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Abstract  

The plant's microbiome is influenced by the plant species and biotic factors such as the 

infection by pathogens. Pathogen-microbiome interactions are relevant for the progression of 

the disease since both can compete within the plant host. We hypothesize that pathogens 

specialized to different hosts have distinct, direct, and indirect influence on the host 

microbiome. We focused on the host-specific leaf pathogens Zymoseptoria tritici and 

Zymoseptoria passerinii. By using microbiome metabarcoding and coculture interactions, we 

evaluated the influence of virulent (wild host-infecting pathogen) and avirulent (domesticated 

host-infecting pathogen) Zymoseptoria lineages on the leaf microbiome of the wild grasses 

Aegilops cylindrica and Hordeum murinum which are hosts to virulent lineages of Z. tritici 

and Z. passerinii, respectively. Our microbiome analysis showed that the fungal communities 

were affected by virulent lineages, while the avirulent lineages had the most negative 

correlations with bacteria. Both virulent and avirulent pathogens had the same spectrum of 

interactions when experimentally cocultured with bacteria. The intensity of pathogen-induced 

growth enhancement differed between Zymoseptoria lineages. We demonstrated that sugar 

metabolism through the fungal secretion of invertase can be a determinant of bacterial 

growth enhancement. Our study highlights the role of microbial interactions on 

host-specificity and mechanisms underlying microbial interactions by Zymoseptoria spp.
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Introduction  

Plants harbor a diverse microbiome in their tissues that is comprised of bacteria, archaea, 

fungi, protists, and viruses. These microorganisms form complex associations with the plant, 

encompassing beneficial, neutral, and pathogenic interactions (1). The plant microbiome 

plays an important role in facilitating nutrients to the host and reducing the effect of biotic 

and abiotic stresses (1,2). The factors influencing the plant’s microbiome composition 

include the plant species and genotype, developmental stage, environmental conditions, the 

soil´s microbiome and physicochemical properties, and biological interaction occurring 

during the infection with pathogens (2,3). Specifically, fungal plant pathogens influence the 

microbiome diversity and composition by directly interacting with the microbiome members 

or, indirectly, by influencing the immune response and metabolism of the plant (4).  

Fungal plant pathogens specialize to their hosts, this process involves the differentiation of 

the pathogen’s physical, molecular, and biochemical factors that allow it to infect a particular 

plant (5). For example, the rapid evolution of genes encoding secreted protein effectors that 

interfere with the host immune response is a determinant for host specificity in several fungi 

(6). Moreover, host specialization also involves the mechanisms of tissue invasion, 

scavenging and uptake of nutrients, reproduction, and coexistence or competition with the 

microbiota of their specific host (6). 

The plant microbiome plays an important role in defence against fungal pathogens by 

mechanisms that limit their growth and reduce disease severity (1). Pioneer work with the 

fungal wilt pathogen Verticillium dahliae shows that this fungus can manipulate the plant 

microbiome by secreting antimicrobial effectors to compete against specific antagonistic 

bacteria during root colonization (7,8) or protect its niche against specific fungi in leaves (9). 

While some antimicrobial effectors have been co-opted from ancient proteins that evolved 

before the emergence of land plants (10), others could have a dual function by also 

interacting with host immune receptors (7). This could imply a role of these effectors in both 

host-pathogen and pathogen-microbiome co-evolution. Certainly, pathogens evolve, 

specialize, and diversify together with the associated microbiome of their host, however, the 

contribution of the microbiome to these evolutionary processes remains poorly understood. 

Therefore, we ask to which extent pathogen-microbiome interactions can contribute to the 

evolution of host specificity.  

To address this question, we have focused on wild plant-pathogen systems. In this regard, 

domesticated plant species were shown to have different microbiomes compared to their 

wild relatives or wild ancestors. Very likely, this reflects the genetic changes in domesticated 

species following artificial selection in agricultural environments (11). These patterns have 
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been demonstrated in wheat (Triticum aestivum), which microbial diversity has been 

compared to its wild ancestors (e.g., Triticum dicoccum, Aegilops tauschii, (12–14)), and in 

other domesticated grasses like barley (Hordeum vulgare, (15,16)). Wild species tend to 

have more diverse microbial communities in the leaves (17,18) and roots (19), and they also 

showed a higher extent of selection in the assembly of microbiomes (17). It has been 

suggested that domestication could have led to the loss of some microorganisms providing 

important functions for plant growth and defense (20,21). Thus, wild plants could be a 

relevant source of microorganisms to increase immunity against plant pathogens. 

Furthermore, pathogens and microbes associated with wild plants represent an intriguing 

model system to test hypotheses related to coevolutionary dynamics of host-associated 

microbes and pathogens.  

The genus Zymoseptoria comprises different grass pathogens including the wheat pathogen 

Z. tritici and has proven a powerful model system for studies of pathogen evolution (22). 

These fungi are specialized hemibiotrophic pathogens that infect the leaves of wild and 

domesticated grass species (22). Their specialization has been demonstrated by 

quantitatively assessing their virulence in different grass species and genotypes under 

controlled conditions (5,23,24). The pathogens Z. tritici and Z. passerinii infect the host 

leaves through the stomata and grow asymptomatically in the apoplastic space (biotrophic 

phase) for seven to ten days, followed by the induction of plant cell death and the production 

of asexual fruiting bodies, pycnidia, in the substomatal cavity (necrotrophic phase, (23,25)). 

Moreover, previous research of the wheat-infecting Z. tritici pathogen shows that the 

infection causes changes in bacterial composition of leaves which is further influenced by 

the extent of quantitative resistance or susceptibility of the wheat genotype (26). In this 

study, we focused on two species of Zymoseptoria to investigate the extent of specificity of 

pathogen-microbiota interactions. We specifically asked if microbial interactions may reflect 

coadaptation and coexistence of leaf-associated microbes and the fungal pathogen in a 

common host niche.  

