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Carbon substrates utilization
determine antagonistic
fungal-fungal interactions among
root-associated fungi
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Nathan Vannier!*

YIGEPP, INRAE, Institut Agro, Le Rheu, France, 2IRISA, CNRS, Rennes, France

Introduction: The assembly of the plant microbiome results from a complex
network of interactions. The role of microbial taxa in shaping the microbiome
has recently gained attention, emphasizing the competitive dynamics and
chemical warfare occurring within this dynamic environment. Within and around
the roots, microbe-microbe interactions are piloted by nutritional constraints
that can be modulated by the host. In this context, while nutrient blocking and
antimicrobial production have largely been described as competitive traits in
bacterial taxa, the importance of fungal metabolism in determining fungal-
fungal interactions remains largely unexplored.

Methods: In this work, we profiled the carbon substrate utilization of 91 root-
associated fungal isolates from Brassica napus and Triticum aestivum and
evaluated their antagonistic abilities against two agronomically relevant fungal
competitors, Rhizoctonia solani and Fusarium graminearum.

Results: Our results indicate that fungi arbor contrasted carbon utilization
profiles and strategies that are independent from the two host plant species
tested, the plant compartment and the geographic region. Strikingly, specific
carbon utilization signatures were associated with antagonistic abilities with
antifungal-mediated antagonism characterized by higher utilization rates of
diverse carbon substrates while direct competitive abilities were associated with
lower utilization rates of fewer carbon substrates.

Discussion: Together with taxonomy-based predictions of antagonism-specific
enzymatic reactions, these results suggest that carbon utilization profiles and
enzymatic reactions prediction could be considered as markers of fungal
antagonistic potential. From an ecological point of view, our results suggest that
root-associated fungi have contrasted carbon usage strategies likely shaped by
and determining fungal-fungal antagonistic interactions.

KEYWORDS

plant microbiome, root-associated fungi, microbe-microbe interactions, carbon
metabolism, fungal ecology, antifungal activity

1 Introduction

The plant microbiota forms a complex and dynamic community of microorganisms that
colonize both external surfaces and internal tissues of plants, including leaves and roots
(Edwards et al., 2015; Trivedi et al., 2020; Pefiuelas and Terradas, 2014). This assemblage
encompasses a broad taxonomic diversity, comprising fungi, bacteria, archaea, oomycetes and
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protists (Buée et al., 2009; Vorholt, 2012). The balance of the plant
microbiome is essential for plant health and fitness (Berendsen et al.,
2012; Vandenkoornhuyse et al., 2015; Berg et al., 2021). As observed
in the human microbiome, plant diseases are often associated with
dysbiosis, characterized by an imbalance or loss of microbial diversity
(Chen etal,, 2020; Arnault et al., 2023). Understanding the ecological
and molecular processes that govern microbiome assembly, —
particularly the interplay between biotic interactions and abiotic
constraints - has thus become a key challenge in harnessing
microbiome functionalities for sustainable crop management (Trivedi
et al., 2020). Microbiome assembly is shaped by multiple factors,
including host genetic background and developmental stage
(Oberholster et al., 2018; Toju et al., 2019; Wassermann et al., 2019),
environmental conditions (Maestre et al., 2015; Zhang et al., 2019),
and microbial interactions (Cordovez et al., 2019; Zhou et al., 2019;
Fitzpatrick et al., 2020; Bai et al., 2022). Among the key modulators of
this environment are root exudates, which consist of complex mixtures
of carbon-based compounds secreted by plant roots (Hu et al., 2018;
Ma et al., 2022). These exudates serve as a major source of organic
carbon for soil microbes and account for a substantial proportion-up
to 40%- of plant-fixed photosynthates (Grayston et al., 1997; Fransson
etal, 2007; Gargallo-Garriga et al., 2018). They also play a pivotal role
in shaping the rhizosphere microbiome by favoring specific microbial
taxa (Haichar et al., 2008; Hugoni et al., 2018; Sun et al., 2023). The
pivotal role of microbial interactions, especially those occurring
between different kingdoms, in structuring community composition
and functionality has been underscored by studies employing
synthetic microbial communities (Agler et al., 2016; Niu et al., 2017;
Duran et al., 2018).

While bacterial-fungal interactions and the role of bacterial
metabolites in controlling fungal communities have been
extensively documented (Durdn et al., 2018; Pierce et al.,, 2021;
Wolinska et al, 2021), fungal-fungal interactions remain
comparatively underexplored. Although plant disease onset is often
linked to total fungal biomass (Wolinska et al., 2021) or the
presence of specific pathogens (Dochlemann et al., 2017), the
influence of interspecific fungal interactions (i.e., antagonism), on
community composition and disease dynamics is still poorly
understood. These interactions can range from mutualism to
antagonism and parasitism. In antagonistic interactions, several
mechanisms have been described, illustrating the diverse strategies
fungi employed to suppress competitors (Boddy and Hiscox, 2016).
For instance, competitive exclusion has been described in
endophytic colonization of tomato and cotton seeds by Beauveria
bassiana, controlling root rot caused by Rhizoctonia solani, through
direct competition for space (Ownley et al, 2008). Similarly,
copiotrophic fungi that rapidly metabolize carbon-rich substrates
can deprive pathogens of these resources (Ramirez et al., 2012;
2016). Another
mycoparasitism, wherein one fungus actively parasitizes another.

Minnistd et al, major mechanism is
This process requires direct contact, host recognition, adhesion,
hyphal penetration, and enzymatic degradation of the host cell wall
(Koch and Herr, 2021; Liu and Dong, 2023). For example,
Geotrichum sp. parasitizes Thanatephorus cucumeris, using it as
both a nutrient source and structural support (Donayre and Dalisay,
2016). Additionally, many fungi produce antifungal secondary
metabolites-including flavonoids, alkaloids, terpenes, lipopeptides,
and phenolic compounds-that inhibit the growth of fungal
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competitors (Mousa and Raizada, 2013; Lugtenberg et al., 2016).
Aspergillus, Penicillium, Fusarium, and Phoma endophytes isolated
from Eleusine coracana produce such compounds, effective against
Fusarium spp. (Mousa et al., 2015). Thus, fungal-fungal competition
encompasses a large range of interactions mechanisms from
nutrient blocking and space occupation to the production of
metabolites targeting competitors.

Because competition for resources is directly linked with
nutrient availability and because the production of antifungal
molecules requires specific precursors, it is likely that these
fungal-fungal interactions are largely dependent on the
nutritional environment. Fungi-fungi interactions are modulated
by the plant’s surrounding physico-chemical environment,
particularly by root exudates (Hu et al., 2018). Fungi capable of
efficiently metabolizing exudate-derived compounds exhibit
enhanced rhizosphere fitness (Broeckling et al., 2008), potentially
leading to their selective enrichment (Hugoni et al., 2018).
Importantly, exudate composition varies with plant species,
genotype, and developmental stage (Kowalchuk et al., 2006;
Chaparro et al.,, 2013; Burns et al.,, 2015; Eck et al., 2019).
Consequently, the rhizosphere mycobiome is likely to reflect the
composition and timing of exudation events. Fungal taxa may
therefore compete for access to these resources (Sasse et al., 2018;
Hu et al., 2020), and some may utilize specific carbon substrates
to produce antifungal metabolites. This suggests that root-
derived carbon inputs could serve as key drivers of fungal-fungal
interactions and determine the antagonistic abilities of fungal
taxa within a given environment. Considering the importance of
fungal-fungal interactions for fungal fitness, it is also likely that
these interactions sculpted fungal metabolic profiles over
evolutionary time. In this context, we addressed the following
questions: (i) Can different carbon utilization profiles
be distinguished among fungal isolates depending on their
ecological origins, such as plant compartment, host plant species
and geographic region in France? (ii) Is there a carbon utilization
profile associated with antagonistic isolates (i.e., antifungal-
mediated antagonism and competition-mediated antagonism)?
(iii) Is it possible to identify proteomic (i.e., EC) and metabolic
(i.e., carbon substrates) markers predicting antagonistic effects?
To explore these hypotheses, we used a collection of 91 fungal
isolates associated with Brassica napus (oilseed rape) and
Triticum aestivum (wheat) and assessed their antagonistic
abilities against two widespread soil-borne plant pathogens,
Rhizoctonia solani (Rs), and Fusarium graminearum (Fg). For all
isolates of this collection we carried dual-culture assays against
Rs and Fg to determine their antagonistic potential. As it is likely
that the production of antifungal requires specific precursors,
we characterized both competition-mediated antagonism (i.e.,
any form of competition reducing the growth of the competitor)
and specifically antifungal-mediated antagonism (i.e., limitation
of growth without direct contact). We identified competition-
mediated antagonism through the reduction in growth of Rs and
Fg in the presence of the 91 fungal isolates. Whenever an
inhibition zone without contact between mycelia was observed it
was considered as antifungal-mediated antagonism, assuming
that a diffusible molecule inhibited the competitor growth.
We profiled carbon utilization capacities and predicted enzymatic
reaction profiles (i.e., predicted proteomic models) based on
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taxonomic affiliation. We identified antifungal-mediated
antagonism measured by the formation of inhibition zones and
competition-mediated antagonism measured by the growth
reduction of competitors (i.e., Rs or Fg). Antagonistic abilities
were then compared to carbon utilization profiles and predicted
proteomes to investigate the determinants of antagonistic fungal-

fungal interactions.

2 Materials and methods

2.1 Fungal material and selection of fungal
isolates

The fungal isolates used were isolated in 2021. Briefly, root and
rhizosphere samples were collected from 48 oilseed rape and 50
wheat fields across three agriculturally distinct regions of France
(East, South and West). Samples were ground and plated on three
different culture media: Inhibitory Mold Agar (IMA) (Scognamiglio
et al,, 2010), Rose-Bengal Chloramphenicol Agar (RBCA; SIGMA-
ALDRICH; Ref. 17,211-500G) and Potato-Carrot Agar (PCA)
(Chelkowski et al., 1992). All isolates were identified by amplification
of the ITSI region using universal primers ITSIngs (5-GGTCAT
TTAGAGGAAGTAA-3") and ITS2ngs (5-TTYRCKRCGTTC
TTCATCG-3"). Amplicons were sequenced by Macrogen Europe
using Sanger sequencing method. For identification of fungal
isolates, the ITSI sequences obtained were compared with those in
the nucleotide database using the Basic Local Alignment Search Tool
(BLAST) of the National Center for Biotechnology Information
(NCBI) in the USA (accessed April 2022).

The diversity of the isolates was illustrated through the
construction of a phylogenetic tree, which was obtained by aligning
the sequences using the MAFFT software (Katoh and Standley, 2013;
Kuraku et al., 2013; Katoh et al,, 2018) with default parameters to
optimize sequence alignment. The phylogenetic tree was then
generated using RAXML software (version 1.2.2; Stamatakis, 2014),
applying the GTRCAT model (Stamatakis, 2014) and 100 bootstrap
replicates to assess branch support. To adequately represent the
observed diversity, we used PARNAS (Markin et al., 2023), a selection
algorithm based on phylogenetic coverage. This software uses the
phylogenetic distances on a phylogenetic tree and optimizes the
selection of isolates in order to cover all the diversity represented on
the tree. A total of 40 wheat isolates and 51 oilseed rape isolates were
selected from the entire phylogenetic tree, thus covering the entire
taxonomic range at genus level. To validate the representativeness of
the selected isolates in relation to the entire crop collection, we used
the same PARNAS software (Markin et al., 2023) this time quantifying
the proportion of phylogenetic diversity captured by the selected
isolates, enabling us to assess the extent to which these isolates reflect
the overall diversity of the collection.

The taxonomic classification of these isolates was validated by a
second round of sequencing, using the ITS1ngs and ITS2ngs primers
described above. To further assign the isolates studied, additional
primers NSI  (5-GTAGTCATGCTTGTCTC-3") and NS4
(5-CTTCCGTCGAATTCTTAA-3") were also added using the same
protocol. The resulting sequences were sent for sequencing to
Macrogen, and taxonomic identification was validated using BLASTn
against the NCBI nucleotide database (accessed October 2023).
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Because NS1/NS4 barcodes, which amplify the 18S region of
rRNA, are more conserved than the ITS1 region, we chose to
represent the genetic diversity of isolates by forming a phylogenetic
tree with NS1/NS4 barcodes. All the phylogenetic trees represented
in this article are based on these barcodes, using the following
method. These sequences were aligned using Seaview (version 4,
Gouy et al, 2010) with the default parameters. Phylogenetic
trees were constructed using Kimuras method with the
same software.

