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Response of the wheat
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towards plant pathogens
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Rainfall extremes are intensifying as a result of climate change, leading to
increased flood risk. Flooding affects above- and belowground ecosystem
processes, representing a substantial threat to crop productivity under climate
change. Plant-associated fungi play important roles in plant performance, but
their response to abnormal rain events is unresolved. Here, we established a
glasshouse experiment to determine the effects of flooding stress on the spring
wheat-mycobiota complex. Since plant phenology could be an important
factor in the response to hydrological stress, flooding was induced only once
and at different plant growth stages, such as tillering, booting and flowering. We
assessed the wheat mycobiota response to flooding in three soil-plant
compartments (phyllosphere, roots and rhizosphere) using metabarcoding.
Key soil and plant traits were measured to correlate physiological plant and
edaphic changes with shifts in mycobiota structure and functional guilds.
Flooding reduced plant fitness, and caused dramatic shifts in mycobiota
assembly across the entire plant. Notably, we observed a functional transition
consisting of a decline in mutualist abundance and richness with a concomitant
increase in plant pathogens. Indeed, fungal pathogens associated with
important cereal diseases, such as Gibberella intricans, Mycosphaerella
graminicola, Typhula incarnata and Olpidium brassicae significantly increased
their abundance under flooding. Overall, our study demonstrate the
detrimental effect of flooding on the wheat mycobiota complex, highlighting
the urgent need to understand how climate change-associated abiotic
stressors alter plant-microbe interactions in cereal crops.
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Introduction

Intense and long-lasting precipitations are expected to
increase in frequency in Europe and other regions with
ongoing global warming, which will in turn increase the
frequency of flooding events (Tabari, 2020). Flooding causes a
saturation of soil pore volume (i.e., waterlogging) and thus, gas
transport including oxygen is substantially reduced. Cereal crop
fitness and productivity are severely affected by water flooding
since oxygen depletion occurs (Rhine et al., 2010; Morton et al.,
2015; Ding et al., 2020), and even short-term flooding events
(e.g., a few days) can significantly impact wheat growth (Malik
etal., 2002). Wheat yield losses due to flooding and waterlogging
range from 10% to over 50% (Jincai et al, 2001; Kaur et al,
2020), but they depend on stress duration, wheat genotype,
growth stage, agricultural management, and soil characteristics
(Kaur et al., 2020).

Flooding alters soil physiochemical properties, such as pH,
redox potential, nutrient concentrations, and promotes oxygen
depletion. Collectively, these changes in soil adversely affect the
capability of a crop plant to survive (Visser et al., 2003; Dat et al.,
2004; Niu et al,, 2014). Equally important, flooding influences
plant-microbe interactions, causing substantial compositional
shifts of the plant microbiota with crucial consequences on its
beneficial functionalities for the host plant (Gonzalez Mace et al.,
2016; Francioli et al., 2021a).

The biodiversity of soil-inhabiting fungi plays a key role in
crop production and agricultural ecosystem functioning, especially
in cereal cropping systems. Soil moisture is a key factor controlling
fungal abundance and mycobiota structure. Most research on
flooding and waterlogging of soil mycobiota has focused on
wetlands, and thus, there is only a rather limited understanding
of how the crop mycobiota is affected by waterlogging. Arbuscular
mycorrhizal fungi (AMF) can support the growth and yield of
crops by increasing mineral nutrient uptake, disease resistance and
abiotic stress tolerance of crop plants, including cereals (Pellegrino
et al., 2015). Plant benefits from mutualistic fungi may be
negatively affected by soil waterlogging through the reduction of
the initiation of mycorrhizal colonization of the host plants (Miller
and Sharitz, 2000; Wolfe et al., 2006; Wang et al., 2016), which in
turn reduces plant nutrition, in particular root phosphorous uptake
(Deepika and Kothamasi, 2015). Flooding may also increase plant
susceptibility to pathogens (Kirkpatrick et al., 2006), since infection
by a number of pathogens is favored under anoxic conditions
(Velasquez et al, 2018). On the other hand, flooding induces
general defense pathways that may increase pathogen resistance
and plant fitness (Adams et al., 2017).

Since the frequencies and intensities of extreme precipitation
events are predicted to increase in the upcoming decades, it is
crucial to understand how such environmental changes will
affect the biodiversity and functions of fungal populations
interacting with cereal crop hosts. Hence, we set up a pot
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experiment to explore the effects of flooding on wheat plant-
mycobiota. In this experiment, flooding stress was induced only
once, either at tillering, booting or flowering because plant
phenology is an important driver in plant microbiota assembly
(Donn et al., 2015; Francioli et al., 2018; Lewin et al., 2021) and
abiotic stress may differentially affect the microbiota assembly
dynamics depending on the specific plant growth stage (PGS) in
which it occurs (Na et al., 2019; Breitkreuz et al., 2020). We used
a metabarcoding approach to assess the response of the
mycobiota associated with different plant compartments
(phyllosphere, rhizosphere and root) to flooding stress. Several
soil and plant parameters were measured to correlate
physiological plant and edaphic changes with shifts in
mycobiota structure. We expected that plant biomass would be
negatively affected and that soil physico-chemical parameters
and plant physiological state would change in response to
flooding. Thus, we hypothesized that (i) the wheat mycobiota
structure would be differentially affected depending on the
timing of flooding events, with early mycobiota being more
susceptible to community disruption. Furthermore, we
hypothesized (ii) that these shifts in mycobiota assemblage
between control and flooding treatment would be strongly
correlated by alterations in the soil and plant traits induced by
flooding stress. Lastly, we hypothesized (iii) substantial shifts in
wheat mycobiota functional guilds as a response to flooding and
waterlogging stress.