We have recently described two new Zymoseptoria isolates, Z. tritici Zt469 and Z. passerinii 

Zpa796, isolated from the wild grasses Aegilops cylindrica and Hordeum murinum subs. 

glaucum, respectively (5,23). These isolates represent pathogen populations occurring on 

wild grasses in Iran, and which are close relatives of Z. tritici and Z. passerinii lineages 

occurring on the domesticated crops T. aestivum and H. vulgare subs. vulgare, respectively 

(5,23). The wild host-infecting isolates Zt469 and Zpa796 can produce disease symptoms in 

the respective wild host (virulent or compatible pathosystem) while domesticated 

host-infecting isolates, Zt549 and Zpa21, cannot (avirulent or incompatible pathosystem, 

Supplementary Figure 1A, (5,23)). We hypothesize that due to their specialization to different 
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hosts and microbiomes, virulent and avirulent Zymoseptoria lineages will have a distinct, 

direct and indirect, influence on the host leaf microbiota. Particularly, we expect that the 

virulent isolates will be more competitive against microorganisms from their own host. 

To test these hypotheses, we evaluated the changes in the leaf microbiome induced by the 

inoculation of virulent and avirulent isolates in a wild host using metabarcoding of the 

16S-rRNA and ITS amplicons (Supplementary Figure 1B). We particularly focused on the 

time when the biotrophic growth of the virulent isolate occurs. To assess which 

microorganisms were affected by the biotrophic colonization of Zymoseptoria, we 

determined the microbial taxa that correlated negatively and positively with the pathogen. 

We generated a culture collection to experimentally assess the outcome of pairwise 

microbial interactions in vitro. More precisely, we tested if virulent and avirulent isolates of Z. 

tritici and Z. passerinii interact differently with representative members of the wild host's 

microbiome by performing in vitro confrontation assays (Supplementary Figure 1C). 

We identify different impacts on leaf-associated bacteria and fungi during the biotrophic 

infection of virulent and avirulent pathogens. We further show that virulent and avirulent 

lineages of Z. tritici and Z. passerinii do not differ considerably in their interaction with 

microbiome members of their respective wild host. However, we demonstrate the importance 

of fungal sugar metabolism on the co-existence of some leaf-associated bacteria which may 

reflect microbial co-evolution in the plant. Our work sheds light on how the evolution of a 

specialized plant pathogen in its host has shaped its potential to interact with the plant 

microbiome. 
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Materials and Methods 

Zymoseptoria isolates and culture conditions 

Two pathosystems were used to determine the influence of virulent and avirulent lineages of 

Zymoseptoria on the leaf microbiome (Supplementary Figure 1A): 1) Aegilops cylindrica 

(Dreschflegel Bio-Saatgut, Witzenhausen, Germany) with the virulent isolate Z. tritici Zt469 

(isolated from A. cylindrica,(5)) and the avirulent isolate Z. tritici Zt549 (isolated from T. 

aestivum,(5)), and 2) H. murinum ssp. glaucum GRA3223 (IPK Genebank, Leibniz Institute, 

Germany) with the virulent Z. passerinii isolate Zpa796 (isolated from H. murinum, (23)) and 

the avirulent Z. passerinii isolate Zpa21 (isolated from Hordeum vulgare ssp. vulgare, (27)). 

Culture conditions are detailed in the Supplementary Methods. 

Plant propagation and infection assays  

Aegilops cylindrica and H. murinum plants were inoculated with spores of Zymoseptoria after 

21 and 14 days post-sowing, respectively. Plant infection was performed following the 

protocol described in (28). Modifications and growth conditions are detailed in the 

Supplementary Methods.  

Samples were harvested by cutting a ~10cm section of the treated leaf using 

flame-disinfected scissors. For amplicon sequencing, 5 plants per treatment were sampled, 

and each leaf was placed in a 15 ml tube with 13 ml of sterile Millipore water. Only 

mock-treated plants were sampled at 0 dpi (days post-infection), and all the treatments were 

sampled after 2 dpi during initial plant invasion and the expected biotrophic phase at 4 and 7 

dpi. Finally, we also collected samples at the start of the necrotrophic phase at 11 dpi. For 

microbial isolation, 6 plants per treatment were sampled (at 0, 2, 4, and 7 dpi), and the 

leaves from the same time point and treatment were pooled in a 15 ml tube with 13 ml of 

sterile Millipore water. The infection success was evaluated by confocal microscopy 

(Supplementary Methods). 

Samples were processed under axenic conditions. First, the water was decanted from the 

tubes, and then the leaves were washed with 13 ml of Tween-20 0.02% in PBS 1X (2 min of 

handshaking) and 13 ml of PBS 1X (2 min of handshaking). Finally, the leaves were 

pat-dried in sterile absorbent paper tissues before being processed for amplicon sequencing 

or microbial isolation.  

5 

.CC-BY-NC 4.0 International licensemade available under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 24, 2025. ; https://doi.org/10.1101/2025.06.24.661283doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?EAOfEk
https://www.zotero.org/google-docs/?P69cLI
https://www.zotero.org/google-docs/?zmv737
https://www.zotero.org/google-docs/?TKmgS3
https://www.zotero.org/google-docs/?FNGx7u
https://doi.org/10.1101/2025.06.24.661283
http://creativecommons.org/licenses/by-nc/4.0/


 

DNA extraction, library preparation, and amplicon sequencing  

The metagenomic DNA from washed leaf samples was extracted with the FastDNA Spin Kit 

for Soil (MP Biomedicals, Santa Ana, USA). The mechanical lysis and DNA extraction were 

performed following the procedure described in (26). Library preparation and amplicon 

sequencing of the 16S-rRNA-V4 and ITS2 markers, for bacterial and fungal microbial 

communities, respectively, were performed at the University of Minnesota Genome Center 

(Minneapolis, MN, USA). Library preparation conditions are explained in the Supplementary 

Methods. Additional sequencing of the 16S-rRNA-V5V7 marker was performed following the 

protocol reported by Seybold et al., 2020 (26).  

Data processing and analysis 

The raw reads of 132 libraries were processed using the pipeline described in Flores-Nunez 

et al., 2023 (29) with modifications detailed in the Supplementary Methods. After processing, 

4,570,240 reads distributed across 116 samples were used for further analysis. All 

downstream and statistical analyses were performed in R (30), and all plots were 

constructed using the ggplot2 package (31). The detailed statistical analysis is described in 

the Supplementary Methods.  