2.2 Antagonistic capacities against Rs
and Fg

The competitive mediated antagonistic ability and the antifungal-
mediated antagonistic ability of 91 fungal isolates was tested against
two known plant pathogens, Rs and Fg. The fungal pathogens Fg
(strain MDC_Fgl) and Rs (strain AG 2-1 R5) were kindly provided
from previous work (Gilligan and Bailey, 1997; Alouane et al., 2021).
Rs and Fg cause damping-off on oilseed rape and wheat, respectively.
We tested whether the 51 fungal isolates collected from oilseed rape
could limit the growth of Rs through competitive mediated
antagonism or antifungal-mediated antagonism using a modified
dual-culture antagonism assay, as described in Zhao et al. (2021).
We used the same approach to test whether the 40 fungal isolates
collected from wheat could limit the growth of Fg. Briefly, all fungal
isolates (i.e., those isolated from oilseed rape and wheat, and the
competitors Rs and Fg) were grown for 7 days at 20°C on IMA
medium (Inhibitory Mold Agar). For the dual-culture confrontation
tests, a 5 mm diameter mycelial plug was collected from the growing
edge of each fungal colony. Two plugs from two fungi (one isolate and
Rs or Fg) were placed on IMA medium in 90 mm Petri dishes facing
each other, 6 cm apart (center-to-center), each positioned 1 cm from
the edge of the plate. After 7 days of incubation at 20°C, the Petri
dishes were scanned (Epson Perfection V37), and the growth area (in
cm?) of both the pathogen and the fungal isolate was measured using
Image] Fiji software (version 1.54i; Schindelin et al., 2012). Plates
inoculated only with Rs or Fg were included as controls to compare
the pathogen’s growth in isolation with its growth in the presence of
the different isolates. All experimental conditions, including controls
and confrontation assays, were performed in triplicate, and the entire
experiment was independently repeated three times. The inhibition
rate was calculated using the following formula: Inhibition rate =1 -
(A1/A2), where Al is the area occupied by the competitor (i.e., Rs or
Fg) in the presence of a tested isolate, and A2 is the average area
occupied by the competitor alone (i.e., control plates). Thus, a high
inhibition rate translates to a high reduction in competitor
growth area.

The ability of each isolate to perform competition-mediated
antagonism was evaluated across all isolates tested and consisted of
assessing the difference in growth (i.e., inhibition rate) of Rs and Fgin
the presence of different isolates. Whenever a zone without mycelium
was observed between the two mycelial growth areas (i.e., no visible
mycelial growth of the pathogen or the tested isolate), we considered
that the tested isolate is an antifungal-mediated antagonistic isolate.
To validate that the growth measurements are robust and persist after
7 days, the growth was measured a second time at 28 days after
inoculation for 39 isolates.
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2.3 Profiling of fungal isolates carbon
utilization profiles

The ability of each isolate to metabolize 95 different carbon
substrates was evaluated using specific filamentous fungal (FF)
microplates from Biolog (Biolog™ FF MicroPlates, Biolog Inc.,
Hayward, CA, USA; Supplementary Table S1). This method enables
the analysis of fungal functional diversity and catabolic versatility
(Pinzari et al, 2016). The inoculation procedure followed the
manufacturer’s recommendations (Biolog FF MicroPlate™ Protocol,
Pawlik et al., 2019) with minor modifications. Isolates were grown for
7 days at 20°C in the dark on 20% malt extract agar. Mycelia were
harvested by adding 2 mL of FF-IF (filamentous fungal inoculation
fluid) inoculation fluid (Biolog™) directly into the culture plates and
gently scraping the surface with a sterile loop. The recovered
suspension was then vortexed with 1 mm sterile glass beads to obtain
a homogeneous solution used as inoculum. The optical density at
600 nm (ODsgo) of the inoculum was adjusted to 0.002, corresponding
to 99% transmittance using a spectrophotometer (Jenway™ 7,300
spectrophotometer). Each well of a Biolog FF MicroPlate was filled
with 100 pL of the inoculum, and each isolate was tested in triplicate
to ensure reproducibility of the carbon utilization profile of each
isolate. The carbon utilization profile was measured by detecting the
reduction of a tetrazolium dye, monitored via changes in optical
density at 590 nm (ODsso), at 30-min intervals over 168 h using the
OmniLog™ instrument (Biolog™), controlled via Data Analysis
software (Version 1.7, Biolog Inc.). The area under the curve (AUC)
was calculated from the kinetic data to quantify metabolic activity on
each substrate. AUC values were then normalized by subtracting the
signal of the negative control well (without carbon source) to obtain a
relative consumption rate, which was used in downstream analyses.

2.4 ldentification of proteomic features
associated with antagonistic capacities

The consensus proteome of all isolates was analyzed to identify
Enzyme Commission (EC) numbers specific to isolates with
competition-mediated antagonism of both competitors. For this
purpose, isolates metabolism was estimated using EsMeCaTa (Belcour
etal., 2022), a Python workflow that approximates metabolic potential
based on taxonomic affiliation by retrieving and analyzing reference
proteomes from the UniProt database.

First, for the entire taxonomic assignment of the selected fungi,
EsMeCaTa searches for at least 5 reference proteomes associated with
each taxonomic assignment, regardless of the rank at which the isolate
was identified. If fewer than 5 reference proteomes are found,
EsMeCaTa moves to higher taxonomic ranks (up to family level only)
and explores non-reference proteomes to complete the set. EsMeCaTa
then identifies proteins shared among the retrieved proteomes. Only
proteins found in at least 50% of these proteomes are retained. Finally,
EsMeCaTa constructs a consensus sequence for each retained protein
and calls EggNOG-mapper (Cantalapiedra et al., 2021) to annotate the
retained proteins with EC numbers. These EC annotations were
grouped based on whether the isolates are showing competition-
mediated antagonism against Rs or Fg (as defined in section 2.3) or
not. Isolates with the same taxonomic assignment and/or reference
proteomes that were present in competitive and non-competitive
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isolates were excluded. This allowed us to identify ECs uniquely
associated with inhibitors.

2.5 Assessing the specificity of fungal
isolates antagonistic abilities against two
fungal competitors

In order to determine whether the observed inhibition potential
of the isolates tested (i.e., general competition-mediated antagonism
or antifungal-mediated antagonism) are competitor-specific (i.e.,
specific to Rs or Fg) we conducted additional confrontation assays
including isolates displaying antagonistic phenotypes against Rs
(Oilseed rape isolates) or against Fg (Wheat isolates). To do so,
we followed the same protocol as previously described (part 2.2
Antagonistic capacities against Rs and Fg) using a total of 25 isolates
displaying inhibition phenotypes in the previous tests. Three biological
replicates and 3 technical replicates were performed for
each confrontation.

2.6 Statistical analyses

All statistical analyses were carried out using R version 4.3.3
within RStudio version 2024.12.0. To assess differences between
fungal isolates in terms of competition-mediated antagonism against
the two competitors, we first evaluated the normality of Rs and Fg
growth surface distributions. Given that these distributions did not
meet the assumptions of normality, non-parametric Kruskal-Wallis
tests were employed (base R stats package), followed by Dunn’s post
hoc tests with false discovery rate (FDR) correction (rstatix package,
Kassambara, 2021).

In order to evaluate the link between the observed antagonistic
phenotypes and the carbon utilization profiles we grouped isolates
into phenotypic categories. To do so, we used the unsupervised
k-means clustering classification method. This method allows
observations to be grouped into an optimal number of clusters based
on their similarity. By applying this approach to the observed
inhibition rates (Supplementary Figure S1), the analysis identified the
two distinct groups for both oilseed rape and wheat isolates. Based on
the distribution of the inhibition values and on the k-means clustering
we thus selected a 0.3 inhibition rate threshold for oilseed rape isolates
and 0.2 for wheat isolates (Supplementary Figure S1). The inhibition
rate was thus used as both a quantitative variable in linear models (Im
function, stats package) and analysis of variance (ANOVA) using the
rstatix packages and as a qualitative variable (i.e., competitive vs.
non-competitive isolates) in subsequent Kruskal-Wallis tests followed
by Dunn’s post hoc tests with FDR correction. These analyses enabled
us to examine the influence of ecological origin, including the
geographic region in France, plant compartment, and host plant
species (wheat or oilseed rape). A linear regression was also performed
between the inhibition rate calculated at 7 days post-inoculation and
at 28 days post-inoculation.

In parallel, the carbon utilization profile of each isolate was
assessed using carbon sources in Biolog FF microplates. More
specifically, the area under the consumption curve (AUC) values
for each well were calculated and adjusted relative to the control
well (i.e., AUC of each well divided by AUC of well A01). This
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data was used to form a heatmap using the ggplot function in the
ggplot2 package, and to create a Euclidean distance matrix using
the dist function in the stats package. This matrix was then used
to explore the influence of multiple variables, such as ecological
origin (i.e., geographic region in France, plant compartment, and
host plant species), taxonomic assignment, and competition-
mediated antagonistic as a qualitative variable (against Rs or Fg),
on the carbon utilization profiles of the isolates by performing a
Permutational Multivariate Analysis of Variance (PERMANOVA)
analysis using the adonis2 function in the vegan package (version
2.6-4; Oksanen et al., 2013). At the same time, in order to
highlight the differences in carbon utilization between the
antagonistic isolates, three analyses (i.e., PCA, Random forest
and PPLS-DA) were carried out to obtain the most reliable
results possible. PCAs were performed using the rda function in
the vegan package to highlight the most discriminating
carbonaceous substrates on the first two principal axes, applying
an absolute contribution threshold > 0.8. The Random Forest
analysis (Breiman, 2001) was performed using the MUVR
package (version 0.0.976; Shi et al., 2019) to identify the major
carbon substrates that predict the competition-mediated
antagonistic as a qualitative variable (competitive isolates vs.
non-competitive isolates) of the 51 fungal isolates obtained from
oilseed rape isolates and tested against Rs. The MUVR algorithm
achieves a minimal feature selection by performing recursive
variable elimination in a repeated double cross-validation
procedure and improves predictive performance minimizing
over-fitting and false positives. In this analysis, we used the
following parameters for the random forest analysis: 48
repetitions, 8 outer cross-validation segments and 80% of
variables kept for iteration of the recursive variable elimination
in the inner loop. The statistical significance of the ‘max’ model
(i.e., model including predictors with redundant but not
erroneous information) was assessed with 100 permutations on
the competition mediated antagonistic qualitative variable.
Finally, a PPLS-DA was used to discriminate groups of fungal
isolates during competition-mediated antagonism on the basis
of their carbon utilization profiles. PPLS-DA consists of a partial
least square’s regression analysis where the response variable is
a qualitative variable (y-block; describing the grouping factor),
expressing the class membership of the statistical units (Sabatier
et al., 2003). Utilization rates of the 95 carbon sources by the
fungal isolates were first scaled by Z-score normalization before
using the cppls function in the package pls. The PLS-DA
procedure includes a cross-validation step producing a p value
that expresses the validity of the PLS-DA method regarding the
dataset (function MVA.test in package RVAideMemoire). The
PLS-DA procedure also expresses the statistical sensitivity,
indicating the modelling efficiency in the form of the percentage
of misclassification of samples in categories accepted by the class
model (function MVA.cmv in package RVAideMemoire). These
three methods therefore identify carbon substrates used
differently in antagonistic isolates. Only the carbon substrates
identified in the three analyses were subsequently studied.
Non-parametric Kruskall-Wallis tests and linear models (Im
function) were used to identify differences in the consumption
of these carbonaceous substrates between antagonistic and
non-antagonistic isolates.

Frontiers in Microbiology

10.3389/fmicb.2025.1645107

3 Results

3.1 Selection of a representative set of
fungal isolates associated to oilseed rape
and wheat roots

To investigate antagonistic fungal-fungal interactions, we used a
previously established collection of 780 fungal isolates, comprising
209 from wheat and 571 from oilseed rape, collected in 2021 in fields
from three main agricultural regions in France. From this initial
collection, we assembled a subcollection by selecting representative
isolates. Using Parnas (Markin et al., 2023), we identified sequence-
based diversity clusters and selected 91 representative isolates (40
from wheat and 51 from rapeseed; Supplementary Table S2) based on
their genetic diversity (i.e., ITS1 sequences). These isolates represent
78.98% of the 780 isolates sequence diversity. The majority of the
selected isolates from oilseed rape are Eurotiomycetes (1 = 20; 39.2%),
Sordariomycetes (n = 12; 23.5%), and Mucoromycetes (n = 8; 15.6%),
while the one from wheat are mainly classified as Eurotiomycetes
(n = 14; 35%), Sordariomycetes (n = 13; 32.5%) and Dothideomycetes
(n=9;22.5%).

3.2 Antagonistic abilities of individual
fungal isolates

To determine the antagonistic potential of individual isolates,
we carried out in vitro dual confrontation tests against two
competitors, Rs and Fg. Oilseed rape isolates were tested against Rs,
while wheat isolates were tested against Fg. The inhibition rate of
isolates was analyzed in relation to their ecological origin, including
the geographic region in France and plant compartment (i.e.,
rhizosphere vs. roots), as well as their taxonomic classification. Across
all dual confrontation assays, regardless of competitor, the two main
antagonistic mechanisms were identified: (i) competition-mediated
antagonism, and (ii) antifungal-mediated antagonism (Figures 1A,B;
Supplementary Figures S2-S4).