Materials and methods
Experimental setup

We investigated the response of the wheat mycobiota
complex to flooding stress establishing a pot experiment that
was conducted from September to December 2019 in a
glasshouse at the Leibniz Institute of Plant Genetics and Crop
Plant Research (IPK) in Gatersleben, Germany. Detailed
description of the experimental setup is provided in Francioli
et al. (2021a). In brief, seeds of spring wheat (Triticum aestivum
L. Chinese Spring) were germinated in sieved soil (2 mm), which
was obtained from the “Experimental Station Dedelow”
(Prenzlau, Germany). The soil is classified as a sandy loam
and its physico-chemical parameters are listed in Table S1. In the
third week after sowing, seedlings were individually transferred
to 10 L pots containing 5 kg of the soil used for germination (one
seedling per pot). Wheat plants were grown under controlled
conditions of day/night temperature, i.e., 18/16°C, air humidity
70%, light intensity 250-300 uE and photoperiod of 16 h light
and 8 h darkness. A completely randomized design was used to
place the pots on glasshouse tables. To monitor the
developmental stage of the plants and the consequent flooding
induction, we used the Zadoks scale (Zadoks et al., 1974).
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Flooding stress was induced only once and for a period of 12
days at tillering, booting, or flowering, and replicates were
destructively sampled (Figure S1). Considering that the aim of
the experiment was to investigate the response of the soil-wheat-
mycobiota complex to severe water stress, flooding was induced
for a period of 12 days to ensure sufficient oxygen depletion in
the flooded treatments. Previous studies have shown that
complete oxygen depletion in the top soil occurs within 2-8
days of flooding across a wide range of soils (Cannell et al., 1980;
Meyer et al., 1985; Drew, 1992). Six replicates were established
for each combination of plant growth stage and water treatment,
for a total of 36 pots. Control plants were monitored at 50%
WHC, which corresponded with the field capacity of the soil
used in this study. Flooding treatment was established by
keeping manually the water level at least 5 cm above the soil
surface for 12 days.

On the twelfth day of exposition to flooding, and in the
corresponding developmental stages, control and flooded plants
were harvested, and tillers and spikes number recorded. Leaf
material was collected only from fully expanded leaves, while
rhizosphere soil was collected by manually uprooting wheat
plants and shaking off the root-adhering soil into sterile zip bags.
Afterward, roots were carefully washed with tap water to remove
the remaining soil particles as much as possible. Soil, leaf and
root samples were immediately frozen and stored at -80°C.
Macro- (C, N, P, Mg, S, K and Ca) and micronutrient (Mn,
Zn and Na) concentrations in the roots and leaves were
measured using sector field high-resolution mass spectrometry
(HR)-ICP-MS (Element 2, Thermo Fisher Scientific, Germany).
Several edaphic parameters were also measured from the
rhizosphere soil samples. Briefly, total soil organic carbon
(TOC) and total nitrogen (TN) contents were determined in
triplicate by dry combustion using a Vario EL III C/H/N
analyzer (Elementar, Hanau, Germany). Plant available P
(PDL) was extracted from fresh soil with double lactate
extraction (1:50 w/v, pH 3.6, 1.5 h; Riehm (1943)). After
filtration of the suspension (Whatman Schleicher and Schuell
595 1/5 @ 270 mm), the extracted P was quantified
colorimetrically using the molybdenum blue method (Murphy
and Riley, 1962). Mn, Ca, Na, K, and Mg concentrations in soil
were determined using inductively coupled plasma-optical
emission spectrometry-ICP-OES (ICP-iCAP 6300 DUO,
ThermoFisher Scientific, Germany). Although some soil and
plant data have been published in a previous work (Francioli
et al., 2021a), here we present the full dataset of soil and plant
properties measured in the study.

DNA extraction, amplicon library
preparation and sequencing

DNA was extracted from the collected material using
respectively 0.35g of soil, leaf and root, with the DNeasy
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PowerLyzer PowerSoil Kit (Qiagen). We employed the same
DNA extraction kit for the isolation of the genomic material
from all the collected samples to allow the comparison of fungal
communities across compartments, as suggested in Francioli
et al. (2021b). Fungal DNA amplification was performed using
the primers ITS1F/ITS2R (White et al., 1990) using the following
PCR protocol: PCR was carried out in a 50 ul reaction volume
with 1 pl of DNA template (~ 5ng), 0.2 mM dNTPs and 0.4 pM
of each primer (PCR conditions: 95°C for 5 min; 35 cycles at
95°C for 1 min, 56°C for 1 min and 72°C for 1 min; and 72°C for
5 min). The amplicons were sent to LGC Genomics GmbH
(Berlin, Germany) for barcoding and paired-end sequencing on
Mumina MiSeq v3 platform. Demultiplexing was performed
using Ilumina bcl2fastq 2.17.1.14 software following clipping
of barcode and sequencing adapters. Primers were removed
using Cutadapt v3.4 (Martin, 2011) following sequence
processing using QIIME 2 v2022.2 (Bolyen et al., 2019).
Denoising was performed by using the build-in method for
DADA2 (Callahan et al., 2016) with forward and reversed reads
truncated at 250 bp and 220 bp, respectively. The DADA2
pipeline started from 13,427,188 reads and yielded 9,005,083
non chimeric sequences. Amplicon sequencing variants (ASV)
produced by DADA?2 were assigned to taxonomy using the naive
bayesian classifier (Wang et al, 2007) against the Unite 8.3
reference database (Nilsson et al., 2018), and non-fungal ASVs
were discarded. Only ASVs that were detected in more than two
samples were included in the data analyses. Alpha diversity
metrics were calculated from the normalized sequence library,
which was rarefied to 20,000 reads per sample.

