GH5_7
308915|PL1
29814|GH7−CBM1
23617|GH44
22378|AA9−CBM1
145203|GH16
111216|CBM1−CE15
82633|GH6
8744|GH6
30410|GH51
293800|CBM1−CE1
17986|AA1_1
70880|GH131
21028|GH5_9
19097|AA14
324171|CBM1−CE1
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Effectors
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330850|Uncharacterized_secreted_protein_ARB_07590|Apoplastic effector
200090|Uncharacterized_secreted_protein_ARB_07590|Apoplastic effector
329560||Apoplastic effector
326754|CE16|Apoplastic effector
26863||Cytoplasmic effector
328975||Cytoplasmic effector
329338|GH28|Apoplastic effector
263442||Cytoplasmic effector
278113||Apoplastic effector
332402||Apoplastic effector
326426|WSC_domain|Apoplastic effector
333198||Apoplastic effector
27091|Synuclein|Cytoplasmic effector
20732||Cytoplasmic effector
21792||Cytoplasmic effector
328749|H\GURSKRELQ−1|ASRSODVWLF�HIfector
331217||Cytoplasmic effector
332880|EJK16−OLke_virulence_factor|Apoplastic effector
333542|EJK16−OLke_virulence_factor|Apoplastic effector
293655||Cytoplasmic effector
62080||Apoplastic effector
144618||Apoplastic effector
325319|CE16|Apoplastic effector
27893||Cytoplasmic effector
268024||Apoplastic effector
213839||Apoplastic effector
317358||Apoplastic effector
29814|GH7−CBM1|ASRSODVWLF�HIfector
309505|GH45−CBM1|ASRSODVWLF�HIfector
25958|GH11|Apoplastic effector
12528||Apoplastic effector
31329|GH11|Apoplastic effector
331237||Apoplastic effector
21110||Cytoplasmic effector
308915|PL1|Apoplastic effector
28713||Apoplastic effector
43945||Apoplastic effector
58812||Apoplastic effector
26869||Apoplastic effector
9689|CE8|Apoplastic effector
101699||Apoplastic effector
309621|WSC_domain|Apoplastic effector
331246|EQGR−1�4−EHWD−x\ODQDVH_A|ASRSODVWLF�HIfector
202700||Apoplastic effector
225648|CBM1−PL1_7|ASRSODVWLF�HIfector
231409||Apoplastic effector
330759||Apoplastic effector
23099||Cytoplasmic effector
22926|AA9|Apoplastic effector
331896||Apoplastic effector
299648||Apoplastic effector
325392|Hydrophobic_surface_binding_protein_A|Apoplastic effector
85817|Uncharacterized_secreted_protein_ARB_07590|Apoplastic effector
293649||Cytoplasmic effector
28678||Cytoplasmic effector
30405||Cytoplasmic effector
327853||Cytoplasmic effector
23653||Cytoplasmic effector
162868||Cytoplasmic effector
10923||Apoplastic effector
330428||Apoplastic effector
22378|AA9−CBM1|ASRSODVWLF�HIfector
20819||Cytoplasmic effector
334052||Cytoplasmic effector
61932|Probable_secreted_lipase_ARB_02369|Apoplastic effector
299664||Apoplastic effector
72640|GH11|Apoplastic effector
206751||Cytoplasmic effector
330234|Hsp70_protein|Cytoplasmic effector
200063|Uncharacterized_secreted_protein_ARB_07590|Apoplastic effector
263257||Cytoplasmic effector
333574|CE4|Apoplastic effector
86226|GH134|Apoplastic effector
118705||Apoplastic effector
19749|CBM50x2|ASRSODVWLF�HIfector
234224||Cytoplasmic/apoplastic effector
6697||Apoplastic effector
325699|CBM1|ASRSODVWLF�HIfector
18866||Apoplastic effector
293927||Cytoplasmic effector
66885|GH28|Apoplastic effector
219910||Apoplastic effector
292456||Cytoplasmic effector
67328|GH28|Apoplastic effector
282684||Apoplastic effector
333016||Cytoplasmic effector
287576|ExWracellular_metalloprotease_1|Apoplastic effector
7298||Cytoplasmic effector
328875||Cytoplasmic effector
9788||Cytoplasmic effector
30719||Apoplastic effector
288137|C)EM_GRPDLQ|ASRSODVWLF�HIfector
9297||Apoplastic effector
327010|CROODJHQ−OLke_protein_2|Cytoplasmic effector
326176|MLWRFKRQGrial_import_inner_membrane_translocase_subXQLW_7,M14|C\WRSODVPLF�HIfector
326195|CBM13|ASRSODVWLF�HIfector
67991|AA14|Apoplastic effector
108215||Cytoplasmic effector
326147|GH128|Apoplastic effector
22080|C)EM_GRPDLQ|ASRSODVWLF�HIfector
326311||Cytoplasmic effector
5990||Apoplastic effector
29743||Cytoplasmic effector
26567|CBM13|ASRSODVWLF�HIfector
66163|Pathogenicity_cluster_5_protein_d|Apoplastic effector
328874||Cytoplasmic effector
333017||Cytoplasmic effector
29742||Cytoplasmic effector
331524|C)EM_GRPDLQ|ASRSODVWLF�HIfector
110404||Cytoplasmic effector
211473||Cytoplasmic effector
327012||Cytoplasmic effector
328562||Apoplastic effector
329827|CBM13|ASRSODVWLF�HIfector
19907|ApolipophorLQ−,,,_SUHFXUVRU_�DSRLS−,,,�|C\WRSODVPLF�HIfector
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Intracellular proteins 
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29224|
18942|Predicted_transporter_(major_facilitator_superfamily)
327445|Sexual_differentiation_process_protein_ISP4
327540|H+/oligopeptide_symporter
14736|Molecular_chaperones_HSP70/HSC70,_HSP70_superfamily
31236|C−W\SH_OHFWLQ
10334|Splicing_coactivator_SRm160/300
327875|
76867|Glycosyltransferase
18364|Glyceraldeh\GH_3−SKRVSKDWH_GHhydrogenase
326567|
113508|Phosphoadenosine_phosphosulfate_reductase
177502|Uridine_permease/thiamine_transporter/allantoin_transport
52856|
60879|
325909|
325912|
17494|
330675|Synaptic_vesicle_transporter_SVOP_(major_facilitator_superfamily)
329815|
289609|
256643|
22142|
7766|
329822|Splicing_coactivator_SRm160/300,_subunit_SRm300
6604|GOXWDWKLRQH_6−Wransferase
331704|Chitinase
5348|
330817|Lipid_phosphate_phosphatase
327304|
312791|
323363|GOXWDWKLRQH_6−WransferDVH−OLke_protein
26561|
208390|
331927|
327205|Predicted_hydrolase
79356|GOXWDWKLRQH_6−Wransferase
333189|Copper_transporter
331736|Monocarboxylate_transporter
79332|GOXWDWKLRQH_6−Wransferase
333535|
62112|Cation_transport_ATPase
163177|
331159|Xanthine/uracil_transporters
328974|FOG:_PPR_repeat
332454|
81944|Na+/Pi_symporter
237644|
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Other secreted proteins
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332019|Fasciclin_domain
332568|'−DrDELQRQR−14−ODFWRQH_oxLGDVH
16653|
327572|FHUrLWLQ−OLkH_GRPDLQ
329219|C\WRFKURPH_P450
15075|PUREDbOH_fHrulo\O_HVWHrDVH_A
329777|
327613|SurvivDO_SURWHLQ_6XUE
329508|VDFXRODU_SURWHLQ_VRrWLQJ−DVVRFLDWHG_SURWHLQ_62
6373|
9616|
5231|
7310|
331786|UncharDFWHrizHG_VHFUHWHG_SURWHLQ_A5B_08043
330042|GO\FRV\O_H\GURODVH_Family_88
17804|5
−nXFOHRWLGDVH
291746|T\URVLQDVH_XVW4
26106|'HoxyribonXFOHDVH_1XFA�1XFB
14225|GO\FRV\O_H\GURODVH_Family_88
329485|
158255|
292704|CRPPRQ_FHQWrDO_GRPDLQ_RI_W\URVLQDVH
75654|'Lox\JHQDVH
330946|:6C_GRPDLQ
260268|5LERnXFOHDVH_Trv
61343|PHSWLGH−14−�1−DFHW\O−EHWD−JOXFRVDPLnyl)asparDJLQH_DPLGDVH_A
325877|PURWHLQ_UGV1
23774|
137744|AOJLQDWH_OyDVH
28920|T\URVLQDVH_XVW4
147921|'RPDLQ_RI_XQNQoZQ_IXQFWLRQ_�'8)1996�
23875|C\WRFKURPH_P450_PRQRox\JHQDVH_COX1
325694|
331984|61�P1_1XFOHDVH
327404|
330267|
332929|
326313|C2_domain
327360|PUREDbOH_XURSRrphyrLQRJHQ−,,,_C−PHWhyltransfHrDVH
330942|EJK16−OLkH_YLrXOHQFH_factor
28179|VDFXRODU_SURWHLQ_VRrWLQJ�WDUJHWLQJ_SURWHLQ_10
183842|PKRVSKROLSDVH_'
327261|
19287|
27493|G'6L−OLkH_LLSDVH�AF\Oh\GURODVH
28686|DOSKD�EHWD_h\GURODVH_fold
11943|
28684|DOSKD�EHWD_h\GURODVH_fold
330861|EQGRnXFOHDVH�ExRnXFOHDVH�SKRVSKDWDVH_family
23377|UncharDFWHrizHG_FRQVHrvHG_SURWHLQ_�'8)2183�
284199|DOSKD�EHWD_h\GURODVH_fold
24421|PHSWLG\O−L\V_PHWDOORHQGRSHSWLGDVH
146400|AAA_ATPDVH_GRPDLQ
28181|VDFXRODU_SURWHLQ_VRrWLQJ�WDUJHWLQJ_SURWHLQ_10
25934|G'6L−OLkH_LLSDVH�AF\Oh\GURODVH_family
7496|'yH−GHFRORrL]LQJ_SHUoxLGDVH_ADX'\P1
24089|CRPPRQ_FHQWrDO_GRPDLQ_RI_W\URVLQDVH
21704|
110952|
170271|:6C_GRPDLQ−FRQWDLQLQJ_SURWHLQ_A5B_07867
330120|,QRVLWRO_SKRVSKRFHrDPLGH_PDQQRV\OWransfHrDVH_3
330442|T\URVLQDVH_XVW4
328331|)XQJDO_FHOOXORVH_ELQGLQJ_GRPDLQ
28704|'Lox\JHQDVH
332916|Diox\JHQDVH
327270|Carbonic_anhydrDVH
332915|Diox\JHQDVH
29006|
309739|G'P−IXFRVH_SURWHLQ_2−IXFRV\OWransfHrDVH
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Secreted Proteases
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133737|Neutral_protease_2_homolog_SNOG_10522
9671|Astacin_(Peptidase_family_M12A)
312167|Astacin_(Peptidase_family_M12A)
18182|Proteinase_R
26612|PKHQD]LQH_ELRV\QWKHVLV−OLke_protein
330463|Probable_extracellular_serine_carboxypeptidase
130013|6XEWLODVH−W\SH_SURWHLQDVH_SVS3
29211|Probable_serine_carboxypeptidase_ARB_06414
10123|6XEWLOLVLQ−OLke_serine_protease_pepC
330251|Eukaryotic_aspartyl_protease
297436|Aspartic_protease
20740|Mitochondrial_oxaloacetate_transport_protein
16108|CXWLFOH−GHJrading_protease
21628|CXWLFOH−GHJrading_protease
93800|Extracellular_metalloproteinase_NpI
22002|Minor_extracellular_protease_vpr
177621|Aspartic_protease
73840|Leucine_aminopeptidase_1
253075|PHSWLG\O−Lys_metalloendopeptidase
65702|)Q3−OLke_domain
332377|Peptidase_family_S41
333314|Probable_leucine_aminopeptidase_1
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106949|Aldehyde_dehydrogenase|CLUSTER3
80958|Squalene_synthetase|CLUSTER5
5231|Nuclear_pore_complex,_Nup98_component|CLUSTER1
65378|H/ACA_small_nucleolar_RNP_component_GAR1|CLUSTER2
13528|3−hydrox\−3−PHWhylglutar\O−CRA_UHGXFWDVH|CL867E51
327964|Serine/threonine_protein_kinase|CLUSTER2
23745|VDFXRODU_H�−ATPase_V1_sector,_subunit_B|CLUSTER4
16310||CLUSTER4
80942|von_Willebrand_factor_and_related_coagulation_proteins|CLUSTER5
29802||CLUSTER5
328599||CLUSTER3
15400|Transcription_regulator_XNP/A75;�_'EA'−Eox_superfamily|CLUSTER2
325319||CLUSTER1
325333||CLUSTER1
13529|Predicted_cell_surface_protein|CLUSTER1 0

2

4

6

8

10

Tr
an

sc
rip

tio
n 

(lo
g2

)

