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Differential dynamics of microbial

community networks help identify
microorganisms interacting with residue-
borne pathogens: the case of Zymoseptoria
tritici in wheat

Lydie Kerdraon1*, Matthieu Barret2, Valérie Laval1 and Frédéric Suffert1*
Abstract

Background: Wheat residues are a crucial determinant of the epidemiology of Septoria tritici blotch, as they
support the sexual reproduction of the causal agent Zymoseptoria tritici. We aimed to characterize the effect of
infection with this fungal pathogen on the microbial communities present on wheat residues and to identify
microorganisms interacting with it. We used metabarcoding to characterize the microbiome associated with wheat
residues placed outdoors, with and without preliminary Z. tritici inoculation, comparing the first set of residues in
contact with the soil and a second set without contact with the soil, on four sampling dates in two consecutive
years.

Results: The diversity of the tested conditions, leading to the establishment of different microbial communities
according to the origins of the constitutive taxa (plant only, or plant and soil), highlighted the effect of Z. tritici on
the wheat residue microbiome. Several microorganisms were affected by Z. tritici infection, even after the
disappearance of the pathogen. Linear discriminant analyses and ecological network analyses were combined to
describe the communities affected by the infection. The number of fungi and bacteria promoted or inhibited by
inoculation with Z. tritici decreased over time and was smaller for residues in contact with the soil. The interactions
between the pathogen and other microorganisms appeared to be mostly indirect, despite the strong position of
the pathogen as a keystone taxon in networks. Direct interactions with other members of the communities mostly
involved fungi, including other wheat pathogens. Our results provide essential information about the alterations to
the microbial community in wheat residues induced by the mere presence of a fungal pathogen, and vice versa.
Species already described as beneficial or biocontrol agents were found to be affected by pathogen inoculation.

Conclusions: The strategy developed here can be viewed as a proof-of-concept focusing on crop residues as a
particularly rich ecological compartment, with a high diversity of fungal and bacterial taxa originating from both
the plant and soil compartments, and for Z. tritici-wheat as a model pathosystem. By revealing putative antagonistic
interactions, this study paves the way for improving the biological control of residue-borne diseases.
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Background
Septoria tritici blotch (STB) is one of the most import-
ant diseases of wheat (Triticum aestivum), causing yield
losses averaging 20% on susceptible wheat varieties and
5–10% on wheat varieties selected for disease resistance
and sprayed with fungicide in Northwestern Europe [1].
It is caused by the hemibiotrophic, heterothallic, asco-
mycete fungus Zymoseptoria tritici [2], which initiates its
sexual reproduction on senescent tissues [3]. STB is
clonally propagated between wheat plants during the
cropping season by pycnidiospores (asexual spores),
which are splash-dispersed upwards over short distances.
Wind-dispersed ascospores (sexual spores), mostly pro-
duced on wheat residues, initiate subsequent epidemics.
Thus, wheat residues are a crucial, but often neglected
determinant of the epidemiology of STB during the in-
terepidemic period, as they support the sexual
reproduction of the pathogen, maintaining diversity
within populations and influencing adaptive dynamics in
response to selection pressures [4], through the rapid
evolution of fungicide resistance [5–8] or the breakdown
of wheat resistance genes [9], for example.
The identification of microorganisms interacting with

pathogens is an increasingly important issue for both aca-
demic and operational research on the development of bio-
logical control solutions [10, 11]. In plant, animal, and
human epidemiology, increasing numbers of studies are
trying to characterize variant microbial populations associ-
ated with specific disease stages or temporal changes in the
microbial populations during disease progression [12–14].
The pathogen and its cohort of associated microorganisms,
which may influence its persistence, transmission, and evo-
lution, are together known as the “pathobiome” [15]. Patho-
biome research has advanced significantly with the advent
of high-throughput sequencing technologies, which have
made it possible to describe and follow the diversity of the
microbial communities associated with the pathogen during
its life cycle, during both the epidemic and interepidemic
periods.
The dynamics of microbial communities have been

studied in detail during the vegetative and reproductive
stages of the plant life cycle, but very few studies during
and after plant senescence (e.g., [16, 17]). The specific,
central position of crop residues in agrosystems was long
neglected, but these residues should be seen as both a
fully-fledged matrix and a transient compartment: a
compartment originating from the plant (temporal link),
then in close contact with the soil (spatial link), with
variable rates of degradation over the following cropping
season, according to the plant species, the cropping
practices used, and the climatic conditions in the year
concerned [16, 18–21]. In addition, the rare studies fo-
cusing on the evolution of microbial communities in
crop residues performed to date were conducted in
microcosms, with sterilized residues (e.g., [22]), in which
this compartment is much less complex than under nat-
ural conditions.
Several studies have investigated the potential beneficial

effects of microorganisms for limiting the development of a
plant pathogen during its saprophytic stage on natural crop
residues (e.g., Aureobasidium pullulans and Clonostachys
rosea inhibiting the sexual stage of Didymella rabiei on
chickpea residues [23]; Trichoderma harzianum [24, 25],
Microsphaerelopsis sp. [26], C. rosea [27, 28], and Strepto-
myces sp. [29] reducing Fusarium graminearum inoculum
(perithecia, the sexual fruiting bodies) on wheat or maize
residues, as summarized in [30]). Other studies have fo-
cused on the general impact of cropping practices, such as
the increase in microbial soil antagonists induced by the
addition of green manure to the soil (e.g., [19, 31]). Some
phyllosphere microorganisms selected for their antifungal
activity against Z. tritici (Bacillus megaterium [32]; Pseudo-
monas fluorescens [33]; Cryptococcus sp., Rhodotorula rubra
and Penicillium lilacinum [34]; T. harzianum [35]; Tricho-
derma koningii [36]) have been tested in planta against the
asexual, pathogenic stage of the pathogen (typically on
wheat seedlings), but not against the pathogen during its
sexual, saprophytic stage. Moreover, no microbial antago-
nists of Z. tritici have been isolated from wheat residues,
despite the dense population of this habitat with a high di-
versity of microbial taxa [16].
The taxonomic structure of microbial communities

