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Abstract

Plants interact with a plethora of pathogenic microorganisms in nature. Pathogen-plant
interaction experiments focus mainly on single-strain infections, typically ignoring the com-
plexity of multi-strain infections even though mixed infections are common and critical for
the infection outcome. The wheat pathogen Zymoseptoria triticiforms highly diverse fungal
populations in which several pathogen strains often colonize the same leaf. Despite the
importance of mixed infections, the mechanisms governing interactions between a mixture
of pathogen strains within a plant host remain largely unexplored. Here we demonstrate that
avirulent pathogen strains benefit from being in mixed infections with virulent strains. We
show that virulent strains suppress the wheat immune response, allowing avirulent strains
to colonize the apoplast and to reproduce. Our experiments indicate that virulent strains in
mixed infections can suppress the plant immune system, probably facilitating the persis-
tence of avirulent pathogen strains in fields planted with resistant host plants.

Author summary

Mixed infections are commonly observed in crop fields and significantly influence the
outcome of pathogen infections. Despite extensive research on plant resistance to patho-
gens, the impact of mixed infections within a plant host remains poorly understood. Tra-
ditionally, resistance studies have focused on single infections, neglecting the influence of
co-existing strains and their behavior during infection. Our study investigates the inter-
play between virulent and avirulent strains of Zymoseptoria tritici and the capacity of this
highly destructive wheat pathogen to manipulate the host immune system. We provide
compelling evidence that virulent strains of Z. tritici suppress the plant immune response,
thereby facilitating the early establishment and penetration of co-existing avirulent strains.
Additionally, we demonstrate that the transcriptomic reprogramming of plants upon
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infection by avirulent strains is hindered by the presence of virulent strains. Overall, we
demonstrated that virulent strains suppress the host immune response in mixed infections
and that virulent strains promote the reproduction of avirulent strains in resistant host
cultivars.

Introduction

Complex biotic interactions within a plant can modulate the outcome of pathogen infections
[1,2]. The dynamics of pathogen-host interactions involving mixed microbial infections can
include cooperation, coexistence, and competition, where each infecting microbe may affect
directly or indirectly the performance of the others [3]. Co-infecting microbes can compete
directly through the secretion of molecules (e.g., antimicrobial metabolites) that affect the fit-
ness of the competitors [1,4]. Within a shared host, microorganisms can also interact indirectly
when the performance of each interacting microbe depends on the response of the host [5-7].
For instance, plant susceptibility or resistance triggered by a pathogen can affect the success of
coinfecting microbes. In fact, infections by the fungi Fusarium oxysporum and Zymoseptoria
tritici predispose wheat to be colonized by the bacteria Pseudomonas fluorescens and Pseudo-
monas syringae, respectively, through the suppression of host antimicrobial substances [8,9].
In particular, virulent strains of Z. tritici manipulate the immune response systemically and
alter the wheat microbiome [8]. Distinctive plant immune responses are triggered upon infec-
tions produced by pathogens with different infection strategies and/or lifestyles, including bio-
trophs and necrotrophs [10]. Since plants are constantly challenged by an enormous diversity
of pathogenic microorganisms with varying infection strategies [11-14], it is reasonable to
expect that genotype-specific host immune responses may affect the infection outcome of co-
infecting pathogen strains.

Comprehensive studies of plant immune responses to pathogen infections have mostly
been conducted using experimental systems in which a single host genotype is infected by a
single pathogen strain. Virulent pathogen strains colonize the host by secreting effectors that
suppress host immunity [15-23]. To counteract pathogen colonization, plants evolved the abil-
ity to specifically recognize certain forms of effectors—or avirulence factors (Avrs)-through
the production of resistance (R) proteins, and subsequently trigger an immune response that
hinders the progression of the pathogen [24,25]. Pathogen strains harboring recognized Avrs
are known as avirulent strains [26,27]. The host immune response can act locally, occurring
only where the avirulent strain interacts with the host, but it can also spread from the infection
site to produce a systemic response [28,29]. In mixed infections, virulent and avirulent patho-
gen strains may co-exist and affect the outcome of infection. In particular, the induction of
host immunity caused by avirulent pathogen strains might suppress the development of co-
infecting virulent strains. It is also possible that suppression of the host immune response by
virulent pathogen strains might facilitate infection by co-infecting avirulent strains [14]. Our
experiments aimed to better understand the balance between these processes.

Z. tritici is a genetically diverse fungal wheat pathogen in which several distinct strains typi-
cally coinfect the same leaf on a plant [14,30-32]. Z. tritici hyphae penetrate through the sto-
mata and grow in the apoplast without producing symptoms for a period that lasts between 10
and 14 days under controlled conditions. Subsequently, it produces necrotic lesions on wheat
leaves and forms both asexual (pycnidia) and sexual (pseudothecia) reproductive structures
[33-35]. The septoria tritici blotch (STB) disease, caused by Z. tritici, leads to significant losses
in wheat production worldwide and is managed mainly using host resistance and fungicides.
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Genetic control of STB is based on wheat resistance genes, of which 22 have been identified so
far [36-39] and two (Stb6 and Stb16) have been cloned and functionally characterized [37-
40]. Stbé6 recognizes avirulent isoforms of the fungal effector AvrStb6, following the gene-for-
gene interaction model [41,42], leading to the induction of an immune response that prevents
the progression and asexual reproduction of AvrStb6-expressing strains [40-42]. The mecha-
nisms by which resistant cultivars hinder progression of avirulent strains remain mostly
unknown, though recent work demonstrated that stomatal immunity and production of reac-
tive oxygen species (ROS) are likely to play key roles in preventing infection of avirulent strains
harboring AvrStb6 and AvrStb16 [43,44]. Field populations of Z. tritici carry a diverse array of
AvrStbé6 isoforms, with virulent and avirulent strains typically coexisting in the same field [45].
Remarkably, it has been demonstrated that avirulent strains are capable of reproducing sexu-
ally with co-infecting virulent strains despite not being able to infect a resistant host [41,46]. It
has yet to be determined if and how mixed infections affect asexual reproduction.

In this work, we demonstrate that an avirulent Z. tritici strain can penetrate, colonize and
reproduce asexually on a resistant host in a mixed infection with virulent strains. Microscopic
observations of the disease progress indicate that virulent Z. tritici strains facilitate the infec-
tion and asexual reproduction of co-infecting avirulent strains. We further demonstrated,
using a comparative transcriptomic approach, that virulent strains suppress avirulent strain-
triggered host immune responses. Our findings indicate that mixed infections promote the
asexual reproduction of avirulent pathogen strains in resistant plant populations.