Secreted CAZymes

Sv_1
d
Sv_3

d
Sv_6

d
Sv_1

0d

HvS
v_1

d

HvS
v_3

d

HvS
v_6

d

HvS
v_1

0d

BdS
v_1

d

BdS
v_3

d

BdS
v_6

d

BdS
v_1

0d

AtSv_1
d

AtSv_6
d

AtSv_1
0d

SvB
s_1

d

SvB
s_3

d

SvB
s_6

d

SvB
s_1

0d

SvB
act

_1d

SvB
act

_3d

SvB
act

_6d

SvB
act

_10
d

332772|AA9
325674|GH55
119217|GH32
328656|GH31
18400|AA3_2
326147|GH128
327649|CE4−CBM50x4
73415|AA5_1
18815|GH3
77965|AA5_1
236138|CE4−CBM50x2
332491|GH3
333991|AA3_2
327240|GH5_9
26567|CBM13
27349|GH30_3
332567|AA1_1
329338|GH28
309370|GH6
249852|CBM1−GH10
327727|AA1_1
290573|AA3_2
209796|GH16
330970|AA1_1
327105|GH10
330203|CBM1−GH5_5
10753|CBM1−GH5_5
30411|GH51
265895|CBM1−PL4_1
60598|AA12
209168|GH13_32−CBM20
16391|GH18−CBM5
99123|GH20
237730|GH115
110734|CBM1−GH10x2
75261|CBM1−GH5_5
73479|CE4
333035|CE4
21476|CE4−CBM50
329827|CBM13
72620|GH3
64595|AA1_1
9822|GH43_5
72599|GH128
136554|GH44
169710|GH51
182000|GH43_5
333843|GH12−CBM1
67328|GH28
17973|GH10
30477|GH44
331136|GH13_32
81781|AA3_2
225648|CBM1−PL1_7
82574|CE4
66885|GH28
27525|CBM1−CE1
80942|CBM1−CE15
9147|GH43_26
9689|CE8
25095|CE4
71316|GH5_7
308915|PL1
29814|GH7−CBM1
23617|GH44
22378|AA9−CBM1
145203|GH16
111216|CBM1−CE15
82633|GH6
8744|GH6
30410|GH51
293800|CBM1−CE1
17986|AA1_1
70880|GH131
21028|GH5_9
19097|AA14
324171|CBM1−CE1
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Effectors
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330850|Uncharacterized_secreted_protein_ARB_07590|Apoplastic effector
200090|Uncharacterized_secreted_protein_ARB_07590|Apoplastic effector
329560||Apoplastic effector
326754|CE16|Apoplastic effector
26863||Cytoplasmic effector
328975||Cytoplasmic effector
329338|GH28|Apoplastic effector
263442||Cytoplasmic effector
278113||Apoplastic effector
332402||Apoplastic effector
326426|WSC_domain|Apoplastic effector
333198||Apoplastic effector
27091|Synuclein|Cytoplasmic effector
20732||Cytoplasmic effector
21792||Cytoplasmic effector
328749|H\GURSKRELQ−1|ASRSODVWLF�HIfector
331217||Cytoplasmic effector
332880|EJK16−OLke_virulence_factor|Apoplastic effector
333542|EJK16−OLke_virulence_factor|Apoplastic effector
293655||Cytoplasmic effector
62080||Apoplastic effector
144618||Apoplastic effector
325319|CE16|Apoplastic effector
27893||Cytoplasmic effector
268024||Apoplastic effector
213839||Apoplastic effector
317358||Apoplastic effector
29814|GH7−CBM1|ASRSODVWLF�HIfector
309505|GH45−CBM1|ASRSODVWLF�HIfector
25958|GH11|Apoplastic effector
12528||Apoplastic effector
31329|GH11|Apoplastic effector
331237||Apoplastic effector
21110||Cytoplasmic effector
308915|PL1|Apoplastic effector
28713||Apoplastic effector
43945||Apoplastic effector
58812||Apoplastic effector
26869||Apoplastic effector
9689|CE8|Apoplastic effector
101699||Apoplastic effector
309621|WSC_domain|Apoplastic effector
331246|EQGR−1�4−EHWD−x\ODQDVH_A|ASRSODVWLF�HIfector
202700||Apoplastic effector
225648|CBM1−PL1_7|ASRSODVWLF�HIfector
231409||Apoplastic effector
330759||Apoplastic effector
23099||Cytoplasmic effector
22926|AA9|Apoplastic effector
331896||Apoplastic effector
299648||Apoplastic effector
325392|Hydrophobic_surface_binding_protein_A|Apoplastic effector
85817|Uncharacterized_secreted_protein_ARB_07590|Apoplastic effector
293649||Cytoplasmic effector
28678||Cytoplasmic effector
30405||Cytoplasmic effector
327853||Cytoplasmic effector
23653||Cytoplasmic effector
162868||Cytoplasmic effector
10923||Apoplastic effector
330428||Apoplastic effector
22378|AA9−CBM1|ASRSODVWLF�HIfector
20819||Cytoplasmic effector
334052||Cytoplasmic effector
61932|Probable_secreted_lipase_ARB_02369|Apoplastic effector
299664||Apoplastic effector
72640|GH11|Apoplastic effector
206751||Cytoplasmic effector
330234|Hsp70_protein|Cytoplasmic effector
200063|Uncharacterized_secreted_protein_ARB_07590|Apoplastic effector
263257||Cytoplasmic effector
333574|CE4|Apoplastic effector
86226|GH134|Apoplastic effector
118705||Apoplastic effector
19749|CBM50x2|ASRSODVWLF�HIfector
234224||Cytoplasmic/apoplastic effector
6697||Apoplastic effector
325699|CBM1|ASRSODVWLF�HIfector
18866||Apoplastic effector
293927||Cytoplasmic effector
66885|GH28|Apoplastic effector
219910||Apoplastic effector
292456||Cytoplasmic effector
67328|GH28|Apoplastic effector
282684||Apoplastic effector
333016||Cytoplasmic effector
287576|ExWracellular_metalloprotease_1|Apoplastic effector
7298||Cytoplasmic effector
328875||Cytoplasmic effector
9788||Cytoplasmic effector
30719||Apoplastic effector
288137|C)EM_GRPDLQ|ASRSODVWLF�HIfector
9297||Apoplastic effector
327010|CROODJHQ−OLke_protein_2|Cytoplasmic effector
326176|MLWRFKRQGrial_import_inner_membrane_translocase_subXQLW_7,M14|C\WRSODVPLF�HIfector
326195|CBM13|ASRSODVWLF�HIfector
67991|AA14|Apoplastic effector
108215||Cytoplasmic effector
326147|GH128|Apoplastic effector
22080|C)EM_GRPDLQ|ASRSODVWLF�HIfector
326311||Cytoplasmic effector
5990||Apoplastic effector
29743||Cytoplasmic effector
26567|CBM13|ASRSODVWLF�HIfector
66163|Pathogenicity_cluster_5_protein_d|Apoplastic effector
328874||Cytoplasmic effector
333017||Cytoplasmic effector
29742||Cytoplasmic effector
331524|C)EM_GRPDLQ|ASRSODVWLF�HIfector
110404||Cytoplasmic effector
211473||Cytoplasmic effector
327012||Cytoplasmic effector
328562||Apoplastic effector
329827|CBM13|ASRSODVWLF�HIfector
19907|ApolipophorLQ−,,,_SUHFXUVRU_�DSRLS−,,,�|C\WRSODVPLF�HIfector
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Intracellular proteins 
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29224|
18942|Predicted_transporter_(major_facilitator_superfamily)
327445|Sexual_differentiation_process_protein_ISP4
327540|H+/oligopeptide_symporter
14736|Molecular_chaperones_HSP70/HSC70,_HSP70_superfamily
31236|C−W\SH_OHFWLQ
10334|Splicing_coactivator_SRm160/300
327875|
76867|Glycosyltransferase
18364|Glyceraldeh\GH_3−SKRVSKDWH_GHhydrogenase
326567|
113508|Phosphoadenosine_phosphosulfate_reductase
177502|Uridine_permease/thiamine_transporter/allantoin_transport
52856|
60879|
325909|
325912|
17494|
330675|Synaptic_vesicle_transporter_SVOP_(major_facilitator_superfamily)
329815|
289609|
256643|
22142|
7766|
329822|Splicing_coactivator_SRm160/300,_subunit_SRm300
6604|GOXWDWKLRQH_6−Wransferase
331704|Chitinase
5348|
330817|Lipid_phosphate_phosphatase
327304|
312791|
323363|GOXWDWKLRQH_6−WransferDVH−OLke_protein
26561|
208390|
331927|
327205|Predicted_hydrolase
79356|GOXWDWKLRQH_6−Wransferase
333189|Copper_transporter
331736|Monocarboxylate_transporter
79332|GOXWDWKLRQH_6−Wransferase
333535|
62112|Cation_transport_ATPase
163177|
331159|Xanthine/uracil_transporters
328974|FOG:_PPR_repeat
332454|
81944|Na+/Pi_symporter
237644|

0

5

10

15

Tr
an

sc
rip

tio
n 

(lo
g2

)

Other secreted proteins
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332019|Fasciclin_domain
332568|'−DrDELQRQR−14−ODFWRQH_oxLGDVH
16653|
327572|FHUrLWLQ−OLkH_GRPDLQ
329219|C\WRFKURPH_P450
15075|PUREDbOH_fHrulo\O_HVWHrDVH_A
329777|
327613|SurvivDO_SURWHLQ_6XUE
329508|VDFXRODU_SURWHLQ_VRrWLQJ−DVVRFLDWHG_SURWHLQ_62
6373|
9616|
5231|
7310|
331786|UncharDFWHrizHG_VHFUHWHG_SURWHLQ_A5B_08043
330042|GO\FRV\O_H\GURODVH_Family_88
17804|5
−nXFOHRWLGDVH
291746|T\URVLQDVH_XVW4
26106|'HoxyribonXFOHDVH_1XFA�1XFB
14225|GO\FRV\O_H\GURODVH_Family_88
329485|
158255|
292704|CRPPRQ_FHQWrDO_GRPDLQ_RI_W\URVLQDVH
75654|'Lox\JHQDVH
330946|:6C_GRPDLQ
260268|5LERnXFOHDVH_Trv
61343|PHSWLGH−14−�1−DFHW\O−EHWD−JOXFRVDPLnyl)asparDJLQH_DPLGDVH_A
325877|PURWHLQ_UGV1
23774|
137744|AOJLQDWH_OyDVH
28920|T\URVLQDVH_XVW4
147921|'RPDLQ_RI_XQNQoZQ_IXQFWLRQ_�'8)1996�
23875|C\WRFKURPH_P450_PRQRox\JHQDVH_COX1
325694|
331984|61�P1_1XFOHDVH
327404|
330267|
332929|
326313|C2_domain
327360|PUREDbOH_XURSRrphyrLQRJHQ−,,,_C−PHWhyltransfHrDVH
330942|EJK16−OLkH_YLrXOHQFH_factor
28179|VDFXRODU_SURWHLQ_VRrWLQJ�WDUJHWLQJ_SURWHLQ_10
183842|PKRVSKROLSDVH_'
327261|
19287|
27493|G'6L−OLkH_LLSDVH�AF\Oh\GURODVH
28686|DOSKD�EHWD_h\GURODVH_fold
11943|
28684|DOSKD�EHWD_h\GURODVH_fold
330861|EQGRnXFOHDVH�ExRnXFOHDVH�SKRVSKDWDVH_family
23377|UncharDFWHrizHG_FRQVHrvHG_SURWHLQ_�'8)2183�
284199|DOSKD�EHWD_h\GURODVH_fold
24421|PHSWLG\O−L\V_PHWDOORHQGRSHSWLGDVH
146400|AAA_ATPDVH_GRPDLQ
28181|VDFXRODU_SURWHLQ_VRrWLQJ�WDUJHWLQJ_SURWHLQ_10
25934|G'6L−OLkH_LLSDVH�AF\Oh\GURODVH_family
7496|'yH−GHFRORrL]LQJ_SHUoxLGDVH_ADX'\P1
24089|CRPPRQ_FHQWrDO_GRPDLQ_RI_W\URVLQDVH
21704|
110952|
170271|:6C_GRPDLQ−FRQWDLQLQJ_SURWHLQ_A5B_07867
330120|,QRVLWRO_SKRVSKRFHrDPLGH_PDQQRV\OWransfHrDVH_3
330442|T\URVLQDVH_XVW4
328331|)XQJDO_FHOOXORVH_ELQGLQJ_GRPDLQ
28704|'Lox\JHQDVH
332916|Diox\JHQDVH
327270|Carbonic_anhydrDVH
332915|Diox\JHQDVH
29006|
309739|G'P−IXFRVH_SURWHLQ_2−IXFRV\OWransfHrDVH
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Secreted Proteases
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133737|Neutral_protease_2_homolog_SNOG_10522
9671|Astacin_(Peptidase_family_M12A)
312167|Astacin_(Peptidase_family_M12A)
18182|Proteinase_R
26612|PKHQD]LQH_ELRV\QWKHVLV−OLke_protein
330463|Probable_extracellular_serine_carboxypeptidase
130013|6XEWLODVH−W\SH_SURWHLQDVH_SVS3
29211|Probable_serine_carboxypeptidase_ARB_06414
10123|6XEWLOLVLQ−OLke_serine_protease_pepC
330251|Eukaryotic_aspartyl_protease
297436|Aspartic_protease
20740|Mitochondrial_oxaloacetate_transport_protein
16108|CXWLFOH−GHJrading_protease
21628|CXWLFOH−GHJrading_protease
93800|Extracellular_metalloproteinase_NpI
22002|Minor_extracellular_protease_vpr
177621|Aspartic_protease
73840|Leucine_aminopeptidase_1
253075|PHSWLG\O−Lys_metalloendopeptidase
65702|)Q3−OLke_domain
332377|Peptidase_family_S41
333314|Probable_leucine_aminopeptidase_1