associated with maize [17] and wheat [16] residues has
recently been described under natural conditions. In
addition to Z. tritici, the microbial communities associ-
ated with wheat include Clonostachys sp., Aureobasi-
dium sp., Chaetomium sp. and Cryptococcus sp. [16], all
of which are potential competitors. However, the pres-
ence of microorganisms in the same ecological niche, as
highlighted in such descriptive approaches, does not ne-
cessarily mean that interactions actually occur between
them. Many other non-interacting microorganisms
(pathogens, endophytes) are also present on the residues.
Moreover, microbial communities change during the
physical degradation of the residues, probably modifying
interactions between microorganisms over time [16].
Ecological network analysis has made it possible to de-
tect putative interactions between microorganisms. For
instance, Jakuschkin et al. [13] detected significant
changes in foliar fungal and bacterial communities fol-
lowing the infection of pedunculate oak with Ersysiphe
alphitoides (the causal agent of oak powdery mildew),
and Cobo-Diaz et al. [17] identified candidate antago-
nists of toxigenic Fusarium spp. among the species
present in maize residues. The use of co-occurrence net-
works in these two studies highlighted a set of bacteria
and fungi that might be useful for managing plant
pathogens.
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In this study, our goal was to identify fungi and bac-
teria potentially interacting with Z. tritici during its sex-
ual reproduction on wheat residues. To this end, we
compared the structure of microbial communities asso-
ciated with wheat residues with and without Z. tritici in-
oculation, by metabarcoding, combining linear
discriminant analyses (LDA) and ecological network
analyses (ENA). The response of microbial communities
to Z. tritici infection was assessed during the interepi-
demic period between two successive crops, for two sets
of wheat residues, one left outdoors in contact with the
soil, and the other left outside but not in contact with
the soil, at different sampling dates during two consecu-
tive years. The diversity of experimental conditions was
expected to lead to the establishment of different micro-
bial communities according to the origin of the constitu-
tive taxa (plant or soil), thereby increasing the
probability of detecting effects of Z. tritici on the residue
microbiome and of the residue microbiome on Z. tritici.
Results
Overall diversity of the bacterial and fungal communities
on residues
The response of the residue microbiome to Z. tritici in-
oculation was assessed by analyzing the composition of
the fungal and bacterial communities of wheat residues,
after inoculation with Z. tritici (n = 240) or in the ab-
sence of inoculation (n = 240). We also investigated the
impact of cropping season (n = 2), season (n = 4) and soil
contact (n = 2) on the dynamics of these communities
Fig. 1 Preparation of wheat residues. a Adult wheat plants were inoculated
bags containing wheat residues, consisting of stem and leaf fragments of a
inoculated with Z. tritici; white yarn for those from non-inoculated plants).
field and partially covered with soil (one of the 15 sampling points). d Abo
outside the field
(see the “Methods” section for a detailed explanation of
the experimental design; Fig. 1).
We investigated the structure of the residue micro-

biome by analyzing the v4 region of the 16S rRNA gene
and ITS1. Overall, 996 bacterial amplicon sequence vari-
ants (ASVs) and 520 fungal ASVs were obtained from
390 and 420 samples, respectively. Some samples (July
2016) were removed from the analysis due to the co-
amplification of chloroplasts.
The high relative abundance (RA) of ASVs affiliated to

Zymoseptoria in samples collected in July 2016 (21.5 ±
9.8%) and 2017 (30.3 ± 7.1%) highlights successful
colonization of the wheat tissues by this pathogen fol-
lowing inoculation (Fig. 2). However, the RA of Zymo-
septoria rapidly decreased to 2 ± 1.64 and 1.4 ± 0.9% on
residues not in contact with the soil (aboveground resi-
dues) collected in October 2016 and 2017, respectively,
and this species was below the limit of detection in De-
cember and February. For residues in contact with soil,
this decrease occurred more rapidly, with Zymoseptoria
ASV already undetectable in samples collected in
October.
Alpha diversity, estimated with the Shannon index,

was low in July for both bacterial (2.70 ± 0.75) and fungal
communities (1.82 ± 0.19; Additional file 4: Figure S1). A
gradual increase was then observed during residue deg-
radation. Z. tritici inoculation had no impact on bacter-
ial alpha diversity but decreased fungal diversity
(Kruskal-Wallis, p = 0.008). More specifically, bacterial
diversity was higher in inoculated residue samples in July
2017 (2.92 ± 0.80 for inoculated samples versus 2.47 ±
with Zymoseptoria tritici under greenhouse conditions. b Sealed nylon
pproximately 2 cm in length (red yarn for residues from wheat plants
c Soil-contact treatment: nylon bags were left on the ground of the
veground treatment: plastic grids containing nylon bags placed



Fig. 2 Relative abundance of Zymoseptoria tritici. Each box
represents the distribution of the relative abundances of genera for
the 15 sampling points. Wilcoxon tests were performed for
inoculation condition (NS not significant; *p value< 0.05; **p value <
0.01; ***p value < 0.001)
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0.6 for non-inoculated samples; Wilcoxon, p = 0.022),
but no such difference was detected for the other sam-
pling dates. Conversely, for fungal communities, inocula-
tion had no effect in July but led to a significant
decrease in diversity in subsequent months during the
second cropping season (October and December 2017,
for the two soil-contact conditions).
Beta diversity analysis (Bray-Curtis index) showed

large dissimilarities between bacterial community com-
position in July and at the other sampling dates, as illus-
trated in the hierarchical clustering of the samples,
justifying separate analyses and MDS representations
(Fig. 3). Inoculation with Z. tritici had a minor effect on
bacterial communities (Table 1), with only 11.5% of the
variance explained for samples collected in July (PER-
MANOVA, p = 0.001). By contrast, in the same month,
inoculation was the structuring factor for fungal com-
munities, accounting for 33.3% of the variance (PERMA-
NOVA, p = 0.001). For subsequent samplings (October,
December, and February), temporal conditions (season-
ality and cropping season) were the main factors influen-
cing fungal communities. Soil contact was the main
structuring factor for bacterial communities, with a
stronger effect than seasonality or cropping season
(Table 1).