Results
Mixed infections facilitate the asexual reproduction of avirulent strains

We first investigated if avirulent strains can asexually reproduce in the presence of virulent
strains. We simultaneously co-infected the Stb6-containing resistant cultivar Chinese Spring
with two strains harboring either virulent (3D7 or 1A5) or avirulent (1E4) isoforms of AvrStbé.
To discriminate between strains in mixed infections, we used eGFP-labeled 1E4 and mCherry-
labeled 3D7. These fluorescent lines were previously obtained and tested [14]. We additionally
used an unlabelled 1A5 strain. We observed 1E4-eGFP cirri on leaves co-infected with 1A5 or
3D7-mCherry (Fig 1A and 1B). Pycnidia from the avirulent strain 1E4-eGFP were rarely
observed in single infections (3 pycnidia observed in 48 leaves), while the reproductive success
of 1E4-eGFP was higher (according to Kruskal-Wallis test; with 67 pycnidia observed in 48
leaves) in mixed infections with virulent strains (Figs 1C, 1H; SI and Table A in S1 Text). The
number of pycnidia produced by the virulent 3D7-mCherry strain was the same in both single
and mixed infections (Figs 1D; S1 and Table A in S1 Text). We conclude that mixed infections
of avirulent and virulent strains do not affect the spore production of the virulent strain, but
significantly increase the reproductive success of the avirulent strain.

We hypothesized that the increase in the reproductive rate of the avirulent strain 1E4 in co-
infections could be due to direct interactions between the strains, the host environment, plant
cell damage produced by the virulent strain or to the suppression of the immune response by
the virulent strain. We first investigated how the host environment influenced the interaction
between virulent and avirulent strains by performing infection assays on detached leaves [47].
Unlike on intact leaves, 1E4-eGFP produced pycnidia on detached leaves, suggesting that
detached leaves do not express the full range of defenses or suffer early senescence which facili-
tates the infection by the avirulent strain (Fig 1E). The avirulent strain 1E4-eGFP achieved sig-
nificantly higher pycnidia density in single infections than in mixed infections on both second
(p < 0.001) and third detached leaves (p = 0.015; Fig 1E and Table B in S1 Text). Pycnidia den-
sity of the virulent strain 3D7-mCherry was reduced on the second leaf (p = 0.007), but not on
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Fig 1. Zymoseptoria tritici avirulent strain 1E4 can reproduce in mixed infections with virulent strains. A) The avirulent strain 1E4-eGFP
produces pycnidia on the resistant wheat cultivar Chinese Spring 19 days post infection (dpi) in mixed infections with the virulent strain 1A5. A’ and
A": Leaf surface with mature fluorescent pycnidia and extruded cirri of 1E4-eGFP. Scale bar: 1 mm (A’) and 100 um (A”). B) The avirulent strain
1E4-eGFP produces pycnidia in the presence of the virulent strain 3D7-mCherry on the resistant cultivar Chinese Spring at 20 dpi. B’ and B”: Pycnidia
distribution patterns of 3D7-mCherry and 1E4-eGFP. Scale bar: 500 um (B’) and 100 um (B”). The red boxes in A’ and B’ indicate the zoom out area
displayed in A” and B”. A" and B": pycnidiospores collected from the eGFP-labeled pycnidia are from 1E4-eGFP. Scale bar: 100 pm C) 1E4 produces
more pycnidia at 20 dpi in mixed infections with the virulent strain 3D7 than in single infections. Barplots show the average number of 1E4 pycnidia
per leaf formed. Error bars represent the standard error of the mean. Biological replicates are shown in S1 Fig. Significant differences between single
and mixed infections according to one-tailed Kruskal-Wallis test are indicated (* p < 0.05). D) The virulent strain 3D7 produces the same number of
pycnidia per leaf regardless of the presence of the avirulent strain 1E4. Barplots show the average number of 3D7 pycnidia per leaf. Error bars
represent the standard error of the mean. Biological replicates are shown in S1 Fig. There are no significant differences between single and mixed
infections according to ANOVA followed by the Tukey’s HSD post-hoc test (p < 0.05). In C) and D) a total of 16 third leaves per treatment were
analyzed. E) Barplots of the average number of pycnidia per cm? of leaf from 1E4-eGFP (top panel) and 3D7-mCherry (bottom panel) produced on
detached leaves of Chinese Spring in single and mixed infections. Error bars represent the standard error of the mean of three biological replicates.
Asterisks indicate significant differences according to student test (* p < 0.05 and ns = not significant). F, G) Pictures of pycnidia of 1E4-eGFP at 20
dpi in Chinese Spring leaves damaged with celite F) or poked with a needle G) prior to inoculation. Scale bars indicate 500 pm. The experiment was
performed twice. H) Barplots of the average pycnidia density per leaf of 1E4 infected alone, infected 7 days after inoculation with 3D7 (asynchronous)
and infected simultaneously with 3D7 in the cultivar Chinese Spring. Infections were evaluated 20 days after inoculation of 1E4. Data is from three
biological replicates. Asterisks indicate significant differences according to Anova followed by Tukey’s HSD test (p < 0.05).

https://doi.org/10.1371/journal.ppat.1011767.9001

the third leaf (p = 0.215) by the presence of 1E4-eGFP (Fig 1E, below and Table B in S1 Text).
These results indicate that asexual reproduction on detached leaves is potentially limited by
competition [14] between avirulent and virulent strains. We consider that on detached leaves,
the immune response is suppressed since the number of pycnidia produced by both strains
was very high. In contrast, in intact leaves we observed that asexual reproduction of the aviru-
lent strain is favored by the presence of the virulent strain (Fig 1C). We therefore suggest that
interactions between strains are conditional on the host environment since they most probably
depend on host senescence and host immunity.

We next investigated whether plant cell damage produced by the virulent strain benefited
the avirulent strain by determining whether mechanical leaf damage affects the reproductive
success (i.e., pycnidia production) of the avirulent strain. Chinese Spring leaves were damaged
with celite or poked with a needle before infection with 1E4-eGFP. We observed that the aviru-
lent strain produced pycnidia on the leaf regions damaged with celite (approximately 400 pyc-
nidia/leaf; S2 Fig) and on 20% of the areas poked with a needle. However, no pycnidia of the
avirulent strain were formed on the intact regions of the leaf (Figs 1F and 1G; S2 and Table C
in S1 Text). The results suggest that damage to the leaf epidermis allows the fungus to pene-
trate the plant tissues and produce pycnidia. We further evaluated whether if, in addition to
leaf damage and necrosis induced during infection, host immune suppression by the virulent
strain also promotes the colonization by the avirulent strain by infecting Chinese Spring plants
first with the virulent strain 3D7-mCherry and re-infecting them seven days later with the avir-
ulent strain 1E4-eGFP. In this experiment, 1E4-eGFP infection was initiated during the
3D7-mCherry latent phase and only 5 days before the beginning of the 3D7-mCherry necro-
trophic phase. We expected that if additional factors, other than necrosis, facilitate 1E4 infec-
tion, we would also see an advantage for 1E4 reproduction in asynchronous infections. As
controls, we conducted single infections with 1E4-eGFP and made simultaneous infections, in
which both strains were co-inoculated as previously indicated (Fig 1A-1C). In asynchronous
co-infections, 1E4-eGFP produced more pycnidia in mixed infections than in single infections
(p = 0.023; Fig 1H). The prior infection by the virulent strain did not significantly increase the
number of pycnidia of the avirulent strain, compared to the simultaneous infection (Fig 1H
and Table D in S1 Text). This result suggests that the capacity of 1E4-eGFP to reproduce is
affected by other factors besides the time in which the necrotrophic phase of 3D7-mCherry is
initiated. We postulated therefore, that other mechanisms beyond the necrosis induced by the
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virulent strain, such as suppression of plant resistance by the virulent strain, might be
involved.