Functional characterization of
the fungal ASVs

We characterized the ASV data into three functional guilds,
pathogens, saprotrophs, and mutualists, based on functional
guilds associated with a given taxonomic level reported in the
databases FUNGuild (Nguyen et al,, 2016) and FungalTraits
(Polme et al.,, 2020) according to the authors’ instructions. To
create the subset of pathogenic ASVs, we followed the procedure
described in Francioli et al. (2020). Briefly, we kept only the
identified pathogen ASVs that were taxonomically characterized
at the species level, and then their plant pathogenicity was cross-
checked using the literature references (Agrios, 2004; Domsch
et al,, 2007; Arnolds and van den Berg, 2013; Farr and Rossman,
2014; Dighton, 2016; Dighton and White, 2017) to include
pathogens that are associated with well-established plant
diseases. We acknowledge that the modus operandi used to
attribute the “pathogen” classification to the fungal species
identified may have introduced some biases, since the effective
pathogenicity of a particular fungal taxon also depends on the
realized host-fungus interactions and the environmental context
(van Ruijven et al., 2020; Ampt et al., 2022). By comparison, the
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classification of the identified ASVs in saprophytic and
mutualistic fungi was less complicated. Fungal saprobes are
merely those that have only been reported as free-living or in
combination with an endophytic guild, whereas mutualistic
fungi were those taxa reported as arbuscular mycorrhizal
(obligate symbionts) or exclusively endophytic fungi (i.e.,
fungal endophytes that have not been reported as pathogenic
or saprotrophic) (Lozano et al.,, 2021). In total, 502 fungal ASV's
were assigned to a functional guild, representing 42.7% of the
total fungal sequences.

Statistical analyses

Differences in soil and plant properties were tested among the
treatments and plant growth stage (PGS) by univariate analysis of
variance (ANOVA) followed by Tukey’s honestly significant
difference (HSD) post hoc test. All variables included in the
analysis were tested for normality using Shapiro-Wilk and
Jarque-Bera tests, and the homogeneity of variance was
examined using Levene’s test. A logl0 transformation was
applied to all variables that did not meet the parametric
assumptions. Univariate PERMANOVA models were used to
test the effects of soil-plant compartment, PGS and watering
treatment on fungal richness (Anderson, 2017). Pairwise
differences in fungal richness between watering treatments at
the same PGS and compartment were estimated using ANOVA
followed by Tukey’s HSD post hoc test. Difterences in the fungal
community structure were determined across plant-soil
compartments, PGSs and flooding treatments. We first
calculated Bray-Curtis dissimilarities using Hellinger
transformation (square root transformation of relative
abundances; Legendre and Gallagher (2001)). Permutational
multivariate analysis of variances (PERMANOVA) based on
Bray-Curtis dissimilarity was performed to analyze the effect of
the abovementioned experimental factors on the mycobiota
structure using 999 permutations for each test. Structural
dissimilarities of the mycobiota between flooding and control
treatments at each PGS were compared to resolve at which PGS
the application of flooding had the largest effect. Variance
partitioning based on redundancy analysis (RDA) was
performed to quantify the contribution of soil properties, plant
attributes, PGSs and watering treatments to the structure of fungal
communities in each compartment. Following Blanchet et al.
(2008), the significance of the global model using all predictors
was tested first. Variable selection was performed using forward
selection implemented with the forward.sel function in the R
package “packfor” (Dray et al,, 2011). Variance partitioning was
conducted using the varpart function in the “vegan” R package
(Oksanen et al., 2018). We then constructed a model of
multivariate analysis of variance using distance-based
redundancy analysis (db-RDA) based on the Bray-Curtis
distance to determine the environmental variables that were
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most influential on the mycobiota structure of each plant
compartment. Fungal biomarker taxa were identified by
explaining differences between the mycobiota compartments
and between flooding and control treatments at each PGS in all
three plant-soil compartments, employing a linear discriminant
analysis effect size (LEfSe) (Segata et al., 2011). To test whether the
relative abundance of a specific fungal taxa or the cumulative
abundances of the three fungal guilds (pathogens, saprobes and
mutualists) were affected by watering treatment we built factorial
GLMs with negative binomial errors, building a separate model
for each test using the glm.nb function in the “MASS” R package
(Venables and Ripley, 2002). All data were analyzed with R
version 4.0 (R Core Team, 2020).

Results

Effect of flooding on plant performance,
plant traits and on soil properties

Flooding had a detrimental effect on wheat fitness. We found
a reduced root biomass (55%) at tillering (P< 0.05), while at
booting, shoot and root dry biomass decreased by 25% and 70%,
respectively (Table S2). Furthermore, significant (P< 0.05)
decreases in the number of tillers (29%) and spikes (13%) were
associated with flooded wheat plants (Table S2). Significant
effects of flooding on the measured soil-plant traits were
widely observed across all plant compartments. Overall,
significant increases (P< 0.05) in soil moisture, pH, Zn, and
available P was observed in all flooded soil samples (Table S3).
Flooding had also a severe effect on root and leaf properties, as
the concentration of all the plant nutrients measured were
strongly affected by this stressor, especially at early stage of
plant growth. For example, the root and leaf N, S, P, Mg and K
concentrations were significantly (P< 0.05) lower in the flooded
wheat plants at tillering and booting stage (Table S3). On the
contrary, total soil C and S, root S and Na, and leaf C showed a
significant (P< 0.05) different trend, being higher (P< 0.05) in
the control than in the flooded samples.