Impact of contact with the soil on microbial communities
The significant impact of soil contact on microbial com-
munities highlighted differences in the process of wheat
residue colonization. MDS analysis suggested that the
communities of “aboveground” residue samples collected
in October were less different from those collected in
July than from the communities of “soil-contact” sam-
ples also collected in October (Fig. 4). Contact with the
soil, therefore, caused a greater change in communities,
suggesting competition between plant-associated taxa
and soil-borne taxa. Taxonomic differences between the
communities present on residues in contact with the soil
and those present in aboveground residues were
highlighted in linear discriminant analysis (LDA).
Some classes of taxa (e.g., Bacilli, Sphingobacteria,

Betaproteobacteria, Dothideomycetes, Pezizomycetes)
were particularly abundant only in aboveground resi-
dues, suggesting that they were mostly derived from the
plant. By contrast, other classes (e.g., Alphaproteobac-
teria, Agaricomycetes, Cytophagia, Gammaproteobac-
teria) were more prevalent in residues in contact with
soil, suggesting that they originated from the soil (Add-
itional file 5: Figure S2). The abundance of some classes
varied with cropping season (e.g., Flavobacteria). Soil
contact had a large impact for Dothideomycetes and Ba-
cilli, which were highly abundant in July, but rapidly de-
creased in frequency when the residues were in contact
with the soil. Pezizomycetes, absent in July, colonized
only the aboveground residues. Conversely, the percent-
age of reads associated with Alphaproteobacteria, which
was quite high in July, and Cytophagia, which was low in
July, increased over time, particularly in residues in con-
tact with the soil. Similarly, Agarycomycetes, which was
completely absent in July, colonized only residues in
contact with the soil.
At the genus level, 87 (excluding “unclassified”) of the

273 genera (60/190 for bacteria; 27/83 for fungi) identi-
fied displayed differences in abundance between above-
ground residues and residues in contact with the soil, for
at least one date (Fig. 4). For example, Bosea, Rhizobium,
Nocardioides, Pseudomonas, and Sphingomonas were
more abundant in residues in contact with the soil,
whereas Cladosporium, Massilia, Paracoccus, Stagonos-
pora, and Cryptococcus were more abundant in above-
ground residues.

Impact of Z. tritici inoculation on microbial communities
The influence of Z. tritici inoculation on the RA of resi-
due microbiome members was assessed, through LDA
scores. In total, the RA of 115 ASVs (74 bacterial ASVs
and 41 fungal ASVs) was significantly affected by Z. tri-
tici inoculation, for at least one sampling date (listed in
Additional file 6: Figure S3). The effect of inoculation on
microbial communities persisted throughout the experi-
ment, despite the absence of Zymoseptoria detection
from December onwards (Fig. 2). ASVs with significant
differences in RA decreased over time for residues in
contact with the soil (Additional file 1: Table S1). By
contrast, for aboveground residues, the number of differ-
ential ASVs increased until December, in both cropping



Fig. 3 Dissimilarities between microbial communities. Beta diversity analyses for fungal (a, b) and bacterial (c, d) communities originating from
420 wheat residue samples. Hierarchical clustering (a, c) and multidimensional scaling (b, d) are based on the compositional distances between
samples (Bray-Curtis distance matrix). a, c Visualization of compositional distances between samples through hierarchical clustering with the
average linkage method. The samples (15 sampling points per treatment) corresponding to the two cropping seasons (year) are represented by
the two colored horizontal series (2016–2017, 2017–2018). Effects of seasonality are highlighted by different colors, corresponding to the different
sampling dates (July: green; October: red; December: blue; February: gray). The intensity of the colors distinguishes between samples obtained
from plants inoculated with Z. tritici (I, dark hues) and non-inoculated samples (NI, light hues). Aboveground and soil-contact treatments are
represented by horizontal lines, with each sample considered separately. b, d Visualization of compositional distances between samples through
multidimensional scaling (MDS). Each data point corresponds to one sample of wheat residues. The shape of the points (circles, 2016–2017;
triangles, 2017–2018) corresponds to the cropping season (year effect); the colors, similar to those used in graphs a and c, correspond to the
sampling dates (seasonality effect). For fungal communities, MDS analysis was performed on all samples together, whereas for bacterial
communities, the analyses of the July samples and samples from all other sampling dates (October, December, and February) were separated, in
accordance with the large differences between the communities of these samples shown in the clustering analysis (c). For the sake of clarity, the
MDS are shown according to the soil-contact condition
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Table 1 Results of the PERMANOVA test analyzing the effects of season, sampling date, contact with soil, and inoculation factors.
Factors were tested with adonis2 function of the vegan package. PERMANOVAs were performed with all tested factors together,
with “margin” option

Tested factors Explicated variability p value

Fungi July Season 0.197 0.001

Inoculation 0.333 0.001

Oct–Dec–Feb Season 0.217 0.001

Sampling date 0.136 0.001

Contact with soil 0.096 0.001

Inoculation 0.012 0.001

Bacteria July Season -* -*

Inoculation 0.115 0.001

Oct–Dec–Feb Season 0.128 0.001

Sampling date 0.168 0.001

Contact with soil 0.195 0.001

Inoculation 0.006 0.001
*Not tested. Due to the larger proportion of chloroplast sequences among the 16S rRNA gene products obtained from living plant tissues compared to dead
tissues, all samples from July 2017 were removed from the analysis
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seasons (20 ASVs in December 2016–2017; 31 ASVs in
December 2017–2018).
Inoculation with Z. tritici decreased the RA of fungal

ASVs, including those affiliated to Sarocladium, Gibellu-
lopsis, and Blumeria and increased the RA of bacterial
ASVs affiliated to Curtobacterium and Brachybacterium
(listed in Additional file 6: Figure S3). The ASVs affected
by inoculation differed between aboveground residues
and residues in contact with soil. The pattern of change
(i.e., promoted or inhibited by inoculation) was always
the same within a given year, regardless of soil-contact
conditions. For example, Brachybacterium and Curto-
bacterium were promoted by inoculation, in both soil-
contact conditions, whereas Sarocladium was inhibited
by inoculation, in both soil-contact conditions.

Impact of the actual presence of Z. tritici on microbial
communities
Ecological network analyses (ENA) combining bacterial
and fungal datasets were performed to predict the po-
tential interactions between Z. tritici and members of
microbial communities associated with wheat residues.