0

2

4

6

8

10

12

14
Tr

an
sc

rip
tio

n 
(lo

g2
)

Secondary metabolites
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106949|Aldehyde_dehydrogenase|CLUSTER3
80958|Squalene_synthetase|CLUSTER5
5231|Nuclear_pore_complex,_Nup98_component|CLUSTER1
65378|H/ACA_small_nucleolar_RNP_component_GAR1|CLUSTER2
13528|3−hydrox\−3−PHWhylglutar\O−CRA_UHGXFWDVH|CL867E51
327964|Serine/threonine_protein_kinase|CLUSTER2
23745|VDFXRODU_H�−ATPase_V1_sector,_subunit_B|CLUSTER4
16310||CLUSTER4
80942|von_Willebrand_factor_and_related_coagulation_proteins|CLUSTER5
29802||CLUSTER5
328599||CLUSTER3
15400|Transcription_regulator_XNP/A75;�_'EA'−Eox_superfamily|CLUSTER2
325319||CLUSTER1
325333||CLUSTER1
13529|Predicted_cell_surface_protein|CLUSTER1 0
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Secreted CAZymes
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332772|AA9
325674|GH55
119217|GH32
328656|GH31
18400|AA3_2
326147|GH128
327649|CE4−CBM50x4
73415|AA5_1
18815|GH3
77965|AA5_1
236138|CE4−CBM50x2
332491|GH3
333991|AA3_2
327240|GH5_9
26567|CBM13
27349|GH30_3
332567|AA1_1
329338|GH28
309370|GH6
249852|CBM1−GH10
327727|AA1_1
290573|AA3_2
209796|GH16
330970|AA1_1
327105|GH10
330203|CBM1−GH5_5
10753|CBM1−GH5_5
30411|GH51
265895|CBM1−PL4_1
60598|AA12
209168|GH13_32−CBM20
16391|GH18−CBM5
99123|GH20
237730|GH115
110734|CBM1−GH10x2
75261|CBM1−GH5_5
73479|CE4
333035|CE4
21476|CE4−CBM50
329827|CBM13
72620|GH3
64595|AA1_1
9822|GH43_5
72599|GH128
136554|GH44
169710|GH51
182000|GH43_5
333843|GH12−CBM1
67328|GH28
17973|GH10
30477|GH44
331136|GH13_32
81781|AA3_2
225648|CBM1−PL1_7
82574|CE4
66885|GH28
27525|CBM1−CE1
80942|CBM1−CE15
9147|GH43_26
9689|CE8
25095|CE4
71316|GH5_7
308915|PL1
29814|GH7−CBM1
23617|GH44
22378|AA9−CBM1
145203|GH16
111216|CBM1−CE15
82633|GH6
8744|GH6
30410|GH51
293800|CBM1−CE1
17986|AA1_1
70880|GH131
21028|GH5_9
19097|AA14
324171|CBM1−CE1
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330850|Uncharacterized_secreted_protein_ARB_07590|Apoplastic effector
200090|Uncharacterized_secreted_protein_ARB_07590|Apoplastic effector
329560||Apoplastic effector
326754|CE16|Apoplastic effector
26863||Cytoplasmic effector
328975||Cytoplasmic effector
329338|GH28|Apoplastic effector
263442||Cytoplasmic effector
278113||Apoplastic effector
332402||Apoplastic effector
326426|WSC_domain|Apoplastic effector
333198||Apoplastic effector
27091|Synuclein|Cytoplasmic effector
20732||Cytoplasmic effector
21792||Cytoplasmic effector
328749|H\GURSKRELQ−1|ASRSODVWLF�HIfector
331217||Cytoplasmic effector
332880|EJK16−OLke_virulence_factor|Apoplastic effector
333542|EJK16−OLke_virulence_factor|Apoplastic effector
293655||Cytoplasmic effector
62080||Apoplastic effector
144618||Apoplastic effector
325319|CE16|Apoplastic effector
27893||Cytoplasmic effector
268024||Apoplastic effector
213839||Apoplastic effector
317358||Apoplastic effector
29814|GH7−CBM1|ASRSODVWLF�HIfector
309505|GH45−CBM1|ASRSODVWLF�HIfector
25958|GH11|Apoplastic effector
12528||Apoplastic effector
31329|GH11|Apoplastic effector
331237||Apoplastic effector
21110||Cytoplasmic effector
308915|PL1|Apoplastic effector
28713||Apoplastic effector
43945||Apoplastic effector
58812||Apoplastic effector
26869||Apoplastic effector
9689|CE8|Apoplastic effector
101699||Apoplastic effector
309621|WSC_domain|Apoplastic effector
331246|EQGR−1�4−EHWD−x\ODQDVH_A|ASRSODVWLF�HIfector
202700||Apoplastic effector
225648|CBM1−PL1_7|ASRSODVWLF�HIfector
231409||Apoplastic effector
330759||Apoplastic effector
23099||Cytoplasmic effector
22926|AA9|Apoplastic effector
331896||Apoplastic effector
299648||Apoplastic effector
325392|Hydrophobic_surface_binding_protein_A|Apoplastic effector
85817|Uncharacterized_secreted_protein_ARB_07590|Apoplastic effector
293649||Cytoplasmic effector
28678||Cytoplasmic effector
30405||Cytoplasmic effector
327853||Cytoplasmic effector
23653||Cytoplasmic effector
162868||Cytoplasmic effector
10923||Apoplastic effector
330428||Apoplastic effector
22378|AA9−CBM1|ASRSODVWLF�HIfector
20819||Cytoplasmic effector
334052||Cytoplasmic effector
61932|Probable_secreted_lipase_ARB_02369|Apoplastic effector
299664||Apoplastic effector
72640|GH11|Apoplastic effector
206751||Cytoplasmic effector
330234|Hsp70_protein|Cytoplasmic effector
200063|Uncharacterized_secreted_protein_ARB_07590|Apoplastic effector
263257||Cytoplasmic effector
333574|CE4|Apoplastic effector
86226|GH134|Apoplastic effector
118705||Apoplastic effector
19749|CBM50x2|ASRSODVWLF�HIfector
234224||Cytoplasmic/apoplastic effector
6697||Apoplastic effector
325699|CBM1|ASRSODVWLF�HIfector
18866||Apoplastic effector
293927||Cytoplasmic effector
66885|GH28|Apoplastic effector
219910||Apoplastic effector
292456||Cytoplasmic effector
67328|GH28|Apoplastic effector
282684||Apoplastic effector
333016||Cytoplasmic effector
287576|ExWracellular_metalloprotease_1|Apoplastic effector
7298||Cytoplasmic effector
328875||Cytoplasmic effector
9788||Cytoplasmic effector
30719||Apoplastic effector
288137|C)EM_GRPDLQ|ASRSODVWLF�HIfector
9297||Apoplastic effector
327010|CROODJHQ−OLke_protein_2|Cytoplasmic effector
326176|MLWRFKRQGrial_import_inner_membrane_translocase_subXQLW_7,M14|C\WRSODVPLF�HIfector
326195|CBM13|ASRSODVWLF�HIfector
67991|AA14|Apoplastic effector
108215||Cytoplasmic effector
326147|GH128|Apoplastic effector
22080|C)EM_GRPDLQ|ASRSODVWLF�HIfector
326311||Cytoplasmic effector
5990||Apoplastic effector
29743||Cytoplasmic effector
26567|CBM13|ASRSODVWLF�HIfector
66163|Pathogenicity_cluster_5_protein_d|Apoplastic effector
328874||Cytoplasmic effector
333017||Cytoplasmic effector
29742||Cytoplasmic effector
331524|C)EM_GRPDLQ|ASRSODVWLF�HIfector
110404||Cytoplasmic effector
211473||Cytoplasmic effector
327012||Cytoplasmic effector
328562||Apoplastic effector
329827|CBM13|ASRSODVWLF�HIfector
19907|ApolipophorLQ−,,,_SUHFXUVRU_�DSRLS−,,,�|C\WRSODVPLF�HIfector
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Intracellular proteins 
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29224|
18942|Predicted_transporter_(major_facilitator_superfamily)
327445|Sexual_differentiation_process_protein_ISP4
327540|H+/oligopeptide_symporter
14736|Molecular_chaperones_HSP70/HSC70,_HSP70_superfamily
31236|C−W\SH_OHFWLQ
10334|Splicing_coactivator_SRm160/300
327875|
76867|Glycosyltransferase
18364|Glyceraldeh\GH_3−SKRVSKDWH_GHhydrogenase
326567|
113508|Phosphoadenosine_phosphosulfate_reductase
177502|Uridine_permease/thiamine_transporter/allantoin_transport
52856|
60879|
325909|
325912|
17494|
330675|Synaptic_vesicle_transporter_SVOP_(major_facilitator_superfamily)
329815|
289609|
256643|
22142|
7766|
329822|Splicing_coactivator_SRm160/300,_subunit_SRm300
6604|GOXWDWKLRQH_6−Wransferase
331704|Chitinase
5348|
330817|Lipid_phosphate_phosphatase
327304|
312791|
323363|GOXWDWKLRQH_6−WransferDVH−OLke_protein
26561|
208390|
331927|
327205|Predicted_hydrolase
79356|GOXWDWKLRQH_6−Wransferase
333189|Copper_transporter
331736|Monocarboxylate_transporter
79332|GOXWDWKLRQH_6−Wransferase
333535|
62112|Cation_transport_ATPase
163177|
331159|Xanthine/uracil_transporters
328974|FOG:_PPR_repeat
332454|
81944|Na+/Pi_symporter
237644|
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Other secreted proteins
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332019|Fasciclin_domain
332568|'−DrDELQRQR−14−ODFWRQH_oxLGDVH
16653|
327572|FHUrLWLQ−OLkH_GRPDLQ
329219|C\WRFKURPH_P450
15075|PUREDbOH_fHrulo\O_HVWHrDVH_A
329777|
327613|SurvivDO_SURWHLQ_6XUE
329508|VDFXRODU_SURWHLQ_VRrWLQJ−DVVRFLDWHG_SURWHLQ_62
6373|
9616|
5231|
7310|
331786|UncharDFWHrizHG_VHFUHWHG_SURWHLQ_A5B_08043
330042|GO\FRV\O_H\GURODVH_Family_88
17804|5
−nXFOHRWLGDVH
291746|T\URVLQDVH_XVW4
26106|'HoxyribonXFOHDVH_1XFA�1XFB
14225|GO\FRV\O_H\GURODVH_Family_88
329485|
158255|
292704|CRPPRQ_FHQWrDO_GRPDLQ_RI_W\URVLQDVH
75654|'Lox\JHQDVH
330946|:6C_GRPDLQ
260268|5LERnXFOHDVH_Trv
61343|PHSWLGH−14−�1−DFHW\O−EHWD−JOXFRVDPLnyl)asparDJLQH_DPLGDVH_A
325877|PURWHLQ_UGV1
23774|
137744|AOJLQDWH_OyDVH
28920|T\URVLQDVH_XVW4
147921|'RPDLQ_RI_XQNQoZQ_IXQFWLRQ_�'8)1996�
23875|C\WRFKURPH_P450_PRQRox\JHQDVH_COX1
325694|
331984|61�P1_1XFOHDVH
327404|
330267|
332929|
326313|C2_domain
327360|PUREDbOH_XURSRrphyrLQRJHQ−,,,_C−PHWhyltransfHrDVH
330942|EJK16−OLkH_YLrXOHQFH_factor
28179|VDFXRODU_SURWHLQ_VRrWLQJ�WDUJHWLQJ_SURWHLQ_10
183842|PKRVSKROLSDVH_'
327261|
19287|
27493|G'6L−OLkH_LLSDVH�AF\Oh\GURODVH
28686|DOSKD�EHWD_h\GURODVH_fold
11943|
28684|DOSKD�EHWD_h\GURODVH_fold
330861|EQGRnXFOHDVH�ExRnXFOHDVH�SKRVSKDWDVH_family
23377|UncharDFWHrizHG_FRQVHrvHG_SURWHLQ_�'8)2183�
284199|DOSKD�EHWD_h\GURODVH_fold
24421|PHSWLG\O−L\V_PHWDOORHQGRSHSWLGDVH
146400|AAA_ATPDVH_GRPDLQ
28181|VDFXRODU_SURWHLQ_VRrWLQJ�WDUJHWLQJ_SURWHLQ_10
25934|G'6L−OLkH_LLSDVH�AF\Oh\GURODVH_family
7496|'yH−GHFRORrL]LQJ_SHUoxLGDVH_ADX'\P1
24089|CRPPRQ_FHQWrDO_GRPDLQ_RI_W\URVLQDVH
21704|
110952|
170271|:6C_GRPDLQ−FRQWDLQLQJ_SURWHLQ_A5B_07867
330120|,QRVLWRO_SKRVSKRFHrDPLGH_PDQQRV\OWransfHrDVH_3
330442|T\URVLQDVH_XVW4
328331|)XQJDO_FHOOXORVH_ELQGLQJ_GRPDLQ
28704|'Lox\JHQDVH
332916|Diox\JHQDVH
327270|Carbonic_anhydrDVH
332915|Diox\JHQDVH
29006|
309739|G'P−IXFRVH_SURWHLQ_2−IXFRV\OWransfHrDVH
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Secreted Proteases
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133737|Neutral_protease_2_homolog_SNOG_10522
9671|Astacin_(Peptidase_family_M12A)
312167|Astacin_(Peptidase_family_M12A)
18182|Proteinase_R
26612|PKHQD]LQH_ELRV\QWKHVLV−OLke_protein
330463|Probable_extracellular_serine_carboxypeptidase
130013|6XEWLODVH−W\SH_SURWHLQDVH_SVS3
29211|Probable_serine_carboxypeptidase_ARB_06414
10123|6XEWLOLVLQ−OLke_serine_protease_pepC
330251|Eukaryotic_aspartyl_protease
297436|Aspartic_protease
20740|Mitochondrial_oxaloacetate_transport_protein
16108|CXWLFOH−GHJrading_protease
21628|CXWLFOH−GHJrading_protease
93800|Extracellular_metalloproteinase_NpI
22002|Minor_extracellular_protease_vpr
177621|Aspartic_protease
73840|Leucine_aminopeptidase_1
253075|PHSWLG\O−Lys_metalloendopeptidase
65702|)Q3−OLke_domain
332377|Peptidase_family_S41
333314|Probable_leucine_aminopeptidase_1
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Secondary metabolites
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106949|Aldehyde_dehydrogenase|CLUSTER3
80958|Squalene_synthetase|CLUSTER5
5231|Nuclear_pore_complex,_Nup98_component|CLUSTER1
65378|H/ACA_small_nucleolar_RNP_component_GAR1|CLUSTER2
13528|3−hydrox\−3−PHWhylglutar\O−CRA_UHGXFWDVH|CL867E51
327964|Serine/threonine_protein_kinase|CLUSTER2
23745|VDFXRODU_H�−ATPase_V1_sector,_subunit_B|CLUSTER4
16310||CLUSTER4
80942|von_Willebrand_factor_and_related_coagulation_proteins|CLUSTER5
29802||CLUSTER5
328599||CLUSTER3
15400|Transcription_regulator_XNP/A75;�_'EA'−Eox_superfamily|CLUSTER2
325319||CLUSTER1
325333||CLUSTER1
13529|Predicted_cell_surface_protein|CLUSTER1 0
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Secreted CAZymes
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332772|AA9
325674|GH55
119217|GH32
328656|GH31
18400|AA3_2
326147|GH128
327649|CE4−CBM50x4
73415|AA5_1
18815|GH3
77965|AA5_1
236138|CE4−CBM50x2
332491|GH3
333991|AA3_2
327240|GH5_9
26567|CBM13
27349|GH30_3
332567|AA1_1
329338|GH28
309370|GH6
249852|CBM1−GH10
327727|AA1_1
290573|AA3_2
209796|GH16
330970|AA1_1
327105|GH10
330203|CBM1−GH5_5
10753|CBM1−GH5_5
30411|GH51
265895|CBM1−PL4_1
60598|AA12
209168|GH13_32−CBM20
16391|GH18−CBM5
99123|GH20
237730|GH115
110734|CBM1−GH10x2
75261|CBM1−GH5_5
73479|CE4
333035|CE4
21476|CE4−CBM50
329827|CBM13
72620|GH3
64595|AA1_1
9822|GH43_5
72599|GH128
136554|GH44
169710|GH51
182000|GH43_5
333843|GH12−CBM1
67328|GH28
17973|GH10
30477|GH44
331136|GH13_32
81781|AA3_2
225648|CBM1−PL1_7
82574|CE4
66885|GH28
27525|CBM1−CE1
80942|CBM1−CE15
9147|GH43_26
9689|CE8
25095|CE4
71316|GH5_7
308915|PL1
29814|GH7−CBM1
23617|GH44
22378|AA9−CBM1
145203|GH16
111216|CBM1−CE15
82633|GH6
8744|GH6
30410|GH51
293800|CBM1−CE1
17986|AA1_1
70880|GH131
21028|GH5_9
19097|AA14
324171|CBM1−CE1
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330850|Uncharacterized_secreted_protein_ARB_07590|Apoplastic effector
200090|Uncharacterized_secreted_protein_ARB_07590|Apoplastic effector
329560||Apoplastic effector
326754|CE16|Apoplastic effector
26863||Cytoplasmic effector
328975||Cytoplasmic effector
329338|GH28|Apoplastic effector
263442||Cytoplasmic effector
278113||Apoplastic effector
332402||Apoplastic effector
326426|WSC_domain|Apoplastic effector
333198||Apoplastic effector
27091|Synuclein|Cytoplasmic effector
20732||Cytoplasmic effector
21792||Cytoplasmic effector
328749|H\GURSKRELQ−1|ASRSODVWLF�HIfector
331217||Cytoplasmic effector
332880|EJK16−OLke_virulence_factor|Apoplastic effector
333542|EJK16−OLke_virulence_factor|Apoplastic effector
293655||Cytoplasmic effector
62080||Apoplastic effector
144618||Apoplastic effector
325319|CE16|Apoplastic effector
27893||Cytoplasmic effector
268024||Apoplastic effector
213839||Apoplastic effector
317358||Apoplastic effector
29814|GH7−CBM1|ASRSODVWLF�HIfector
309505|GH45−CBM1|ASRSODVWLF�HIfector
25958|GH11|Apoplastic effector