We first examined the competition-mediated antagonism
between the competitor and the isolates by examining the
inhibition rate of the different fungal isolates. Among the 51
oilseed rape isolates tested against Rs, we observed significant
differences in Rs growth depending on the isolate (Kruskal-Wallis
chi-squared = 423.46, df=51, p<0.05
Supplementary Figure S3), with a mean inhibition rate of 28%

Figure 1A;

(+/— 18%). Across the three experimental replicates, 10 out of 51
isolates significantly reduced Rs growth (Kruskal-Wallis, p < 0.05;
Figure 1A). These isolates belonged to the fungal classes
Mucoromycetes, Mortierellomycetes, Sordariomycetes,
Eurotiomycetes, and Dothideomycetes. Interestingly, similar
patterns were observed for the 40 wheat-derived isolates tested
against Fg (Figure 1B). Fg growth varied significantly among the
(Kruskal-Wallis  chi-squared = 303.91,  df = 40,
p < 2.2e-16; Figure 1B; Supplementary Figure S3), with a mean
inhibition rate of 15% (+/— 14%). Likewise, across three
experimental repetitions, 7 out of 40 isolates significantly
inhibited Fg growth (Kruskal-Wallis, p < 0.05; Figure 1B). These

competitive isolates also belonged to the same fungal classes

isolates

identified in the Rs assays: Sordariomycetes, Mucoromycetes,
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relation was found for Fg.

Class Inhibition rate

Inhibition of two fungal competitors (i.e., Rs and Fg) by different fungal isolates. (A,B) Maximum likelihood tree of the fungal isolates based on SSU
sequences, showing phylogenetic relationships among fungal isolates and their average inhibition rates against Rhizoctonia solani (Rs) (A) and
Fusarium graminearum (Fg) (B). These isolates were either isolated from oilseed rape or wheat. Oilseed rape isolates were tested against Rs and wheat
isolates against Fg. Fungal classes are color-coded. Bars indicate average inhibition rates across replicates, with a red line marking the limit between
competitive isolates and non-competitive isolates. Red and black squares next to each isolate denote significant antagonistic mechanisms in a
biological replicate. Kruskal-Wallis tests reveal significant differences in inhibition rates among isolates for both pathogens (p < 2.2e-16). (C,E) Inhibition
rates of each fungal class against Rs (C) and Fg (E). Significant differences were observed for Rs (Kruskal-Wallis, p = 0.00067), but not for Fg (p = 0.13).
Different letters indicate statistically significant groups (post-hoc test). (D,F) Linear regressions showing the relationship between inhibition rate and
phylogenetic distance from Rs (D) and Fg (F). A significant positive correlation was observed for Rs (ANOVA, p = 0.0001, R? = 0.25), but no significant

Mortierellomycetes, Dothideomycetes, and Eurotiomycetes.
We then tested whether these inhibition patterns can
be connected to the fungal taxonomy. As only two isolates from
Leotiomycetes and Mortierellomycetes were present among the
oilseed rape isolates, and a similar scarcity was observed for
Mortierellomycetes and Mucoromycetes among the wheat
isolates, these taxonomic groups were excluded from these
analyses. For the oilseed rape isolates tested against Rs, a
significant difference in inhibition rate among taxonomic classes
was detected (Kruskal-Wallis; p = 0.00067, chi-squared = 17.1;
Figure 1C). Eurotiomycetes showed the lowest average inhibition
rate (15% +/— 7%), whereas Mucoromycetes and Sordariomycetes
displayed significantly higher average inhibition rates of 38%
(+/— 11%) and 42% (+/— 21%) on average, respectively (Dunn’s
test with FDR correction; p < 0.05; Figure 1C). In contrast, no
such difference in inhibition rate was observed among taxonomic
classes for isolates tested against Fg, particularly among
Dothideomycetes,

Eurotiomycetes, and Sordariomycetes

(Dothideomycetes, Eurotiomycetes, and Sordariomycetes;
Kruskal-Wallis, p > 0.05, Figure 1E). However, it is important to
note that the Mucoromycetes, identified as competitive isolates
against Rs for oilseed rape isolates, could not be tested for wheat
due to low statistical power.

Interestingly, oilseed rape isolates ability to reduce Rs growth was

significantly correlated with phylogenetic distance to Rs (ANOVA;
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p=0.0001, R*=0.25; F=17.7; Figure 1D), with distant isolates
yielding stronger inhibition rate than related isolates. In contrast, the
phylogenetic distance between wheat isolates and Fg did not correlate
with their inhibition abilities (ANOVA; p > 0.05, Figure 1F).

In addition, we investigated the ability of fungal isolates to
perform antifungal-mediated antagonism, by observing the
presence or absence of inhibition zones in dual culture assays.
Antifungal mediated antagonism was observed for seven isolates
tested against Rs and two isolates tested against Fg across all three
experimental replicates (Figures 1A,B). All isolates that showed
a zone of mycelium growth inhibition and were therefore
identified as exhibiting antifungal-mediated antagonism against
Rs, belonged to the taxonomic class Eurotiomycetes, specifically
the genus Penicillium (Figure 1A; Supplementary Figure S4),
while isolates identified as performing antifungal-mediated
antagonism against Fg were affiliated with the Sordariomycetes
(Figure 1B; Supplementary Figure 54). These results suggest that
these isolates may produce antifungal compounds and effectively
suppress the growth of Rs and Fg.

To determine whether observed antagonistic phenotypes
persisted over time, a second growth measurement was performed
28 days after inoculation. A significant correlation of the
inhibition rate was observed between the two dates (day 7 and
day 28) for both wheat isolates tested against Fg (ANOVA,
p < 0.05,R2 =0.85, F = 118.9) and rapeseed isolates tested against
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Rs (ANOVA, p <0.05, R2=0.77, F = 54.56;
Supplementary Figure S5). The inhibition zones formed by the
different 28 days
inoculation (Supplementary Figure S6) except for one isolate
(Ta_14).

isolates were also present at post-

3.3 Carbon utilization profile of individual
fungal isolates

To investigate the diversity of carbon utilization profiles among fungal
isolates, we analyzed their utilization of 95 distinct carbon substrates.
We first aimed at exploring potential associations between metabolic traits
and isolates’ origin (i.e., geographic region, compartment and host plant
species), as well as taxonomic classification.

To investigate the differences in carbon utilization profile related
to isolate origin and taxonomy, we first examined the carbon
utilization profiles of individual isolates (Figure 2A). The number of
carbon sources metabolized by individual isolates ranged from 10
(Supplementary Figure S7A; Fusarium sp.; Ta_14) to 90 substrates
(Supplementary Figure S7A; Cladosporium sp.; Ta_37 and Penicillium
sp.; Bn_44) out of the 95 substrates tested. On average, isolates used
60 substrates (+/— 20, median = 62), with 49 isolates (52.7%)
exceeding this average (Supplementary Figure S7A). This indicates a
continuum of carbon use capabilities, ranging from specialists (i.e.,
able to use only a few specific substrates) to generalists able to utilize
nearly all tested carbon sources. On average, each of the 95 substrates
tested were consumed by 58 isolates (Supplementary Figure S7B; +/—
21 isolates; median = 63), with large variations across carbon
substrates. Glucuronamide was the least frequently used substrate,
used by only 6 isolates (Supplementary Figure S7B; 6.45%), while a-D-
glucose and maltotriose (D-glucose-derived substrate) were utilized
by 90 isolates (Supplementary Figure S7B; 96.8%). Notably, no
substrate was either universally utilized or completely unused,
highlighting the broad and heterogeneous carbon utilization potential
of these plant-associated fungal isolates.

The observed carbon utilization profiles were largely determined
by the taxonomic affiliation across all taxonomic ranks
(PERMANOVA: class, p = 0.002, R* = 0.15; order, p = 0.003, R* = 0.22;
family, p =0.003, R*=0.31; genus, p=0.021, R*=0.34; species,
p=0.005, R*=0.58; Supplementary Table S3, Figure 2B). The
taxonomy explained up to 58% of carbon utilization at the species level
and only 15% at the class level (Supplementary Table S3). Interestingly,
the profiles were more contrasted between specific taxa. At the class
level, Dothideomycetes differed significantly from Eurotiomycetes
(pairwise PERMANOVA, p = 0.025) and Mucoromycetes (pairwise
PERMANOVA, p = 0.025), while Sordariomycetes also diverged from
Eurotiomycetes  (pairwise ~PERMANOVA, p=0.025)
Mucoromycetes (pairwise PERMANOVA, p = 0.026).

To assess whether these carbon utilization patterns are shaped

and

by the ecological origin of the isolates, we investigated the
influence of the host plant species, the plant compartment and
the geographic region in France from which the fungi have been
isolated. A PERMANOVA analysis on the: complete carbon
utilization profiles revealed no significant influence of host
plant species, plant compartment, or geographic region in
carbon utilization (PERMANOVA, p > 0.05;
Supplementary Table S3; Figure 2B).

France on
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3.4 Specific carbon utilization profile
associated with competitive abilities

In order to investigate whether a carbon utilization signature of
competitiveness against Rs and Fg can be detected, we compared carbon
utilization profiles of competitive isolates and non-competitive isolates.

Isolates from oilseed rape that had strong competitive abilities
against Rs had a significantly lower metabolic distance to Rs (i.e.,
using similar carbon substrates) than non-competitive isolates,
whether competition-mediated antagonism was considered as a
categorical or continuous variable (Kruskal-Wallis; p = 0.014;
F=6.03; Supplementary Figure S8A; ANOVA; p =0.004;
R?=0.17; Supplementary Figure S8C). Therefore, isolates using
the same carbon substrates as Rs exhibited stronger Rs growth
inhibition. Similar results were observed when examining the
number of carbon substrates used by competitive isolates versus
non-competitive isolates. Specifically, competitive isolates against
Rs used significantly fewer carbon substrates compared to
non-competitive isolates (Kruskal-Wallis; p = 0.000322; F = 12.9;
ANOVA, p =0.0002, R2 =0.23, F=16.13;
Supplementary Figures S9A,C). The observed carbon utilization
signature was confirmed using a principal component analysis
(PCA, Supplementary Figure S10D) and a PERMANOVA
(PERMANOVA, R*=0.09296, p = 0.003;
Supplementary Figure S10D) highlighting significant differences
between carbon utilization profile of competitive and
non-competitive isolates. To consolidate these results and identify
the carbon substrates that may explain competition-mediated
antagonism against Rs, we used three complementary statistical
analyses: a Random Forest (RF), a PPLS-DA and a PCA
S10A-C).
confirmed that carbon utilization profiles can explain the

(Supplementary Figures All three approaches
observed competition-mediated antagonism (competitive isolates
vs. non-competitive isolates) (model accuracy score RF = 92%,
p =4.9e-04; PPLS-DA; 999 permutations; CER =0.13333,
p=0.001, R2 =89.2; Supplementary Figures SI0A-C). These
analyses of the carbon utilization profiles of isolates revealed
specific carbon substrates that distinguish competitive isolates
from non-competitive isolates against Rs. Four substrates were
identified by all three analyses (RF, PCA, PPLS-DA) as being
significantly associated with the level of competition-mediated
antagonism: quinic acid (F12), D-saccharic acid (GO1),
D-melibiose (D04) and D-glucuronic acid (C03) (Figures 3A-D).
These four carbon molecules were systematically and significantly
less utilized by competitive isolates (Kruskal-Wallis test; p < 0.05;
Figures 3E-H). Interestingly, the relationship between inhibition
rate and substrate utilization was significant but non-linear
(polynomial model; p < 0.05; Figures 31-L).