Effect of plant compartment, PGS and
flooding on the wheat mycobiota

The ITS rRNA gene high-quality reads recovered from all
samples clustered in 1772 fungal ASVs. Fungal richness ranged
from 21 to 415 ASVs and differed significantly among plant
compartments (P< 0.001, Table S4), with the rhizosphere
having the highest and the phyllosphere the lowest number
(Figure 1A). Compartmentalization explained most variation in
total fungal richness, whereas plant growth stage (PGS) and
watering treatment (WT) had a marginal effect (Table S4). Plant
compartment was also the main factor for variation in mycobiota
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structure (44% of variance; Table 1), and principal coordinate
analysis (PCoA) clearly reflected this finding (Figure 1B). Looking
belowground, the root-associated fungal (RAF) ASV's were mainly
a subset of the rhizosphere community (Figure 2A). However,
large differences in the abundances of the dominant fungal taxa
were observed between these two belowground compartments.
For instance, the rhizosphere mycobiota was characterized by a
significantly higher proportion (P< 0.05) of the phyla
Mortierellomycota, Chytridiomycota, and Zoopagomycota and
of the class Tremellomycetes (Basidiomycota) compared with
the other compartments (Figure S2). On the other hand, wheat
roots were enriched (P< 0.05) in fungal taxa affiliated with the
Basidiomycota classes Agaricomycetes and Cystobasidiomycetes.
Leaf mycobiota was primarily composed by taxa within the
Ascomycota classes Dothideomycetes and Sordariomycetes
(Figure S2). Notably, taxa associated with the phyla
Olpidiomycota and Mucoromycota were solely identified in root
and leaf samples, respectively (Figure 2B).

Within each compartment, substantial and significant effects
offlooding and plant phenology on the mycobiota structure were
found. In general, flooding explained approximately 7% of the
variance across all plant compartments, while PGS accounted for
20% of the variation in roots and leaves and 14% in the

rhizosphere (Table 2). We detected a significant interaction
between PGS and WT, which explained an additional 7.2%,
10.8% and 9.8% of variation in the rhizosphere, root and leaf,
respectively. This interaction suggests a differential response of
the wheat mycobiota to flooding, which is, however, dependent
on the PGS at which flooding stress was induced. Principal
coordinates analysis of each investigated compartment
confirmed the PERMANOVA results, distinguishing the
samples associated with a particular PGS along the first axis,
while the second coordinate clearly separated flooded samples
from the corresponding controls (Figures 3A-C).

To understand at which PGS the application of flooding had
the largest effect on the mycobiota assemblage dynamics, we
compared structural dissimilarities of the fungal communities
between flooding and control treatments at each PGS. In the
rhizosphere, the largest impact of flooding stress on the
mycobiota community assemblage was observed in the earliest
(tillering) and latest stages (flowering) of plant growth
(Figure 4). In the roots and leaves, the lowest impact of
flooding on fungal community structure was observed at
flowering, while the highest impact was observed at tillering
and booting. LEfSe analysis confirmed that flooding stress
caused a larger disruption to early (tillering) compared with

TABLE 1 The effect of the soil-plant compartment, plant growth stage (PGS) and watering treatment (WT) on the wheat mycobiota structure.

Parameter df
Compartment 2
PGS 2
WT 1
Compartment * PGS 4
Compartment * WT 2
PGS *WT 2
Compartment * PG * WT 4

Frontiers in Plant Science

Pseudo-F R? P-value
52.276 0.447 0.001
5.120 0.044 0.001
3.048 0.013 0.008
3.559 0.061 0.001
2.671 0.023 0.003
2.277 0.019 0.015
1.960 0.034 0.004
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late (booting and flowering) wheat mycobiota in all
compartments, identifying at tillering always twice as many
fungal biomarker taxa as in the other PGSs (Figures S3-5).
Furthermore, mycobiota dissimilarities between flooding and
control treatments were always lower in the soil than in the
leaves and roots (Figure 4), suggesting that the effects of flooding
on fungal community assembly were more pronounced on
plant-associated fungi.

Finally, variance partitioning was performed to quantify the
contribution of soil and plant properties and their interactions
with watering treatment and PGS on the structure of the wheat
mycobiota. These four experimental factors captured a large
proportion of the variance, accounting for 55%, 42% and 38% in
the root, leaf and rhizosphere, respectively (Figures 3D-F).
Within the rhizosphere and leaf compartments, the pure effect

[l Chytridiomycota
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0&0 000 O°(\ e\" S oob &
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of these variables on the wheat mycobiota structure was
marginal, since most variance explained by them was shared.
In contrast, the root mycobiota was considerably influenced by
the pure effect of plant traits (9% of variance), PGS (7% of
variance) and WT (4% of variance) and by the interactions of
these factors and soil parameters (>20% of variance). These
findings suggested an important interactive effect of PGS and
WT on plant and soil properties, which in turn significantly
affected mycobiota assembly. db-RDA further revealed that root
C and Mn together with leaf N, Mg and Mn content were
significant factors (P< 0.05) affecting RAF assembly (Table 3).
The fungal community inhabiting the rhizosphere was mainly
influenced by soil parameters such as pH, soil K and PDL (P<
0.05), together with root N and Na concentration. On the
contrary, the leaf mycobiota was significantly (P< 0.05)

TABLE 2 The effect of plant growth stage (PGS) and watering treatment (WT) on the fungal community structure associated with the rhizosphere,

root and leaf compartments.

Parameter df Pseudo-F R? P-value
Rhizosphere

PGS 1 2.712 0.14 0.001
WT 2 2.534 0.065 0.001
PGS * WT 2 1.4 0.072 0.007
Root

PGS 1 4.375 0.197 0.001
WT 2 2.966 0.067 0.001
PGS* WT 2 2.399 0.108 0.001
Leaf

PGS 1 4.801 0.213 0.001
WT 2 2.986 0.066 0.001
PGS* WT 2 2.206 0.098 0.001
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Effect of the experimental variables on the spring wheat-mycobiota complex. Principal coordinates analysis (PCoA) of the mycobiota detected in
the (A) leaf, (B) rhizosphere and (C) root compartments. Variance partitioning analysis illustrating the effects of soil parameters, plant traits,
watering treatment and plant growth stage (PGS) on the mycobiota associated with the (D) leaf, (E) rhizosphere and (F) root compartments.

affected primarily by leaf traits as Na, Mg, Mn and K
concentration, and by root K and root Mn (Table 3).