12528||Apoplastic effector
31329|GH11|Apoplastic effector
331237||Apoplastic effector
21110||Cytoplasmic effector
308915|PL1|Apoplastic effector
28713||Apoplastic effector
43945||Apoplastic effector
58812||Apoplastic effector
26869||Apoplastic effector
9689|CE8|Apoplastic effector
101699||Apoplastic effector
309621|WSC_domain|Apoplastic effector
331246|EQGR−1�4−EHWD−x\ODQDVH_A|ASRSODVWLF�HIfector
202700||Apoplastic effector
225648|CBM1−PL1_7|ASRSODVWLF�HIfector
231409||Apoplastic effector
330759||Apoplastic effector
23099||Cytoplasmic effector
22926|AA9|Apoplastic effector
331896||Apoplastic effector
299648||Apoplastic effector
325392|Hydrophobic_surface_binding_protein_A|Apoplastic effector
85817|Uncharacterized_secreted_protein_ARB_07590|Apoplastic effector
293649||Cytoplasmic effector
28678||Cytoplasmic effector
30405||Cytoplasmic effector
327853||Cytoplasmic effector
23653||Cytoplasmic effector
162868||Cytoplasmic effector
10923||Apoplastic effector
330428||Apoplastic effector
22378|AA9−CBM1|ASRSODVWLF�HIfector
20819||Cytoplasmic effector
334052||Cytoplasmic effector
61932|Probable_secreted_lipase_ARB_02369|Apoplastic effector
299664||Apoplastic effector
72640|GH11|Apoplastic effector
206751||Cytoplasmic effector
330234|Hsp70_protein|Cytoplasmic effector
200063|Uncharacterized_secreted_protein_ARB_07590|Apoplastic effector
263257||Cytoplasmic effector
333574|CE4|Apoplastic effector
86226|GH134|Apoplastic effector
118705||Apoplastic effector
19749|CBM50x2|ASRSODVWLF�HIfector
234224||Cytoplasmic/apoplastic effector
6697||Apoplastic effector
325699|CBM1|ASRSODVWLF�HIfector
18866||Apoplastic effector
293927||Cytoplasmic effector
66885|GH28|Apoplastic effector
219910||Apoplastic effector
292456||Cytoplasmic effector
67328|GH28|Apoplastic effector
282684||Apoplastic effector
333016||Cytoplasmic effector
287576|ExWracellular_metalloprotease_1|Apoplastic effector
7298||Cytoplasmic effector
328875||Cytoplasmic effector
9788||Cytoplasmic effector
30719||Apoplastic effector
288137|C)EM_GRPDLQ|ASRSODVWLF�HIfector
9297||Apoplastic effector
327010|CROODJHQ−OLke_protein_2|Cytoplasmic effector
326176|MLWRFKRQGrial_import_inner_membrane_translocase_subXQLW_7,M14|C\WRSODVPLF�HIfector
326195|CBM13|ASRSODVWLF�HIfector
67991|AA14|Apoplastic effector
108215||Cytoplasmic effector
326147|GH128|Apoplastic effector
22080|C)EM_GRPDLQ|ASRSODVWLF�HIfector
326311||Cytoplasmic effector
5990||Apoplastic effector
29743||Cytoplasmic effector
26567|CBM13|ASRSODVWLF�HIfector
66163|Pathogenicity_cluster_5_protein_d|Apoplastic effector
328874||Cytoplasmic effector
333017||Cytoplasmic effector
29742||Cytoplasmic effector
331524|C)EM_GRPDLQ|ASRSODVWLF�HIfector
110404||Cytoplasmic effector
211473||Cytoplasmic effector
327012||Cytoplasmic effector
328562||Apoplastic effector
329827|CBM13|ASRSODVWLF�HIfector
19907|ApolipophorLQ−,,,_SUHFXUVRU_�DSRLS−,,,�|C\WRSODVPLF�HIfector
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29224|
18942|Predicted_transporter_(major_facilitator_superfamily)
327445|Sexual_differentiation_process_protein_ISP4
327540|H+/oligopeptide_symporter
14736|Molecular_chaperones_HSP70/HSC70,_HSP70_superfamily
31236|C−W\SH_OHFWLQ
10334|Splicing_coactivator_SRm160/300
327875|
76867|Glycosyltransferase
18364|Glyceraldeh\GH_3−SKRVSKDWH_GHhydrogenase
326567|
113508|Phosphoadenosine_phosphosulfate_reductase
177502|Uridine_permease/thiamine_transporter/allantoin_transport
52856|
60879|
325909|
325912|
17494|
330675|Synaptic_vesicle_transporter_SVOP_(major_facilitator_superfamily)
329815|
289609|
256643|
22142|
7766|
329822|Splicing_coactivator_SRm160/300,_subunit_SRm300
6604|GOXWDWKLRQH_6−Wransferase
331704|Chitinase
5348|
330817|Lipid_phosphate_phosphatase
327304|
312791|
323363|GOXWDWKLRQH_6−WransferDVH−OLke_protein
26561|
208390|
331927|
327205|Predicted_hydrolase
79356|GOXWDWKLRQH_6−Wransferase
333189|Copper_transporter
331736|Monocarboxylate_transporter
79332|GOXWDWKLRQH_6−Wransferase
333535|
62112|Cation_transport_ATPase
163177|
331159|Xanthine/uracil_transporters
328974|FOG:_PPR_repeat
332454|
81944|Na+/Pi_symporter
237644|
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Other secreted proteins
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332019|Fasciclin_domain
332568|'−DrDELQRQR−14−ODFWRQH_oxLGDVH
16653|
327572|FHUrLWLQ−OLkH_GRPDLQ
329219|C\WRFKURPH_P450
15075|PUREDbOH_fHrulo\O_HVWHrDVH_A
329777|
327613|SurvivDO_SURWHLQ_6XUE
329508|VDFXRODU_SURWHLQ_VRrWLQJ−DVVRFLDWHG_SURWHLQ_62
6373|
9616|
5231|
7310|
331786|UncharDFWHrizHG_VHFUHWHG_SURWHLQ_A5B_08043
330042|GO\FRV\O_H\GURODVH_Family_88
17804|5
−nXFOHRWLGDVH
291746|T\URVLQDVH_XVW4
26106|'HoxyribonXFOHDVH_1XFA�1XFB
14225|GO\FRV\O_H\GURODVH_Family_88
329485|
158255|
292704|CRPPRQ_FHQWrDO_GRPDLQ_RI_W\URVLQDVH
75654|'Lox\JHQDVH
330946|:6C_GRPDLQ
260268|5LERnXFOHDVH_Trv
61343|PHSWLGH−14−�1−DFHW\O−EHWD−JOXFRVDPLnyl)asparDJLQH_DPLGDVH_A
325877|PURWHLQ_UGV1
23774|
137744|AOJLQDWH_OyDVH
28920|T\URVLQDVH_XVW4
147921|'RPDLQ_RI_XQNQoZQ_IXQFWLRQ_�'8)1996�
23875|C\WRFKURPH_P450_PRQRox\JHQDVH_COX1
325694|
331984|61�P1_1XFOHDVH
327404|
330267|
332929|
326313|C2_domain
327360|PUREDbOH_XURSRrphyrLQRJHQ−,,,_C−PHWhyltransfHrDVH
330942|EJK16−OLkH_YLrXOHQFH_factor
28179|VDFXRODU_SURWHLQ_VRrWLQJ�WDUJHWLQJ_SURWHLQ_10
183842|PKRVSKROLSDVH_'
327261|
19287|
27493|G'6L−OLkH_LLSDVH�AF\Oh\GURODVH
28686|DOSKD�EHWD_h\GURODVH_fold
11943|
28684|DOSKD�EHWD_h\GURODVH_fold
330861|EQGRnXFOHDVH�ExRnXFOHDVH�SKRVSKDWDVH_family
23377|UncharDFWHrizHG_FRQVHrvHG_SURWHLQ_�'8)2183�
284199|DOSKD�EHWD_h\GURODVH_fold
24421|PHSWLG\O−L\V_PHWDOORHQGRSHSWLGDVH
146400|AAA_ATPDVH_GRPDLQ
28181|VDFXRODU_SURWHLQ_VRrWLQJ�WDUJHWLQJ_SURWHLQ_10
25934|G'6L−OLkH_LLSDVH�AF\Oh\GURODVH_family
7496|'yH−GHFRORrL]LQJ_SHUoxLGDVH_ADX'\P1
24089|CRPPRQ_FHQWrDO_GRPDLQ_RI_W\URVLQDVH
21704|
110952|
170271|:6C_GRPDLQ−FRQWDLQLQJ_SURWHLQ_A5B_07867
330120|,QRVLWRO_SKRVSKRFHrDPLGH_PDQQRV\OWransfHrDVH_3
330442|T\URVLQDVH_XVW4
328331|)XQJDO_FHOOXORVH_ELQGLQJ_GRPDLQ
28704|'Lox\JHQDVH
332916|Diox\JHQDVH
327270|Carbonic_anhydrDVH
332915|Diox\JHQDVH
29006|
309739|G'P−IXFRVH_SURWHLQ_2−IXFRV\OWransfHrDVH
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Secreted Proteases
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133737|Neutral_protease_2_homolog_SNOG_10522
9671|Astacin_(Peptidase_family_M12A)
312167|Astacin_(Peptidase_family_M12A)
18182|Proteinase_R
26612|PKHQD]LQH_ELRV\QWKHVLV−OLke_protein
330463|Probable_extracellular_serine_carboxypeptidase
130013|6XEWLODVH−W\SH_SURWHLQDVH_SVS3
29211|Probable_serine_carboxypeptidase_ARB_06414
10123|6XEWLOLVLQ−OLke_serine_protease_pepC
330251|Eukaryotic_aspartyl_protease
297436|Aspartic_protease
20740|Mitochondrial_oxaloacetate_transport_protein
16108|CXWLFOH−GHJrading_protease
21628|CXWLFOH−GHJrading_protease
93800|Extracellular_metalloproteinase_NpI
22002|Minor_extracellular_protease_vpr
177621|Aspartic_protease
73840|Leucine_aminopeptidase_1
253075|PHSWLG\O−Lys_metalloendopeptidase
65702|)Q3−OLke_domain
332377|Peptidase_family_S41
333314|Probable_leucine_aminopeptidase_1
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Secondary metabolites
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106949|Aldehyde_dehydrogenase|CLUSTER3
80958|Squalene_synthetase|CLUSTER5
5231|Nuclear_pore_complex,_Nup98_component|CLUSTER1
65378|H/ACA_small_nucleolar_RNP_component_GAR1|CLUSTER2
13528|3−hydrox\−3−PHWhylglutar\O−CRA_UHGXFWDVH|CL867E51
327964|Serine/threonine_protein_kinase|CLUSTER2
23745|VDFXRODU_H�−ATPase_V1_sector,_subunit_B|CLUSTER4
16310||CLUSTER4
80942|von_Willebrand_factor_and_related_coagulation_proteins|CLUSTER5
29802||CLUSTER5
328599||CLUSTER3
15400|Transcription_regulator_XNP/A75;�_'EA'−Eox_superfamily|CLUSTER2
325319||CLUSTER1
325333||CLUSTER1
13529|Predicted_cell_surface_protein|CLUSTER1 0
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Secreted CAZymes
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332772|AA9
325674|GH55
119217|GH32
328656|GH31
18400|AA3_2
326147|GH128
327649|CE4−CBM50x4
73415|AA5_1
18815|GH3
77965|AA5_1
236138|CE4−CBM50x2
332491|GH3
333991|AA3_2
327240|GH5_9
26567|CBM13
27349|GH30_3
332567|AA1_1
329338|GH28
309370|GH6
249852|CBM1−GH10
327727|AA1_1
290573|AA3_2
209796|GH16
330970|AA1_1
327105|GH10
330203|CBM1−GH5_5
10753|CBM1−GH5_5
30411|GH51
265895|CBM1−PL4_1
60598|AA12
209168|GH13_32−CBM20
16391|GH18−CBM5
99123|GH20
237730|GH115
110734|CBM1−GH10x2
75261|CBM1−GH5_5
73479|CE4
333035|CE4
21476|CE4−CBM50
329827|CBM13
72620|GH3
64595|AA1_1
9822|GH43_5
72599|GH128
136554|GH44
169710|GH51
182000|GH43_5
333843|GH12−CBM1
67328|GH28
17973|GH10
30477|GH44
331136|GH13_32
81781|AA3_2
225648|CBM1−PL1_7
82574|CE4
66885|GH28
27525|CBM1−CE1
80942|CBM1−CE15
9147|GH43_26
9689|CE8
25095|CE4
71316|GH5_7
308915|PL1
29814|GH7−CBM1
23617|GH44
22378|AA9−CBM1
145203|GH16
111216|CBM1−CE15
82633|GH6
8744|GH6
30410|GH51
293800|CBM1−CE1
17986|AA1_1
70880|GH131
21028|GH5_9
19097|AA14
324171|CBM1−CE1
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Effectors
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330850|Uncharacterized_secreted_protein_ARB_07590|Apoplastic effector
200090|Uncharacterized_secreted_protein_ARB_07590|Apoplastic effector
329560||Apoplastic effector
326754|CE16|Apoplastic effector
26863||Cytoplasmic effector
328975||Cytoplasmic effector
329338|GH28|Apoplastic effector
263442||Cytoplasmic effector
278113||Apoplastic effector
332402||Apoplastic effector
326426|WSC_domain|Apoplastic effector
333198||Apoplastic effector
27091|Synuclein|Cytoplasmic effector
20732||Cytoplasmic effector
21792||Cytoplasmic effector
328749|H\GURSKRELQ−1|ASRSODVWLF�HIfector
331217||Cytoplasmic effector
332880|EJK16−OLke_virulence_factor|Apoplastic effector
333542|EJK16−OLke_virulence_factor|Apoplastic effector
293655||Cytoplasmic effector
62080||Apoplastic effector
144618||Apoplastic effector
325319|CE16|Apoplastic effector
27893||Cytoplasmic effector
268024||Apoplastic effector
213839||Apoplastic effector
317358||Apoplastic effector
29814|GH7−CBM1|ASRSODVWLF�HIfector
309505|GH45−CBM1|ASRSODVWLF�HIfector
25958|GH11|Apoplastic effector
12528||Apoplastic effector
31329|GH11|Apoplastic effector
331237||Apoplastic effector
21110||Cytoplasmic effector
308915|PL1|Apoplastic effector
28713||Apoplastic effector
43945||Apoplastic effector
58812||Apoplastic effector
26869||Apoplastic effector
9689|CE8|Apoplastic effector
101699||Apoplastic effector
309621|WSC_domain|Apoplastic effector
331246|EQGR−1�4−EHWD−x\ODQDVH_A|ASRSODVWLF�HIfector
202700||Apoplastic effector
225648|CBM1−PL1_7|ASRSODVWLF�HIfector
231409||Apoplastic effector
330759||Apoplastic effector
23099||Cytoplasmic effector
22926|AA9|Apoplastic effector
331896||Apoplastic effector
299648||Apoplastic effector
325392|Hydrophobic_surface_binding_protein_A|Apoplastic effector
85817|Uncharacterized_secreted_protein_ARB_07590|Apoplastic effector
293649||Cytoplasmic effector
28678||Cytoplasmic effector
30405||Cytoplasmic effector
327853||Cytoplasmic effector
23653||Cytoplasmic effector
162868||Cytoplasmic effector
10923||Apoplastic effector
330428||Apoplastic effector
22378|AA9−CBM1|ASRSODVWLF�HIfector
20819||Cytoplasmic effector
334052||Cytoplasmic effector
61932|Probable_secreted_lipase_ARB_02369|Apoplastic effector
299664||Apoplastic effector
72640|GH11|Apoplastic effector
206751||Cytoplasmic effector
330234|Hsp70_protein|Cytoplasmic effector
200063|Uncharacterized_secreted_protein_ARB_07590|Apoplastic effector
263257||Cytoplasmic effector
333574|CE4|Apoplastic effector
86226|GH134|Apoplastic effector
118705||Apoplastic effector
19749|CBM50x2|ASRSODVWLF�HIfector
234224||Cytoplasmic/apoplastic effector
6697||Apoplastic effector
325699|CBM1|ASRSODVWLF�HIfector
18866||Apoplastic effector
293927||Cytoplasmic effector
66885|GH28|Apoplastic effector
219910||Apoplastic effector
292456||Cytoplasmic effector
67328|GH28|Apoplastic effector
282684||Apoplastic effector
333016||Cytoplasmic effector
287576|ExWracellular_metalloprotease_1|Apoplastic effector
7298||Cytoplasmic effector
328875||Cytoplasmic effector
9788||Cytoplasmic effector
30719||Apoplastic effector
288137|C)EM_GRPDLQ|ASRSODVWLF�HIfector
9297||Apoplastic effector
327010|CROODJHQ−OLke_protein_2|Cytoplasmic effector
326176|MLWRFKRQGrial_import_inner_membrane_translocase_subXQLW_7,M14|C\WRSODVPLF�HIfector
326195|CBM13|ASRSODVWLF�HIfector
67991|AA14|Apoplastic effector
108215||Cytoplasmic effector
326147|GH128|Apoplastic effector
22080|C)EM_GRPDLQ|ASRSODVWLF�HIfector
326311||Cytoplasmic effector
5990||Apoplastic effector
29743||Cytoplasmic effector
26567|CBM13|ASRSODVWLF�HIfector
66163|Pathogenicity_cluster_5_protein_d|Apoplastic effector
328874||Cytoplasmic effector
333017||Cytoplasmic effector
29742||Cytoplasmic effector
331524|C)EM_GRPDLQ|ASRSODVWLF�HIfector
110404||Cytoplasmic effector
211473||Cytoplasmic effector
327012||Cytoplasmic effector
328562||Apoplastic effector
329827|CBM13|ASRSODVWLF�HIfector
19907|ApolipophorLQ−,,,_SUHFXUVRU_�DSRLS−,,,�|C\WRSODVPLF�HIfector
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Intracellular proteins 