Bacterial and fungal isolation and characterization  

To obtain a culture collection of leaf-associated bacteria and fungi that coexist with 

Zymoseptoria pathogens, we established a culture collection of both bacteria and fungi from 

A. cylindrica and H. murinum leaves. Details on the isolation and characterization of isolates 

are explained in the Supplementary Methods.  

In vitro confrontation assays  

In vitro confrontation assays between pathogen and microbiome isolates were performed to 

test if virulent and avirulent isolates have different interaction capabilities. All the isolates 

from the A. cylindrica’s culture collection (133) were tested against the Z. tritici Zt469 and 

Zt549 isolates, and from the H. murinum’s collection (85) against the Z. passerinii Zpa796 

and Zpa21 isolates.  

The bacterial isolates and four Zymoseptoria isolates were confronted in two one-way 

assays on Fries-3 media 0.5X. For the first assay, a bacterial suspension was mixed with 

melted Fries-3 0.5X media; after solidification, a suspension of Zymoseptoria cells was 

inoculated on top. In the second assay, a Zymoseptoria suspension was mixed with melted 

Fries-3 0.5X media; after solidification, a suspension of bacterial cells is inoculated on top. A 
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detailed description is given in the Supplementary Methods. Every combination of bacteria 

and Zymoseptoria isolates was tested in an individual Petri dish. Bacteria-agar plates and 

Zymoseptoria-agar plates were incubated at 18°C and 23°C for 7 days, respectively, to give 

advantage to the microorganism growing on top. Based on the growth of the microorganism 

in the agar we defined an inhibition phenotype (I) growth enhancement phenotype (P) and 

no-effect phenotype (N). A detailed explanation of the phenotypes is given in the 

Supplementary Methods. 

We also tested the interaction between fungal species in an in vitro assay. The filamentous 

fungi and isolates of Zymoseptoria were used in a two-way confrontation assay. Each 

fungi-pathogen pair was cultivated together in a single agar plate. The growth of each 

microorganism in the co-culture was compared with their growth alone in individual agar 

plates. A detailed description of the design and conditions is provided in the Supplementary 

Methods. For the yeast-like isolates, we assessed their interaction with Zymoseptoria as in 

the bacterial confrontation assay described above. 

The influence of the Zymoseptoria lineage on the number of bacteria and fungi exhibiting 

inhibition, enhancement, and no effect phenotypes was assessed with a Fisher's exact test.  

Influence of pathogen concentration and sugar on in vitro confrontation assays 

We determined the range of specificity of the growth enhancement activity of Z. tritici on the 

bacteria isolates isolated from A. cylindrica by evaluating the phenotype 1) in the presence 

of the virulent and avirulent Z. tritici and Z. passerinii isolates, 2) in the presence of glucose 

instead of sucrose as the main sugar available in the media and 3) with different cell optical 

densities (OD). Four different Pseudomonas phylotypes that showed growth enhancement in 

the presence of Z. tritici were used for this assay (Supplementary Table 2). The confrontation 

assays were performed as in the previous section with modifications detailed in the 

Supplementary Methods. Since the growth enhancement of bacteria did not happen in the 

presence of glucose, we evaluated the sucrose degradation activity (invertase activity) in the 

confrontation assays with a 2,3,5-triphenyl tetrazolium chloride (TTC) staining adapted from 

Lyda et al., 2015 (32) (Supplementary Methods).  

Detection of invertase orthologs in Zymoseptoria genomes ​  ​  ​  

Orthologous relationships among proteins from Zymoseptoria species were inferred using 

OrthoFinder v2.2.7 (33), implementing DIAMOND v0.9.24.125 (34) for the all-versus-all 

comparisons step. Genome data details are explained in the Supplementary Methods. The 

signal peptide prediction was performed using SignalP 6.0 (35).  
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Results 

The wild grasses A. cylindrica and H. murinum assemble different leaf microbiota  

We first addressed the overall difference in microbiome composition of the two crop relatives 

A. cylindrica and H. murinum using amplicon sequencing of the 16S-rRNA-V4 and ITS2 

regions of bacteria and fungi, respectively. We documented a considerable difference in the 

microbiome composition of the two plant species propagated in the same soil: Uninfected 

(mock-inoculated) leaves of A. cylindrica showed a higher bacterial and fungal OTU richness 

and a higher bacterial Shannon index than H. murinum leaves (Figure 1A, E; Supplementary 

Figure 2A, D). In this regard, the host species was a significant driver of bacterial and fungal 

composition explaining 6.5 and 5.1% of the variation (PERMANOVA, p<0.05, Figure 1C, G), 

while the sampling time explained 11.9 and 13.7% (PERMANOVA, p<0.05), respectively, 

(Supplementary Table 3, Supplementary Figure 2B, E), reflecting the dynamic of the 

microbiota as the leaf matures.  

We profiled the taxonomy of the bacterial OTUs as determined by the 16S-rRNA-V4 marker 

and found that Pseudomonadota and Actinomycetota were the most abundant prokaryotic 

phyla in both hosts (Figure 1D). We characterized the bacterial core community of A. 

cylindrica and H. murinum mock-inoculated leaves by selecting the OTUs with a relative 

abundance > 0.1% and a frequency of > 50% in the samples. This allowed us to define a 

core group of 26 and 19 bacterial OTUs in A. cylindrica and H. murinum (twelve core OTUs 

shared, Supplementary Table 4, Supplementary Results) that accounted for 48.7% and 

60.6% of the total relative abundance, respectively. Only OTUs from the taxa Paludisphaera 

and Planctomycetia, and Isosphaeraceae were differentially abundant between the hosts 

(Supplementary Table 5).  

We also profiled the diversity of fungi of mock-inoculated leaves with the ITS2 barcode 

marker. Hereby, we found that Ascomycota was the most abundant group (Figure 1H). We 

characterized the core fungal communities (relative abundance >0.1, frequency > 20%). 