Dynamics of ecological interaction networks
The dataset was split according to the effects previously
described (cropping season, seasonality, soil-contact con-
ditions). Six ENA were performed per experimental year,
corresponding to residue samples in contact with the
soil and aboveground residues, collected in October,
December, and February (Fig. 5). The networks for July
are presented in Additional file 7: Figure S4. The mean
number of interacting nodes in the network (120.3 +-
41.8) increased over the season (Additional file 1: Table
S1). Overall, networks were sparse, with a mean node
degree of 2.76 ± 0.43. For each network, the positive/
negative edge ratio decreased over time, reaching 1.0–
1.5 in February. Most nodes were common to October,
December, and February. Zymoseptoria ASV was one of
the fungal ASV with the largest number of degrees and
greatest betweenness (measurement of centrality in a
graph based on the shortest paths) for aboveground
samples in October. By contrast, for samples in contact
with soil, it was absent the first year and had low be-
tweenness and degree values for the second year (Fig. 6).
Subnetworks highlighting direct interactions between Z.
tritici and other microorganisms
ENA were combined with LDA to investigate the inter-
actions between Z. tritici and members of the microbial
communities of residues (Fig. 7). Only 13 of the 115
ASVs affected by inoculation (LDA) were in direct inter-
action with Zymoseptoria ASV, indicating an indirect ef-
fect of Z. tritici on the community (no direct connection
between the microorganisms).
Microorganisms with the same differential pattern (i.e.,

“promoted in inoculated condition” or “promoted in non-
inoculated condition”) did not interact negatively with
each other in networks. Conversely, microorganisms with
opposite differential patterns systematically interacted
negatively with each other. These results highlight the
consistency of the LDA and ENA approaches.



Fig. 4 Changes in the relative abundance of microbial taxa over time. a, c Diversity and dominance of the 30 most abundant (30/107) fungal
genera (a) and the 50 most abundant (50/189) bacterial genera (c) distributed in all samples distinguishing between the different experimental
conditions: i.e., cropping season (2016–2017; 2017–2018), contact with soil (aboveground and soil-contact treatments), seasonality (July, green;
October, red; December, blue; February, gray), and inoculation with Zymoseptoria tritici (inoculated, dark hues; non-inoculated, light hues). b, d
Significant differences in relative abundance of fungal (b) and bacterial (d) genera between the samples in soil-contact (red) and aboveground
(blue) samples in linear discriminant analysis (LDA). The Z. tritici inoculation condition was used as a subclass to avoid interference in the LDA.
Only genera with a p value < 0.05 for the Kruskal-Wallis test and an LDA score > 2 are displayed
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The subnetworks generated with microorganisms pre-
senting differential relative abundances and their adja-
cent nodes were strongly connected: each subnetwork
consisted of a principal component and, in some cases,
smaller components of less than four nodes (Fig. 7).
Only a few direct interactions between Zymoseptoria and

other microorganisms were highlighted by ENA. Some
ASVs affiliated to the same genus had opposite interaction
trends with Zymoseptoria, such as Fusarium ASVs in July
2017 or Cladosporium ASVs in October 2016, consistent
with the findings of LDA analyses. In some cases, the same
ASV had different interaction trends at different sampling
dates or in different years. This was the case for Acremo-
nium ASVs (negative interaction in October 2016, positive
interaction in October 2017). Some genera, such as Blu-
meria, Sarocladium, and Penicillium, interacted only nega-
tively with Zymoseptoria. Symmetrospora, Brachybacterium,
and Monographella interacted only positively with
Zymoseptoria.

Discussion
By sequencing the microbial communities of 420 sam-
ples of wheat residues, we obtained a total of 996
bacterial ASVs and 520 fungal ASVs. Using this large



Fig. 5 Temporal dynamics of interaction networks. a Networks based on bacterial and fungal ASVs combined. In all networks, circles and squares
correspond to bacterial and fungal ASVs, respectively, with colors representing class. Isolated nodes are not shown. Edges represent positive
(green) or negative (red) interactions. The Venn diagram highlights the number of non-isolated nodes common and specific to aboveground
(AG) and soil-contact (SC) treatments for each sampling date (October, December, February). b Percentage of reads associated with fungal and
bacterial classes for each network. Isolated nodes are included. Colors are the same as in a. c Upset plot of bacterial and fungal non-isolated
nodes common and specific to sampling date for each treatment.
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dataset, we estimated the potential interactions occur-
ring between a plant pathogen (Z. tritici) and the
members of microbial communities associated with
crop residues in field conditions. By combining two
approaches—LDA and ENA—we were able to demon-
strate an effect of pathogen infection, even after the
disappearance of the pathogen, on the structure and
composition of the microbial communities during
residue degradation.
Effect of soil contact on microbial communities
Our aim here was not to characterize the organisms col-
onizing wheat residues, but our findings nevertheless
highlight major changes in the microbial community over
time for residues in contact with soil. The taxa favored in
aboveground residues, such as Cladosporium, Alternaria,
Pedobacter, and Massilia, were already present on the
plant. This is consistent with previous findings showing a
decrease in the abundance of these plant-associated taxa



Fig. 6 Betweenness centrality and degree of each ASV in the October networks. Nodes with high betweenness centrality and high degree values
are considered to be keystone taxa in the networks. The genera of the fungal and bacterial ASVs with the highest degree and centrality are
shown: Acrem(onium), Clado(sporium), Devos(ia), Epico(ccum), Frond(ihabitans), Myrme(cridium), Neorh(izobium), Pedob(acter), Rhizo(bium), SphiG(=
Sphingomonas), Strep(tomyces), Uncl.(assified), and Zymos(eptoria). The relationship between betweenness centrality and degree of each ASV in the
networks for the other sampling dates (July, December, and February), characterized by a linear regression, are presented in Additional file 8:
Figure S5
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during the degradation of residues in contact with soil and
the colonization of these residues with soil-borne compet-
itors, such as Chaetomium, Torula, and Nocardioides [16].
Some fungal genera not present in July were favored by
aboveground conditions (e.g., Cryptococcus, Stagonospora,
and Myrmecridium). This finding is consistent with our
knowledge of fungal dispersal processes, mostly involving
aerial spores.

Decline of Z. tritici during residue degradation
Z. tritici rapidly decreased to below the limit of detec-
tion between October and December. This result is sur-
prising in light of the quantitative epidemiological data
acquired for the same plot, which suggested that Z. tri-
tici ascospores may be ejected from residues until March
[3, 37]. The observed decline of Z. tritici may be due to
lower levels of contamination of adult wheat plants in
residues than would be achieved in the field after natural
infection. Indeed, in field conditions, Z. tritici establishes
itself on all parts of the plant (leaves, but also sheaths
and stems) through multiple secondary infections, driven
by the repeated splash dispersal of asexual spores leading
to an accumulation of contaminating raindrops at the
points of insertion of the leaf sheaths. The single inocu-
lation event in the greenhouse resulted in contamination
principally of the leaves, the organs most exposed to
spraying, with relatively little contamination of the stems
and sheaths, the parts of the plant most resistant to deg-
radation. Indeed, the results of a previous study [16]
support this hypothesis: in the same field, during the
same season, Z. tritici was detected in wheat residues
originating from plants grown in natural conditions until
February, and even May, with a similar metabarcoding
approach.