In contrast, for wheat isolates tested against Fg, the metabolic
distance to Fg (Supplementary Figures S8B,D) was similar
between competitive and non-competitive isolates as well as the
number of carbon substrates consumed (Kruskal-Wallis, p > 0.05;
ANOVA, p > 0.05, Supplementary Figures S9B,D). To validate the
fact that competitive and non-competitive isolates wheat isolates
do not have a different metabolic profile, we used the same
approach as for oilseed rape isolates. No difference in carbon
utilization profiles was detected using a principal component
analysis (PCA, Supplementary Figure SI0E) and a PERMANOVA
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fungal isolate and each column a specific carbon substrate. All carbon sources and the corresponding values are included in Supplementary Table 5.
Colors indicate the consumption rate, with red indicating high and blue indicating low usage. Metadata annotations on the left indicate the region of
origin in France (i.e., East, South, West), plant compartment (i.e., Rhizosphere, Root), host plant [i.e., oilseed rape, wheat, or R. solani (Rs) and F.
graminearum (Fg)], and taxonomic fungal class. (B) Principal Component Analysis (PCA) of substrate utilization profiles. Shapes represent the host plant
and colors indicate taxonomic fungal class. Ellipses denote 95% confidence intervals for taxonomic fungal classes. PERMANOVA results indicate a
significant effect of taxonomic fungal class (p = 0.002) but not of host plant (p = 0.572) on substrate utilization profiles.
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Differentiation of the utilization of four metabolites between competitive isolates and non-competitive isolates against Rs and isolated from oilseed
rape. (A-D) Chemical structures of the 4 analyzed metabolites: D-Melibiose (A), D-Saccharic Acid (B), Quinic Acid (C), and D-Glucuronic Acid (D).
(E—H) Boxplots showing carbon substrate utilization rates in fungal isolates grouped by competitive isolates and non-competitive isolates against Rs
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for D-Melibiose (E; Kruskall-Wallis, p = 0.0000766, F = 15.6), D-Saccharic Acid (F; Kruskall-Wallis, p = 0.00000514, F = 20.8), Quinic Acid (G; Kruskall-
Wallis, p = 0.0000469, F = 21), and D-Glucuronic Acid (H; Kruskall-Wallis, p = 0.00000354, F = 21.5). Significant differences in utilization rates were
observed across all metabolites. (I-L) Polynomial regression analyses showing a significant inverse relationship between metabolite utilization rate and
inhibition rate for D-Melibiose (I: p = 0.0013, Adjusted R? = 0.2, F = 7.6), D-Saccharic Acid (J: p = 0.00131, Adjusted R? = 04, F = 18.21), Quinic Acid (K:
p = 19e-5, Adjusted R? = 0.33, F = 13.75), and D-Glucuronic Acid (L: p = 5.26e—6, Adjusted R? = 0.37, F = 15.83). Regression lines (blue) are shown with
95% confidence intervals (shaded area). These findings suggest that higher carbon substrat utilization is associated with a reduced ability to inhibit Rs

growth.

(PERMANOVA, p>0.05; Supplementary Figure SI10E). To
consolidate these results, we also performed a Random Forest
(RF) and a PPLS-DA analysis. Both approaches confirmed that
the carbon utilization profiles did not explain the observed
competitive abilities of wheat isolates against Fg.

3.5 Specific carbon utilization profile
associated with antifungal activities

In order to investigate the presence of a carbon utilization
signature for antifungal activity on Rs and Fg we compared
the
non-producer isolates.

carbon utilization  profiles of producer and

We used the same approach to investigate the carbon
the
antagonism as previously with the competition-mediated
antagonism. In this case, PCA (PERMANOVA; 999 permutations,

utilization patterns underlying antifungal-mediated
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Df =1, SumOfSqs = 229.86, R? = 0.09578, F = 5.1901, p = 0.003;
Figure 4A) and PPLS-DA (999 permutations; CER = 0.08,
p =0.001, R2 = 67.9) but not RF (p > 0.05) revealed a significant
difference in the consumption of carbon substrates between the
two groups (i.e., inhibition zones producer and non-producer) of
isolates derived from oilseed rape and tested against Rs. A total
of 28 substrates were identified as discriminant by both analytical
approaches. Unlike isolates showing a competition-mediated
antagonism against Rs, those that showed an antifungal-mediated
antagonism consistently consumed more substrates than those
that did not (Kruskal-Wallis; p < 0.05; Figure 4B). This trend was
confirmed by the overall number of carbon substrates utilized,
with isolates producing inhibition zones using a larger diversity
of carbon substrates (Supplementary Figure S11A) (Kruskal-
Wallis; p = 0.00821; F-statistic = 6.99). However, because only 2
wheat isolates exhibited antifungal activity against Fg, the
statistical power was too low to investigate the link with carbon
utilization profile.
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FIGURE 4
Differentiation of carbon utilization profiles between antifungal producer isolates and non-antifungal producer isolates from oilseed rape and tested
against Rs. (A) Principal Component Analysis (PCA) based on Euclidean dissimilarity of carbon utilization profiles. Antifungal mediated antagonistic
isolates are shown in turquoise, while non-antifungal producer isolates are shown in red. Vectors indicate the carbon substrates with the highest
contribution to the ordination (threshold > 0.8). PERMANOVA revealed a significant difference between groups (R? = 0.09578, F = 5.1901, p = 0.003).
(B) Partial Least Squares Discriminant Analysis (PPLS-DA) showing separation between antifungal producer isolates and non-antifungal producer
isolates, with a classification error rate (CER) of 0.087255 and p = 0.001. (C) Loadings plot from the PPLS-DA identifying the most discriminant carbon
substrates (threshold > 0.8). (D) Boxplots showing the relative utilization of key discriminant carbon substrates identify by PCA and PPLS-DA: 2-Amino-
Ethanol (HO8) - p = 1.27e-2, F = 6.20, D-Sorbitol (E04) - p = 1.6e—2, F = 5.80, L-Pyroglutamic Acid (HO5) - p = 2.38e-3, F = 9.23, D-Malic Acid (F10) -
p = 4.87e-2, F = 3.88, Adenosine (H10) - p = 3.11e-3, F = 8.74, L-Serine (H06) - p = 1.12e-3, F = 10.6, Salicin (E02) - p = 0.112, F = 2.52 (not significant).
Boxplots display individual values, group medians, and interquartile ranges. Letters indicate statistically significant differences based on Kruskal-Wallis
(p < 0.05).

3.6 Proteomic markers of antagonism

In order to identify proteomic signatures associated with
competitive isolates against our competitors, we used EsMecaTa to
obtain enzyme commission numbers (ECs) deduced from reference
proteomes available in databases. This strategy allowed us to identify
ECs present only in competitive isolates against one of the two target
competitors (Fg or Rs).

Firstly, we found no specific EC shared between all competitive
isolates from wheat and tested against Fg. Consequently, while ECs
associated with competitive abilities were identified, they were present
only in a single proteomic model corresponding to one isolate. For
wheat isolates reducing Fg growth, eight specific enzymatic
commission numbers (ECs) were identified (Table 1), all belonging to
a single proteomic model Linnemannia sp. associated with the isolate
Ta_11. Among these, two are related to the Krebs cycle (EC
1.14.11.30 = HIF hydroxylase, EC 1.4.1.21 = aspartate dehydrogenase),
suggesting a potential link with energy metabolism (Table 1). Three
ECs (EC 3.4.21.7 =plasmin, EC 3.424.18 =meprin A; EC
3.4.24.63 = meprin B) are involved in protein and amino acid
the remaining three (EC 2.4.1.68=
fucosyltransferase, EC 2.4.1.214 = glycoprotein

hydrolysis, while

glycoprotein
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3-alpha-L-fucosyltransferase; EC 2.7.1.52 = fucokinase) participate in
fructose degradation, a carbon source included in our carbon
utilization profile (Table 1). However, no significant differences were
observed in the utilization of fructose-containing substrates, either
D-fructose  (Kruskal-Wallis, p=0.423, ANOVA; p>0.05;
Supplementary Figures S12B,D) or the D-Psicose/D-Fructose
(Kruskal-Wallis, p=0.606, ANOVA, p>0.05;
Supplementary Figures S12B,D) between competitive isolates and

mixture

non-competitive isolates.

Similarly, analysis of oilseed rape isolates revealed a set of exclusive
enzymatic commission numbers (ECs) present only in competitive
isolates. 14 ECs were present only in the predicted proteomes of isolates
with highly competitive abilities against Rs. However, no shared ECs were
identified between competitive isolates against Fg and against Rs,
indicating distinct biochemical mechanisms depending on the
competitor. The ECs identified correspond to three proteomic models
(three taxonomic groups). A model corresponding to the genus
Trichoderma, includes six isolates and reveals the presence of six
competition-specific ECs (Table 2). These ECs are grouped into four main
functional categories. One EC are involved in carbon metabolism (EC
3.2.1.164 = endo-1,6- beta - galactanase), one EC was linked to a
protective mechanism against proteolytic ~degradation (EC
4.2.1.95 = kievitone hydratase), two ECs were identified in amino acid
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TABLE 1 ECs identified in competitive isolates derived from wheat and tested on Fg.

EsMecaTa model EC number EC name Classification Isolate
Linnemannia 1.14.11.30 HIF hydroxylase Krebs cycle Ta_11
Linnemannia 1.4.1.21 Aspartate dehydrogenase Krebs cycle Ta_11
Linnemannia 2.4.1.214 Glycoprotein 3-alpha-L- Carbon metabolism Ta_11
fucosyltransferase
Linnemannia 2.4.1.68 Glycoprotein fucosyltransferase Carbon metabolism Ta_11
Linnemannia 2.7.1.52 Fucokinase Carbon metabolism Ta_11
Linnemannia 3.4.21.7 Plasmin Amino acid hydrolysis Ta_11
Linnemannia 3.4.24.18 Meprin A Amino acid hydrolysis Ta_11
Linnemannia 3.4.24.63 Meprin B Amino acid hydrolysis Ta_11

Enzyme commission numbers (ECs) identified in the EsMecaTa metabolic model for wheat-derived competitive isolates assigned at genus level and tested against Fg. Each enzyme is

associated with his EC number, his name, the functional category into which it has been classified (Krebs cycle, carbon metabolism, or amino acid hydrolysis), and the isolate in which it was

detected.

TABLE 2 ECs identified in competitive isolates derived from oilseed rape and tested on Rs.

EsMecala model EC number EC name Classification Isolates
Trichoderma 1.13.12.5 Renilla-luciferin: oxygen2-oxidoreductase Unclassified Bn_01, Bn_03, Bn_05,
Bn_10, Bn_30, Bn_04
Trichoderma 2.1.1.103 Phospho ethanolamine methyltransferase Amino acid and lipid metabolism Bn_01, Bn_03, Bn_05,
Bn_10, Bn_30, Bn_04
Trichoderma 2.5.1.26 Alkylglycerone-phosphate synthase Amino acid and lipid metabolism Bn_01, Bn_03, Bn_05,
Bn_10, Bn_30, Bn_04
Trichoderma 3.2.1.164 endo-1,6-beta-galactanase Carbon metabolism Bn_01, Bn_03, Bn_05,
Bn_10, Bn_30, Bn_04
Trichoderma 4.2.1.95 Kievitone hydratase Proteolitic degradation protection Bn_01, Bn_03, Bn_05,
Bn_10, Bn_30, Bn_04
Trichoderma 6.3.2.26 ACYV synthetase Secondary metabolism Bn_01, Bn_03, Bn_05,
Bn_10, Bn_30, Bn_04
Botrytis 1.2.1.47 4-N-trimethylamino butyraldehyde Amino acid and lipid metabolism Bn_31
dehydrogenase
Botrytis 2219 SEPHCHC synthase Secondary metabolism Bn_31
Botrytis 3.4.24.20 Peptidyl lysine metalloproteinase Amino acid and lipid metabolism Bn_31
Botrytis 4.2.1.113 OSB synthase Secondary metabolism Bn_31
Botrytis 4.2.99.20 SHCHC synthase Secondary metabolism Bn_31
Botrytis 4.4.1.32 cpcE Unclassified Bn_31
Botrytis 4.6.1.14 Glycosylphosphatidylinositol Carbon metabolism Bn_31
diacylglycerol-lyase
Mucoraceae 1.5.99.12 Cytokinin dehydrogenase Secondary metabolism Bn_06

Enzyme commission numbers (ECs) identified in the EsMecaTa metabolic model for oilseed rape-derived competitive isolates assigned at genus level and tested against Rs. Each enzyme is

associated with its EC number, its name, the functional category into which it has been classified (Unclassified, Amino acid and lipid metabolism, Carbon metabolism, Proteolytic degradation

protection or Secondary metabolism), and the isolate in which it was detected.

degradation pathways as well as in lipid and phospholipid metabolism
(EC  2.1.1.103 = phosphoethanolamine ~ methyltransferase, ~EC
2.5.1.26 = alkylglycerone-phosphate synthase), which are critical for
maintaining cellular membrane integrity, one EC are unclassified (EC
1.13.12.5 = Renilla-luciferin oxygen2-oxidoreductase) and the last one
was associated with secondary metabolism and more precisely in the
biosynthetic pathway of penicillin and cephalosporin (EC 6.3.2.26 = ACV
synthetase). A second model corresponding to the genus Botrytis with a
single isolate highlighted a set of seven competition-specific ECs (Table 2).

Frontiers in Microbiology

These ECs are grouped into three main functional categories. Two specific
ECs were identified in amino acid degradation pathways as well as in lipid
and phospholipid metabolism (EC 1.2.1.47 = 4-N-dimethylamino
butyraldehyde EC  3.4.24.20 = peptidyl
metalloproteinase), which are critical for maintaining cellular membrane

dehydrogenase, lysine
integrity. Additionally, 3 ECs were associated with secondary metabolism
and involved in the biosynthesis of terpene quinones (EC
2.2.19=SEPHCHC synthase, EC 4.2.1.113=0SB synthase, EC
4.2.99.20 = SHCHC synthase). One EC is involved in carbon metabolism
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(EC
including inositol metabolism, which was also tested in Biolog FF

4.6.1.14 = glycosylphosphatidylinositol ~ diacylglycerol-lyase),
microplates. The inositol metabolic pathway, enriched in competitive
isolates against Rs, was significantly less consumed by competitive isolates
compared to non-competitive isolates (Kruskal-Wallis test, p = 0.00005,
ANOVA; p =2.18e-11, F = 8.621, Supplementary Figures S12A,C). The
last EC is unclassified (EC 4.4.1.32 = cpcE). Finally, the third model is
associated with the family Mucoraceae, and comprises a single isolate and
a single EC (Table 2). This EC is associated with secondary metabolism
and especially the catalyses of cytokinins (EC 1.5.99.12 = cytokinin
dehydrogenase).