Only 12 core OTUs were detected in A. cylindrica and 6 in H. murinum (five core OTUs 

shared, Supplementary Table 5, Supplementary Results), which represented a mean of 

52.2% and 32.8% of the total relative abundance, respectively. Differentially enriched OTUs 

between hosts included the basidiomycete yeast Vishniacozyma (OTU_17) in A. cylindrica 

and filamentous fungi in the genus Penicillium (OTU_209 and OTU_25) in H. murinum 

(Supplementary table 5).  

In summary, we found that A. cylindrica and H. murinum assembled different leaf-microbial 

communities when propagated with the same soil-microbial inoculum. However, there was 
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an overlap in dominant core microorganisms between the two plant species. The data from 

uninfected plants thereby support the hypotheses that Z. tritici and Z. passerinii encounter 

distinct microbial species in addition to some common microorganisms during colonization of 

the host.  

Virulent and avirulent Zymoseptoria lineages differently impact bacterial and fungal 
community composition 

We infected plants with virulent and avirulent Z. tritici (Zt469 and Zt549, respectively, for A. 

cylindrica) and Z. passerinii (Zpa796 and Zpa21, respectively, for H. murinum) isolates. We 

first characterized the infection development using confocal laser scanning microscopy and 

determined that the virulent pathogens successfully colonized the leaves (Supplementary 

results, Supplementary Figure 3). The absolute abundance of Zymoseptoria reads in the 

samples reflected that the fungal biomass, as expected, was higher in the virulent interaction 

compared to the avirulent and mock samples (Supplementary Figure 4). 

Based on the PERMANOVA, alpha diversity, and beta-diversity ordination plots (Figure 2A, 

B, E, F; Supplementary Table 7), we did not find evidence that Zymoseptoria confers a 

strong change in the bacterial community structure in A. cylindrica nor in H. murinum 

(PERMANOVA, p>0.05). Conversely, as already observed for the mock-treated plants, the 

developmental stage of the leaf played a role in the microbiome composition, whereby the 

sampling time explains approximately 12% and 8% (PERMANOVA, p<0.05) of the variance 

in A. cylindrica and H. murinum, respectively. Our secondary sequencing strategy confirmed 

this observation (Supplementary Figure 5). Consistently, we did not find differentially 

abundant OTUs between treatments during the biotrophic plant colonization of virulent 

Zymoseptoria or the infection with avirulent isolates.  

In contrast, the leaves infected with virulent and avirulent Zymoseptoria isolates had reduced 

fungal alpha diversity (Figure 2C, D, G, H) compared to the mock-inoculated leaves 

(Supplementary Figure 6C, D). Moreover, the infection also influenced the community 

composition and explained ~5 and 15% (PERMANOVA, p<0.05) of the variance in A. 

cylindrica and H. murinum, respectively (Supplementary Table 7). To differentiate microbial 

diversity changes caused by pathogen infection and changes due to the dominance of the 

pathogen reads, we removed Zymoseptoria from the OTU table and analyzed the remaining 

fungal diversity. Doing so, we found that the infection with the virulent isolates, but not the 

avirulent ones, significantly reduced the fungal alpha diversity. (Supplementary Figure 7). 

However, a PERMANOVA analysis based on the Zymoseptoria-free dataset indicated that 

the dissimilarity between the samples was not driven by the Zymoseptoria treatment 

(p>0.05).  

9 

.CC-BY-NC 4.0 International licensemade available under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 24, 2025. ; https://doi.org/10.1101/2025.06.24.661283doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.24.661283
http://creativecommons.org/licenses/by-nc/4.0/


 

In summary, the amplicon data of A. cylindrica and H. murinum indicated that the infection of 

Z. tritici and Z. passerinii, respectively, did not affect the leaf-associated bacteria of the two 

wild grass species. However, the virulent isolates of both pathogens tended to reduce the 

alpha diversity of leaf-associated fungi.  

Virulent and avirulent lineages of Zymoseptoria differentially correlate with members 
of the leaf microbiome 

We next investigated the putative interactions of Zymoseptoria with coexisting 

microorganisms in A. cylindrica and H. murinum. In order to focus on the most relevant 

microorganisms, we inferred correlation networks based on the OTU tables for the 4dpi and 

7dpi samples, representing the biotrophic host colonization (Figure 3). The correlation 

network allowed us to identify specific OTUs which are predicted to interact positively or 

negatively with Zymoseptoria. Virulent and avirulent isolates correlate with different core and 

non-core OTUs (Figure 3A, B, C, D), and 90% of these correlations occurred with bacterial 

OTUs (Supplementary Table 8, Supplementary Results).  

We next asked if virulent isolates can establish more network correlations (positive or 

negative) with the microbiome members compared to the avirulent isolates. To obtain 

statistical support for the observed correlations, we computed additional random networks by 

subsampling the data for each host and treatment, and also for the whole dataset (“all”, 

Supplementary Methods). Then, we compared the proportion of positive and negative 

correlations in the whole data set against the proportion of correlations in the specific 

treatments (virulent and avirulent) and hosts. Positive correlations occurred considerably 

more frequently in the virulent Zt469 (mean=67.13%) than in the avirulent (mean=16.64%) 

Zt549 infection in A. cylindrica when compared to the joined datasets (mean=45.76 %, 

Figure 3E). The number of positive correlations found for Zt469 surpassed almost twice the 

average OTU connectivity in the networks (Supplementary Results, Supplementary Figure 

9). Moreover, we observed more negative correlations for the avirulent interactions in both H. 

murinum and A. cylindrica (Figure 3E, F). In summary, the different correlation patterns 

between isolates suggest a different influence on the microbial communities by virulent and 

avirulent isolates of both Z. tritici and Z. passerinii.  

Different intensity of pathogen-microbiome interactions in A. cylindrica and H. 
murinum leaf microbiome 

To further disentangle the relevance of direct and indirect interactions between Zymoseptoria 

pathogens and their host microbiomes, we generated a culture collection of bacteria and 

fungi from A. cylindrica and H. murinum grown under controlled conditions in an agricultural 
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soil (see Methods and Supplementary Results). To test if virulent and avirulent Zymoseptoria 

lineages have different capabilities to interact with the host microbiome, pairwise in vitro 

confrontation assays were performed. We designed the confrontation assays to identify 

antagonistic, neutral, and beneficial interactions among the fungal pathogens and the 

respective microbiome members of the host (Figure 4), i.e. between Z. tritici and the A. 

cylindrica isolates (117 bacteria and 24 fungi), as well as between Z. passerinii and the H. 

murinum isolates (59 bacteria and 16 fungi).  