Effect of Z. tritici on microbial communities
Endophytes and pathogens induce changes in plant
tissues (e.g., necrosis), which may themselves modify
the microbial communities inhabiting the plant (e.g.,
impact of secondary saprophytes or opportunistic
pathogens [38]; selection of microorganisms by sec-
ondary metabolites produced by microorganisms or
the plant [39, 40]). This general phenomenon may ex-
plain the impact of Z. tritici on the microbial com-
munities observed in both LDA and ENA. The
impact of Z. tritici on residues, even after its decline
between October and December, persisted until Feb-
ruary, particularly for fungal communities. Within mi-
crobial networks, Z. tritici was one of the keystone
taxa, despite its low abundance, in aboveground



Fig. 7 Subnetworks based on the data in Fig. 5 a and composed of differential bacterial and fungal ASVs identified in residue samples
(originating from wheat plants inoculated and non-inoculated with Zymoseptoria tritici) and of the first adjacent nodes. Node color corresponds
to the results of LefSe differential analysis between inoculated (orange) and non-inoculated (blue) treatments. Only genera with p values < 0.01
for the Kruskal-Wallis tests and LDA scores > 2 were retained for the plot. The first adjacent nodes of each differential ASV are not named, except
for ASVs interacting with Z. tritici. Edges represent positive (green) or negative (red) interactions. Differential ASVs are plotted with genus name
abbreviations: Acido(vorax), Acrem(onium), Aerom(icrobium), Alkal(ibacterium), Alter(naria), Aquab(acterium), Arthr(obacter), Blume(ria), Botry(osporium),
Brach(ybacterium), Brevi(bacterium), Brevu(ndimonas), Chaet(omium), Chrys(eobacterium), Clado(sporium), Crypt(ococcus), Curto(bacterium), Desem(zia),
Devos(ia), Epico(ccum), Falsi(rhodobacter), Flavo(bacterium), Frond(ihabitans), Fusar(ium), Gibel(lulopsis), Halom(onas), Massi(lia), MethB(=
Methylobacterium), MethP(=Methylophilus), Monog(raphella), Neorh(izobium), Neose(tophoma), Nocar(dioides), Novih(erbaspirillum), Panto(ea),
Parac(occus), Param(icrothyrium), Pedob(acter), Penic(illium), Phaeo(sphaeria), PhaeP(sphaeriopsis), Plano(coccus), PlanM(=Planomicrobium),
Pseud(omonas), PseuP(=Pseudopithomyces), Rhizo(bium), Rhoda(nobacter), Salin(irepens), Sangu(ibacter), Saroc(ladium), SphiB(=Sphingobium), SphiG(=
Sphingomonas), Stago(nospora), Steno(trophomonas), Symme(trospora), Terri(bacillus), Torul(a), Trich(oderma), Uncl.(assified), Vario(vorax),
and Zymos(eptoria)
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residues in October (Additional file 8: Figure S5). The
high levels of Zymoseptoria in July (between 10 and
40% of reads) account for its central position in the
network. The number of microorganisms displaying
changes in abundance due to Z. tritici inoculation de-
creased during residue degradation. This finding high-
lights the resilience of the community (i.e., its ability
to return to its original composition after a disturb-
ance, in this case, Z. tritici inoculation) [41].
Specific interactions with Z. tritici
Most of the predicted interactions with Zymoseptoria in-
volved fungi, such as Fusarium, Blumeria, or Cladospor-
ium. Z. tritici infection has been shown to be associated
with the accumulation of H2O2 [42]. This compound is
known to inhibit biotroph fungal pathogens [43], such as
Blumeria graminis [44, 45]. This may explain the nega-
tive interaction between Z. tritici and B. graminis in July
and October 2017–2018. In addition, Z. tritici infection
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induces leaf necrosis, potentially decreasing wheat sus-
ceptibility to B. graminis, due to a significant physio-
logical interaction during the latent, endophytic period
of Z. tritici development [45]. H2O2 is also known to
promote necrotrophic agents, such as Fusarium. We de-
tected both positive and negative interactions between
Zymoseptoria and Fusarium, depending on the ASV
considered. On adult wheat plants, such differential in-
teractions have been demonstrated in log-linear analyses
[46], with both species giving positive results on stem
bases and negative results on the upper parts of stems.
Positive interactions between Z. tritici and Cladosporium
have also been demonstrated on adult plants [46], con-
sistent with our findings for wheat residues. Although
the use of ENA based on bacterial and fungal data sets
can introduce many biases (distortion of the microbial
community composition due to analysis by separate
PCRs, inherent limitations in terms of resolution of the
taxonomic markers, etc.), these results lend a biological
meaning to the interactions detected, confirming the
relevance of network analyses for highlighting ecological
interactions within crop residue communities.
Trichoderma was more abundant in residues from

wheat plants inoculated with Z. tritici (July 2016), as
shown by LDA (Additional file 6: Figure S3). Conversely,
Epicoccum and Cryptococcus were more abundant in res-
idues from non-inoculated wheat plants (October 2016).
The overabundance of those taxa, described as biocon-
trol agents in previous studies [34–36, 47], was influ-
enced by the presence of the pathogen. However, no
direct interactions between Z. tritici and these species
could be established. This exemplifies the difficulties
highlighting beneficial species within complete microbial
communities. These difficulties are not specific to the
residue compartment and also apply to the spermo-
sphere [48], phyllosphere [49], and rhizosphere compart-
ments [14, 50].