Sv_1
d
Sv_3

d
Sv_6

d

Sv_1
0d

HvS
v_1

d

HvS
v_3

d

HvS
v_6

d

HvS
v_1

0d

BdS
v_1

d

BdS
v_3

d

BdS
v_6

d

BdS
v_1

0d

AtSv_1
d

AtSv_6
d

AtSv_1
0d

SvB
s_1

d

SvB
s_3

d

SvB
s_6

d

SvB
s_1

0d

SvB
act

_1
d

SvB
act

_3
d

SvB
act

_6
d

SvB
act

_1
0d

29224|
18942|Predicted_transporter_(major_facilitator_superfamily)
327445|Sexual_differentiation_process_protein_ISP4
327540|H+/oligopeptide_symporter
14736|Molecular_chaperones_HSP70/HSC70,_HSP70_superfamily
31236|C−W\SH_OHFWLQ
10334|Splicing_coactivator_SRm160/300
327875|
76867|Glycosyltransferase
18364|Glyceraldeh\GH_3−SKRVSKDWH_GHhydrogenase
326567|
113508|Phosphoadenosine_phosphosulfate_reductase
177502|Uridine_permease/thiamine_transporter/allantoin_transport
52856|
60879|
325909|
325912|
17494|
330675|Synaptic_vesicle_transporter_SVOP_(major_facilitator_superfamily)
329815|
289609|
256643|
22142|
7766|
329822|Splicing_coactivator_SRm160/300,_subunit_SRm300
6604|GOXWDWKLRQH_6−Wransferase
331704|Chitinase
5348|
330817|Lipid_phosphate_phosphatase
327304|
312791|
323363|GOXWDWKLRQH_6−WransferDVH−OLke_protein
26561|
208390|
331927|
327205|Predicted_hydrolase
79356|GOXWDWKLRQH_6−Wransferase
333189|Copper_transporter
331736|Monocarboxylate_transporter
79332|GOXWDWKLRQH_6−Wransferase
333535|
62112|Cation_transport_ATPase
163177|
331159|Xanthine/uracil_transporters
328974|FOG:_PPR_repeat
332454|
81944|Na+/Pi_symporter
237644|
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Other secreted proteins
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332019|Fasciclin_domain
332568|'−DrDELQRQR−14−ODFWRQH_oxLGDVH
16653|
327572|FHUrLWLQ−OLkH_GRPDLQ
329219|C\WRFKURPH_P450
15075|PUREDbOH_fHrulo\O_HVWHrDVH_A
329777|
327613|SurvivDO_SURWHLQ_6XUE
329508|VDFXRODU_SURWHLQ_VRrWLQJ−DVVRFLDWHG_SURWHLQ_62
6373|
9616|
5231|
7310|
331786|UncharDFWHrizHG_VHFUHWHG_SURWHLQ_A5B_08043
330042|GO\FRV\O_H\GURODVH_Family_88
17804|5
−nXFOHRWLGDVH
291746|T\URVLQDVH_XVW4
26106|'HoxyribonXFOHDVH_1XFA�1XFB
14225|GO\FRV\O_H\GURODVH_Family_88
329485|
158255|
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identified "oxidoreductase activity," "membrane," "transport," and "transporter activity" 

as common processes involved in host adaptation and mycoparasitism (Fig. 3a, Table 

S3). Further, the shared DEGs included genes involved in carbohydrate metabolism 

and a secreted Egh16-like virulence factor (Sebve1_330942, hereafter SvEgh16like) 

(Fig. 2+3b). Homologs of this Egh16like virulence factor are associated with cell wall 

remodeling and appressoria-mediated host penetration in plant-, insect-, and animal 

colonizing fungi (Cao, 2012; Grell et al., 2003; Herrera-Estrella et al., 2016; Huang et 

al., 2019; Shang et al., 2021; Xue et al., 2002), suggesting a role for SvEgh16like 

during penetration of plant roots and Bs hyphae.  