The virulent strain facilitates apoplast colonization of the avirulent strain

To test whether 1E4 is favored in mixed infections with virulent strains at the early stages of
the infection, before symptoms become visible, we monitored hyphal plant penetration using
confocal microscopy at 11 dpi. As previously reported for Z. tritici avirulent strains [43,44,48],
we observed that not all 1E4 hyphae penetrated the stomata, supporting the theory that
AvrStb6-triggered resistance occurs at the penetration step. Of the total number of hyphae that
were in contact with stomata, we estimated that 41% and 39.7% (in each of the replicates) of
1E4 hyphae grew over the stomata or did not penetrate in single and mixed infections, respec-
tively. We divided the progression of avirulent strains into 3 phases: stage I occurs when
hyphae attempt to penetrate through the stomata, but do not reach the substomatal cavity
(unsuccessful attempt); stage II occurs when hyphae reach the substomatal cavity; and stage I1I
occurs when hyphae enter into the substomatal cavity and reach the apoplastic space in the
mesophyll (Fig 2A). At the first stages of penetration (I and II), there were no differences in
the performance of the avirulent strain in single and mixed infections with the virulent strain
(Figs 2A and 2B; S3 and Tables E and F in S1 Text). However, the number of hyphae from the
avirulent strain 1E4-eGFP that grew in the apoplastic space (stage IIT) was significantly higher
(p = 0.029) in mixed infections compared to single infections (Figs 2B-2D, S3 and Tables E
and F in S1 Text). These results indicate that host colonization by the avirulent strain at the
early stages of infection is promoted by co-infections with the virulent strain. Our data suggest
that co-infection enables colonization of the apoplastic space during the asymptomatic phase
of the infection, leading to an increase in asexual reproduction of the avirulent strain.

Virulent strains of Z. tritici manipulate the plant immune response in
mixed infections

To determine if the beneficial effect of the virulent strain on the avirulent strain also acts in dis-
tant regions of the leaf, we performed an infection assay in which the virulent and avirulent
strains were physically separated (Fig 3). In total, 19 pycnidia of 1E4-eGFP were counted in
the leaf regions adjacent to 3D7-mCherry inoculated areas, while no 1E4-eGFP pycnidia were
found on leaf sections adjacent to mock-treated areas (Fig 3A and 3C). Out of the 19 pycnidia
identified in regions infected with 1E4-eGFP, 10 were completely separated from the leaf
region colonized by the virulent strain and 9 were located in close proximity to pycnidia of the
3D7-mCherry strain (Fig 3C). Although we cannot discard the possibility that 3D7 hyphae
spread to the 1E4-infected area, these findings indicate that infection by virulent strains of Z.
tritici increases plant susceptibility, and this immune suppression is not restricted to the infec-
tion site, enabling infection by avirulent strains at separate locations.

To better understand the host immune response upon recognition of an avirulent strain in
single and in mixed infections, we compared the transcriptomic profiles of wheat leaves
infected with the virulent strain, the avirulent strain or a mixture of both strains at 3 and 6 dpi.
At 3 dpi the hyphae of both strains are mostly growing on the leaf surface and attempting to
penetrate through the stomata [19,37,48]. We considered therefore, that at early time points,
the virulent and the avirulent strain are in the same infection stage (Fig 4A and 4B). Addition-
ally, since 1E4-eGFP alone can barely penetrate further than stage III (Fig 2B), we hypothe-
sized that it should trigger plant immunity at early infection stages. We included in our
transcriptome analysis a later time point (6 dpi) to evaluate if the effect of the infection was
maintained over time. Based on previous works [37,48], at 6 dpi some virulent strain hyphae
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Fig 2. Zymoseptoria tritici avirulent strain reaches the mesophyll more frequently in mixed infections with a virulent strain. A) Hyphae progression of the
avirulent strain (1E4 labeled with eGFP) in the resistant wheat cultivar Chinese Spring was estimated by defining three infection stages: I, the hyphae attempt to
penetrate the stomata, but it does not reach the substomatal cavity; II, the hyphae reach the substomatal cavity; I, the hyphae reach the mesophyll cells.
Created with Biorender. B) Hyphae from the avirulent strain 1E4 reach the mesophyll cells more frequently in mixed infections with the virulent strain 3D7
(labeled with mCherry) than in single infections. The percentage of hyphae at each infection stage was estimated at 11 days after infection of Chinese Spring
plants with 1E4-eGFP or with a mixture of 1E4-eGFP and 3D7-mCherry. Bars represent average of three biological replicates, and error bars show the standard
error of the mean. In total between 10 and 29 observations per treatment and replicate were made, with a total of 64 observations made for mixed infections
and 65 for 1E4 single infections. Asterisks indicate statistical differences according to two-tailed student’s test (P < 0.05). An independent repetition of this
experiment is shown in S3 Fig C, D) Maximum projection overlays of Z stack acquisitions illustrating stage III penetration events of 1E4 (1E4-eGFP, green) in
single infections or in mixed infections with the virulent strain 3D7 (3D7-mCherry, red) (C and D panels respectively). Dotted lines across C and D mark the
position of the orthogonal views (yz) displayed in C” and D”. Dotted circles on the orthogonal view (C”, D") delimit epidermal cells outlines. C’ and D’ panels
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display the outside section from the Z stack acquisition. C” and D" panels display exclusively the plant inner tissues from the Z stack acquisition. Asterisks
pinpoint hyphae visible on the orthogonal views. Full and empty arrowheads indicate outer and inner hyphae respectively. Chloroplast autofluorescence is
displayed in blue in all C and D panels. The scale bars represent 20 um.

https://doi.org/10.1371/journal.ppat.1011767.9002

have already penetrated the substomatal cavity and initiated the colonization of the apoplast
(Fig 4C). At both time points, we obtained a lower number of mapped reads for 1E4 (61,435 at
3 dpi and 80,021 at 6 dpi) than for 3D7 (97,779 at 3 dpi and 159,585 at 6 dpi), which might
indicate that the host immune response hindered the progression of the avirulent strain,
although we cannot discard the possibility that 1E4 has a lower epiphytic growth (S4 Fig). We
monitored the expression of two previously identified resistance genes in Z. tritici, Stb6 and
Stb16q [37,40]. At 3 dpi, both genes were highly expressed during the infection by the avirulent
strain, but not when 3D7 was present in single or in mixed infections (Fig 4D). In contrast, we
observed the opposite effect at 6 dpi. At this time point, both resistance genes were more highly
expressed in plants infected with 3D7 compared to the response upon 1E4 treatment. These
results suggest that the defense-related genes induced at early stages of the infection in
response to the avirulent strain are not up-regulated when the virulent strain is present.