3.7 Antagonistic potential of fungal isolates
across competitors

In order to test whether competition-mediated antagonism
and/or antifungal-mediated antagonism are competitor-specific,
we tested all antagonistic isolates on both competitors in dual
confrontation tests. Of the 25 isolates tested on both competitors
(16 isolated from oilseed rape and 9 isolated from wheat), 9
isolates significantly reduced the growth of both competitors in
all three replicates of the experiment (Kruskal Wallis; p < 0.05;
Figure 5A). These isolates belonged to the Mucoromycetes,
Sordariomycetes and Dothideomycetes classes and had a similar
average inhibition rate in the presence of both competitors (0.463
when interacting with Fg and 0.49 when interacting with Rs).
Therefore, both competitors are similarly affected by the same
fungal groups. Interestingly, the ability of isolates to reduce

10.3389/fmicb.2025.1645107

growth of both competitors was highly correlated (ANOVA;
p = 1.69e-6; F-statistic: 40.55; R2: 0.62; Figure 5B) suggesting that
the ability to reduce growth of a single competitor explains 68%
of the ability to reduce growth of another competitor. Regarding
antifungal-mediated antagonism, among the nine isolates
previously identified, only two were able to do antifungal-
mediated antagonism repeatedly on the two competitors
(Figure 5A). One isolate was isolated from oilseed rape and one
from wheat and belong to the Eurotiomycetes (Bn_24) and
Sordariomycetes (Ta_29), respectively.

4 Discussion

4.1 Broad diversity in carbon utilization of
fungal isolates but limited ecological
structuring

In any given environment, the metabolism of fungi is shaped by
inherited metabolic capacities and by context-dependent abiotic and
biotic constraints (McGuire et al., 2010). From this eco-evolutionary
perspective, this potential reflects selective pressures that acted on the
fungus lineages over time. Consequently, one might expect that fungi
inhabiting distinct ecological niches would exhibit divergent carbon
utilization signatures, indicative of local adaptations and
environmental filtering (McGuire et al., 2010; Saunders et al., 20105
Talbot et al., 2014). In plant-associated microbiota, these carbon
utilization traits are influenced by both plant-dependent factors (e.g.,

root exudates) and plant-independent variables such as soil
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Antagonistic potential of fungal isolates against two competitors. (A) Maximum likelihood tree of the fungal isolates based on SSU sequences,
annotated with the plant host species (oilseed rape in green and wheat in yellow), fungal taxonomic class (colored squares), and red and black squares
next to each isolate denote significant competition-mediated antagonism and antifungal-mediated antagonism, respectively in a biological replicate.
Average inhibition rates against Fg and Rs are shown as bar plots with a red line marking the limit between competitive isolates and non-competitive
isolates. A Kruskal-Wallis test indicates significant differences among isolates for both competitors (Fg: y? = 229.9, df = 25, p < 2.2e-16; Rs: y* = 215.59,
df = 25, p < 2.2e-16). (B) Correlation between inhibition rates against Fg and Rs, with a linear regression line (R? = 0.6224, p = 1.69e-6) and 95%
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physicochemical properties. While many studies have successfully
described the variations in mycobiota composition across diverse
ecological contexts (e.g., climatic gradients, host plant species;
Thiergart et al., 2020), including databases and meta-analyses
(Vetrovsky et al., 2019; Vétrovsky et al., 2020), much less is known
about the carbon utilization capacity of individual fungi within natural
fungal communities.

Leveraging a large collection of fungal isolates from two host plants,
two root-associated compartments and three geographical regions in
France, we investigated whether the ecological context influences fungal
carbon utilization capacities. Our results reveal a wide spectrum of carbon
utilization profiles among isolates. The diversity of carbon used by an
isolate can be considered as a proxy of niche width (LeBlanc et al., 2017)
and our results reveal a range of niche width highly generalist carbon
usage (i.e., isolates capable of metabolizing almost all tested carbon
sources; e.g. Cladosporium sp. Ta_37 and Penicillium sp. Bn_44 with 90
carbon substrates used; Supplementary Figure S7) to highly specialized
carbon usage (e.g., Fusarium sp. Ta_14 with 10 substrates used;
Supplementary Figure S7). However, despite this diversity we found no
clear structuring of carbon utilization profiles based on ecological origin.
None of the host plant species, the compartment or the geographical
origin significantly structured isolates” carbon utilization profile (Figure 1;
Supplementary Table S3). Instead, carbon usage was more strongly
associated with fungal taxonomy, suggesting that in our experimental
system the evolutionary lineage better predicts carbon substrate
2
Supplementary Table S3). Similar results have been obtained by

preferences than local environmental conditions (Figure
comparing smaller sets of fungal endophytes from semi-arid regions
(Knapp and Kovacs, 2016) and oomycetes (Masigol et al., 2023)
highlighting species specific carbon utilization profiles. Interestingly,
while we did not detect host-specific patterns, LeBlanc et al,, (2017) did
detect host-specific carbon utilization profiles by focusing on 84 Fusarium
species. It is important to note that only two plant species were tested in
the present study, potentially explaining this difference with previous
studies, and calling for larger host plant screenings. Taken together this
suggests that patterns of niche width differentiation through metabolic
specialization can be detected at both precise and large taxonomic scales.

Consistent with previous reports highlighting the high metabolic
plasticity of soil fungi (Camenzind et al., 2020) this finding suggests
carbon utilization potential may not be tightly constrained by
ecological settings. In our dataset, more than half of the isolates
utilized over 60 substrates, (52.7% above the median of 62,
Supplementary Figure S7) suggesting widespread generalism. Several
studies have also shown that endophytic fungi, notably those
belonging to the genera Fusarium, Alternaria or Cladosporium, can
modify their carbon utilization profile according to the nutritional
environment or the identity of the host plant (Schulz and Boyle, 2005).
Similarly, many soil-associated fungal species, often classified as
opportunistic saprotrophs or facultative endophytes, display a wide
ecological amplitude and a metabolic repertoire enabling them to
exploit different carbon niches (Rodriguez et al., 2009; Porras-Alfaro
and Bayman, 2011). These observations reinforce the idea that many
plant-associated fungi are not strictly specialized, but rather metabolic
generalists adaptable to the fluctuating conditions of root ecosystems,
supporting the idea that many root-associated fungi are generalists
and are capable of colonizing multiple plant species. Within the root
environment, fungi are exposed to a heterogeneous mix of carbon
compounds, requiring them to prioritize the most effectively
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assimilable source substrates. Fungal carbon catabolite repression
(CCR) systems allow such prioritization by enabling the preferential
use of more energetically favorable compounds (Adnan et al., 2018).
CCR is a regulatory mechanism in fungi that allows preferential
utilization of easily metabolizable carbon sources, such as glucose,
over less favorable ones (Adnan et al., 2018). CCR plays a crucial role
in fungal metabolic plasticity and stress responses, which are essential
for disease progression in pathogenic fungi. These mechanisms likely
represent an evolutionary trade-off between specialization and
generalization, shaped by fluctuating resource availability in the
rhizosphere (Philippot et al., 2013). Considering that the rhizosphere
of plants is considered to be one of the most dynamic interfaces on
Earth (Philippot et al., 2013) it is likely that temporal variation in
carbon availability also plays a key role in shaping fungal metabolic
strategies. While our current profiling has identified differences in
carbon substrate utilization according to fungal isolate lineage,
uncovering host-mediated constraints on carbon metabolism may
require more complex assays with dynamic and diverse carbon
sources availability. Incorporating a broader diversity of host plants
and fungal taxa would also likely provide opportunities to identify
species-specific host-driven carbon utilization.

4.2 Carbon substrate utilization shapes
antagonistic interactions between fungi

While the carbon utilization of individual fungal isolates provides
insights into their ecological strategy and evolutionary history, fungi in
natural environments rarely act in isolation. They constantly engage in
competitive interactions, particularly for limiting resources, questioning
the influence of carbon utilization traits for fungal-fungal interactions.
Antagonistic interactions can involve a spectrum of strategies, from rapid
resource exploitation and/or niche occupation to the production of
antifungal compounds that inhibit the growth of competitors (Mousa and
Raizada, 2013; Lugtenberg et al., 2016; Sasse et al., 2018; Hu et al., 2020).
Our results demonstrate that many root-associated fungi from wheat and
oilseed rape exhibit antagonistic activities against fungal competitors
primarily through general competition-mediated antagonism and in
some cases specifically by antifungal-mediated antagonism (Figure 1).
The observed phenotypes were maintained after 28 days of confrontation,
highlighting the importance of the competitive interactions for fungal
establishment and survival. Our results indicate that the antagonistic
potential of fungal isolates follows phylogenetic patterns for oilseed rape-
associated isolates but not wheat-associated isolates, suggesting that
fungal taxa have indeed developed contrasted strategies to compete with
other fungi. The observed phylogenetic patterns may reflect potential
conservation of metabolic pathways within fungal lineages. Previous
studies have shown that trait like enzyme profiles and carbon utilization
strategies often exhibit phylogenetic signal among fungi (Hedges et al.,
2004). Similarly, some biosynthetic gene clusters (BGCs), particularly
those involved in the production of secondary metabolites such as
antifungals, can be phylogenetically conserved in certain clades
(Wisecaver et al.,, 2014; Spatafora et al., 2017). Further comparative
genomics would be needed to determine whether the phylogenetic
pattern of fungal-fungal interaction traits reflects conserved functional
capacities or ecological convergence. In our system the competitive
abilities of isolates were negatively correlated to their metabolic distance
to the competitor (Supplementary Figure S8), demonstrating that
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metabolic proximity, and thus niche overlap, determine competitive
interactions between fungi. Interestingly, antagonism against Rs also
correlated  with the use of fewer carbon  substrates
(Supplementary Figures S9A,C), suggesting a reduction in niche width
for competitive isolates compared to non-competitive isolates. This
negative correlation between niche width and competitive ability suggests
that there might be a competitive cost for using a large number of carbon
substrates (i.e., generalist carbon source utilization). This supports the
idea that generalist strategies in carbon utilization, while advantageous in
fluctuating environments, may be less favorable in more stable conditions.

In contrast, and while we did not validate that antifungal compounds
were produced, isolates producing inhibition zones consumed a higher
number of carbon substrates than other fungi (Supplementary Figure S11)
indicating that diverse carbon substrates may be required to produce
molecules responsible for this inhibition. Alternatively, the production of
inhibitive compounds might be associated with generalist strategies.
Previous work showed that glucose concentration plays a crucial role in
the biosynthesis of antifungal volatile organic compounds by
Aureobasidium pullulans (Yalage Don etal,, 2021). While our experimental
design did not allow to detect the presence of antifungal volatile organic
compounds, it could be hypothesized that carbon metabolism is involved
in the biosynthesis of various antifungal molecules, including volatile
molecules. Collectively, our results suggest that carbon sources and
concentrations may significantly impact the production of antifungal
compounds in fungi, and that antifungal-mediated competition shapes
fungal metabolic profiles.

Overall, our results indicate that carbon utilization interacts with
both the competition-mediated and antifungal-mediated antagonism.
Surprisingly we found no link between antagonistic abilities and the
carbon utilization profiles for wheat isolates. Strikingly however,
we found that the antagonistic abilities of fungi were highly correlated
between the two competitors tested (i.e., Rs or Fg Figure 5B)
demonstrating that a large fraction of the variations observed between
isolates are due to competitor-independent mechanisms.
the observed

competitive abilities in wheat isolates could reflect host-dependent

Consequently, absence of metabolism-driven
mechanisms. Alternatively, because fewer isolates were tested from
wheat, this could reflect a lack of statistical power to identify
meaningful carbon utilization patterns, calling for the investigation of
a larger fungal isolate pool. In contrast, antifungal-mediated
antagonism was competitor-specific (i.e., Rs or Fg; Figure 5), thus
pointing to an inducible mechanism activated in response to a
molecular detection and recognition of competitors. Alternatively, this
specificity could result from the intrinsic tolerance or resistance of
competitor fungi to antifungal molecules. Interestingly, our data show
that isolates capable of antifungal-mediated antagonism are generally
not the most competitive. This contrast suggests metabolic
specialization from a trade-off between the production of antifungal
metabolites and the rapid exploitation of environmental resources.