More than 40% and 25% of the tested bacterial isolates inhibited the growth of Z. tritici and 

Z. passerinii, respectively. Particularly, Pseudomonas and Streptomyces isolates have the 

strongest inhibiting effect on the fungal pathogens as revealed by the size of the inhibition 

halos (Supplementary Figure 10 and 11). The rest of the bacterial isolates did not show any 

effect on the growth of Zymoseptoria (neutral interactions), but they were able to grow on the 

media with the pathogen (Figure 4B, C).  

Interestingly, Z. tritici and Z. passerinii were only able to inhibit a smaller number of bacterial 

isolates (~5 and ~10%, respectively), including Penibacillus and diverse Actinobacteria (e.g. 

Paeniarthrobacter, Microbacterium, etc) (Figure 4B, C; Supplementary Figure 10 and 11). 

Surprisingly, a diverse array of bacterial genera from four phyla showed enhanced growth in 

the presence of Z. tritici and Z. passerinii (~45 and ~40%, respectively, Figure 4B, C; 

Supplementary Figure 10 and 11). This growth enhancement was particularly prominent 

among isolates of Pseudomonas, Rhodococcus, Acidovorax, Microbacterium, and 

Curtobacterium.  

We compared the proportion of antagonistic, beneficial and neutral interactions of the 

virulent and avirulent fungal isolates. Hereby we find no significant differences in the 

frequency of confrontation phenotypes between virulent and avirulent Zymoseptoria isolates 

(Figure 4C, Supplementary Table 9). This assay indicates that the general outcome of the in 

vitro confrontation between Zymoseptoria and bacteria is not different between virulent and 

avirulent isolates. 

Based on the intensity of the interaction phenotype (defined as the size of the inhibition or 

growth enhancement halo), the A. cylindrica infecting isolate Zt469, in general, induces a 

stronger enhancement compared to the wheat infecting isolate Zt549 (Figure 4D), 

particularly for bacteria of the genera Pseudomonas, Rhodococcus, Curtobacterium, and 

Streptomyces (Supplementary Figure 12). For the two Z. passerinii isolates, there was 

however no difference in the strength of bacterial growth enhancement or inhibition between 

the virulent Zpa796 and the avirulent Zpa21 (Figure 4E, F, G). This finding suggests that Z. 
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tritici lineages might possess differential activity to enhance the growth of leaf-associated 

bacteria.  

We next performed a set of confrontation assays with the collection of fungal isolates from A. 

cylindrica (26) and H. murinum (16). Interestingly, filamentous fungi showed the same 

interaction outcomes, ranging from growth inhibition and enhancement when co-inoculated 

with Zymoseptoria on a petri dish (Figure 5A, B). However, the most common phenotype 

was the growth inhibition of Z. tritici and Z. passerinii isolates induced by diverse filamentous 

fungi from the two host plants (~50-90% and ~75-90%, respectively). The isolates with the 

highest inhibitory activity belong to the genus Penicillium and the genera Bjerkandera and 

Terfezia (only for Z. passerinii, Supplementary Figure 13). Both Z. tritici and Z. passerinii can 

inhibit a few filamentous fungi too (~10% and ~30% of fungal isolates, respectively), with 

Penicillium isolates (phylotype 1_OTU209) the most consistently inhibited. Only a few 

filamentous fungi from the A. cylindrica culture collection showed enhanced growth when 

co-cultured with Z. tritici (~5%, Figure 5C), including isolates of the genera Phialemonium, 

Aspergillus, and Apiotrichum (Supplementary Figure 13). Finally, the virulent Zt469 was 

significantly inhibited by more fungal isolates than the avirulent Zt549 (p>0.033, 

Supplementary Table 9). 

Pathogen-derived sugar and cell concentration define the growth enhancement 
phenotype of bacteria.  

Since the outcome of a culture-dependent confrontation test can be affected by the culture 

conditions, we conducted a more detailed investigation of the putative conditions underlying 

the fungus-microbe interactions. To this end we assessed the role of the pathogen species, 

pathogen load, and main sugar source on the confrontation outcomes. We focused on 

leaf-associated Pseudomonas from A. cylindrica as the Pseudomonas bacteria showed the 

highest diversity of phylotypes and confrontation outcomes (Supplementary Figure 10). To 

evaluate the Pseudomonas-Zymoseptoria interactions, we focused on the particular isolates 

with the growth enhancement phenotype, which was induced in different intensities by the 

two Z. tritici isolates (Figure 4, Supplementary Figure 12, Supplementary Table 2).  

The virulent Zt469 consistently enhanced the growth of four Pseudomonas phylotypes 

(ac26, ac30, ac66, and ac9), while the avirulent Zt549 enhanced the growth of only two 

bacterial isolates. Z. passerinii (Zpa796 and Zpa21) did not enhance the growth of any of the 

Pseudomonas isolates, although Zpa796 enhanced Pseudomonas ac9 (Figure 6a,b). In 

order to determine the role of the fungal cell density, we inoculated the pathogen with two 

different OD values. Hereby, we find that a smaller amount of pathogen inoculum on the 

media (from 2.7 to 1.35 OD) reduces the size of the growth enhancement halo of the 
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Pseudomonas bacteria (Figure 4a). Based on this observation, we conclude that a certain 

quorum of cells is needed for this growth-enhancement phenotype. ​  ​  ​  

We further addressed the possible mechanisms whereby Zymoseptoria can enhance growth 

of bacteria in its surrounding. Previous transcriptome analysis of the Z. tritici reference 

isolate IPO323 showed an up-regulation of a secreted invertase enzyme when growing on 

culture media with sucrose (36). Based on this observation, we hypothesized that our 