To obtain a broader overview of the differences in the transcriptomic profiles for the three
treatments, we performed a principal component analysis (PCA) of the normalized read
counts. We observed a clear distinction in the wheat transcriptomic profiles between 3 and 6
dpi (62% of variance explained on the PC1 axis; Fig 4E). We considered that these differences
are partially due to the developmental stage of the plant since we also observed a distinct
response in mock-inoculated plants at both time points (Fig 4E). Plants infected by only the

B [ ] [ ] [ ] [ ] [ ] [ ]
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N. of 1E4 N. of 1E4 N. of 1E4

Treatment - - o
pycnidia  pycnidiain  pycnidia
(total) proximity to3D7 alone
1E4 & Mock 0 0 0
1E4 & 3D7 19 9 10

1E4 = avirulent strain; 3D7 = virulent strain

Fig 3. Local and distant infections favor the reproduction of the avirulent strain of Zymoseptoria tritici. A) The avirulent and the virulent strains
were inoculated onto distant regions of wheat leaves. An example of pycnidia produced by 1E4 labeled with eGFP in positions distant from the virulent
strain 3D7 tagged with mCherry (not in the picture). Scale bars: 500 um B) Scheme of the distant infection (Side-by-side infection) performed on
second leaves placed horizontally on a metal plate and kept in this position with elastic threads. Elastic threads segmented the leaf into 7 2-cm length
sections. Below each scheme, a representative picture of leaves infected side-by-side with 3D7-mCherry and 1E4-eGFP or treated with the mock-
solution and 1E4-eGFP is shown. Segments infected with 3D7-mCherry show necrotic lesions between the two elastic threads. C) Table summarizing
the results of the side-by-side experiment indicating the number of pycnidia of 1E4-eGFP in distant infections with mock or with 3D7-mCherry. The
number of pycnidia from 1E4-eGFP found in the same picture as 3D7-mCherry pycnidia (N. of 1E4 pycnidia in proximity to 3D7), or completely
isolated from pycnidia of 3D7-mCherry (N. of 1E4 pycnidia alone) is indicated.

https://doi.org/10.1371/journal.ppat.1011767.g003
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Fig 4. Mixed infections and the virulent strain trigger a similar host transcriptome response that differs from that of the avirulent strain.
Schematic representation of the infection stages of Zymoseptoria tritici: A) At 3 days post infection (dpi) 1E4 and 3D7 grow mainly epiphytically
with few successful examples of stomatal penetration. B) At 6 dpi, the avirulent strain 1E4 in single infections remains mostly growing on the leaf
surface and the penetration attempts are blocked by the host immune response. C) At 6 dpi hyphae of the virulent strain 3D7 in single infection
have penetrated the stomata and started to grow in the sub-stomatal cavity. A, B and C were created with Biorender. D) Expression (log2 fold-
change compared to mock) of the major resistance genes Stb6 and Stb16q (Tables E and F in S1 Text) compared to the Actin housekeeping gene
corresponding to the three infection treatments (1E4 single, 3D7 single and mixed infection) at 3 and 6 dpi. E) Principal component analysis (PCA)
of DESeq2 normalized read counts at 3 (triangles) and 6 dpi (circles) for the four treatments, including: uninfected leaves (grey), leaves infected by
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the avirulent strain 1E4 (green), leaves infected by the virulent strain 3D7 (red), and leaves coinfected with both 1E4 and 3D7 (blue) strains. Read
counts were normalized using the size factor method and rlog transformed before performing the PCA. The PC1 (x-axis) explains 62% of the
varijance between treatments and time-points, while the PC2 (y-axis) explains 17% of the variance. F) PCA including only samples harvested at 3
dpi. Samples are placed along two PC axes explaining 54% (x-axis) and 26% (y-axis) of the variance. G) PCA including only samples harvested at 6
dpi. Samples are placed along two PC axes explaining 77% (x-axis) and 7% (y-axis) of the variance.

https://doi.org/10.1371/journal.ppat.1011767.g004

avirulent strain displayed a distinctive transcriptomic profile compared to the other infection
treatments and water-sprayed leaves (mock treatment) at both 3 and 6 dpi (Fig 4F and 4G). At
these time points, the transcriptomic profile of leaves infected with the virulent strain and in
mixed infections were not distinct and clustered together in the PCA (Fig 4F and 4G). The
similarity of the transcriptomic profiles of plants infected with the virulent strain in single and
in mixed infections (Fig 4F and 4G) indicates that the transcriptional response of the host was
independent of the presence of the avirulent strain in mixed infections. These results demon-
strate that 1E4 induces a transcriptomic reprogramming and suggest that 3D7 overshadows
the response of the avirulent strain in mixed infections.

To further explore the plant responses in single and mixed infections, we analyzed the dif-
ferentially expressed genes (DEGs) in infected wheat leaves with the virulent strain, the aviru-
lent strain or both (mixed-infection) compared to mock-treated plants at each time point. We
counted 2892 DEGs (log2-fold change > 0 and p-value adjusted < 0.05) during the infection
of the avirulent strain compared to the mock-infected plants at 3 dpi (Fig 5A). In contrast, the
leaves infected by the virulent strain, or the mixed infection showed fewer DEGs compared to
the leaves infected by the avirulent strain, with 948 and 440 DEGs, respectively. At 6 dpi, the
numbers of DEGs increased in both the virulent strain infection and the mixed infection with
2754 (with 61% of genes up-regulated) and 1108 (with 81% of genes up-regulated), respectively
(Fig 5A), while 339 DEGs were identified upon infection with the avirulent strain. Taken
together, these results show distinctive transcriptional responses between timepoints and
infection treatments.

Hierarchical clustering of the expression profiles of all DEGs revealed that the majority of
genes up-regulated in the 1E4 single infection at 3 dpi are not differentially expressed in the
3D7 and mixed infections (Figs 5B and S5). We next explored in detail which DEGs were
shared among the different treatments at each timepoint. The set of up-regulated genes at 3
dpi during infection by the avirulent strain 1E4 was different from the set of genes up-regu-
lated in the virulent or mixed infections (Figs 5C and S5). Among the 2403 up-regulated DEGs
in response to the avirulent strain at 3 dpi, only 9.5% and 4% were also up-regulated in leaves
exposed to virulent and both strains, respectively (Figs 5C; S5, Tables G, H, I, J and K in S1
Text). Similarly, at 6 dpi we observed a common transcriptomic pattern in plants infected with
the virulent strain either in single or mixed infections. In particular, among the 1685 up-regu-
lated DEGs in response to a 3D7 single infection at 6 dpi, 46% were also up-regulated in the
mixed infection, while only 7% were up-regulated in the infection by 1E4 (Figs 5D and S5).
These results show that a similar plant response occurs when leaves are exposed to a virulent
strain in a single or mixed infection. Since the avirulent strain leads to a distinct transcriptomic
profile, we conclude that the virulent strain masks the presence of the avirulent strain in a
mixed infection.