4.3 Carbon substrate utilization traits as a
functional signature of fungal-fungal
antagonism

Herein, we combined two complementary approaches to

determine whether specific metabolic patterns could explain fungal-
fungal interactions. We analyzed both individual fungal isolates’
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carbon utilization potential through Biolog profiling and estimated
metabolic capabilities based on taxonomy by mining databases for
reference proteomes. Our results indicate that specific substrates are
associated with the observed antagonistic abilities of our isolates
against fungal competitors. We identified four substrates associated
with competition-mediated antagonism against Rs: D-melibiose,
saccharic acid, quinic acid and D-glucuronic acid (Figure 3).
Surprisingly, the relation between the utilization of these substrates
and competitive abilities was non-linear (Figure 3). Isolates with high
utilization of these carbon sources had consistently low antagonistic
potential while those that efficiently metabolized the 4 carbon sources
were more prone to display high antagonistic abilities. Because the
utilization of these sources is reduced in highly competitive isolates, it
is unlikely that their metabolism directly impacts competition but
rather that it is connected to important metabolic pathways
determining competition. In addition, competitive isolates tended to
metabolize a lower diversity of carbon sources (i.e., narrow niche
width), suggesting that high competitive abilities are connected to
specialized carbon usage. Conversely, isolates displaying inhibition
zones used specific carbon sources in greater quantities (Figure 4) and
an overall larger diversity of carbon sources, suggesting that the
metabolism of specific carbon sources is required for the biosynthesis
of the metabolites responsible for the antifungal activity (Yalage Don
etal., 2021).

Analysis of predicted proteomes from oilseed rape isolates
identified taxon specific enzymatic functions present uniquely in
antagonistic isolates. Specifically, these enzymatic functions are
involved in lipid metabolism, amino acid metabolism, secondary
metabolite biosynthesis and carbon metabolism (Table 2). Consistent
with the differential usage of carbon substrates, antagonist isolates of
the genus Linnemannia are predicted to produce enzymes carbon
metabolism and amino acid hydrolysis, supporting the idea that these
isolates mobilize central metabolic functions to support their
antagonistic activity (Table 1). Taken together, the observation that
metabolic distance to the competitor is correlated with antagonistic
abilities and that antagonist-specific carbon utilization profiles and
predicted enzymatic reactions can be identified, suggest that
antagonistic potential could be predictable. While carbon utilization
does not fully predict antagonistic abilities of individual fungi, they
may be considered as markers to evaluate both competition-mediated
and antifungal-mediated antagonistic potential. A number of previous
studies have previously screened fungal isolates to identify fungal
derived antifungal molecules (Tanney et al., 2016; Xu et al., 20165
Macias-Rubalcava and Sanchez-Fernandez, 2017; Deshmukh et al.,
2018). However, screening collections of individual fungal isolates is
often time consuming and is generally limited to a specific target
pathogen, making it difficult to scale to large collections. Our work
provides evidence for a set of predictive characteristics to identify
highly competitive and inhibitive isolates based on: (i) carbon
utilization profile including niche width and metabolic distance to the
competitor, (ii) specific carbon substrate utilization and (iii) predicted
enzymatic reactions.

Aside from predicting antagonistic potential, our results highlight
the role of carbon usage strategies in fungal-fungal interactions and
highlight that competition based antagonistic interactions are frequent
between plant-associated fungi. While significant efforts have been
done to take into account the role of microbe-microbe interactions in
microbiome assembly (Hunter et al., 2010; Bakker et al., 2014) and
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plant holobiont functioning (Mendes et al., 2011), these efforts have
been focused on bacterial-bacterial (Cabrefiga et al., 2007) and
bacterial-fungal interactions (Getzke et al., 2019). In the meantime,
fungal-fungal interactions have received little attention and the results
obtained herein call for considering competitive fungal-fungal
interactions in the context of the plant holobiont to decipher the
complexity of the plant-microbiome assembly. More specifically,
profiling carbon utilization profiles of root-associated fungi offers
insights into broader ecological strategies and may reveal the hidden
role of nutrient usage strategies in structuring complex micro-microbe
interaction networks.

Data availability statement

All the data used are available as supplementary data. The fungal
collection data and metadata (including ITS and SSU sequences) are
publicly available in recherche.data.gouv.fr in the following repositery:
https://doi.org/10.57745/ ABASEM.

Author contributions

RK: Methodology, Formal analysis, Data curation, Visualization,
Conceptualization, Investigation, Writing - original draft, Writing -
review & editing. L-ED: Investigation, Writing - original draft, Data
curation. AZ: Writing - review & editing, Formal analysis, Writing -
original draft. AM: Formal analysis, Writing - original draft. CM:
Conceptualization, Formal analysis, Writing - review & editing, Project
administration, Validation, Supervision, Methodology, Writing -
original draft, Funding acquisition. NV: Writing - review & editing,
Funding acquisition, Supervision,

Writing - original draft,

Investigation, Formal  analysis, Project  administration,

Conceptualization, Validation, Methodology.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This study is supported by
a PhD grant to RK form INRAE. This study is part of the Deep Impact
project (ANR-20-PCPA-0004), funded by the French ANR as part of

References

Adnan, M., Zheng, W.,, Islam, W, Arif, M., Abubakar, Y. S., Wang, Z., et al. (2018).
Carbon catabolite repression in filamentous Fungi. Int J. Mol. Sci. 19:48. doi:
10.3390/ijms19010048

Agler, M. T, Ruhe, J., Kroll, S., Morhenn, C., Kim, S. T., Weigel, D., et al. (2016).
Microbial hub taxa link host and abiotic factors to plant microbiome variation. PLoS
Biol. 14:€1002352. doi: 10.1371/journal.pbio.1002352

Alouane, T., Rimbert, H., Bormann, J., Gonzilez-montiel, G. A., Loesgen, S.,
Schifer, W,, et al. (2021). Comparative genomics of eight fusarium graminearum
strains with contrasting aggressiveness reveals an expanded open pangenome and
extended effector content signatures. Int. J. Mol. Sci. 22:257. doi: 10.3390/ijms22126257

Arnault, G., Mony, C., and Vandenkoornhuyse, P. (2023). “Plant microbiota
dysbiosis and the Anna Karenina Principle” Trends in Plant Science. doi:
10.1016/j.tplants.2022.08.012

Bai, B., Liu, W,, Qiu, X., Zhang, J., Zhang, J., and Bai, Y. (2022). The root microbiome:
community assembly and its contributions to plant fitness. In. J. Integr. Plant Biol. 64,
230-243. doi: 10.1111/jipb.13226

Frontiers in Microbiology

15

10.3389/fmicb.2025.1645107

the Priority Research Program Alternative Crop Production and
Protection (PPR-CPA).

Acknowledgments

We thank Valérie Laval and Anne-Yvonne Guillerm-
Erckelboudt for the isolation, and purification of the fungal culture-
collection used in this article. We also thank Anne Siegel and
Samuel Blanquart for their valuable input on the prediction of
proteomic potential.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.1645107/
full#supplementary-material

Bakker, M. G., Schlatter, D. C., Otto-Hanson, L., and Kinkel, L. L. (2014). Diffuse
symbioses: roles of plant-plant, plant-microbe and microbe-microbe interactions
in structuring the soil microbiome. Mol. Ecol. 23, 1571-1583. doi:
10.1111/mec.12571

Belcour, A., Hamon-Giraud, P,, Mataigne, A., Ruiz, B,, le Cunff, Y., Got, J., et al. (2022).
Estimating consensus proteomes and metabolic functions from taxonomic affiliations.
Biorxiv [Preprint]. doi: 10.1101/2022.03.16.484574

Berendsen, R. L., Pieterse, C. M. J., and Bakker, P. A. H. M. (2012). The rhizosphere
microbiome and plant health. Trends Plant Sci. 17, 478-486. doi:
10.1016/j.tplants.2012.04.001

Berg, G., Kusstatscher, P, Abdelfattah, A., Cernava, T., and Smalla, K. (2021).
Microbiome modulation—toward a better understanding of plant microbiome response
to microbial inoculants. Front. Microbiol. 12:610. doi: 10.3389/fmicb.2021.650610

Boddy, L., and Hiscox, J. (2016). Fungal ecology: principles and mechanisms of
colonization and competition by saprotrophic Fungi. Microbiology. Spectrum 4:2016.
doi: 10.1128/microbiolspec.funk-0019-2016

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1645107
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
recherche.data.gouv.fr
https://doi.org/10.57745/ABASFM
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1645107/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1645107/full#supplementary-material
https://doi.org/10.3390/ijms19010048
https://doi.org/10.1371/journal.pbio.1002352
https://doi.org/10.3390/ijms22126257
https://doi.org/10.1016/j.tplants.2022.08.012
https://doi.org/10.1111/jipb.13226
https://doi.org/10.1111/mec.12571
https://doi.org/10.1101/2022.03.16.484574
https://doi.org/10.1016/j.tplants.2012.04.001
https://doi.org/10.3389/fmicb.2021.650610
https://doi.org/10.1128/microbiolspec.funk-0019-2016

Kemmerling et al.

Breiman, L. (2001). Random forests. Mach. Learn. 45, 5-32. doi:

10.1023/A:1010933404324

Broeckling, C. D,, Broz, A. K., Bergelson, J., Manter, D. K., and Vivanco, J. M. (2008).
Root exudates regulate soil fungal community composition and diversity. Appl. Environ.
Microbiol. 74, 738-744. doi: 10.1128/ AEM.02188-07

Buée, M., de Boer, W., Martin, E, van Overbeek, L., and Jurkevitch, E. (2009). The
rhizosphere zoo: an overview of plant-associated communities of microorganisms,
including phages, bacteria, archaea, and fungi, and of some of their structuring factors.
Plant Soil 321, 189-182. doi: 10.1007/s11104-009-9991-3

Burns, J. H., Anacker, B. L., Strauss, S. Y., and Burke, D. J. (2015). Soil microbial
community variation correlates most strongly with plant species identity, followed by
soil chemistry, spatial location and plant genus. AoB Plants 7:30. doi:
10.1093/aobpla/plv030

Cabrefiga, J., Bonaterra, A., and Montesinos, E. (2007). Mechanisms of antagonism of
Pseudomonas fluorescens EPS62e against Erwinia amylovora, the causal agent of fire
blight. Int. Microbiol. 10:18. doi: 10.2436/20.1501.01.18

Camenzind, T., Lehmann, A., Ahland, J., Rumpel, S., and Rillig, M. C. (2020). Trait-
based approaches reveal fungal adaptations to nutrient-limiting conditions. Environ.
Microbiol. 22, 3548-3560. doi: 10.1111/1462-2920.15132

Cantalapiedra, C. P, Hernnandez-Plaza, A., Letunic, L., Bork, P,, and Huerta-Cepas, J.
(2021). eggNOG-mapper v2: functional annotation, Orthology assignments, and
domain prediction at the metagenomic scale. Mol. Biol. Evol. 38, 5825-5829. doi:
10.1093/molbev/msab293

Chaparro, J. M., Badri, D. V,, Bakker, M. G., Sugiyama, A., Manter, D. K., and
Vivanco, J. M. (2013). Root exudation of phytochemicals in Arabidopsis follows specific
patterns that are developmentally programmed and correlate with soil microbial
functions. PLoS One 8:731. doi: 10.1371/journal.pone.0055731

Chelkowski, J., Zajkowski, P.,, and Visconti, A. (1992). Bikaverin production by
fusarium species. Mycotoxin Research 8, 73-76. doi: 10.1007/BF03192219

Chen, T., Nomura, K., Wang, X., Sohrabi, R., Xu, J., Yao, L., et al (2020). “A plant
genetic network for preventing dysbiosis in the phyllosphere”. Nature 580. doi:
10.1038/5s41586-020-2185-0

Cordovez, V., Dini-Andreote, E, Carrion, V.., and Raaijmakers, J. M. (2019). Ecology
and evolution of plant microbiomes. In. Ann. Rev. Microbiol. 73, 69-88. doi:
10.1146/annurev-micro-090817-062524

Deshmukh, S. K., Gupta, M. K., Prakash, V., and Saxena, S. (2018). Endophytic
fungi: a source of potential antifungal compounds. J. Fungi 4:77. doi:
10.3390/j0f4030077

Doehlemann, G., Okmen, B., Zhu, W., and Sharon, A. (2017). Plant pathogenic Fungi.
Microbiol. Spectr. 5:2016. doi: 10.1128/microbiolspec.funk-0023-2016

Donayre, D. K. M., and Dalisay, T. U. (2016). Identities, characteristics, and
assemblages of dematiaceous-endophytic fungi isolated from tissues of barnyard grass
weed. Philip. J. Sci. 145, 37-47.