Other interactions
Other interactions between ASVs highlighted in the net-
work analysis were examined in light of published results
for fungal pathogens of cereals. For instance, it has
already been shown that B. graminis growth on barley is
inhibited by Trichoderma harzianum [51] and Stagonos-
pora norodum [52], that Stenetrophomas maltophila at-
tenuates the seedling blight of wheat caused by F.
graminearum [53], that Acremonium zeae has antibiotic
activity against Fusarium verticillioides [54], and that
Chaetomium sp. produces compounds (e.g., chaetomin)
active against Alternaria triticimaculans [34]. Con-
versely, certain non-pathogenic bacteria were shown to
be associated with significantly more disease on wheat
caused by B. graminis and Z. tritici and to “help” Phaeo-
sphaeria nodorum to infect wheat tissues [55]. Newtoon
et al. [38] have proposed the hypothesis of “induced sus-
ceptibility” to explain such an interaction between bac-
teria and biotroph fungal pathogens.
ENA also suggested that intra-kingdom interactions

were favored over inter-kingdom interactions in certain
conditions (Additional file 2: Table S2). This may reflect
differences in ecological niches and dynamics, as illus-
trated by the temporal changes in microbial communities
over a season, with a densification of the networks during
residue degradation. Further investigations are required to
determine whether inter- or intra-kingdom interactions
are more intense and, thus, more promising for use in bio-
control engineering. Should we preferentially focus on
fungal communities to improve the management of a fun-
gal disease, and on bacterial communities to improve the
management of a bacterial disease? The ability to answer
this question with the approach developed in this study
should be nuanced. Indeed, the weakness associated with
separate analysis of fungal and bacterial communities (see
above) may have impacted our observation that intra-
kingdom interactions were more difficult to discern than
inter-kingdom interactions (see below) and may increase
the difficulty of identifying actual biological interactions
between bacteria and fungi.

Identification of beneficial species and potential
biocontrol agents
Network models provide new opportunities for enhancing
disease management and can be helpful for biocontrol.
Our study, combining LDA and ENA based on a metabar-
coding approach and differential conditions (plants inocu-
lated with a pathogen or left non-inoculated; plant
residues in contact with soil vs. residues not in contact
with the soil), fits into the framework described by Poudel
et al. [56], which considers several types of network ana-
lyses, including pathogen-focused analyses, taking into ac-
count diseased and healthy plant hosts, with a view to
elucidating direct and indirect pathogen-focused interac-
tions within the pathobiome. Network analyses revealed
no significant direct interactions between Z. tritici and mi-
croorganisms reported to be useful biocontrol agents.
However, pathogen infection had a strong effect on the
entire microbial community present in residues during
the course of their degradation. Most of the interactions
were difficult to interpret. Several interactions appeared to
be transient, changing over time with residue degradation,
and their presence or absence depended on whether the
residues were in contact with the soil. This suggests that
interactions between microorganisms are not stable and
can be modified by changes in the environment, for ex-
ample, or by the arrival of a new microorganism.
Network models, although effective in characterizing

putative interactions between ASVs within a microbial
community and highlighting changes due to disturbance
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(e.g., presence of a pathogen, application of fungicides,
introduction of a resistance gene in a host plant popula-
tion, etc.), do not necessarily allow to identify the species
concerned by these interactions: indeed, the taxonomic
markers employed (16S v4 and ITS1) have inherent limi-
tations in terms of resolution and difficulties for distin-
guishing microorganisms below the level of genus
remain. This is the case not only for bacteria, but also
for a number of fungi, such as those associated with the
genus Alternaria: some Alternaria sp. are sometimes de-
scribed as biocontrol agents and others as pathogens,
while ITS1 sequences do not allow to distinguish them.
Having said that, this type of work combining LDA and
ENA based on a metabarcoding approach can be consid-
ered as a hypothesis generator or a guide for the targeted
isolation of microorganisms that may have the desired
biocontrol phenotypes.
The neglect of complex interactions between biocontrol

agents and their biotic environment (the plant, the soil, and
their microbiomes), the physical and chemical properties of
which change over time, may account for lower levels of ef-
ficacy in field conditions than in laboratory conditions (con-
cerning not only the phyllosphere, e.g., [38], but also the
residue compartment, e.g., [57]). Indeed, several studies
have demonstrated the value of studying the effect of entire
communities on biotic and abiotic stresses rather than the
effects of single species. For example, resistance to B.
cinerea in Arabidopsis thaliana was shown to be not due to
a single species, but to the action of the microbiome as a
whole [58]. By comparing the structure of microbial com-
munities associated with Brassica rapa plants inoculated
with the root pathogen Plasmodiophora brassicae, Lebreton
et al. [14] showed significant shifts in the temporal dynam-
ics of the root and rhizosphere microbiome communities
during root infection. Moreover, the rhizospheres of plants
infected with P. brassicae were significantly more frequently
colonized with a Chytridiomycota fungus, suggesting inter-
actions between these two microorganisms.
The most frequently studied cases of microbial com-

munity effects include “suppressive soils”, which provide
defense against soil-borne pathogens, rendering them
unable to establish themselves or to persist in the soil or
the plant [59]. The basis and dynamics of this disease
suppression vary, and suppression may be general or
specific, under the control of antibiotic-producing
Pseudomonas or Streptomyces populations, for example
[60]. Differences in the composition, structure, and di-
versity of microbial communities on crop residues re-
main poorly understood, and further studies are
required to determine the potential for use in biocontrol
not of single agents, but of microbial communities, as
for these suppressive soils. Despite this ecological reality,
the current perception of biocontrol engineering is still
too often limited to the action of a single species, even a
single strain, with a direct, strong, and durable effect
against a plant pathogen.

Potential utility of the residue microbiome
Improving our understanding of the relationship between
biodiversity and ecosystem functioning will require the de-
velopment of methods integrating microorganisms into
the framework of ecological networks. Exhaustive descrip-
tions of microbial diversity combined with ENA are par-
ticularly useful for identifying species within microbial
communities of potential benefit for disease management
[56]. By revealing antagonistic interactions between patho-
gen species (e.g., Z. tritici) and other microorganisms, our
study suggests that this strategy could potentially improve
the control of residue-borne diseases, as suggested by an-
other recent study on Fusarium [17]. This strategy, which
has been developed separately for the plant [61, 62] and
soil [14, 50, 63] compartments, would undoubtedly benefit
from further development on crop residues. Indeed, de-
creasing the presence of pathogens on residues during the
interepidemic period can decrease disease development
on subsequent crops [21]. More generally, our case study
highlights that an interesting way to use ENA is the defin-
ition and comparison of indicators, such as node degree
and centrality, to characterize the impact of human-
induced perturbations on the microbial component of
agroecosystems.