Pathogens

We identified 28 ASVs from the 1772 fungal ASVs that are
known as plant pathogenic fungal taxa (Table S5). They accounted
for 6.5% of the total fungal reads and were affiliated with 16 fungal
species, mainly of the genera Gibberella, Olpidium, Mycosphaerella,
Ilyoectria and Typhula. Belowground compartments were
characterized by distinct pathogenic taxa and by a significant (P<
0.05) higher number of pathogens, while PSG and WT had a
marginal or no effect on pathogen richness (Table S6; Figure S6).
Flooding notably influenced plant fungal pathogenic community
assembly (Figure S7; Table S7), since it significantly (P< 0.05)
increased their abundance (from 5.4% to 7.6% of total fungal reads
in the control and flooding samples, respectively), and particularly
at the early stage of plant growth (Figure 5A). Gibberella intricans
(teleomorph of Fusarium equiseti), the causal agent of head blight
and crown rot in cereals, was (i) the most representative pathogen
identified (accounting for 5.1% of total fungal sequences), (ii)
detected in all samples, and (iii) significantly (P< 0.05) more
abundant in flooding (5.8% of total reads) than in the control
treatments (4.4%). Most other representative fungal pathogens were
associated with a specific compartment. This was the case for
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Mycosphaerella graminicola, the causal agent of wheat leaf blotch,
which was exclusively detected in wheat leaves and showed a
significant increase (P< 0.05) in all flooded plants compared with
the control plants (Figure 5A). Similarly, Typhula incarnata, a
fungal species responsible for Typhula blight in wheat (Lawton
and Burpee, 1990), was uniquely found in the flooded rhizospheric
samples. Olpidium brassicae, a soil-borne root-infecting pathogen
(Hartwright et al., 2010) and a vector of plant viruses (Campbell,
1996) that has been previously reported in wheat roots (Esmaeili
Taheri et al., 2015), was solely detected in root samples. O. brassicae
was also found significantly more abundant (P< 0.05) in flooded
roots and was mainly associated with late PGSs, such as booting and
flowering (Figure 5A).

Saprotrophs

Saprotrophs were represented by 394 ASVs and accounted
for a large proportion of the mycobiota, ranging from 25% in the
belowground compartments to more than 50% in the
phyllosphere (Figure 5B). The saprophytic communities
differed significantly in structure, composition and richness
between compartments and responded significantly to WT
and PGS (Figures $8-9; Table S8-S9). Panaleous fimicola, a
ubiquitous soil saprotroph belonging to Agaricomycetes, was
the most abundant saprobe found belowground (accounting for
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Heatmap representing the Bray-Curtis dissimilarity of mycobiota structure between watering treatment and plant growth stage (PGS) in the (A) leaf, (B)
rhizosphere and (C) root compartments. Box plots of the Bray-Curtis dissimilarities between flooding and control samples at each PGS in the (D) leaf,
(E) rhizosphere (F) and root compartments. The different letters indicate significant differences among PGS (Tukey’'s HSD test P< 0.05).

7.4% of total fungal sequences), but it was not detected in the mycobiota was characterized by a proportion of saprotrophic
phyllosphere. P. fimicola was significantly influenced by WT, as taxa affiliated with the cosmopolitan Ascomycota genera
it was almost depleted in rhizosphere samples under flooding Tetracladium and Talaromyces, which were scarcely detected
(from 8.1% to 0.8% of total fungal reads in the control and in the other compartments. In the roots, we found coprophilous
flooding samples, respectively) (Figure 5B). The rhizosphere taxa associated with the Sordariomycetes genera Myrmecridium
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TABLE 3 Relationships between the predictor soil and plant properties and the mycobiota in the leaf, rhizosphere and root compartments.

Leaf

F P
Soil pH ns ns
PDL ns ns
Soil S ns ns
Root C ns ns
Root N ns ns
Root Na ns ns
Root K 1.647 0.002
Root Mn 1.613 0.004
Leaf N ns ns
Leaf Na 5.501 0.001
Leaf Mg 4.821 0.001
Leaf Mn 2.566 0.001
Leaf K 1.588 0.005

10.3389/fpls.2022.1028153

Rhizosphere Root
F P F P
2.642 0.001 ns ns
1.525 0.013 ns ns
1.336 0.049 ns ns
1.364 0.045 1.429 0.05
1.420 0.018 ns ns
1.341 0.041 ns ns
ns ns ns ns
ns ns 2471 0.001
ns ns 2.027 0.002
ns ns ns ns
3.550 0.001 7.330 0.001
ns ns ns ns
ns ns 1.760 0.005

The results show marginal tests using the db-RDA model. Significant P values less than 0.05 are indicated in bold. ns, not significant.

and Schizothecium. Their abundance shifted across PGS,
regardless of WT. The saprophytic community of the
phyllosphere was structured by completely different fungal
taxa, with large compositional shifts across PGS and WT
(Figure 5B). Arthrinium malaysianum and Preussia pilosella
were the most representative species, and they were not
detected belowground. Furthermore, leaf-inhabiting
endophytes of Basidiomycetous yeasts Filobasidium, which are
endophytes and occur in the phyllospheres and grains of several
wheat varieties (Nicolaisen et al., 2014; Sapkota et al., 2017), were
uniquely found in leaves, and they were not affected by WT.

Mutualists

Mutualists represented a low proportion of the total
mycobiota, accounting for approximately 1% of the total
sequences and 80 ASVs. Of these ASVs, 53 were identified as
AMF species (phylum Glomeromycota, 0.56% of total fungal
reads), and Archaeospora trappei, Funnelifromis caledonium,
Parglomus laccatum and Rhizophagus rregolaries were the
most abundant AMF identified. The remaining 17 ASVs
corresponded to root endophytic fungi affiliated with the
Ascomycota genera Knufia and Lecythophora. Mutualist
richness depended on the plant compartment, since none were
identified in the phyllosphere. Interestingly, mutualist richness
and community structure were strongly affected by flooding
(Table S10-S11, Figure S10), as their richness and abundance
decreased dramatically in flooded soils and roots (Figure 5C,
Figure S11). The deleterious effect of flooding on the mutualist
taxa was more evident in the rhizosphere than in the roots
(Table S11; Figure 5C). PGS had also a significant effect (P<0.05)
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on richness and structure of mutualistic fungi, which was more
pronounced in the rhizosphere, as the abundance of these
beneficial taxa consistently increased with plant maturity.