Zymoseptoria isolates secrete an invertase that breaks sucrose into monosaccharides 

providing a nutrient source for co-occurring bacteria which otherwise cannot utilize the 

sucrose in the media. To test this, we first tested if different carbon sources in the media 

would impact the bacterial growth enhancement. We tested the growth of bacteria 

co-inoculated with Zymoseptoria in a medium with glucose instead of sucrose. With the 

glucose plates, we find an absence of the growth enhancement halo otherwise present in the 

sucrose plates (Figure 4e). To further test the hypothesis, that the available sugar 

determines the growth enhancement of Pseudomonas bacteria, we conducted a further 

experiment: In order to mimic the release of glucose by Z. tritici, we added a paper disc 

soaked with a glucose solution on the top of an agar plate containing the bacteria. The 

bacteria had an enhanced growth surrounding the glucose-paper disc, indeed suggesting 

that the bacteria grows better in the presence of this monosaccharide (Figure 6f). Finally, we 

determined if extracellular invertases of Zymoseptoria were active in the media by staining 

the resulting monosaccharides with TTC. Interestingly, Z. tritici had the biggest diffusion of 

reducing sugars in the control agar media compared to Z. passerinii, as evidenced by the 

bright red halos (Figure 6c,d). The invertase activity remained active in the virulent Z. tritici 

Zt469 confronted with the bacterial isolates, but not in the avirulent Zt549 or Z. passerinii. 

We next performed an orthology assessment in our Zymoseptoria isolates to determine if the 

fungi possess orthologous of the IPO323 (the reference strain) secreted invertase 

(Supplementary table 9). Our analysis showed four different groups containing orthologous 

beta-fructofuranosidases (EC3.2.1.26). Each isolate encoded at least one potential invertase 

copy with a predicted secretion signal. We conclude that the pathogen isolates have the 

potential to secrete invertases in the media or during plant infection. Based on the in vitro 

assays with Pseudomonas, we conclude the bacterial growth enhancement is due to the 

hydrolysis of sucrose in the media and its expression might depend on the microbial context.
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Discussion​  ​  ​  

The infection of Zymoseptoria spp. induce differential changes in leaf-associated 
bacterial and fungal communities​  ​  ​  ​  

This work is conceived with the concept that Zymoseptoria, a genus of host-specialized 

fungal pathogens, evolves in the context of host specific microbiota. Indeed, plant species 

and genotype are important factors that influence the plant´s microbiome composition 

(17,37). In our pathosystems, the wild A. cylindrica and H. murinum hosts showed a small 

but significant species differentiation with common and unique core leaf microbiome 

members (Figure 1). This supports the notion that Z. tritici and Z. passerinii have coexisted 

and evolved with specific microorganisms in the leaves of their hosts. The microbiome 

composition that we have studied under controlled greenhouse conditions might be different 

from the microbiome in the field or natural environment (38) , however we consider that 

conserved functional traits of these microorganisms still may define a component of the core 

A. cylindrica and H. murinum microbiomes. 

We have previously described lineages of Z. tritici and Z. passerinii that have specialized in 

their wild host (Zt469, Zpa796) and diversified from the lineages that infect domesticated 

relatives (Zt549, Zpa21(5,23)). Here, we framed these lineages in the context of the wild 

host, as virulent lineages (for the adapted wild host-infecting isolates) and avirulent lineages 

(for the non-adapted domesticated host-infecting isolates). We focused on the wild 

pathosystems because domesticated crops such as bread wheat and barley have been 

shown to assemble different and less defined microbiomes from their wild relatives 

(13,15,17). Therefore, it is possible that the pathogens have evolved with different 

microbiomes in each host (domesticated and wild) leading to different patterns of 

interactions. 

Fungal plant pathogens influence the microbiome of their host plants (4). Our data shows 

that the leaf-associated bacterial communities of wild grasses are more resilient to the 

changes induced by virulent and avirulent pathogens than the fungal communities, which 

showed a reduced alpha diversity when infected with the virulent isolates (Figure 2). These 

changes occurred in the asymptomatic biotrophic phase of infection. A similar effect was 

described in Arabidopsis thaliana leaves infected with the biotrophic pathogen Albugo spp. 

(39). Moreover, Seybold et al. (26) showed that the modulation of the host’s immunity and 

metabolism by Z. tritici also affected the bacterial leaf microbiome of wheat. Our network 

analysis suggests that the virulent Zt469 correlates positively with more OTUs (Figure 3), 

which may reflect an indirect positive effect on bacteria that could be promoted with the 
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induction of systemic susceptibility (ISS, (26)). Similarly, the higher proportion of negative 

correlation by the avirulent Zt549 and Zpa796 might indicate a decrease in abundance due 

to pathogen-triggered immunity (PTI,26)) against the pathogens. The transcriptomic survey 

of Zt469 (virulent) and Z. tritici IPO323 (avirulent) in A. cylindrica shows differential 

expression of pathogen resistance genes supporting that defense genes indeed are 

differentially induced during fungal infection (40). The suppression or induction of immune 

related genes may indirectly influence the colonization of other microbial taxa in the leaf 

tissue. ​ ​  ​  

Microbial interactions may also be direct between the invading fungal pathogen and the host 

microbiota. We used in vitro confrontation assays as a proxy for direct mechanisms of 

interaction. Zymoseptoria species can inhibit and enhance the growth of different bacteria 

and fungi isolated from the wild host, suggesting their potential to directly influence or modify 

the host microbiome (Figure 4 and 5). The in vitro antifungal activity of Zymoseptoria against 

fungi like Penicillium and others does not explain, by itself, the reduction of other fungal taxa. 

Pathogen-derived antifungal molecules might have specificity for certain groups of taxa, as 

observed for an antifungal effector in Verticillium dahliae (9). The reduction of diversity could 

also be associated with the dominance of the pathogen on the leaves, which could cause a 

displacement of the other fungal taxa (41). The production of antimicrobials to remove 

microbial competitors is a recent field of study that remains to be explored in Zymoseptoria 

species. Currently, a couple of effectors with antimicrobial activity have been described in Z. 

tritici (42,43), which represent potential candidates to study in the context of the host 

microbiome. In this study, we generated a collection of antagonistic bacteria and fungi from 

wild wheat and barley which can be further explored for putative wheat biocontrol consortia 

for control against Zymoseptoria tritici.  