Conclusion
This study provides one of the first examples of research
revealing alterations to the crop residue microbiome in-
duced by the presence of a mere residue-borne fungal
pathogen using high-throughput DNA sequencing tech-
niques. The strategy developed here can be viewed as a
proof-of-concept focusing on crop residues as a particu-
larly rich ecological compartment, with a high diversity
of fungal and bacterial taxa originating from both the
plant and soil compartments. Our findings pave the way
for a deeper understanding of the complex interactions
between a pathogen, crop residues, and other microbial
components in the shaping of a plant-protective micro-
biome, to improve the efficacy of biocontrol agents and
to preserve existing beneficial equilibria through the
adoption of appropriate agricultural practices.

Methods
We investigated the effect of Z. tritici on the diversity of
the wheat microbiome and the effect of the wheat
microbiome on Z. tritici, by characterizing the compos-
ition of the microbial communities of 420 residue sam-
ples (210 per year) from plants with and without
preliminary Z. tritici inoculation. The residues were
placed outdoors, either directly in contact with the soil
in a field plot or aboveground, i.e., not in contact with
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the soil, to assess the effect of their colonization by mi-
croorganisms originating from the soil, the plant, and
the air on the saprophytic development of Z. tritici. We
investigated the persistence of interactions between the
pathogen and the whole microbial community, and
changes in those interactions over time, by sampling the
residues before exposure to outdoor conditions (in July),
and every 2 months thereafter (in October, December,
and February) (Fig. 1).

Preparation of wheat residues
The 420 wheat residue samples were obtained from 60
winter wheat cv. Soissons plants grown in a greenhouse
in each of the 2 years of the study, as described in [64]:
2 weeks after sowing, seedlings were vernalized for 8
weeks in a growth chamber and then transplanted into
pots. Three stems per plant were retained. Half the
wheat plants were inoculated with a mixture of four Z.
tritici isolates (two Mat1.1. isolates and two Mat1.2 iso-
lates; [65]) to ensure that sexual reproduction occurred
as in natural conditions. This equiproportional conidial
suspension was prepared and adjusted to a concentra-
tion of 2 × 105 spores mL−1, as previously described [64].
Thirty plants were inoculated at the late heading stage
in early May, by spraying with 10 mL of inoculum sus-
pension. The other 30 plants were sprayed with water,
as a control. Inoculated and non-inoculated plants were
enclosed in transparent plastic bags for 3 days to ensure
moist conditions favoring pathogen infection. Septoria
tritici blotch lesions appeared 3–4 weeks after inocula-
tion (Fig. 1a). All plants were kept in the same green-
house compartment until they reached complete
maturity (mid-July).
For each “inoculated” and “non-inoculated” condition,

stems and leaves were cut into 2-cm-long pieces and ho-
mogenized to generate the “wheat residues”, which were
then distributed in 105 nylon bags (1.4 g per bag; Fig.
1b) for each set of inoculation conditions, in each year.

Exposure of residues to natural conditions
Ninety nylon bags were deposited in contact with the
soil in a field plot (the soil-contact treatment) or without
contact with the soil (aboveground residue treatment).
Thirty batches of residues (15 inoculated and 15 non-
inoculated) were used to characterize the communities
present in July before the exposure of the residues in the
nylon bags to natural conditions. The field plot (“OWO”
in [16]; Grignon experimental station, Yvelines, France;
48°51′ N, 1°58′ E) was the same in both cropping sea-
sons. It was sown with wheat in 2015–2016, with oilseed
rape in 2016–2017, and with wheat in 2017–2018. The
90 bags for the soil-contact treatment were deposited in
the OWO field plot (Fig. 1c) in late July, at 15 sampling
points 20 m apart (three “inoculated” and three “non-
inoculated” bags at each sampling point). The 90 bags of
the aboveground treatment were placed on plastic grids
exposed to outdoor conditions and located about 300 m
from the OWO field plot (Fig. 1d).
We assessed the impact of seasonality on the fungal

and bacterial communities on residues by collecting
samples of each “inoculated” and “non-inoculated” treat-
ment at three dates (October, December, and February):
15 bags from plastic grids (aboveground treatment) and
one bag from each sampling point in the field (soil-con-
tact treatment) At each date, nylon bags were opened,
the residues were rinsed with water and air-dried in la-
boratory conditions. Residues were then crushed with a
Retsch™ Mixer Mill MM 400 for 60 s at 30 Hz with li-
quid nitrogen in a Zirconium oxide blender.

Total DNA extraction
Total DNA was extracted with the DNeasy Plant Mini
kit (Qiagen, France), with a slightly modified version of
the protocol recommended by the manufacturer. Pow-
dered residues (20 mg), 450 μL of Buffer AP1 preheated
to 60 °C, RNase A and Reagent DX (450:1:1) were mixed
vigorously for 15 s in a 2-mL Eppendorf tube. Buffer P3
(130 μL) was added to each tube, which was then shaken
manually for 15 s, incubated at − 20 °C, and centrifuged
(1 min, 5000×g). The supernatant (450 μL) was trans-
ferred to a spin column and centrifuged (2 min, 20,
000×g). The filtrate (200 μL) was transferred to a new
tube, to which sodium acetate (200 μL, 3M, pH 5) and
cold 2-propanol (600 μL) were added. DNA was precipi-
tated by incubation at − 20 °C for 30 min and recovered
by centrifugation (20 min, 13,000 g). The pellet was
washed with cold ethanol (70%), dried, and dissolved in
50 μL of AE buffer.

PCR and Illumina sequencing
Fungal and bacterial communities profiles were analyzed
by amplifying ITS1 and the v4 region of the 16S rRNA
gene, respectively. Amplifications were performed with
ITS1F/ITS2 [66] and 515f/806r [67] primers. All PCRs
were run in a total volume of 50 μL, with 1x Qiagen
Type-it Multiplex PCR Master Mix (Type-it® Microsatel-
lite PCR kit Cat No./ID 206243), 0.2 μM of each primer,
1x Q-solution®, and 1 μl DNA (approximately 100 ng).
The PCR mixture was heated at 95 °C for 5 min and then
subjected to 35 cycles of amplification (95 °C (1 min),
60 °C (1 min 30 s), 72 °C (1 min)) and a final extension
step at 72 °C (10 min). PCR products were purified with
Agencourt® AMPure® XP (Agencourt Bioscience Corp.,
Beverly, MA). A second round of amplification was per-
formed with 5 μl of purified amplicons and primers con-
taining Illumina adapters and indices. PCR mixtures
were heated at 94 °C for 1 min, and then subjected to 12
cycles of amplification (94 °C (1 min), 55 °C (1 min),
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68 °C (1 min)) and a final extension step at 68 °C (10
min). PCR products were purified and quantified with
Invitrogen QuantIT™ PicoGreen®. Purified amplicons
were pooled in equimolar concentrations, and the final
concentration of the library was determined with the
qPCR NGS library quantification kit (Agilent). Libraries
were sequenced in four independent runs with MiSeq
reagent kit v3 (600 cycles).