Changes of soil and plant properties over
PGS and WT significantly influenced
fungal functional guilds

Variance partitioning and db-RDA model analysis revealed a
strong contribution of soil and plant properties and their
interactions with watering treatment and PGS on the structure
of the characterized fungal functional guilds (Figure S12; Table
S12). In general, the fungal guilds associated with roots and
leaves were more affected by the experimental variables than
those in the rhizosphere (Figure S12). For instance, variance
partitioning captured more than 35% of the variation within the
root and leaf pathogen communities, revealing that root
pathogens were significantly (P< 0.05) correlated with soil pH,
S and K, while phyllospheric pathogens were correlated with
root C, root S, leaf Na and Mn contents (Table S12). As expected,
the saprotrophic communities were significantly associated with
specific properties characterizing the compartment in which
they were detected. Indeed, the rhizosphere saprotrophs were
significantly (P< 0.05) affected by soil pH and root C, Mn and
Mg. Root saprobes were influenced by root C, P and Mg
concentration, while leaf S, Na and C contents affected the
phyllosphere saprophytic community (Table S13). Mutualistic
taxa were solely identified belowground. The root mutualists
correlated with root K and Na concentrations. Interestingly, the
rhizospheric mutualistic community was associated with shifts
in soil pH, PDL and root S content (Table S14).
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FIGURE 5

Relative abundance of the (A) pathogenic, (B) saprotrophic and (C) mutualistic taxa detected in the different compartments, plant growth stages

and watering treatments

Discussion

Our study demonstrated clear detrimental effects of flooding
on the spring wheat mycobiota complex. In addition to the
negative impact of flooding on wheat fitness, dramatic
compositional shifts in fungal communities were observed in
the flooded samples across the three soil-plant compartments
investigated. To a large extent, these differences were explained
by the pure and interactive effects of flooding and plant growth
stage (PGS) on plant and soil properties. Our work also
highlighted that flooding can significantly restructure the
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wheat mycobiota, in particular altering the composition and
abundance of agriculturally relevant taxa. Under flooding, the
relative abundance of pathogenic fungi increased compared with
the control plants, regardless of PGS and compartment.
Conversely, mutualistic taxa, especially AMF, significantly
decreased their richness and presence in all flooded samples.
These findings support the idea that flooding represents a
substantial threat to crop and cereal productivity under
climate change. Therefore, it is imperative to unravel factors
influencing the soil-plant-mycobiota complex and its
functionalities in response to climate change-associated
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extreme weather events (Rahmstorf and Coumou, 2011; De
Vries and Shade, 2013).

Flooding reshaped the wheat mycobiota

Our study provided an in-depth characterization of the effects
of flooding stress on the spring wheat mycobiota. The mycobiota
was greatly affected by flooding, as distinct fungal taxa
characterized the flooding and control samples across all three
soil-plant compartments, rhizosphere soil, roots and leaves. In
general, flooding stress caused large shifts in the mycobiota
structure at each PGS it was induced. However, it had the
greatest impact on the mycobiota assembly at tillering, especially
in the root compartment. These findings acknowledged our first
hypothesis, as they demonstrated that flooding caused a greater
disruption to early compared with late PGS mycobiota. Recent
studies have reported similar results, with the juvenile plant-
associated microbiota more affected by water stress compared
with the microbiota associated with late stages of plant
development (Xu et al., 2018; Francioli et al., 2021a; Francioli
et al,, 2022). Taken together, these observations may imply that the
mycobiota of young plants is still in a dynamic process of
establishment, in which community assembly is less resilient to
abiotic and biotic stresses. Hence, a more stable mycobiota can be
expected to be associated with the plant during late growth stages
by prior establishment of a more stable community, i.e., likely with
a higher and tighter degree of interactions (Angel et al., 2016;
Edwards et al.,, 2018; Lewin et al., 2021). Interestingly, we observed
a more severe impact of flooding on the mycobiota associated with
plant compartments (roots and leaves) compared with the
rhizosphere compartment. This highlights the selective pressure
exerted by the plant host, corroborating that community assembly
dynamics of plant-associated fungi are to a large extent under host
control (Sapkota et al,, 2015; Agler et al, 2016). Moreover, our
analysis showed that the spring wheat mycobiota, especially the
root-associated mycobiota, was significantly correlated with plant
traits and by their interactive effect with edaphic properties, PGS
and WT. Indeed, flooding dramatically affected plant and soil
properties, such as soil pH and many root and leaf attributes,
which in turn were significantly associated with shifts in the
mycobiota structure across the wheat plants (Table 3). Changes
in soil pH are a commonly reported consequence of waterlogging
(Sun et al., 2007; Hemati Matin and Jalali, 2017), and it has been
recognized as a key driver in structuring the mycobiota across a
wide range of soils and ecosystems (Fierer and Jackson, 2006;
Lauber et al., 2009; Bardelli et al., 2017; Guo et al., 2020). Plant
traits, such as root and leaf nutrient concentrations, have been
widely described as important factors in shaping the plant
mycobiota (Kembel and Mueller, 2014; Fitzpatrick et al,, 2018;
Freschet et al., 2021), and their variations may significantly impact
community assembly (Leff et al., 2018; Ulbrich et al, 2021;
Maywald et al, 2022). Collectively, these findings validated our
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second hypothesis, highlighting the detrimental influence of
flooding on plant and soil properties, which in turn are strongly
associated with mycobiota structure and assembly dynamics.