Direct pathogen-microbiome interactions show signatures of host specificity  

It has been suggested that the ability of pathogens to coexist or compete with other 

microbes inhabiting plant surfaces and tissues is an important factor for its host specificity 

(6). We used the in vitro confrontation assays to test if virulent and avirulent specialized 

Zymoseptoria lineages would establish different interactions with the host leaf microbiota. 

Zymoseptoria tritici isolates specialized to wild and domesticated wheat have the same 

interaction outcome when confronted with the leaf-associated bacteria from the wild host 

(Figure 4). The same pattern is true of isolates of Z. passerinii from wild and domesticated 

barley. This observation indicates that the pathogens might have a similar repertoire of 

metabolites or effectors to influence the host microbiome. Aegilops cylindrica-infecting Zt469 

and Triticum aestivum-infecting Z. tritici IPO323 show high synteny levels across the core 
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chromosomes (44). Similarly, the Zymoseptoria isolates show the same susceptibility against 

the antifungal repertoire of the host leaf-associated bacteria. Indeed, the biocontrol activity of 

microorganisms against pathogens is broad, and a single species might have the potential to 

antagonize diverse fungal pathogenic species (45). However, we found that more fungal 

isolates inhibit the virulent Zt469 than the avirulent Zt549, which indicates a possible 

difference in susceptibility towards other host-associated fungi. Previous studies have 

indeed demonstrated that the biocontrol fungus Trichoderma harzianum can inhibit different 

pathogen species, and have different expression patterns with different co-occurring 

pathogens (46).  

Differences in the expression of effectors have been described in isolates Z. tritici with 

different infection patterns and virulence in wheat (25), for example in the antimicrobial 

ribonuclease Zt6 (25,42). Interestingly, similar ribonucleases produced by Ustilago maydis 

(Ribo1) and Cholletotrichum fruticola (CfRibo1 and CfRibo2) are important for the 

competition of the pathogen against host-associated bacteria (47,48). This suggests that 

variability in the expression of effector to compete against the plant microbiota might impact 

the pathogen's ability to colonize the host, therefore, they could be important for the 

evolution of host specificity. The virulent and avirulent Z. tritici isolates showed differences in 

the intensity of the interactions, particularly in the growth enhancement of bacteria. We 

explored the underlying mechanism of growth enhancement of Pseudomonas bacteria and 

found that the growth enhancement of bacteria correlates with the hydrolysis of sucrose in 

the media by the virulent Zt469, but not in the avirulent Zt549 (Figure 6). This finding 

suggests variation in the expression of the pathogen invertase enzymes in the presence of 

competitive bacteria. 

Positive and negative correlations between microorganisms can reflect direct and indirect 

interactions between microbial members (49). Under this assumption, the different Z. tritici 

isolates correlated with different microbial OTUs indicate their ability to establish specific 

direct interactions with them in the apoplast and/or on the leaf surface. However, we could 

not validate the majority of the correlations due to the difficulty of isolating the majority of the 

bacteria (67 of 2546 OTUs) and fungi (17 of 195 OTUs) associated with the plants. 

Particularly, our network predictions show that the virulent Zt469 correlates positively with 

more taxa than Zt549. This finding is in agreement with Zt469 inducing bigger enhancement 

halos in A. cylindrica-associated bacteria than Zt549. Nevertheless, Z. passerinii also shows 

growth enhancement of similar bacterial taxa (eg, Rodococcus and Streptomyces), 

suggesting that this activity might be common in Zymoseptoria species, but its relevance 

might also depend on the host context and what bacteria are prevalent in the microbiome.  

16 

.CC-BY-NC 4.0 International licensemade available under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 24, 2025. ; https://doi.org/10.1101/2025.06.24.661283doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?Ab0sgy
https://www.zotero.org/google-docs/?KhyC9t
https://www.zotero.org/google-docs/?PaTDCR
https://www.zotero.org/google-docs/?8HMZz0
https://www.zotero.org/google-docs/?qVEbIn
https://www.zotero.org/google-docs/?xgM32N
https://www.zotero.org/google-docs/?Oxefdy
https://doi.org/10.1101/2025.06.24.661283
http://creativecommons.org/licenses/by-nc/4.0/


 

Bacterial growth enhancement correlates with sucrose hydrolysis in the media.  

Our data shows that the Z. tritici (Zt469, Zt549) and Z. passerinii (Zpa21) can hydrolyze 

sucrose in the media resulting in the diffusion of monosaccharides (Figure 6). These 

enzymes hydrolyze the glycosidic bond in sucrose, inulin, and levan and are present in 

plant-associated fungi to use plant-derived sugars, including fungal pathogens (50). Our 

experimental data suggests that the degradation of sucrose to monosaccharides by 

Zymoseptoria is the mechanism by which the pathogen enhances the growth of bacteria in 

vitro, pointing towards a substrate cross feeding model of interaction (51) between pathogen 

and leaf-associated bacteria.  

Our genome analysis shows that Zt469, Zt549, Zpa796, and Zpa21 also possess invertase 

genes that are orthologous of the ones identified in Z. tritici IPO323 (Supplementary Table 

10). However, only Zt469, Zt549, and Zpa21 show in vitro invertase activity in the media, 

while Zpa796 does not. Interestingly, only the isolate Zt469 shows invertase activity in the 

presence of A. cylindrica-associated Pseudomonas, which correlates with the observed 

growth enhancement of the bacteria. So far, the role of invertases in plant pathogens has 

been associated with their ability to consume the host's sucrose (52,53), However, it has 

been suggested that Zymoseptoria relies on other diverse carbon sources, different from 

sucrose (36). Our work indicated that the activity of this enzyme might be relevant for the 

interaction of Zymoseptoria with the microbiome of its host. A detailed functional validation of 

these invertases will unravel their relevance in Zymoseptoria virulence and microbial 

interaction. 

Pathogen-bacteria interactions with positive outcomes for the partners have so far not been 

studied much in the context of plant microbiomes (4). Our screening in vitro shows a 

possible mechanism by which bacteria can benefit from the presence of a fungal pathogen; 

however, in vitro interactions do not necessarily resemble what happens in planta, and the 

fitness outcomes might be different in the host context. Particularly, we find that many 

bacterial isolates that show growth enhancement around the pathogen also show 

antimicrobial activity against it (e.g. Pseudomonas Ac26, ac9, ac30, Supplementary Table 2). 