Duran, P, Thiergart, T., Garrido-Oter, R., Agler, M., Kemen, E., Schulze-Lefert, P.,
et al. (2018). Microbial interkingdom interactions in roots promote Arabidopsis
survival. Cell 175, 973-983.e14. doi: 10.1016/j.cell.2018.10.020

Eck, J. L., Stump, S. M., Delavaux, C. S., Mangan, S. A., and Comita, L. S. (2019).
Evidence of within-species specialization by soil microbes and the implications for plant
community diversity. Proc. Natl. Acad. Sci. USA 116, 7371-7376. doi:
10.1073/pnas.1810767116

Edwards, J., Johnson, C., Santos-Medellin, C., Lurie, E., Podishetty, N. K., Bhatnagar, S., et al.
(2015). Structure, variation, and assembly of the root-associated microbiomes of rice. Proc.
Natl. Acad. Sci. USA 112, E911-E920. doi: 10.1073/pnas.1414592112

Fitzpatrick, C. R., Salas-Gonzadlez, I., Conway, J. M., Finkel, O. M., Gilbert, S.,
Russ, D., et al. (2020). The plant microbiome: from ecology to reductionism and
beyond. In. Ann. Rev. Microbiol. 74, 81-100. doi:
10.1146/annurev-micro-022620-014327

Fransson, P. M. A., Anderson, I. C., and Alexander, I. J. (2007). Ectomycorrhizal fungi
in culture respond differently to increased carbon availability. FEMS Microbiol. Ecol. 61,
246-257. doi: 10.1111/j.1574-6941.2007.00343.x

Gargallo-Garriga, A., Preece, C., Sardans, J., Oravec, M., Urban, O., and Pefuelas, J.
(2018). Root exudate metabolomes change under drought and show limited capacity for
recovery. Sci. Rep. 8:12696. doi: 10.1038/s41598-018-30150-0

Getzke, E, Thiergart, T., and Hacquard, S. (2019). Contribution of bacterial-fungal
balance to plant and animal health. Curr. Opin. Microbiol. 49, 66-72. doi:
10.1016/j.mib.2019.10.009

Gilligan, C. A., and Bailey, D. J. (1997). Components of pathozone behaviour. New
Phytol. 135, 475-490. doi: 10.1046/j.1469-8137.1997.00673.x

Gouy, M., Guindon, S., and Gascuel, O. (2010). Sea view version 4: a multiplatform
graphical user interface for sequence alignment and phylogenetic tree building. Mol.
Biol. Evol. 27, 221-224. doi: 10.1093/molbev/msp259

Grayston, S. J., Vaughan, D., and Jones, D. (1997). Rhizosphere carbon flow in trees,
in comparison with annual plants: the importance of root exudation and its impact on

Frontiers in Microbiology

16

10.3389/fmicb.2025.1645107

microbial activity and nutrient availability. Appl. Soil Ecol. 5, 29-56. doi:
10.1016/50929-1393(96)00126-6

Haichar, E. E. Z., Marol, C., Berge, O., Rangel-Castro, J. I, Prosser, J. I, Balesdent, J.,
et al. (2008). Plant host habitat and root exudates shape soil bacterial community
structure. ISME J. 2, 1221-1230. doi: 10.1038/ismej.2008.80

Hedges, S. B., Blair, J. E., Venturi, M. L., and Shoe, J. L. (2004). A molecular timescale
of eukaryote evolution and the rise of complex multicellular life. BMC Evol. Biol. 4:2.
doi: 10.1186/1471-2148-4-2

Hu, L., Robert, C. A. M., Cadot, S., Zhang, X., Ye, M, Li, B., et al. (2018). Root exudate
metabolites drive plant-soil feedbacks on growth and defense by shaping the rhizosphere
microbiota. Nature. Communications 9:122. doi: 10.1038/s41467-018-05122-7

Hu, J., Wei, Z., Kowalchuk, G. A., Xu, Y., Shen, Q., and Jousset, A. (2020). Rhizosphere
microbiome functional diversity and pathogen invasion resistance build up during plant
development. Environ. Microbiol. 22, 5005-5018. doi: 10.1111/1462-2920.15097

Hugoni, M., Luis, P, and Guyonnet, J. (2018). Plant host habitat and root exudates
shape fungal diversity. Mycorrhiza 28, 451-463. doi:
10.1007/s00572-018-0857-5Haichar, F. el Z

Hunter, P. ], Hand, P, Pink, D., Whipps, J. M., and Bending, G. D. (2010). Both leaf
properties and microbe-microbe interactions influence within-species variation in
bacterial population diversity and structure in the lettuce (lactuca species) phyllosphere.
Appl. Environ. Microbiol. 76, 8117-8125. doi: 10.1128/AEM.01321-10

Kassambara, A. (2021). Pipe-friendly framework for basic statistical tests [R package
“rstatix” version 0.7. 0]. Vienna: R foundation for statistical computing.

Katoh, K., Rozewicki, J., and Yamada, K. D. (2018). MAFFT online service: multiple
sequence alignment, interactive sequence choice and visualization. Brief. Bioinform. 20,
1160-1166. doi: 10.1093/bib/bbx108

Katoh, K., and Standley, D. M. (2013). MAFFT multiple sequence alignment software
version 7: improvements in performance and usability. Mol. Biol. Evol. 30, 772-780. doi:
10.1093/molbev/mst010

Knapp, D. G., and Kovécs, G. M. (2016). Interspecific metabolic diversity of root-
colonizing endophytic fungi revealed by enzyme activity tests. FEMS Microbiol. Ecol.
92:190. doi: 10.1093/femsec-fiw190

Koch, R. A, and Herr, J. R. (2021). Transcriptomics reveals the putative Mycoparasitic
strategy of the mushroom Entoloma abortivum on species of the mushroom genus
armillaria. MSystems 6:e0054421. doi: 10.1128/msystems.00544-21

Kowalchuk, G. A., Hol, W. H. G, and van Veena, J. A. (2006). Rhizosphere fungal
communities are influenced by Senecio jacobaea pyrrolizidine alkaloid content and
composition. Soil Biol. Biochem. 38, 2852-2859. doi: 10.1016/j.s0ilbi0.2006.04.043

Kuraku, S., Zmasek, C. M., Nishimura, O., and Katoh, K. (2013). aLeaves facilitates
on-demand exploration of metazoan gene family trees on MAFFT sequence alignment
server with enhanced interactivity. Nucleic Acids Res. 41 (Web Server issue), W22-W28.
doi: 10.1093/nar/gkt389

LeBlanc, N., Essarioui, A., Kinkel, L., and Kistler, H. C. (2017). Phylogeny, plant
species, and plant diversity influence carbon use phenotypes among fusarium
populations in the rhizosphere microbiome. Phytobiomes J. 1, 150-157. doi:
10.1094/PBIOMES-06-17-0028-R

Liu, Q., and Dong, C. (2023). Dual transcriptomics reveals interspecific interactions
between the mycoparasite Calcarisporium cordycipiticola and its host cordyceps
militaris. Microbiol. Spectr. 11:22. doi: 10.1128/spectrum.04800-22

Lugtenberg, B. J. J., Caradus, J. R., and Johnson, L. J. (2016). Fungal endophytes for
sustainable crop production. FEMS Microbiol. Ecol. 92:194. doi: 10.1093/femsec/fiw194

Ma, W, Tang, S., Dengzeng, Z., Zhang, D., Zhang, T., and Ma, X. (2022). Root exudates
contribute to belowground ecosystem hotspots: a review. Front. Microbiol. 13:937940.
doi: 10.3389/fmicb.2022.937940

Macias-Rubalcava, M. L., and Sdnchez-Fernandez, R. E. (2017). Secondary metabolites of
endophytic Xylaria species with potential applications in medicine and agriculture. In. World
J. Microbiol. Biotechnol. 33:15. doi: 10.1007/s11274-016-2174-5

Maestre, E T, Delgado-Baquerizo, M., Jeffries, T. C., Eldridge, D. J., Ochoa, V., Gozalo, B.,
et al. (2015). Increasing aridity reduces soil microbial diversity and abundance in global
drylands. Proc. Natl. Acad. Sci. USA 112, 15684-15689. doi: 10.1073/pnas.1516684112

Minnisto, M., Ganzert, L., Tiirola, M., Hiaggblom, M. M., and Stark, S. (2016).
Do shifts in life strategies explain microbial community responses to increasing
nitrogen in tundra soil? Soil Biol. Biochem. 96, 216-228. doi:
10.1016/j.s0ilbi0.2016.02.012

Markin, A., Wagle, S., Grover, S., Vincent Baker, A. L., Eulenstein, O., and
Anderson, T. K. (2023). PARNAS: objectively selecting the Most representative taxa on
a phylogeny. Syst. Biol. 72, 1052-1063. doi: 10.1093/sysbio/syad028

Masigol, H., Grossart, H. P, Taheri, S. R., Mostowfizadeh-Ghalamfarsa, R.,
Pourmoghaddam, M. J., Bouket, A. C,, et al. (2023). Utilization of low molecular weight
carbon sources by Fungi and Saprolegniales: implications for their ecology and
taxonomy. Microorganisms 11:782. doi: 10.3390/microorganisms11030782

McGuire, K. L., Bent, E., Borneman, J., Majumder, A., Allison, S. D., and Treseder, K. K.
(2010). Functional diversity in resource use by fungi. Ecology 91, 2324-2332. doi:
10.1890/09-0654.1

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1645107
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1128/AEM.02188-07
https://doi.org/10.1007/s11104-009-9991-3
https://doi.org/10.1093/aobpla/plv030
https://doi.org/10.2436/20.1501.01.18
https://doi.org/10.1111/1462-2920.15132
https://doi.org/10.1093/molbev/msab293
https://doi.org/10.1371/journal.pone.0055731
https://doi.org/10.1007/BF03192219
https://doi.org/10.1038/s41586-020-2185-0
https://doi.org/10.1146/annurev-micro-090817-062524
https://doi.org/10.3390/jof4030077
https://doi.org/10.1128/microbiolspec.funk-0023-2016
https://doi.org/10.1016/j.cell.2018.10.020
https://doi.org/10.1073/pnas.1810767116
https://doi.org/10.1073/pnas.1414592112
https://doi.org/10.1146/annurev-micro-022620-014327
https://doi.org/10.1111/j.1574-6941.2007.00343.x
https://doi.org/10.1038/s41598-018-30150-0
https://doi.org/10.1016/j.mib.2019.10.009
https://doi.org/10.1046/j.1469-8137.1997.00673.x
https://doi.org/10.1093/molbev/msp259
https://doi.org/10.1016/S0929-1393(96)00126-6
https://doi.org/10.1038/ismej.2008.80
https://doi.org/10.1186/1471-2148-4-2
https://doi.org/10.1038/s41467-018-05122-7
https://doi.org/10.1111/1462-2920.15097
https://doi.org/10.1007/s00572-018-0857-5
https://doi.org/10.1128/AEM.01321-10
https://doi.org/10.1093/bib/bbx108
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/femsec-fiw190
https://doi.org/10.1128/msystems.00544-21
https://doi.org/10.1016/j.soilbio.2006.04.043
https://doi.org/10.1093/nar/gkt389
https://doi.org/10.1094/PBIOMES-06-17-0028-R
https://doi.org/10.1128/spectrum.04800-22
https://doi.org/10.1093/femsec/fiw194
https://doi.org/10.3389/fmicb.2022.937940
https://doi.org/10.1007/s11274-016-2174-5
https://doi.org/10.1073/pnas.1516684112
https://doi.org/10.1016/j.soilbio.2016.02.012
https://doi.org/10.1093/sysbio/syad028
https://doi.org/10.3390/microorganisms11030782
https://doi.org/10.1890/09-0654.1

Kemmerling et al.

Mendes, R., Kruijt, M., de Bruijn, L., Dekkers, E., van der Voort, M., Schneider, J. H.
M., et al. (2011). Deciphering the rhizosphere microbiome for disease-suppressive
bacteria. Science 332, 1097-1100. doi: 10.1126/science.1203980

Mousa, W. K., and Raizada, M. N. (2013). The diversity of anti-microbial secondary
metabolites produced by fungal endophytes: an interdisciplinary perspective. Front.
Microbiol. 4:65. doi: 10.3389/fmicb.2013.00065

Mousa, W. K., Schwan, A., Davidson, J., Strange, P,, Liu, H., Zhou, T, et al. (2015). An
endophytic fungus isolated from finger millet (Eleusine coracana) produces anti-fungal
natural products. Front. Microbiol. 6:1157. doi: 10.3389/fmicb.2015.01157

NilssNiu, B., Paulson, J. N., Zheng, X., and Kolter, R. (2017). Simplified and
representative bacterial community of maize roots. Proc. Natl. Acad. Sci. USA 114,
E2450-E2459. doi: 10.1073/pnas.1616148114

Oberholster, T., Vikram, S., Cowan, D., and Valverde, A. (2018). Key microbial taxa
in the rhizosphere of sorghum and sunflower grown in crop rotation. Sci. Total Environ.
624, 530-539. doi: 10.1016/j.scitotenv.2017.12.170

Oksanen, J., Blanchet, E. G., Kindt, R., Legendre, P., Minchin, R. P, O’Hara, P. R, et al.
(2013). O’Hara, R. B. Package “vegan.” R Package ver. 8, 254.