In addition to these general responses and in agreement with previous findings, 

several effectors and CAZymes were up-regulated explicitly in the confrontation 

between endophyte and pathogen. Among them, glycoside hydrolases were the most 

frequently induced CAZymes during interaction with Bs (Sarkar et al., 2019) (Fig. 2, 3b 

and S4, Table S1+2). The highest, uniquely upregulated gene in response to Bs is 

Sebve1_16391, which encodes a glycosyl hydrolase (GH) family 18 chitinase with a 

CBM5/ChtBD3 binding domain (hereafter SvCHIT-CBM5). The hydrolytic GH18 

domain of SvCHIT-CBM5 is homologous to the Trichoderma ech42, which functions in 

mycoparasitism (Carsolio et al., 1994; Woo et al., 1999). The intensity and specificity 

of SvCHIT-CBM5 expression in response to Bs confirm our previous findings (Sarkar 

et al., 2019) and suggests an important function of this gene during fungal 

confrontation, prompting us to select SvCHIT-CBM5 for further characterization. 
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Figure 3: Sv GO term enrichment and CAZyme count upon different interactions. A) GO-term 

enrichment of Serendipita vermifera (Sv) genes that were either uniquely upregulated during bipartite 

interaction with bacteria, Bs, and different plant hosts or upregulated genes across different bipartite 

interactions. Bact: bacterial SynCom; Bs: Bipolaris sorokiniana; Hv: Hordeum vulgare; Bd: 

Brachypodium distachyon; At: Arabidopsis thaliana. Plant spec: all three plant hosts. The figure shows 

the top 10 most significantly enriched GO terms of the categories cellular component, molecular 

function, and biological process (from left to right as indicated by the black line) for each group of genes. 
The size of the dots indicated the number of genes that feature a specific GO term annotation (Table 

S3). B) SvDEG count (>2 log2 FC) in bipartite interactions with an annotated CAZyme domain Bact: 

bacterial SynCom; Bs: Bipolaris sorokiniana; Hv: Hordeum vulgare; Bd: Brachypodium distachyon; At: 

Arabidopsis thaliana. 

GH18-CBM5 chitinases are specific to Basidiomycota.  

Fungi of all divisions contain a large repertoire of GH18 chitinase genes with diverse 

functions in development, nutrient acquisition, and biotic interactions (Chen et al., 

2020; Ihrmark et al., 2010). Previously, their biological functions, domain architectures, 

and hydrolytic properties were thought to correlate with phylogenetic classifications 

(Chen et al., 2020; Seidl, 2008; Seidl et al., 2005). However, recent genome 
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comparisons refute the assumption that the presence of CBMs is associated with 

specific clades (Goughenour et al., 2021; Junges et al., 2014; Karlsson et al., 2016). 

Indeed, due to their patchy distribution across kingdoms, GH and CBMs are often 

associated with accelerated rates of gains and losses and horizontal gene transfer 

(HGT) (Chang and Stergiopoulos, 2015; Chase et al., 2020; Chen et al., 2020; Mayer 

et al., 2011; Nikolaidis et al., 2014; Sun et al., 2022). Therefore, we analyzed the 

distribution of genes encoding GH18-CBM5 domain-containing proteins across the 

fungal kingdom by performing genome comparison with 125 fungal species covering 

three divisions (Ascomycota, Mucoromycota, and Basidiomycota) and different 

lifestyles. Genes encoding GH18- and CBM-containing proteins were consistently 

present in all species studied (Fig. 4). However, CBM5 domains were more abundant 

in Basidiomycota than in Ascomycota (Zhao et al., 2013) (Fig. 4). Strikingly, genes 

encoding GH18-conjugated CBM5 proteins were exclusively found in Basidiomycota 

fungi (Fig. 4). Furthermore, within the Basidiomycota studied, genes encoding GH18-

CBM5 proteins were found in more than 90% of strains (Fig. 4), indicating that GH18-

CBM5 chitinases are a common feature of Basidiomycota across all lifestyles. As with 

other chitinases, the copy number of GH18-CBM5 varies between species (Fig. 4), 

suggesting a function in niche competition rather than primary metabolism (Wapinski 

et al., 2007). Indeed, members of the order Boletales, which have up to 8 GH18-CBM5 

chitinases, exhibit not only inter- but also intra-specific competition (Hoffman et al., 

2020).  
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Figure 4: Overview of the different GH18-conjugated CBMs in 135 fungi across three phyla. The 

bubbles contain the number of genes encoding a GH18-conjugated CBM. Taxa are color-coded 

according to their mode of life (see bottom panel). Serendipita vermifera and Serendipita indica are 

colored in yellow The evolutionary order of fungi was taken from the mycocosm Ascomycota, 

Mucoromycota (left), and Basidiomycota (right). GH18-CBM5 is not present in Ascomycota and 

Mucoromycota. Both GH18-CBM5 columns are marked with a yellow dot (Table S4). 

S. vermifera and S. indica GH18-CBM5 chitinases feature a similar 
structure and expression pattern and inhibit Bs spore germination upon 
exogenous application 

Sv and Si contain only one gene encoding a GH18-CBM5 chitinase (Fig. 4) prompting 

us to compare the two chitinases. SiCHIT-CBM5 and SvCHIT-CBM5 have a full-length 

amino acid sequence similarity of 78% and an even higher sequence similarity of 

85.4% and 86.7% for the individual GH18 and CBM5 domains, respectively (Fig. 5 A). 

Like SvCHIT-CBM5, SiCHIT-CBM5 expression was induced in the presence of Bs but 

not in the presence of the plant hosts or bacterial SynCom (Fig. 5 B). Given the high 



Chapter 3: Mahdi et al., in prep 

 62 

structural and regulatory similarities of both chitinases, we tested the ability of Si to 

mediate host protection against Bs in the different hosts barley and Arabidopsis. 

Indeed, co-inoculation with Si and Bs in barley and Arabidopsis reduced Bs 

colonization and disease symptoms caused by Bs (Fig. 5C-E), resembling the 

protective properties of Sv (Mahdi et al., 2022; Sarkar et al., 2019). The results suggest 

that both Sv and Si exert Bs antagonism and host protection, and that fungal 

antagonism involves their respective GH18-CBM5 chitinases.  

To determine the potential antifungal activity of these proteins, we expressed SvCHIT-

CBM5 and SiCHIT-CBM5 in E. coli. We confirmed chitinase activity of the crude 

extracts using chitin azure (Fig. 5F). Application of the crude protein extracts containing 

the Sebacinales Chitinases but not the empty vector control (Ev) inhibited Bs spore 

germination (Fig. 5G) adding further evidence for a function of SvCHIT-CBM5 and 

SiCHIT-CBM5 during direct antagonism. 
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Figure 5: Domain architecture and expression comparison of SvCHIT-CBM5 and SiCHIT-CBM5, 
Si protective abilities against Bs and chitinase associated inhibition of Bs spore germination A) 

Scheme showing the domain architecture of SvCHIT-CBM5 and SiCHIT-CBM5. The percentages show 

the amino acid sequence similarity of each domain and the whole protein, respectively. Sequence 

alignment was performed using the Expasy Alignment Tool for protein sequences. (B) Interaction 

partner-specific expression patterns of SvCHIT-CBM5 and SiCHIT-CBM5 at four time points (1-, 3-, 6-, 

and 10-days post inoculation (dpi)). Log2 differential expression is indicated according to the color 

scheme on the right. C) Si and Bs colonization in barley roots. Fungal colonization was derived from 
expression analysis of the fungal housekeeping gene TEF compared to the barley ubiquitin gene (UBI) 
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(n = 4). (D) Relative electrical conductance and (E) relative photosynthetic area from 1 to 7 days after 

transfer (dpt), corresponding to 7-14 dpi, normalized to the control treatment without fungus (mock) (n 

= 4). F) chitinase activity of 5mg/mL crude protein extracts from empty vector, SvCHIT-CBM5 or SiCHIT-

CBM5 was measured via chitin azure assay after overnight incubation. Heat-inactivated extracts were 

used as a negative control. Chitin azure degradation leads to the release of Remazol Brilliant Violet 5R, 

which is measured at 560 nm. G) Bs spore germination rate after application of crude protein extracts. 
Percentage of germinated spores (dark colors) and non-germinated spores (light grey) at 3 hpi (n = 3 

with 200-400 spores each); Ev: empty vector control E. coli protein extract, Sv: Serendipita vermifera, 

Si: Serendipita indica, Heat: heat inactivated controls. Different letters represent significant differences 

according to one-way ANOVA and Tukey's post hoc test (p < 0.05). Statistical differences in D) and E) 

refer to the last time point (7dpi). 

Discussion 

Previous studies have demonstrated the importance of interaction-specific fungal gene 

expression for the outcome of multispecies interactions as well as for the colonization 

success of fungal generalists (Baetsen-Young et al., 2020; Kusch et al., 2022; 

Lahrmann et al., 2013; Mahdi et al., 2022; Sarkar et al., 2019; Xia et al., 2001). 

Conversely, multiple genes appear to be involved in several biotic interactions 

(Guzmán-Guzmán et al., 2017; Mahdi et al., 2022; Romero-Contreras et al., 2019; 

Sarkar et al., 2019). Still, little is known about the differences and similarities in fungal 

gene expression upon interaction with different plant hosts or microbes. The generated 

data set allowed us to compare interaction partner-specific transcriptomes of the 

Sebacinales fungus Serendipita vermifera across different kingdoms. We also 

accounted for potential temporal differences within the tested interactions by 

examining four time points. The resulting data provide comprehensive insights into the 

transcriptional regulation of Sv across different biotic interactions. 

Sv requires greater transcriptional reprogramming to successfully colonize a plant host 

than to interact with surrounding microbes (Fig.1). In doing so, Sv largely adapts its 

transcriptomic response to the host species and colonization stage. Such host-specific 

transcriptional responses have been previously observed in other fungi with broad host 

ranges, indicating high adaptive abilities as a prerequisite for fungal generalism (Kusch 

et al., 2022; Morán-Diez et al., 2015). On the contrary, a core set of genes was 

classified as general determinants of host colonization. General determinants were 

found across all time points. They maintain putative functions during initial host 

colonization, fungal nutrition, and host cell death initiation. The upregulation of E5’NT 

facilitates colonization via the modulation of eATP levels in the closely related fungus 
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S. indica (Nizam et al., 2019) indicating a Sv mediated evasion or suppression of plant 

immunity to facilitate colonization. Consequently, Sv colonization does not result in a 

strong host immune response but rather a moderate induction of marker gene 

expression and diterpenoid secretion (Liu et al., 2021; Mahdi et al., 2022; Sarkar et al., 

2019). Moreover, colonization of all plant hosts was associated with an upregulation of 

secreted fungal proteases (Fig. 2). Fungal proteases often target host defense proteins 

such as plant chitinases in plant-pathogen and plant-endophyte interactions (Balestrini 

et al., 2014; Jashni et al., 2015b, 2015a; Naumann et al., 2011; Olivieri et al., 2002; 

Tang et al., 2021; Valadares et al., 2021). In the closely related fungus S. indica, the 

secretion of extracellular proteases and metalloproteases was previously suggested to 

play a role in the degradation of plant tissues for nitrogen assimilation, thus providing 

an alternative nutritional strategy in the transition from biotrophy to the cell death-

associated phase (Lahrmann and Zuccaro, 2012; Zuccaro et al., 2014, 2011). 

Similarly, the expression patterns of SvE5'NT and SvNucA resemble the expression of 

their homologs in S. indica during root colonization, where they are associated with the 

initiation of host cell death (Dunken et al., 2022) (Fig. 2). 

 

In addition to direct interactions with the plant host, fungal-bacterial interactions shape 

the microbiome and, thus plant health (Hassani et al., 2018; Snelders et al., 2022; 

Vannini et al., 2016). In this context, reciprocal recognition and interaction between 

fungi and bacteria are associated with secreted compounds such as organic acids, 

sugars, toxins, and quorum-sensing molecules or direct receptor recognition (Deveau 

et al., 2018a; Khalid and Keller, 2021). However, research often focuses on 

antagonistic interactions, whereas less is known about commensal or beneficial fungal-

bacterial interactions (Khalid and Keller, 2021; Salvioli et al., 2016). Here, we analyzed 

the interaction between Sv and core bacterial members of a healthy microbiota of 

Arabidopsis thaliana, a plant host commonly associated with Sebacinales in nature 

(Mahdi et al., 2022). When co-cultured, these bacteria are closely associated with Sv, 

especially within the fungal glucan matrix, and mediate synergistic beneficial effects 

on different host plants (Mahdi et al., 2022). Nevertheless, only a limited number of 

genes are involved in the interaction between fungi and bacteria (Fig. 1). Indeed, fungal 

responses to the presence of beneficial, neutral, or pathogenic bacteria are not 

necessarily associated with large transcriptional changes (Deveau et al., 2015; Mela 

et al., 2011; Satterlee et al., 2022). Acclimatization to the presence of bacteria can 
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result in an adaptive quenching of the fungal transcriptional response within hours after 

the initial interaction (Satterlee et al., 2022). Furthermore, Sebacinales, including Sv, 

harbor endobacteria (Glaeser et al., 2017). Such associations are often associated 

with alterations in fungal growth, signal transduction, and metabolism (Deveau et al., 

2018a; Robinson et al., 2021; Salvioli et al., 2016). Accordingly, genes associated with 

the maintenance of endobacterial symbiosis may overlap with genes required for 

interaction with surrounding bacteria. The identified SynCom responsive Sv genes 

across the tested time points serve as a starting point for future genetic approaches to 

decipher the mechanisms underlying Sv-bacterial interactions in confrontation and 

within the plant microbiota. 