Leaves infected with the avirulent strain 1E4 included 48 up-regulated genes at 3 dpi that
have Gene Ontology annotations related to “defense response” (S6 Fig; Tables H, I, K, L, N in
S1 Text). Only 8 and 4 genes of the same category were up-regulated in leaves infected with
the virulent strain in single or mixed infections, respectively (Figs 5C and S6; Tables I, ], K in
S1 Text). Therefore, the defense-related genes induced by a 1E4 single infection were mostly
not up-regulated in a 3D7 single infection or a mixed infection (Fig 5C and Table K in S1
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Fig 5. Transcriptome analysis of wheat indicates that the virulent strain of Zymoseptoria tritici controls avirulence factor-triggered plant resistance. A)
Number of differentially expressed genes (DEGs) in wheat upon each treatment compared to uninfected leaves identified with DESeq2 (p-adjusted < 0.05).
Green bars represent up-regulated DEGs (log2 fold-change > 0) and orange bars represent down-regulated genes (log2 fold-change < 0). B) Transcript
profiling across the three treatments and two-time points of the 6256 genes differentially expressed in at least one condition compared to uninfected plants.
Transcript expression is represented in row scaled log2-fold change using uninfected leaves as a reference, from up-regulated genes (green) to down-regulated
genes (orange). DEGs are grouped by hierarchical clustering based on log2-fold change values. C, D) Alluvial plot of differentially expressed genes: up-
regulated in green, down-regulated in orange and non-significant DEGs in blue; at C) 3 dpi and D) 6 dpi and across each treatment. Genes with "defense-
related" GO predictions are highlighted in red. The “defense-related” protein sequences were manually checked for similarity in Arabidopsis using BLASTP.

https://doi.org/10.1371/journal.ppat.1011767.9005
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Text). We also observed enrichment of GO categories representing downstream signaling in
plant immune responses such as "response to abscisic acid", "response to jasmonic acid" and
"response to salicylic acid" (Tables L, M in S1 Text) in leaves infected by the avirulent strain. At
6 dpi, 34 and 22 defense response-related genes were up-regulated in plants infected with the
virulent strain 3D7 or both strains, respectively, while only 2 were up-regulated in plants
infected with only the avirulent strain 1E4 (Figs 5D and S6; Tables H, I, J, K, M, N in S1 Text).
Opverall, the results obtained with the transcriptomic analysis indicate that the avirulent strain
triggered an early resistance response in single infections, but not in mixed infections. This
indicates that virulent Z. tritici strains are able to suppress the immune response while coloniz-
ing the host.

Discussion

The colonization and reproductive success of avirulent strains on resistant cultivars are
severely limited in single infections in which only one strain attempts to colonize the host
[24,34,49]. In this work we demonstrated that mixed infections provide an advantage to the
growth and reproduction of avirulent strains on resistant hosts. We found that this advanta-
geous effect begins at early stages of the infection process. Our findings provide new insights
into the factors that could contribute to the maintenance of diversity in pathogen populations
and highlight how the complex nature of pathogen-plant interactions can challenge the devel-
opment of sustainable control of wheat diseases [50]. In mixed infections, virulent strains of Z.
tritici can suppress the plant immune system and allow colonization and reproduction by oth-
erwise avirulent pathogen strains, enabling the persistence of avirulent strains in fields planted
to resistant cultivars.

Z. tritici is an apoplastic pathogen. Upon germination of sexual and asexual spores, fungal
hyphae grow on the leaf surface and penetrate through stomata. Recognition of avirulence fac-
tors hampers the reproduction of this pathogen [41,42,48]. Furthermore, it was recently dem-
onstrated that the penetration rate of avirulent strains harboring either AvrStb16 or Avr3D1 is
strongly impaired in resistant hosts and that stomata are more closed upon AvrStb6 and
AvrStb16 recognition [37,43,44,48]. In this work, we also observed that early stages of the
infection of 1E4 (harboring AvrStb6) are hampered, with only some hyphae reaching the apo-
plastic space outside of the substomatal cavity. These results support the hypothesis that
AvrStb6 recognition occurs during penetration. We additionally showed that virulent strains
facilitate penetration of 1E4, suggesting that 3D7 suppresses the immune response early during
infection. However, we cannot discard the possibility that the interaction between Z. tritici and
the host already occurs during Z. tritici epiphytic growth. The epiphytic growth of Z. tritici has
been shown to be critical for its life cycle [46,51,52]. In fact, avirulent isolates of Z. tritici have
been shown to proliferate epiphytically on resistant plants and induce early defense responses
[53]. The proliferation of AvrStb6-expressing strains on the leaf surface together with the fre-
quently occurring genetically diverse STB infections, might facilitate on the one hand sexual
reproduction, as previously shown [41,46] and on the other hand penetration through the sto-
mata and pycnidia formation, as shown in this work. Additionally, we showed that 1E4 pyc-
nidia in detached leaves are formed but in contrast to what we found in intact plants, the
presence of 3D7 hindered asexual reproduction of 1E4. Pycnidia production of 3D7 was
reduced by the presence of 1E4 on detached second leaves, but not on detached third leaves.
We suggest that the plant immune response and/or hormonal balance might be altered on
detached leaves, enabling pycnidia formation of the avirulent strain and influencing the com-
petitive capacities of different Z. tritici strains. We observed that wounding also facilitates asex-
ual reproduction of avirulent strains similar to what was shown earlier for AvrStb16-harboring
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strains [43]. Overall, these results highlight that even when avirulent strains are detected and
their infection is prevented, they can still survive on the leaf surface and their co-existence
with virulent strains or leaf damage can facilitate the persistence of avirulent strains in Z. tritici
populations [46,53]. Although the avirulent strain formed many fewer pycnidia than the viru-
lent strain, this ability of avirulent strains to reproduce in mixed infections will facilitate the
survival of avirulent strains and enable the persistence of avirulent alleles in fields planted to
resistant hosts. A recent analysis indicated that a moderate infection of STB (44% of leaves
infected) will produce approximately one billion pycnidia per hectare [32]. If mixed infections
by virulent strains on resistant hosts enable 1% of the pycnidia to be contributed by avirulent
strains, this would yield 10 million avirulent pycnidia per hectare. While this would represent
only a small contribution to the overall epidemic, it would provide ample opportunity for avir-
ulent strains to contribute to the evolutionary potential of the pathogen population through
both sexual and asexual reproduction.