Ownley, B. H,, Griffin, M. R,, Klingeman, W. E., Gwinn, K. D., Moulton, J. K., and
Pereira, R. M. (2008). Beauveria bassiana: endophytic colonization and plant disease
control. J. Invertebr. Pathol. 98, 267-270. doi: 10.1016/j.jip.2008.01.010

Pawlik, A., Ruminowicz-Stefaniuk, M., Frac, M., Mazur, A., Wielbo, J., and Janusz, G.
(2019). The wood decay fungus Cerrena unicolor adjusts its metabolism to grow on
various types of wood and light conditions. PLoS One 14:¢0211744. doi:
10.1371/journal.pone.0211744

Pefiuelas, J., and Terradas, J. (2014). The foliar microbiome. Trends Plant Sci. 19,
278-280. doi: 10.1016/j.tplants.2013.12.007

Philippot, L., Raaijmakers, J. M., Lemanceau, P, and van der Putten, W. H. (2013).
Going back to the roots: the microbial ecology of the rhizosphere. In. Nat. Rev. Microbiol.
11, 789-799. doi: 10.1038/nrmicro3109

Pierce, E. C., Morin, M., Little, J. C., Liu, R. B., Tannous, J., Keller, N. P,, et al. (2021).
Bacterial-fungal interactions revealed by genome-wide analysis of bacterial mutant
fitness. Nat. Microbiol. 6, 87-102. doi: 10.1038/s41564-020-00800-z

Pinzari, E, Ceci, A., Abu-Samra, N., Canfora, L., Maggi, O., and Persiani, A. (2016).
Phenotype Micro Array™ system in the study of fungal functional diversity and
catabolic versatility. Res. Microbiol. 167, 710-722. doi: 10.1016/j.resmic.2016.05.008

Porras-Alfaro, A., and Bayman, P. (2011). Hidden fungi, emergent properties:
endophytes and microbiomes. In. Annu. Rev. Phytopathol. 49, 291-315. doi:
10.1146/annurev-phyto-080508-081831

Ramirez, K. S., Craine, J. M., and Fierer, N. (2012). Consistent effects of nitrogen
amendments on soil microbial communities and processes across biomes. Glob. Chang.
Biol. 18, 1918-1927. doi: 10.1111/j.1365-2486.2012.02639.x

Rodriguez, R. J., White, J. E, Arnold, A. E., and Redman, R. S. (2009). Fungal
endophytes: diversity and functional roles: Tansley review. New Phytol. 182, 314-330.
doi: 10.1111/§.1469-8137.2009.02773.x

Sabatier, R., Vivien, M. A., and Menta, P. (2003). Two approaches for discriminant
partial least squares between data science and applied data analysis. Berlin: Springer.

Sasse, J., Martinoia, E., and Northen, T. (2018). Feed your friends: do Plant exudates
shape the root microbiome? Trends Plant Sci. 23, 25-41. doi: 10.1016/j.tplants.2017.09.003

Saunders, M., Glenn, A. E., and Kohn, L. M. (2010). Exploring the evolutionary ecology of
fungal endophytes in agricultural systems: using functional traits to reveal mechanisms in
community processes. Evol. Appl. 3, 525-537. doi: 10.1111/j.1752-4571.2010.00141.x

Schindelin, J., Arganda-Carreras, I, Frise, E., Kaynig, V., Longair, M., Pietzsch, T., et al.
(2012). Fiji: an open-source platform for biological-image analysis. Nat. Methods 9,
676-682. doi: 10.1038/nmeth.2019

Schulz, B., and Boyle, C. (2005). The endophytic continuum. Mycol. Res. 109, 661-686.
doi: 10.1017/5095375620500273x

Scognamiglio, T., Zinchuk, R., Gumpeni, P., and Larone, D. H. (2010). Comparison of
inhibitory mold agar to sabouraud dextrose agar as a primary medium for isolation of
fungi. J. Clin. Microbiol. 48, 1924-1925. doi: 10.1128/JCM.01814-09

Shi, L., Westerhuis, J. A., Rosén, J., Landberg, R., and Brunius, C. (2019). Variable
selection and validation in multivariate modelling. Bioinformatics 35, 972-980. doi:
10.1093/bioinformatics/bty710

Frontiers in Microbiology

17

10.3389/fmicb.2025.1645107

Spatafora, J. W, Chang, Y., Benny, G. L., Lazarus, K., Smith, M. E., and Berbee, M. L.
(2017). A phylum-level phylogenetic classification of zygomycete fungi based on
genome-scale data. Mycologia 108, 1028-1046. doi: 10.3852/16-042

Stamatakis, A. (2014). RAXML version 8: a tool for phylogenetic analysis and post-analysis
of large phylogenies. Bioinformatics 30, 1312-1313. doi: 10.1093/bioinformatics/btu033

Sun, J,, Yang, J., Zhao, S., Yu, Q, Weng, L., and Xiao, C. (2023). Root exudates
influence rhizosphere fungi and thereby synergistically regulate Panax ginseng yield and
quality. Front. Microbiol. 14:1194224. doi: 10.3389/fmicb.2023.1194224

Talbot, J. M., Bruns, T. D., Taylor, J. W,, Smith, D. P,, Branco, S., Glassman, S. I,
etal. (2014). Endemism and functional convergence across the north American soil
mycobiome.  Proc. Natl. Acad. Sci. USA 111, 6341-6346. doi:
10.1073/pnas.1402584111

Tanney, J. B., McMullin, D. R., Green, B. D, Miller, J. D., and Seifert, K. A. (2016).
Production of antifungal and antiinsectan metabolites by the Picea endophyte Diaporthe
maritima sp. nov. Fungal Biol. 120, 1448-1457. doi: 10.1016/j.funbio.2016.05.007

Thiergart, T., Durén, P, Ellis, T., Vannier, N., Garrido-Oter, R., Kemen, E., et al. (2020).
Root microbiota assembly and adaptive differentiation among European Arabidopsis
populations. Nat. Ecol. Evol. 4, 122-131. doi: 10.1038/s41559-019-1063-3

Toju, H., Kurokawa, H., and Kenta, T. (2019). Factors influencing leaf-and root-
associated communities of bacteria and fungi across 33 plant orders in a grassland.
Front. Microbiol. 10:241. doi: 10.3389/fmicb.2019.00241

Trivedi, P, Leach, J. E., Tringe, S. G., Sa, T., and Singh, B. K. (2020). Plant-microbiome
interactions: from community assembly to plant health. In. Nat. Rev. Microbiol. 18,
607-621. doi: 10.1038/s41579-020-0412-1

Vandenkoornhuyse, P., Quaiser, A., Duhamel, M., le Van, A., and Dufresne, A. (2015).
The importance of the microbiome of the plant holobiont. New Phytol. 206, 1196-1206.
doi: 10.1111/nph.13312

Vétrovsky, T., Kohout, P, Kopecky, M., Machac, A., Man, M., Bahnmann, B. D, et al.
(2019). A meta-analysis of global fungal distribution reveals climate-driven patterns.
Nat. Commun. 10:5142. doi: 10.1038/s41467-019-13164-8

Vétrovsky, T., Morais, D., Kohout, P., Lepinay, C., Algora, C., Awokunle Holla, S.,
et al. (2020). Global Fungi, a global database of fungal occurrences from high-
throughput-sequencing metabarcoding studies. Sci. Data 7:597. doi:
10.1038/s41597-020-0567-7

Vorholt, J. A. (2012). Microbial life in the phyllosphere. In. Nat. Rev. Microbiol. 10,
828-840. doi: 10.1038/nrmicro2910

Wassermann, B., Cernava, T., Miiller, H., Berg, C., and Berg, G. (2019). Seeds of native
alpine plants host unique microbial communities embedded in cross-kingdom networks.
Microbiome 7:108. doi: 10.1186/s40168-019-0723-5

Wisecaver, J. H,, Slot, J. C., and Rokas, A. (2014). The evolution of fungal metabolic
pathways. PLoS Genet. 10:e1004816. doi: 10.1371/journal.pgen.1004816

Wolinska, K. W, Vannier, N., Thiergart, T., Pickel, B., Gremmen, S., Piasecka, A.,
et al. (2021). Tryptophan metabolism and bacterial commensals prevent fungal
dysbiosis in Arabidopsis roots. Proc. Natl. Acad. Sci. USA 118:€2111521118. doi:
10.1073/pnas.2111521118

Xu, D., Zhang, B. Y., and Yang, X. L. (2016). Antifungal monoterpene derivatives from
the plant endophytic fungus Pestalotiopsis foedan. Chem. Biodivers. 13, 1422-1425. doi:
10.1002/cbdv.201600114

Yalage Don, S. M., Gambetta, J. M., Steel, C. C., and Schmidtke, L. M. (2021).
Elucidating the interaction of carbon, nitrogen, and temperature on the biosynthesis of
Aureobasidium pullulans antifungal volatiles. Environ. Microbiol. Rep. 13, 482-494. doi:
10.1111/1758-2229.12925

Zhang, H., Liu, W,, Kang, X., Cui, X., Wang, Y., Zhao, H., et al. (2019). Changes
in soil microbial community response to precipitation events in a semi-arid steppe
of the Xilin River basin, China. J. Arid. Land 11, 97-110. doi:
10.1007/s40333-018-0071-5

Zhao, X., Song, P,, Hou, D,, Li, Z., and Hu, Z. (2021). Antifungal activity, identification
and biosynthetic potential analysis of fungi against rhizoctonia cerealis. Ann. Microbiol.
71:41. doi: 10.1186/s13213-021-01654-4

Zhou, D,, Jing, T., Chen, Y., Wang, E, Qi, D., Feng, R., et al. (2019). Deciphering
microbial diversity associated with fusarium wilt-diseased and disease-free banana
rhizosphere soil. BMC Microbiol. 19:161. doi: 10.1186/s12866-019-1531-6

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1645107
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1126/science.1203980
https://doi.org/10.3389/fmicb.2013.00065
https://doi.org/10.3389/fmicb.2015.01157
https://doi.org/10.1073/pnas.1616148114
https://doi.org/10.1016/j.scitotenv.2017.12.170
https://doi.org/10.1016/j.jip.2008.01.010
https://doi.org/10.1371/journal.pone.0211744
https://doi.org/10.1016/j.tplants.2013.12.007
https://doi.org/10.1038/nrmicro3109
https://doi.org/10.1038/s41564-020-00800-z
https://doi.org/10.1016/j.resmic.2016.05.008
https://doi.org/10.1146/annurev-phyto-080508-081831
https://doi.org/10.1111/j.1365-2486.2012.02639.x
https://doi.org/10.1111/j.1469-8137.2009.02773.x
https://doi.org/10.1016/j.tplants.2017.09.003
https://doi.org/10.1111/j.1752-4571.2010.00141.x
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1017/s095375620500273x
https://doi.org/10.1128/JCM.01814-09
https://doi.org/10.1093/bioinformatics/bty710
https://doi.org/10.3852/16-042
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.3389/fmicb.2023.1194224
https://doi.org/10.1073/pnas.1402584111
https://doi.org/10.1016/j.funbio.2016.05.007
https://doi.org/10.1038/s41559-019-1063-3
https://doi.org/10.3389/fmicb.2019.00241
https://doi.org/10.1038/s41579-020-0412-1
https://doi.org/10.1111/nph.13312
https://doi.org/10.1038/s41467-019-13164-8
https://doi.org/10.1038/s41597-020-0567-7
https://doi.org/10.1038/nrmicro2910
https://doi.org/10.1186/s40168-019-0723-5
https://doi.org/10.1371/journal.pgen.1004816
https://doi.org/10.1073/pnas.2111521118
https://doi.org/10.1002/cbdv.201600114
https://doi.org/10.1111/1758-2229.12925
https://doi.org/10.1007/s40333-018-0071-5
https://doi.org/10.1186/s13213-021-01654-4
https://doi.org/10.1186/s12866-019-1531-6

	Carbon substrates utilization determine antagonistic fungal-fungal interactions among root-associated fungi
	1 Introduction
	2 Materials and methods
	2.1 Fungal material and selection of fungal isolates
	2.2 Antagonistic capacities against Rs and Fg
	2.3 Profiling of fungal isolates carbon utilization profiles
	2.4 Identification of proteomic features associated with antagonistic capacities
	2.5 Assessing the specificity of fungal isolates antagonistic abilities against two fungal competitors
	2.6 Statistical analyses

	3 Results
	3.1 Selection of a representative set of fungal isolates associated to oilseed rape and wheat roots
	3.2 Antagonistic abilities of individual fungal isolates
	3.3 Carbon utilization profile of individual fungal isolates
	3.4 Specific carbon utilization profile associated with competitive abilities
	3.5 Specific carbon utilization profile associated with antifungal activities
	3.6 Proteomic markers of antagonism
	3.7 Antagonistic potential of fungal isolates across competitors

	4 Discussion
	4.1 Broad diversity in carbon utilization of fungal isolates but limited ecological structuring
	4.2 Carbon substrate utilization shapes antagonistic interactions between fungi
	4.3 Carbon substrate utilization traits as a functional signature of fungal-fungal antagonism


	References