 

The regulation of Sv effectors and CAZymes in the presence of Bs is reminiscent of 

their antagonistic interaction (Mahdi et al., 2022; Sarkar et al., 2019) (Fig. 2). Among 

all DEGs, SvCHIT-CBM5 was the most strongly and uniquely regulated gene during 

the confrontation with Bs (Fig. 2; Table SX). This interaction-specific gene regulation 

is consistent with previous results (Sarkar et al., 2019) and highlights both the reliability 

of the generated data set and the relevance of SvCHIT-CBM5 during fungal-fungal 

interactions. While the role of fungal chitinases during mycoparasitism has been 

extensively studied in ascomycetes, little is known about their function in 

basidiomycetes (Chen et al., 2020; Karlsson et al., 2016; Langner and Göhre, 2016) 

and no functional characterization of a basidiomycete chitinase during fungal 

antagonism has been described to date. In this regard, the frequent and exclusive 

occurrence of GH18-CBM5 chitinases in Basidiomycota increases the relevance of 

elucidating their function and evolution. Therefore, we compared SvCHIT-CBM5 and 

SiCHIT-CBM5. We found similarities in the structure and regulation of both homologs 

and determined Sv-like host protective abilities of Si (Fig. 4). Importantly, exogenously 

applied SvCHIT-CBM5 and SiCHIT-CBM5 inhibited the germination of Bs spores (Fig. 

5), suggesting a direct antagonistic function.  

Phylogenetically, GH18-CBM5 chitinases are distributed in the clades A (A-V) and B 

(B-III, B-V) that diverged prior to the separation between ascomycetes and 

basidiomycetes (Goughenour et al., 2021), suggesting at least two independent 

evolutions of this domain combination. A-V chitinases include SvCHIT and SiCHIT, as 

well as ech42 from the ascomycete Trichoderma, which is active in mycoparasitism 

(Carsolio et al., 1994; Hermosa et al., 2012). Unlike SvCHIT and SiCHIT, Tech42 lacks 
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a chitin-binding domain, suggesting that the presence of a CBM5 domain is not 

essential for the antifungal activity of SvCHIT or SiCHIT. However, the fusion of 

different chitin-binding domains to Tech42 increased its chitinase activity and 

enhanced antagonism against fungal pathogens such as V. dahliae, R. solani, and 

several Fusarium species (Ataei et al., 2016; Kowsari et al., 2016; Limón et al., 2001). 

Trichoderma harzianum overexpressing Tech42 fused with the CBM5 domain of 

Rhizophus oligosporus achieved the strongest inhibitory effect against Fusarium 

graminearum among the eight different CBMs tested and the non-chimeric control 

(Kowsari et al., 2016). Similarly, CBMs are relevant for the efficiency of GH18 

chitinases in chitinolytic bacteria, as chitinases lacking a CBM domain lose their ability 

to efficiently bind and hydrolyze insoluble chitin substrates (Chuang et al., 2008; 

Chuang and Lin, 2007; Neeraja et al., 2010; Uni et al., 2012; Watanabe et al., 1994). 

This suggests a functional importance of the CBM5 domain of SvCHIT-CBM5 and 

SiCHIT-CBM5. In the future, knockout and complementation experiments will clarify 

the function of both Sebacinales chitinases and their independent domains during 

fungal antagonism. The establishment of gnotobiotic bipartite, tripartite, and 

multipartite experimental setups (Mahdi et al., 2022; Sarkar et al., 2019) and the ability 

to genetically modify Sebacinales fungi (Dunken et al., 2022; Lahrmann et al., 2015) 

are excellent prerequisites for future characterization of Sebacinales chitinases and 

other relevant Sv regulatory genes in various biotic interactions. 

 

In this study, we report for the first time similarities and differences in the transcriptomic 

response of a beneficial fungal generalist to interaction partners across three 

kingdoms. We define determinants of host colonization and verify SvCHIT-CBM5 as a 

marker gene for fungal antagonism against Bs. Bs-specific expression patterns and 

inhibitory properties of SvCHIT-CBM5 and SiCHIT-CBM5 suggest common host 

protection mechanisms in different Sebacinales species. Most importantly, the 

generalist nature of Sv is associated with a highly interaction partner-specific 

modulation of fungal gene expression. In the future, DAP-seq analyses will help 

determine the transcription factors that control these highly specific transcriptional 

responses. 
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Supplementary information  
The online version contains supplementary material available at:  

https://www.biorxiv.org/content/10.1101/2021.05.21.445084v1.supplementary-

material 

 
 
Additional Figure 1: Effect of barley diterpene 316 application on different fungi. The heterologous expression 

of barley KSL4 (HORVU2Hr1G004540), CPS2 (HORVU2HR1G004620), CYP89E31 (HORVU2Hr1G004550), 

CYP99A66 (HORVU2Hr1G004480) and CYP99A67 (HORVU2Hr1G004530) led to the production of a diterpene 
with the molecular weight of 316 Da. This diterpene is the major secreted barley diterpene upon Bs colonization. 

The diterpene was purified from yeast (kindly provided by the Group of Alain Tissier) and applied to different fungi 

to investigate potential effects on fungal spore germination and tube elongation A) Percentage of germinated (blue) 
and not germinated (grey) spores of Bipolaris sorokiniana (Bs, 3 hpi), Verticilium dahlia (Vd, 9 hpi), Fusarium 

culmorum (Fc, 9 hpi) and Serendipita indica (Si, 12 hpi) after application of 1% DMSO as a control (dark blue) or 

1% DMSO + 500 uM of the barley diterpene 316 (turquoise). The incubation time depended on the speed of fungal 
spore germination. B) Tube elongation/hyphal length of Bipolaris sorokiniana (Bs, 3 hpi), Verticilium dahlia (Vd, 9 

hpi), Fusarium culmorum (Fc, 9 hpi), Serendipita indica (Si, 12 hpi) or Serendipita vermifera (Sv, 12 hpi) after 

application of 1% DMSO as a control (dark blue) or 1% DMSO + 500 uM of the barley diterpene 316 (turquoise). 

Asterisks indicate significant differences between control and diterpene-treated samples (Student’s t-test; * = P < 
0.05; ** = P < 0.01; *** = P <0.001) 
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Discussion 
 
Anthropocene driven pathogen intensification and plant microbiota 
dysbiosis 

The United Nations (UN) sustainable development agenda for the 21st century aims 

to “end hunger, achieve food security, improve nutrition and promote sustainable 

agriculture”. A major threat to food security are infections with plant pathogens, which 

account for around 15 % of global yield losses, and this figure is rising (Delgado-

Baquerizo et al., 2020). Yield losses caused by pathogens are often associated with 

the disruption of the plant microbiota, leading to dysbiosis within the plant holobiont 

(Arnault et al., 2022). This dysbiosis is thought to be exacerbated by the Anthropocene, 

the present human-dominated epoch (Berg and Cernava, 2022; Perreault and 

Laforest-Lapointe, 2022). The rise in temperature caused by climate change increases 

the occurrence of pests (Delgado-Baquerizo et al., 2020). At the same time, 

environmental pollution and the use of pesticides lead to changes in the plant 

microbiota (Sangiorgio et al., 2022; Vitali et al., 2019). Large-scale monocultures are 

associated with an impoverishment of host-associated microbes and lower soil 

biodiversity (Berg and Cernava, 2022). Breeding aimed at altering secondary 

metabolites, such as the removal of compounds toxic to humans, leads to changes in 

the complexity of the microbiota network and the abundance of keystone taxa (Pérez-

Jaramillo et al., 2018). Similarly, breeding resistant plant varieties can alter the overall 

potential of plant hosts for microbial colonization due to overlapping genes that are 

relevant for the colonization of both, pathogenic and beneficial microbes (Jacott et al., 

2020; Zuccaro and Langen, 2020b).  

 

New agricultural strategies and the use of biocontrol agents 

Preventing dysbiosis, plant diseases, and associated yield losses requires a deep 

understanding of the factors and dynamics shaping the plant holobiont. In this context, 

plant-microbe research has emerged as a promising area to explore these dynamics 

and develop strategies for biocontrol and increasing crop production (Compant et al., 

2019; de Souza et al., 2020a; Finkel et al., 2017; Köhl et al., 2019; Vannier et al., 2019; 

Vishwakarma et al., 2020). Newer strategies in agriculture include the use of biocontrol 

agents or synthetically produced microbial communities with beneficial traits (de Souza 

et al., 2020b; Song et al., 2020). To date, about 300 fungi from 113 genera have been 
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identified as biological control agents that protect their hosts through very different 

mechanisms, ranging from competition for space and nutrients to direct antagonism or 

mycroparasitism (Guetsky et al., 2002; Thambugala et al., 2020). Among them, the 

impotance of Sebacinales in natural systems has been frequently highlighted (Dietrich 

et al., 2022; Lee and Hawkes, 2021; Oberwinkler et al., 2013; Shekhawat et al., 2021; 

Verbruggen et al., 2014; Weiß et al., 2011).  

 

Sebacinales-mediated host protection  

The Sebacinales representative S. vermifera acts against several pathogens, including 

B. sorokiniana, reducing pathogen colonization and disease symptoms on host plants 

(Mahdi et al., 2022; Sarkar et al., 2019). This biocontrol activity is strong enough to 

functionally replace key members of the bacterial microbiota and has several features. 

First, the antagonism is largely host-independent. Sv-mediated bioprotection functions 

in distantly related plant hosts and is not associated with extensive host transcriptional 

reprogramming (Mahdi et al., 2022; Sarkar et al., 2019). Second, antagonism is based 

on direct contact in the plant rhizosphere. Sv hyphae wrap around and occasionally 

invade Bs hyphae. At the same time, the spatial separation of the two fungi within the 

host limits this required direct contact, making the host rhizosphere the central SvBs 

interaction zone (Mahdi et al., 2022; Sarkar et al., 2019). Third, antagonism shows 

signs of mycoparasitism. Confrontation with fungi does not induce stress-related genes 

in Sv but does in Bs. Sv cell wall degrading enzymes and CAZymes such as the 

SvCHIT-CBM5 studied here are induced, while secretion of Sv secondary metabolites 

was not significantly involved (Mahdi et al., n.d.; Sarkar et al., 2019). Similarly, Si exerts 

biocontrol effects against Bs in distantly related plant hosts. In both fungi, antagonism 

and plant biocontrol are likely associated with the expression of the homologous 

chitinases SvCHIT-CBM5 and SiCHIT-CBM5, which impair spore germination of Bs 

(Mahdi et al., n.d.)  

The bioprotective capabilities of Sebacinales are not limited to direct antagonism. 

Colonization by Sv and Si leads to systemic resistance of plants to various fungal 

infections (Deshmukh et al., 2006; Pedrotti et al., 2013; Sarkar et al., 2019; Waller et 

al., 2008). In Arabidopsis, Sv counteracts bacterial-mediated ion leakage and Si 

reduces flg22 triggered callose deposition, growth retardation, MAMP responsive gene 

expression, and oxidative burst, suggesting that Sebacinales fungi have the potential 

to counteract bacterial triggered host immune responses (Jacobs et al., 2011; Mahdi 
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et al., 2022). These regulatory capabilities enable Sebacinales to dynamically adapt to 

changes in the biotic environment and to persist within diverse microbiota across 

different geographical locations, environmental conditions, and plant hosts (Lee and 

Hawkes, 2021; Mahdi et al., 2022; Weiß et al., 2016, 2011). Considering that the poor 

suitability of current biocontrol inoculants under field conditions is often attributed to 

their inability to cope with changes in the biotic or abiotic environment (Pirttilä et al., 

2021), these adaptive capabilities indicate a great potential of Sebacinales for future 

agricultural use.  