The transcriptomic analyses revealed that early host defense responses activated by the avir-
ulent strain are not induced in co-infections with a virulent strain. In gene-for-gene interac-
tions, early detection of a pathogen has been described as the key factor affecting the efficient
suppression of plant pathogens [54]. In accordance, the avirulent strain 1E4 infection progress
was arrested at the early stages of infection, during penetration of the host. We additionally
found that the avirulent strain induced a higher number of defense-related genes at the early
stages of the infection compared to virulent strains. For example, Stb6 was slightly but signifi-
cantly up-regulated at 3 dpi in the incompatible interaction, but was not differentially
expressed in infections with the virulent strain. We expected that the avirulent strain 1E4
would be detected because of the presence of the Stb6 resistance protein in Chinese Spring
[40-42], regardless of the presence of the virulent strain. Instead, only 4% of the genes that
were up-regulated in the incompatible interaction at 3 dpi were also differentially expressed in
the mixed infection. We hypothesize that virulent strains of Z. tritici suppress the immune
response in mixed infections, either by preventing the recognition of avirulent strains or by
suppressing the resistance response triggered by avirulent strains attempting to penetrate. We
suggest that this suppression facilitates infection by 3D7, but also enables infection by other-
wise avirulent strains of the same species. In accordance, Suffert and collaborators [55] sug-
gested that fast colonizer virulent strains suppress the immune response, facilitating the
infection of other slower colonizing virulent isolates and, subsequently, favoring sexual repro-
duction. This immune suppression should occur at early stages of the infection, since we
observed an enhanced penetration rate for the avirulent strain, and it has an effect in distant
regions of the leaf, since we observed isolated 1E4 pycnidia. This remarkable finding is in
accordance with previous reports that Z. tritici enables the colonization of non-pathogenic spe-
cies and other components of the microbiome of wheat [8,56]. In earlier work, Seybold and
collaborators [8] demonstrated that virulent strains of Z. tritici enabled infection by non-
adapted Pseudomonas sp. through the suppression of the host immune response. Remarkably,
they demonstrated that this suppression of the immune response was not only local but also
systemic, since the effect was maintained in distant leaves. They also demonstrated that Z. tri-
tici affected leaf microbiota [8]. Our experiments add further support to the hypothesis that
successful pathogens manipulate the host immune system and influence secondary infections
by avirulent strains. In accordance with previous publications [8,56], we suggest that successful
pathogens might enable colonization by other microbes, including beneficial microbes, non-
pathogenic and pathogenic species, and avirulent strains of pathogens [3,8]. We postulate that
virulent Z. tritici strains secrete an arsenal of effectors which manipulate the host immune
response, rendering the plant more susceptible to colonization by coexisting pathogens and
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other microorganisms. We believe that, similar to other pathogens [57], host immune suppres-
sion is a general mechanism used by Z. tritici to infect wheat plants.

Mathematical models suggest that avirulence alleles are likely to disappear in natural popu-
lations when resistant hosts dominate due to the evolutionary pressure exerted by resistance
genes [58-60]. Models also indicate that mixed infections are likely to impact the evolution of
virulence [7]. Previous work demonstrated that avirulent and virulent strains of Z. tritici are
capable of sexually recombining on resistant cultivars, providing a mechanism to maintain
avirulent AvrStb6 alleles in Z. tritici populations [41]. Our experiments showed that mixed
infections of Z. tritici can facilitate the asexual reproduction of avirulent strains. These results
provide another possible mechanism to maintain avirulent effector alleles at low frequencies in
resistant host populations. We speculate that the same mechanisms will enable avirulence
alleles to be maintained in resistant host populations for many plant pathogens.

Materials and methods
Plant and fungal material

All experiments were conducted with the wheat cultivar Chinese Spring (Triticum aestivum L.,
Delley Semences et Plants SA, DSP, Delley, Switzerland), which contains the resistance gene
Stb6. Depending on the experiment, 8 or 16 seedlings were grown in square 11 x 11 x 12 cm
plastic pots (Bachmann Plantec AG, Switzerland) containing peat soil (Jiffy soil substrate GO
PP7, Netherlands) for 17 days prior to infection. 10-day-old plants were fertilized with 2 litres
of fertilizer solution per 15 pots (2 mL L™', Wuxal Universal-Diinger, Maag-Garden, Switzer-
land). Growing conditions were the following: 16 h of light, 70% relative humidity, tempera-
ture of 18°C during the day and 15°C during the night, and light intensity of 12 kLux.

The ST99CH_3D7 and ST99CH_1A5 (abbreviated as 3D7 and 1A5, respectively) strains of
Z. tritici are virulent on cultivar Chinese Spring [14,30,61] while STO9CH_1E4 (1E4) harbors
AvrStb6 and is avirulent on Chinese Spring [42]. To visualize and distinguish pycnidia and
hyphae of the two mixed strains, we used a 1E4 variant tagged with a codon-optimized version
of cytoplasmic enhanced green fluorescent protein (eGFP) and a 3D7 variant tagged with the
cytoplasmic monomeric Cherry (mCherry) [14,62-64]. Spores were incubated in 50 mL yeast
sucrose broth (YSB, 10 g L™ yeast extract, and 10 g L' sucrose supplemented with 50 mg
mL~" kanamycin) for 6 days at 18°C and 120 rpm. Spore cultures were filtered through two
layers of sterile gauze, pelleted at 3273 g for 15 min, and resuspended into 15-25 mL of sterile
water. The concentration of the spore inoculum was estimated using KOVA Glasstic counting
chambers (Hycor Biomedical, Inc., California). Growth in axenic conditions of the strains
used in infection experiments was analyzed by applying 3 pL drops of a dilution series 1: 10
starting from the sprayed concentration onto yeast malt sucrose agar (YMA, 4 g L yeast
extract, 4 g L' malt extract, 4 g L™ sucrose and 12 g L' agar) media. Plates were assessed
after 6 days of incubation at 18°C (S7 Fig).

Whole plant spray infection assays

In all experiments, unless noted otherwise, seventeen-day-old wheat plants were spray-inocu-
lated until run-off with either one strain (1E4, 3D7 or 1A5) or a combination of two strains
(3D7+1E4 or 3D7+1A5) using 10 mL of the spore suspension containing 0.1% (v/v) Tween-20
(Sigma Aldrich) or a mock solution (water and 0.1% (v/v) Tween-20) per pot. In the sequential
infection experiments plants were initially spray-inoculated with a mock solution or a spore
suspension of 3D7-mCherry, and 7 days later the same plants were infected with 1E4-eGFP.
As a positive control, 24-day-old plants were spray-inoculated with a spore suspension con-
taining a mix of 1E4-eGFP and 3D7-mCherry. The concentration of the spore suspension was
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10° spores/mL for each strain, except for the confocal microscopy experiments in which 10”
spores/mL was used. After inoculation, pots were enclosed within a plastic bag for 72 h to
ensure 100% relative humidity. 19-21 dpi (depending on the experiment) the second and
third leaves were harvested and used for pycnidia quantification under the fluorescence stereo-
microscope. Whole plant infection experiments shown in Fig 1A-1D were performed three
times.