Detrimental effects of flooding on
agriculturally relevant fungal clades

Flooding resulted in a substantial restructuring of the plant-
associated mycobiota along with a dramatic taxonomic and
functional guild change, validating our third initial hypothesis. We
observed a general and considerable decline in the relative
abundance and richness of mutualists and a concomitant increase
in the relative abundance and richness of pathogens and
saprotrophs. Belowground, arbuscular mycorrhizal fungi (AMF)
relative abundance declined in the flooded samples by nearly two-
thirds across all plant stages, driven primarily by Paraglomus and
Funnelifromis genera. These findings are in accordance with
greenhouse (Miller and Sharitz, 2000; Deepika and Kothamasi,
2015) and field studies (Barnes et al., 2018) that observed reduced
mycorrhizal hyphal growth and root colonization under high soil
moisture content. The significant increase in plant available P
measured in the flooded soils might also be linked to the
reduction in AMF richness and abundance, since soil available P
governs the level of root colonization by arbuscular mycorrhizal
fungi in agro- and natural ecosystems (Verbruggen et al, 2013;
Camenzind et al, 2014; Liu et al, 2016; Wang et al, 2017).
Furthermore, mycorrhizal fungi may play a vital role in improving
plant resistance and tolerance to biotic stressors such as pathogens
(Pozo et al,, 2009). Thus, the increased detection of pathogens under
flooding might be a consequence of reductions in the diversity and
composition of AMF and in their inability to colonize roots under
flooding conditions (Azcon-Aguilar et al., 2002; Singh and Giri,
2017). In our study, fungal pathogens associated with important
cereal diseases, such as Gibberella intricans, Mycosphaerella
graminicola, Typhula incarnata, significantly increased their
abundance under flooding, which further supports the detrimental
effect of high soil moisture levels on the wheat mycobiota complex.
Predictably, flooding also favored the enrichment of the aquatic
fungus and root-infecting obligate plant parasite Olpidium brassicae,
which was mainly observed in flooded roots at late PGSs (booting
and flowering). These findings are in line with recent studies that
have shown significant increases in the abundance and richness of
fungal pathogens under flooding (Kirkpatrick et al., 2006; Barnes
et al, 2018) and drought (Choudhary et al., 2016; Francioli et al,,
20205 Lozano et al., 2021) across different ecosystems, indicating a
strong linkage between pathogen abundance and reduced plant
performance under these abiotic stresses (Chakraborty et al., 2000;
Garrett et al,, 2006). Interestingly, across all soil-plant compartments,
the abundance of the identified fungal pathogens was always higher
in the flooded wheat plants at the tillering stage, which further
indicated a low resilience of the plant-associated mycobiota to
hydrological stress at an early growth stage.
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In addition, flooding affected also the fungal saprotrophic
community, which represented the largest proportion of the
characterized fungal functional guilds. Saprotrophs are less
dependent on plants than other fungal groups, and most of their
activity occurs around the rhizosphere because of the release of root
exudates and other rhizodeposits. They promote mineralization
processes, altering nutrient availability and may indirectly
influence plant growth (Gams, 2007; Bardgett and van der Putten,
2014). This explains the large differences in saprotrophic community
composition between the above and belowground compartments
investigated herein. Fungal saprophytic communities of the root and
rhizosphere compartments were particularly associated with shifts in
root nutrient concentrations caused by flooding. This highlights the
tight dependency of fungal saprotrophs with the soil environment.
Indeed, saprophytes are expected to be more dependent upon their
respective substrates than other fungal groups (Gebauer and Taylor,
1999) and could therefore be influenced by abiotic factors such as
soil nutrients or soil moisture (Kubartova et al., 2009; Crowther et al.,
2012; Francioli et al,, 2021c). Furthermore, anoxia resulting from
flooding may profoundly influence plant growth and thus indirectly
alter the belowground mycobiota through changes in the quality and
quantity of rhizodeposits, including exudates, competition for
nutrients, or further mechanisms (Henry et al., 2007; Hartman
and Tringe, 2019). Overall, changes in the composition of plant-
associated mycobiota under flooding stress may have profound
ecosystem-level effects on plant fitness and productivity, as well as
on soil processes such as C, N and P cycles, within natural and
agricultural ecosystems (Barnes et al., 2018).

Our study addressed for the first time all relevant plant
compartments that are colonized by fungi and their response to
flooding stress. Experiments under controlled glasshouse conditions
represent an essential starting point, but there is a need to confirm
such insights from controlled plant-level studies with field
conditions that include a broader variance of soil parameters and
weather as well as further biotic interactions. Research on flooding
and waterlogging of the crop mycobiota in agroecosystems is
limited to only a handful of studies. While the soil mycobiota is
considerable resilient to drought (Bapiri et al., 2010; Kaisermann
etal, 2017; de Vries et al, 2018), they are evidently highly sensitive
to high soil moisture levels. This suggests that extreme precipitation
that leads to waterlogging events represents an overlooked and
important regulator of plant mycobiota assembly in agroecosystems
under climatic threats. In summary, our findings support the
adverse outlook of an increased plant pathogenicity under climate
change scenarios in agricultural ecosystems.

Data availability statement

The data presented in the study are deposited in the NCBI
repository, accession number PRINA902774.

Frontiers in Plant Science

12

10.3389/fpls.2022.1028153

Author contributions

SK and M-RH planned the study. GC collected the samples.
DF and GC performed the lab work, analyzed the data, and
provided general guidance. DF wrote the manuscript. SK, M-
RH, and GC contributed to reviewing the manuscript. All
authors contributed to the article and approved the
submitted version.

Funding

This study was funded by the Leibniz Competition Program
project “Volcorn-Volatilome of a Cereal Crop Microbiota Complex
under Drought and Flooding” (K102/2018) (Leibniz Association).

Acknowledgments

We thank Paul Reim and the technicians and
gardeners of the IPK Gatersleben for their technical
assistance during sampling and Kristina Holz (ZALF,
Central Analytic Laboratory) for kindly providing the
soil parameters. We thank Andreas Borner (IPK) for
providing the seeds of the spring wheat cultivar Chinese
Spring used in this study. We are also grateful to Caterina
Maggi for her assistance.