 

Fungal biocontrol and growth promoting properties within multi-kingdom 
environments 

Microbe-mediated biocontrol is influenced by a plethora of internal and external 

variables. Biotic and abiotic stresses affect biocontrol agents either directly or indirectly 

by triggering plant host responses that in turn, affect the rhizosphere (Jacoby et al., 

2021; Liu et al., 2020; Schmidt and Saha, 2021). The combination of biocontrol agents 

can result in additive or synergistic beneficial effects on the host but also in microbial 

competition between biocontrol agents which has negative effects on the plant host 

(Guetsky et al., 2002, 2001; Xu et al., 2011; Xu and Jeger, 2013). Without a deep 

understanding of the underlying dynamics, it is difficult to predict the impact on plant 

health by applying or combining known biocontrol agents in natural systems (Guetsky 

et al., 2002, 2001; Xu et al., 2011; Xu and Jeger, 2013). Studying the stability of 

microbe-transmitted traits within the plant holobiont requires new scientific strategies 

that go beyond classical molecular approaches. In recent years, the identification, 

collection, and reconstruction of microbiota members from different host plants has 

enabled the study of microbial biocontrol agents in more complex yet controlled 

environments (Bai et al., 2015; Bulgarelli et al., 2015; Edwards et al., 2015; Niu et al., 

2017; Ofek-Lalzar et al., 2014; Peiffer et al., 2013; Robertson-Albertyn et al., 2022; 

Thiergart et al., 2020; Vorholt, 2012). 

 

By expanding the tripartite system to include individual bacterial strains as well as host-

adapted and non-adapted SynComs, we found a high susceptibility of Bs to other 

microbes and a resilient colonization of Sv across all treatments. Most importantly, we 

observed synergistic host protection and growth promotion in the combined presence 

of Sv and bacteria (Mahdi et al., 2022). These beneficial effects on the host are 
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stabilized or enhanced in more complex microbial communities (Mahdi et al., 2022). 

Consistent with our findings, previous studies describe host beneficial properties 

conferred by inter-kingdom microbial consortia to be more resilient than those of single 

strains, while pathogenic traits are often suppressed in the presence of other microbes 

(Durán et al., 2018; Finkel et al., 2017; Mesny et al., 2021; Pascale et al., 2020; Vannier 

et al., 2019). These observations have contributed to the idea that the plant microbiota 

plays an important role in plant health and productivity (Song et al., 2020; Vannier et 

al., 2019). However, the mechanisms underlying inter-kingdom mediated beneficial 

host traits are still largely unknown. Synergistic host effects mediated by Sv and 

bacteria cannot be explained by changes in Sv growth or colonization alone (Mahdi et 

al., 2022). Instead, the synergistic effects likely result from a combination of direct 

microbial effects, inter-microbial dynamics, and host factors (Mahdi et al., 2022). 

Despite a low host transcriptional response, even largely host-independent, microbe-

mediated traits are not fully reproducible in the absence of the host (Mahdi et al., 2022), 

underscoring that microbe-mediated host benefits cannot be studied exclusively from 

a microbial perspective. 

 

Modulation of plant immunity in multispecies interactions 

Plant host genetics is an important determinant of microbiota composition (Brachi et 

al., 2022; Deng et al., 2021; Escudero-Martinez et al., 2022; Peiffer et al., 2013; 

Wagner et al., 2016; Walters et al., 2018). Plants actively shape their microbiota by 

regulating plant immunity and the secretion of secondary metabolites that alter the 

rhizosphere environment and serve as infochemicals for intra-kingdom communication 

(Jacoby et al., 2021; Schmidt and Saha, 2021; Schütz et al., 2021; Zipfel and Oldroyd, 

2017). Plant immunity is an integral part of the plant-microbe interface and influences 

the interaction between the host and individual microbes as well as the microbiota 

(Bodenhausen et al., 2014; Pfeilmeier et al., 2021; Wolinska et al., 2021). Ultimately, 

plant immunity must be overcome to establish long-lasting associations (Dodds and 

Rathjen, 2010; el Yahyaoui et al., 2004; Jamet et al., 2007; Pel and Pieterse, 2013; 

Puppo et al., 2013; Yu et al., 2019; Zipfel and Oldroyd, 2017).  

How plants engage with beneficial microorganisms while restricting the growth of 

pathogens remains an important question in the field of plant microbiota research 

(Thoms et al., 2021). Associations with beneficial microorganisms are thought to be 
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mediated by mutual suppression or evasion of plant immunity, while recognition of 

pathogens leads to the induction of plant immunity. (Boyle and Martin, 2015; Gourion 

et al., 2015; Wang et al., 2021; Zipfel and Oldroyd, 2017; Zuluaga et al., 2017). 

Similarly, Bs colonization triggers a strong barley immune response, upregulation of 

PR genes and genes related to diterpenoid production (Mahdi et al., 2022; Sarkar et 

al., 2019). Diterpenoids have previously been identified as defense compounds in 

other monocotyledonous plants such as switchgrass, maize, and wheat, while no 

diterpenoids have beed described in barley (Schmelz et al., 2011; Toyomasu et al., 

2020). The characterization of the first diterpenoid biosynthesis cluster in barley and 

the detection of diterpenoid secretion in barley during pathogen colonization is a first 

step to investigate the function of these compounds in plant-pathogen and plant-

multipartite interactions (Liu et al., 2021). Preliminary data suggests that exposure to 

the main secreted barley diterpene does not inhibit but rather promotes germination 

and growth of Bs (Chapter 4; AdditionalFig. 1). Higher tolerance to plant-derived 

defense compounds or the ability to metabolize and detoxify these compounds is often 

observed in adapted pathogens, suggesting a similar mechanism in the interaction 

between Bs and barley (Buxdorf et al., 2013; Ökmen et al., 2013; Westrick et al., 2021). 

In contrast, the same barley diterpenoid inhibited the germination and growth of other 

root-associated fungi, making it a phytoalexin (Jeandet, 2015; Liu et al., 2021) (Chapter 

4; AdditionalFig.1). The opposing effects of this diterpene on different fungi suggests 

that barley diterpenoid secretion has an impact on the plant microbiota. Indeed, 

changes in the composition of the microbiota have already been reported upon 

secretion of maize diterpenoids and other pathogen-induced plant metabolites (Jacoby 

et al., 2021; Liu et al., 2020; Murphy et al., 2021; Schmidt and Saha, 2021; Schütz et 

al., 2021).  

Future research directions 
 

The continous development of new scientific methods and concepts has led to 

enormous advances in the study of the composition, interconnections, and functions 

of plant-microbe associations (del Barrio-Duque et al., 2019; Durán et al., 2018; Mahdi 

et al., 2022; Meena et al., 2010). The results presented in this work contribute to 

answering some of the most current questions in the field of plant-microbe interactions 

by providing insights into the processes and dynamics underlying interactions between 

a beneficial root endophyte, a pathogen and different plant hosts in the absence and 
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presence of bacterial SynComs (Harris et al., 2020). We also present several large 

transcriptome data sets, new methods, and experimental designs that can be used to 

answer future research questions (Fig 2).  

 

First, genetic variation between and within plant species has high ecological 

importance and comparable influence on community dynamics (Albert et al., 2010; des 

Roches et al., 2018). Nevertheless, the host genetic factors that shape the holobiont 

and its accompanying traits have only just been expored (Escudero-Martinez et al., 

2022; Pérez-Izquierdo et al., 2019). Future projects may use natural species variation 

or mutant libraries to associate microbe-conferred traits with specific host loci or genes. 

Correlations between host genotypes, their ability to accommodate microbes and their 

affinity for microbiota-driven traits will broaden the basis for future breeding strategies 

(Fig.2; Q1). In this regard, the inter-kingdom mediated host beneficial effects identified 

here, and the developed screening method could serve as excellent model systems 

(Dunken et al., 2021; Mahdi et al., 2022).  

Second, little is known about how interspecies dynamics within the holobiont change 

upon pathogen invasion. The study presented here on the function of barley 

diterpenoids in multi-kingdom interactions could not only be used to understand 

adaptation between pathogen and host, but also how the induction of plant immunity 

upon pathogen colonization affects the surrounding microbiota that must cope with the 

resulting environmental changes (Fig.2; Q2). The factors that determine niche 

adaptation, niche competition, and niche invasion in natural systems are still largely 

unknown (Fig. 2; Q3-5). It is important to understand how resilient endophytes interact 

with the host (Fig. 2; Q3) and surrounding microbes (Fig. 2; Q4) and dynamically adapt 

to the environment to sustain colonization (Mahdi et al., n.d., 2022; Sarkar et al., 2019). 

The prevalence of the main members of the microbiota within the holobiont might be 

related to their bioprotective properties. However, the underlying mechanisms are still 

largely unknown (Zheng et al., 2021)(Fig. 2; Q3-5). Further, it remains to be elucidated 

how successful pathogens overcome this protective microbiota barrier (Fig. 2; Q5). 

Uncovering interkingdom interactions requires not only the identification of microbial or 

host-derived effectors, but also their underlying cues and regulatory mechanisms (Fig. 

2; Q6). This requires the identification of species-specific transcription factors as well 

as their activity and regulation across biotic and abiotic stimulants. Such studies are 
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made possible by recent technological advances, including deep learning approaches 

and DAP-seq analyses, which allow the prediction of transcription factors within whole 

communities based on (meta)genomes and the identification of transcription factor 

binding sites (Bartlett et al., 2017; Oliveira Monteiro et al., 2022).  

Answering these questions will bring us closer to the holistic understanding of plant-

microbe interactions required to meet the agricultural needs of the future. 

 

Figure 2: Future questions in the field of plant-microbiota research. The studies in this thesis 

provide insights into the dynamics underlying plant-microbe interactions. The established systems, 
methods, and data sets will help to answer several future research questions. What genetic host 

factors determine microbial accomodation and microbiota-associated plant traits? (Q1) How does 
pathogen induced host immunity affect the microbiota? (Q2) What microbe-host (Q3) and microbe-

microbe (Q4) interactions underlie microbial niche adaptation within the holobiont? What underlies 
the protective properties of the microbiota and how do successful pathogens overcome this barrier? 

(Q5) What signals and regulatory mechanisms underlie these interactions between plants and 
microbes? (Q6). 
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Summary 
 
Plant-microbe interactions are an emerging area of research with a great potential for 

developing future sustainable agricultural solutions. However, the outcome of such 

complex interactions can rarely be predicted due to the large number of underlying 

variables and influencing factors. The studies conducted in this thesis analyzed the 

multipartite interactions between plants and microbes from different perspectives to 

gain a comprehensive understanding of their outcomes and dynamics. 

 

We describe the Sebacinales fungus Serendipita vermifera as a potential biocontrol 

organism against fungi and bacteria in largely distinct host species. Sv-mediated 

beneficial effects on host protection and growth are stable or potentiated in more 

complex environments. These beneficial effects are mediated mainly by the 

modulation of effector gene expression in Sv that executes interaction partner-specific 

transcriptional responses. On the plant side, we characterized the first diterpenoid 

synthesis pathway in barley and determined barley diterpenoid production and 

secretion as part of an immune response to the adapted pathogen Bipolaris 

sorokiniana. In contrast, colonization of Sv elicited only a moderate host immune 

response. Sv growth and colonization is highly resilient, regardless of the presence of 

other microbes or their impact on the host immune response, increasing its potential 

for biocontrol. In addition, we developed a screening method to quantify plant health 

and cell death and have provided several large transcriptome data sets that will help 

to unravel the molecular mechanisms underlying these multipartite interactions.
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Zusammenfassung 
 
Pflanzen-Mikrobiota Interaktionen bilden ein aufstrebendes Forschungsfeld mit einem 

hohen Potential für die Entwicklung nachhaltiger Lösungen für die Landwirtschaft. Aber 

die Auswirkungen solch komplexer Interaktionen können aufgrund einer Vielzahl von 

Variablen und Einflussfaktoren kaum vorhergesagt werden. Im Rahmen der hier 

vorgestellten Studien wurden Pflanze-Mikroben Interaktionen von verschiedenen 

Perspektiven untersucht, um ein möglichst umfassendes Verständnis von den 

Auswirkungen und Dynamiken dieser Interaktionen zu gewinnen. Wir beschreiben den 

Sebacinales Pilz Serendipita vermifera als potenziellen Biokontroll-Organismus gegen 

Pilze und Bakterien in unterschiedlichen Wirtspflanzen. Die vorteilhaften Effekte von 

Sv in den Bereichen Wirtsschutz und Wirtswachstum sind in komplexen Systemen 

stabilisiert oder intensiviert. Diese vorteilhaften Effekte hängen zu einem Großteil mit 

der regulierten Genexpression von Sv Effektoren zusammen, die je nach 

Interaktionspartner und Zeitpunkt sehr spezifische transkriptionelle Antworten 

generieren. In Bezug auf die Wirtspflanze, haben wir den ersten Diterpen-

Syntheseweg in Gerste charakterisiert und belegt, dass diese Diterpene als Reaktion 

auf den Befall mit dem adaptierten Schädling Bipolaris sorokiniana produziert und 

sekretiert werden. Wir zeigen, dass im Vergleich dazu, eine Kolonisierung mit 

Serendipita vermifera nur eine geringe Immunantwort der Pflanze auslöst. Außerdem 

sind Wachstum und Kolonisierung von Serendipita vermifera sehr widerstandsfähig, 

sowohl gegenüber der Präsenz anderer Mikroben als auch gegenüber deren Einfluss 

auf die Immunantwort der Wirtspflanze. Diese Eigenschaften erhöhen die Chance, 

Serendipita vermifera zukünftig als Biokontrollorganismus nutzen zu können. Daneben 

haben wir eine optimierte experimentelle Methode zur Quantifizierung von 

Pflanzengesundheit und -zelltod entwickelt und eine Reihe umfangreicher 

Transkriptomik-Datensätze erstellt, die zukünftig dafür genutzt werden können die 

molekularen Mechanismen zu entschlüsseln, die diesen multilateralen Interaktionen 

zu Grunde liegen. 
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