Side-by-side infection and mechanical damage assays

In the side-by-side infection and mechanical-damage assays the second leaf was placed hori-
zontally on a flat surface similar to what was previously described [65]. Elastic threads were
used to hold the leaves on the flat surface and to segment the leaves into 7 sections of 2 cm
length. In the side-by-side infection experiments each section was treated with either
1E4-eGFP or 3D7-mCherry. In control plants, mock solution was used instead of
3D7-mCherry, adjacent to 1E4-eGFP infected sections. In the mechanical damage assays
leaves were pierced with a needle (Sterican Brown 0.45x12 mm BL/LB) every 1 cm along the
second leaf or damaged by applying with a paintbrush a water solution containing celite (10 g/
1) to a 7 cm section of the second leaf. Undamaged leaves were also included in the experiment.
A spore suspension of 10” spores/mL of each strain containing 0.1% (v/v) of Tween-20 or a
mock solution were applied to the adaxial side of the leaves with a paintbrush, carefully avoid-
ing contact with the elastic threads separating each leaf segment. Treated leaves were collected
at 25 dpi for the side-by-side experiments and at 20 dpi for the mechanical damage experi-
ments. In the side-by-side experiment, the tips (which were necrotic) were discarded from the
analysis. Pycnidia of 1E4-eGFP were quantified by taking pictures with a fluorescence stereo-
microscope. In the side-by-side experiment, we differentiated “pycnidia in proximity to 3D7”
when in the same picture pycnidia from both strains were identified. “Pycnidia of 1E4 alone”
were those that did not have any visible pycnidia of 3D7 in the proximity. These experiments
were performed two times.

Detached leaves infection assay

The top 2 cm of leaves of the 24-day-old plants were discarded and the adjacent 17 cm sections
were placed flat onto water agar (1%) supplemented with 50 mg mL™" kanamycin to keep the
leaves moist. Spore suspensions of 1E4-eGFP, 3D7-mCherry, or a 1:1 mixture (10° spores/mL
for each strain) were applied with a paintbrush. Agar plates with the leaves were kept at the
growing conditions described above for 12 days. At this stage, pycnidia were visible. Four
images from random areas of each leaf were obtained with the fluorescence stereomicroscope
and pycnidia of each strain were quantified manually.

Visualization of oozing pycnidia and pycnidiospores

To visualize and quantify pycnidia, plants were analyzed between 19 and 25 dpi. Since mature
pycnidia are heavily melanized, GFP emission can only be observed from oozing cirri. The
first 2 cm from the leaf tip were discarded, and the adjacent 5 cm section was placed on YMA
amended with 50 mg mL~" kanamycin. The leaves were incubated at 18°C with 100% humid-
ity for 24 hours to stimulate pycnidia oozing. A Leica M205 FCA stereomicroscope equipped
with a Leica DFC 7000 T CCD color camera was used to capture images (Software Leica Appli-
cation Suite X). The following filters were used to detect signal emissions: ET GFP (525 nm to
550 nm) and ET mCherry (630 nm to 675 nm). LED light without filters was used to obtain
images on the bright field. The Fiji package from ImageJ (Version 2.3.0/1.53f, https://fiji.sc)
was used to extract the pictures from the lif format and transform the images into jpg format.
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Pycnidiospores from single 1E4-eGFP pycnidia were collected with a sterile needle and dis-
persed into a droplet of sterile water placed on a microscope slide. A Leica DM2500 fluores-
cence microscope equipped with a Leica DFC3000 G gray-scale camera (Leica Microsystems,
Wetzlar, Germany) and the filter blocks for GFP (480/40 nm excitation, 527/30 nm emission)
and mCherry (580/20 nm excitation, 632/60 nm emission) were used to observe the pycnidio-
pores. The reproduction capacities (pycnidia quantification) of the virulent and the avirulent
strains in single and in mixed infection were estimated.

Confocal laser scanning microscopy

Confocal laser scanning microscopy was performed on an inverted Zeiss LSM 780 confocal
microscope using two illumination sources, DPSS (561 nm) and Argon (488 nm) lasers. Signal
detection for eGFP (494.95-535.07 nm); mCherry (625.61-643.42 nm) and chloroplast auto-
fluorescence (656.01-681.98 nm) were set. Eleven days after infection, second leaves were col-
lected, 3 cm of the tip of each leaf were discarded, and the adjacent section of 1.5-2 cm was
mounted in 0.02% Tween-20. The entire adaxial side of the leaf segment was visually scanned
under the microscope for penetration attempts. Images were processed using the Fiji package
of Image]J (Version 2.3.0/1.53f), and it included brightness and contrast adjustments, median
filters (radius of 2 pixels), generation of maximum intensity z-projection, three-dimensional
(3D) reconstruction, orthogonal projections, cropping, and addition of the scale bar. 3D
reconstruction and orthogonal projections enabled us to localize the hyphae on the leaf section
and to determine the stage of hyphal penetration (Fig 3A and 3B). In total at least 10 leaves per
treatment and biological replicate were observed. In each biological replicate, independent
inocula of each strain and pots were used. The experiment was repeated twice (Figs 2B and
S3).

RNA isolation and sequencing

Wheat plants were infected with 1E4-eGFP, 3D7-mCherry, the combination of both strains or
with a mock solution. For each treatment, two leaves were pooled and a total of three biological
replicates were obtained at 3 and 6 dpi. Three cm from the tip were discarded, and the adjacent
6 cm of the leaf were flash-frozen in liquid N, and homogenized with zirconium beads (1.4
mm diameter) using the Bead-Rupture equipped with a cooling unit (Omni International,
Kennesaw, GA, USA). RNA isolation was performed using GENEzol reagent (Geneaid Bio-
tech, Taipei, Taiwan) following the manufacturer’s instructions. RNAeasy Mini Kit (Qiagen
GmbH, Hilden, Germany) was used to purify the RNA, and DNA contamination was removed
using the on-column DNase treatment of the RNase-Free DNase Set (Qiagen GmbH, Hilden,
Germany). Ribosomal RNA was depleted by poly A enrichment, and DNA libraries were
sequenced with Illumina NovaSeq 6000 using 150 bp paired-end reads. A total of 301.7 Gb of
raw reads were produced. Adapters and low-quality reads were removed using Trimmomatic
v0.35 [66] with the following parameters: ILLUMINACLIP:adapters.fa:2:28:10 LEADING:28
SLIDINGWINDOW:4:28 AVGQUAL:28 MINLEN:50. All raw sequence data generated in
this study have been deposited in the NCBI Sequence Read Archive under accession number
GSE232243.