Sequence processing
Runs were analyzed separately. Primer sequences were
first cut off in the fastq files with Cutadapt [68]. Files
were then processed with DADA2 v.1.8.0 [69] according
to the recommendations for the “DADA2 Pipeline Tu-
torial (1.8)” workflow [70], with quality trimming
adapted for each run (Additional file 3: Table S3).
A mock sample consisting of equimolar amounts of

DNA from known microorganisms was included in each
run (see Additional file 9: Figure S6) to establish a detec-
tion threshold for spurious haplotypes. At a threshold of
≤ 0.3‰ of the size of the library, amplicon sequence var-
iants (ASVs) were considered spurious and were re-
moved from the sample. We used the naive Bayesian
classifier on RDP trainset 14 [71] and the UNITE 7.1
database [72] to assign ASVs. ASVs assigned to chloro-
plasts (for bacteria) or unclassified at the phylum level
(for bacteria and fungi) were also removed from each
sample. Due to the larger proportion of chloroplast se-
quences among the 16S rRNA gene products obtained
from living plant tissues compared to dead tissues, all
samples from July 2017 were removed from the analysis.

Differential community analysis
For microbial community analyses, the total library size of
each sample was standardized by normalization by pro-
portion. The experimental conditions taken into account
were cropping season (2016–2017 and 2017–2018), sea-
sonality (four sampling dates: July, October, December,
and February), inoculation with Z. tritici (inoculated and
non-inoculated), soil contact (soil-contact and above-
ground treatments). The Shannon diversity index was
used to assess the effect of each set of conditions on fungal
and bacterial diversity. The divergence of microbial com-
munities between samples was assessed by calculating the
Bray-Curtis dissimilarity matrix with the phyloseq package
(v 1.24.2 [73]) and then illustrated by MDS and clustering
based on the average linkage method (ape package v 5.2.
[74]). PERMANOVA was performed with the “margin”
option, to test the effect of each factor on communities
(adonis2 function, vegan package [75]). Since the July
samples were derived from living plant tissues (green-
house), we carried out a PERMANOVA to test the effects
of inoculation (for fungi and bacteria) and season (for
fungi only; Table 1), and a PERMANOVA for the other
sampling dates together to test the effects of inoculation,
season, and contact with soil.
A linear discriminant analysis (LDA) implemented in

Galaxy [76] (LefSe, http://huttenhower.org/galaxy) was
used to characterize the differential abundances of fungal
and bacterial taxa between each soil-contact condition
and each Z. tritici inoculation condition. In this analysis,
differences in the relative abundance of taxa between
treatments were evaluated with a Kruskal-Wallis test; a
Wilcoxon test was used to check, by pairwise compari-
sons, whether all subclasses agreed with the trend identi-
fied in the Kruskal-Wallis test. The results were used to
construct an LDA model, to discriminate between taxa in
the different conditions. For the comparison between soil-
contact and aboveground treatments, inoculation condi-
tion was used as a subclass, with the Wilcoxon test alpha
value set at 0.05, and the alpha value of the Kruskal-Wallis
test set at 0.01. For the comparison between “inoculated”
and “non-inoculated” treatments, the alpha value of the
Kruskal-Wallis test was set at 0.01 (no subclasses). For
both analyses, the threshold for the LDA analysis score
was set at 2.0.

Ecological interaction network analyses
For characterization of interactions within the different
wheat residue microbial communities, we performed
ecological network analyses (ENA) with SPIEC-EASI
[77] for combined bacterial and fungal datasets [78]. The
same parameters were used for all networks. The non-
normalized abundance dataset was split on the basis of
sampling date and soil-contact condition. Each of the
datasets included 15 inoculated and 15 non-inoculated
samples. This choice was based on the following consid-
erations, (1) differences in relative abundance of Z. tritici
were thus maximal in each dataset, (2) the variability be-
tween samples induced by inoculation was shown to be
relatively lower comparatively to sampling date and soil-
contact condition, (3) loss in specificity in networks was
established to occur because networks are unable to dis-
tinguish whether a statistically significant co-occurrence
is due to an interaction or rather to a shared habitat
preference [79], and (4) the specificity of networks was
established to increase with an increasing number of
samples until it plateaued at about 25 [79]. Infrequent
ASVs were filtered out by defining a threshold of a mini-
mum of six occurrences, to increase the sensitivity of the
ENA [79]. We used the neighborhood selection as
graphical inference model (Meinshausen and Bühlmann
MB method) with SPIEC-EASI, as this method has been
shown to outperform most of the other available
methods (e.g., CCREPE, SPARCC, SPIEC-EASI (glasso))
[77]. The StARS variability threshold was set at 0.05.
Networks were then analyzed with the igraph package
(version 1.2.2. [80]). Scripts for network construction

http://huttenhower.org/galaxy
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and analysis are available from GitHub (see the “Avail-
ability of data and materials” section).

Subnetworks for analysis of the Z. tritici pathobiome
We used a dual approach to characterize interactions
between Z. tritici and the other taxa, based on (1) the
LDA scores obtained in differential analyses between Z.
tritici inoculation conditions (“inoculated” and “non-in-
oculated” treatments) and (2) ecological network analysis
(ENA). LDA identified taxa affected by inoculation con-
ditions (definition of classes for samples), and network
analysis identified interactions at the sample scale (with-
out prior assumptions). Subnetworks of differential
ASVs and their adjacent nodes were established by com-
bining these two approaches. Subnetworks were visual-
ized with Cytoscape V. 3.6.1 [81]
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Additional file 8: Figure S5. Betweenness, centrality and degree of
each ASV in the networks. Nodes with high betweenness, centrality and
high degree values are considered to be keystone taxa in the networks.
The genera of the fungal and bacterial ASVs with the highest degree and
centrality are indicated: Acrem(onium); Actin(oplanes); Aquab(acterium);
Artic(ulospora); Brevi(bacterium); Clado(sporium); Devos(ia); Epico(ccum);
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