In bacteria, the synthesis of antimicrobials can be regulated by catabolite repression by 

sugars (54), and we speculate that Zymoseptoria could alleviate the competition of bacteria 

by modifying the sugar dynamics in the host. Future research will focus on evaluating the 

significance of this interaction mechanism for the pathogen and microbiome in the host 

Our study suggests that the leaf microbiome of wild grasses is affected by the biotrophic 

infection of Zymoseptoria pathogens. Interestingly, plant-associated fungi suffer a higher loss 

of diversity than bacteria during pathogen invasion. Detailed community analyses suggest 
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that virulent and avirulent Zymoseptoria isolates correlate with different microbial OTUs. 

Despite the difficulty of separating direct and indirect effects of fungal invasion on the 

phyllosphere microbiome composition, we conclude that Zymoseptoria can inhibit and 

enhance the growth of certain bacteria in vitro, suggesting that such direct effects also occur 

in planta. The virulent Z. tritici and Z. passerinii isolates show similar phenotypes when 

confronted with the microbiome of their respective host. However, only Zt469 enhances the 

growth of A. cylindrica-associated Pseudomonas through the activity of the 

sucrose-degrading enzymes, suggesting that this mechanism could be important for host 

specificity. Our data supports a scenario where pathogens establish interactions with 

host-microbiomes which are not only antagonistic or neutral, but also beneficial. The 

mechanisms underlying these interactions may explain the ability of pathogens to coexist in 

the same host niche.  
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Figures 

 

Figure 1. The prokaryotic (A-D) and eukaryotic (E-H) microbiome of uninfected 

(mock-inoculated) leaves of Aegilops cylindrica (Ac) and Hordeum murinum (Hm) under 

greenhouse conditions. The panels show the alpha diversity (Shannon’s index) between 

hosts (A, E), the intersection of the core OTUs between hosts (B, F), the NMDS based on 

Bray-Curtis distances of the CSS normalized data between samples (C, G), and the 

phylum-level classification of OTUs (D, H).  
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Figure 2. The leaf microbiomes of A. cylindrica (A-D) and H. murinum (E-H) were infected 

with different lineages of Z. tritici and Z. passerinii, respectively. A, B, E, F) 16S-rRNA-V4 

barcoding and C, D, G, H) ITS2 barcoding. The boxplots represent the alpha diversity 

(Shannon index) in the mock, virulent, and avirulent treatments from all the time points while 

the NMDS were calculated based on Bray-Curtis distances of the CSS normalized data 

between samples for all time points.  
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Figure 3. Correlation-network analysis of the A. cylindrica (A, C, E) and H. murinum (B, D, 

F) leaf microbiome infected with virulent (A, B) and avirulent (C, D) lineages of Z. tritici 

(Zt469 and Zt549, respectively) and Z. passerinii (Zpa796 and Zpa21, respectively) during 

the biotrophic phase. The “All edges” column corresponds to the complete correlation 

network in each host and treatment while the “Zymoseptoria edges” column corresponds to 

the subnetwork of the OTUs correlating with Zymoseptoria. The boxplots (E, F) represent the 

proportion of positive and negative correlations of Zymoseptoria in 100 randomized networks 

between the virulent and avirulent treatment, and the randomized joint dataset.  
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Figure 4. Confrontation assays of the cultivable leaf-associated bacteria of A. cylindrica (Ac) 

and H. murinum (Hm), with the virulent (V) and avirulent (A) Z. tritici and Z. passerinii 

lineages, respectively. A) Experimental setup. B) Representative pictures of the outcomes in 

each assay. C) The frequency of each interaction outcome with the virulent and avirulent 

Zymoseptoria lineages with the leaf-associated bacteria. The boxplots represent the intensity 

of the interaction outcome measured as the ratio between the inhibition or enhancement 

halo and the top colony. D) Inhibition of Zymoseptoria by bacteria, E) Inhibition of bacteria by 

Zymoseptoria, and F) growth enhancement of bacteria by Zymoseptoria.  
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Figure 5. Confrontation assays of the cultivable leaf-associated fungi of A. cylindrica (Ac) 

and H. murinum (Hm), with the virulent and avirulent Z. tritici and Z. passerinii lineages. A) 

Experimental setup. B) Representative pictures of the outcomes in each assay. C) The 

frequency of each interaction outcome with the virulent and avirulent Zymoseptoria lineages 

with the leaf-associated fungi. The boxplots represent the intensity of the interaction 

outcome measured as the logFC between the diameter of the isolate growing in 

confrontation and a isolate growing alone. D) Inhibition of Zymoseptoria by fungi, E) 

Inhibition of fungi by Zymoseptoria, and F) growth enhancement of fungi by Zymoseptoria.  
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Figure 6. The growth enhancement activity of Z tritici and Z. passernii with Pseudomonas 

phylotypes isolated from the leaves of A. cylindrica. A) Confrontation test of 4 Pseudomonas 

phylotypes and 4 Zymoseptoria isolates inoculated at 2 different optical densities (OD) in 

sucrose-containing agar media, the ratio between the halo size divided by the colony size is 

represented. B) Representative pictures of the growth enhancement phenotypes with 

Zymoseptoria isolates at 2.7 OD. C) TTC staining of reducing sugars during the 

confrontation in sucrose-containing media, the ratio between the red halo and the colony 

size is represented. D) Representative pictures of the TTC staining with Zymoseptoria 

isolates at 2.7 OD. E) Confrontation test of 4 Pseudomonas phylotypes and 4 Zymoseptoria 

isolates inoculated at 2 different optical densities (OD) in glucose-containing agar media. F) 

Growth enhancement phenotype induced by 10 uL of glucose 2M. The lowercase letters 

indicate a p-value < 0.05 between cell OD (wilcox-test) while the asterisk indicates a p-value 

< 0.05 between pathogen isolates (Kruskall-Wallis test with Dunn post-hoc test).  
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