Transcriptomics profiling

Quality filtered reads were mapped onto the Triticum aestivum IWGSC transcriptome refer-
ence using Kallisto v0.46.1 with default parameters for paired-end reads [67]. Read counts
were summarized using tximport v1.2.0 [68]. Differential gene expression and Gene Ontology
(GO) enrichment analysis was performed with the R package DESeq2 [69] and topGO [70],
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respectively. Transcripts were considered to be differentially expressed compared to the con-
trols (i.e., water sprayed plants) if DESeq2 p-value adjusted (padj) was < 0.05 and log2-fold
change was > 0. Principal component analysis was performed with DESeq2 rlog-transformed
normalized counts. GO annotations were retrieved from Ensembl using the R package Bio-
maRt [71]. We highlighted the GO annotations referring to defense responses into the cate-
gory "defense-related genes" considering the following GO IDs: GO:0002215; GO:0002229;
G0:0002679; GO:0006952; GO:0006968; GO:0031347; GO:0031348; GO:0031349;
G0:0042742; GO:0050687; GO:0050688; GO:0050829; GO:0050832; GO:0051607;
GO:0098542; GO:1900150; GO:1900367; GO:1900425; GO:1900426; GO:2000068;
G0:2000071. Finally, we refined the GO annotation by extracting the protein sequences of the
differentially expressed defense-related genes to search for sequence similarities in Arabidopsis
thaliana using BLASTP [72].

Statistical analysis

Statistical analyses were conducted in R [73]. The "mvnormtest" package from Shapiro-Wilk
and the "car" package from Levene’s test were used to examine the normality of residuals and
homogeneity of variance. In normally distributed data, a two-tailed student’s test (P < 0.05) was
performed, except for the quantification of 1E4 successful penetration events in the substomatal
cavity of Chinese Spring (Fig 2B), in which a one-tailed student’s test was performed. The statis-
tical analysis for the quantification of 1E4 pycnidia per leaf (Fig 1C) was performed using a one-
tailed Kruskal-Wallis test. Analysis of variance (ANOVA) followed by Tukey’s HSD post-hoc
test was used to estimate differences in the reproduction of the avirulent strain 1E4 between sin-
gle infection, sequential infection, and simultaneous infection (mixed infection). ANOVA fol-
lowed by Tukey’s HSD post-hoc test was used to estimate significant differences between
pycnidia quantification of the virulent strain 3D7 in single and in mixed infection on healthy
plants. Counts of 1E4 pycnidia in the detached leaf experiment and in the sequential experiment
were root square transformed to fulfill normality and homoscedasticity of residuals.

Supporting information

S1 Fig. Zymoseptoria tritici avirulent strain 1E4 asexual reproduction is higher in mixed
infections with virulent strains. Barplots of the average number of 1E4 pycnidia per leaf (A)
and per cm? leaf (C) at 20 days post-infection (dpi) in single and mixed infections with 3D7.
Three biological replicates (Replicate 2 is also included in Fig 1C). Infections were performed
on the wheat cultivar Chinese Spring. Error bars represent the standard error of the mean. B)
and D) The virulent strain 3D7 produces the same number of pycnidia regardless of the pres-
ence of the avirulent strain 1E4. Barplots show the average number of 3D7 pycnidia per leaf
(B) or per cm? of leaf (D) in each of the three biological replicates (Replicate 2 is also included
in Fig 1D). Error bars represent the standard error of the mean. In A) and B) a total of 16 third
leaves per replicate and treatment were analyzed.

(PDF)

S2 Fig. Leaf damage enables pycnidia formation of the avirulent strain 1E4 of Zymosep-
toria tritici. A) Pycnidia per wheat (cultivar Chinese Spring) leaf segment of the avirulent
strain 1E4 in not damaged leaves and leaves poked or damaged with celite 30 min prior to
infection. Error bars represent the standard error of the mean. In total, seven leaf segments of
four second leaves per treatment were analyzed for each infection replicate. Results from two
independent replicates are shown. Infections were evaluated 20 days post inoculation (dpi)
with 1E4. Mixed infection on undamaged Chinese Spring leaves and mock-treated plants are
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included as a control. B) Representative pictures of leaves after the different treatments are
shown.
(PDF)

S3 Fig. Zymoseptoria tritici avirulent strain reaches the mesophyll in mixed infections with
a virulent strain. Hyphae from the avirulent strain 1E4 reach wheat mesophyll cells more fre-
quently in mixed infections with the virulent strain 3D7 (labeled with mCherry) than in single
infections. The percentage of hyphae at each of the infection stages (I, IL, III; Fig 2A) was esti-
mated at 11 days after infection of Chinese Spring plants with 1E4-eGFP or with a mixture of
1E4-eGFP and 3D7-mCherry. Bars represent the average of three biological replicates, with
standard errors. Asterisks indicate statistical differences according to two-tailed student’s test
(P < 0.05). The results are from an independent repetition of the experiment shown in Fig 2B.
(PDF)

$4 Fig. Rarefaction curve showing RNA sequencing reads mapped to Zymoseptoria tritici
1E4 (A) and 3D7 (B) transcriptomes at 3 and 6 dpi used as a proxy estimation for fungal bio-
mass in single infection treatments.

(PDF)

S5 Fig. Host responds specifically to Zymoseptoria tritici 1E4 single infection compared to
3D7 single and mixed infections. UpSet plot presenting the number of specific or shared dif-
ferentially expressed genes up-regulated (A) or down-regulated (B) in wheat plants upon 1E4
single, 3D7 single and mixed infections at 3 and 6 dpi.

(PDF)

S6 Fig. Gene Ontology (GO) enrichment analysis of DEGs in wheat at A) 3 dpi and B) 6
dpi, only significant GO enriched categories are shown, and "defense-related” GOs are
highlighted in red. Numbers in circles represent GO IDs annotated, only GO categories con-
taining at least 100 annotations in the wheat genome were displayed on the plot.

(PDF)

S7 Fig. Fitness assay of the Zymoseptoria tritici strains used in the infection assays. Pheno-
types of the strains used for the confocal microscopy infection assays in solid media. For each
strain, 2 drops of 3 uL of fungal spore suspensions at a concentration of 5-10 5-10, 5-10* and
5-10% spores mL™" per strain (3D7 and 1E4) were inoculated on yeast-malt-sucrose agar
(YMA) and incubated at 18°C for 5 days.

(PDF)

S1 Text. Table A in S1 Text: Raw data of Figs 1C-1D and S1. Table B in S1 Text: Raw data of Fig
1E. Table C in S1 Text: Raw data of S2 Fig. Table D in S1 Text: Raw data of Fig 1H. Table E in S1
Text: Raw data of Fig 2. Table F in S1 Text: Raw data of S1 Fig. Table G in S1 Text: Differentially
expressed genes in at least one condition in comparison to non-infected plants. Stb6 and Stb16q
are highlighted in red and blue, respectively. Table H in S1 Text: Defense-related DEGs in 1E4
infection 3dpi or 6dpi, with functional annotations. Table I in S1 Text: Defense-related DEGs in
3D7 infection 3dpi or 6dpi, with functional annotations. Table J in S1 Text: Defense-related DEGs
in mixed infection 3dpi or 6dpi, with functional annotations. Table K in SI Text: Number of
DEGs containing ’defense-related” annotations from Fig 4H Table L in S1 Text: Biological process
GO enrichment analysis of up-regulated genes at 3dpi. Table M in S1 Text: Biological process GO
enrichment analysis of up-regulated genes at 6dpi. Table N in S1 Text: Similarity search for pro-
tein sequences of defense related DEGs in Arabidopsis using BLASTP.

(XLSX)
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