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.

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/
fpls.2022.1028153/full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2022.1028153/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.1028153/full#supplementary-material
https://doi.org/10.3389/fpls.2022.1028153
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Francioli et al.

References

Adams, A. E., Kazenel, M. R, and Rudgers, J. A. (2017). Does a foliar endophyte
improve plant fitness under flooding? Plant Ecol. 218 (6), 711-723. doi: 10.1007/
$11258-017-0723-0

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 (1), €1002352. doi: 10.1371/journal.pbio.1002352

Agrios, G. (2004). “Plant pathology: Fifth edition,” in Plant pathology, Fifth
Edition (San Diego: Academic Press) 1-922.

Ampt, E. A, Francioli, D., van Ruijven, J., Gomes, S. L. F., Macia-Vicente, J. G.,
Termorshuizen, A. J., et al. (2022). Deciphering the interactions between plant
species and their main fungal root pathogens in mixed grassland communities. J.
Ecol. doi: 10.1111/1365-2745.14012

Anderson, M. J. (2017). “Permutational multivariate analysis of variance
(PERMANOVA),” in Wiley StatsRef: Statistics reference online N. Balakrishnan,
T. Colton, B. Everitt, W. Piegorsch, F. Ruggeri, J. L. Teugels, et al. doi: 10.1002/
9781118445112.stat07841

Angel, R,, Conrad, R., Dvorsky, M., Kopecky, M., Kotilinek, M., Hiiesalu, I, et al.
(2016). The root-associated microbial community of the world’s highest growing
vascular plants. Microbial Ecol. 72 (2), 394-406. doi: 10.1007/s00248-016-0779-8

Arnolds, E., and van den Berg, A. (2013). Beknopte standaardlijst van
nederlandse paddenstoelen (Dutch Mycological Society: Nederlandse
Mycologische Vereniging). Available at: https://www.verspreidingsatlas.nl/
soortenlijst.aspx?groep=P.

Azcon-Aguilar, C., Jaizme-Vega, M. C,, and Calvet, C. (2002). “The contribution
of arbuscular mycorrhizal fungi to the control of soil-borne plant pathogens,” in
Mpycorrhizal technology in agriculture: From genes to bioproducts. Eds. S.
Gianinazzi, H. Schiiepp, J. M. Barea and K. Haselwandter (Basel: Birkhiduser
Basel), 187-197.

Bapiri, A., Baath, E., and Rousk, J. (2010). Drying-rewetting cycles affect fungal
and bacterial growth differently in an arable soil. Microbial Ecol. 60 (2), 419-428.
doi: 10.1007/s00248-010-9723-5

Bardelli, T., Gomez-Brandon, M., Ascher-Jenull, J., Fornasier, F., Arfaioli, P.,
Francioli, D., et al. (2017). Effects of slope exposure on soil physico-chemical and
microbiological properties along an altitudinal climosequence in the Italian Alps.
Sci. Tot. Environ. 575, 1041-1055. doi: 10.1016/j.scitotenv.2016.09.176

Bardgett, R. D., and van der Putten, W. H. (2014). Belowground biodiversity and
ecosystem functioning. Nature 515, 505. doi: 10.1038/nature13855

Barnes, C. J., van der Gast, C. J., McNamara, N. P, Rowe, R., and Bending, G.D.
(2018). Extreme rainfall affects assembly of the root-associated fungal community.
New Phytol. 220 (4), 1172-1184. doi: 10.1111/nph.14990

Blanchet, F. G., Legendre, P., and Borcard, D. (2008). Forward selection of
explanatory variables. Ecology 89 (9), 2623-2632. doi: 10.1890/07-0986.1

Bolyen, E., Rideout, J. R., Dillon, M. R,, Bokulich, N., Abnet, C. C., Al-Ghalith, G.
A, etal. (2019). Reproducible, interactive, scalable and extensible microbiome data
science using QIIME 2. Nat. Biotechnol. 37 (8), 852-857. doi: 10.1038/s41587-019-
0209-9

Breitkreuz, C., Buscot, F., Tarkka, M., and Reitz, T. (2020). Shifts between and
among populations of wheat rhizosphere pseudomonas, streptomyces and
phyllobacterium suggest consistent phosphate mobilization at different wheat
growth stages under abiotic stress. Front. Microbiol. 10. doi: 10.3389/
fmicb.2019.03109

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W, Johnson, A. J. A., and
Holmes, S. P. (2016). DADA2: High-resolution sample inference from illumina
amplicon data. Nat. Methods 13 (7), 581. doi: 10.1038/Nmeth.3869

Camenzind, T., Hempel, S., Homeier, J., Horn, S., Velescu, A., Wilcke, W., et al.
(2014). Nitrogen and phosphorus additions impact arbuscular mycorrhizal
abundance and molecular diversity in a tropical montane forest. Global Change
Biol. 20 (12), 3646-3659. doi: 10.1111/gcb.12618

Campbell, R. N. (1996). Fungal transmission of plant viruses. Annu. Rev.
Phytopathol. 34 (1), 87-108. doi: 10.1146/annurev.phyto.34.1.87

Cannell, R. Q., Belford, R. K., Gales, K., Dennis, C. W., and Prew, R. D. (1980).
Effects of waterlogging at different stages of development on the growth and yield of
winter wheat. J. Sci. Food Agric. 31 (2), 117-132. doi: 10.1002/jsfa.2740310203

Chakraborty, S., Tiedemann, A. V., and Teng, P. S. (2000). Climate change:
potential impact on plant diseases. Environ. pollut. 108 (3), 317-326. doi: 10.1016/
50269-7491(99)00210-9

Choudhary, A., Pandey, P., and Senthil-Kumar, M. (2016). “Tailored responses
to simultaneous drought stress and pathogen infection in plants,” in Drought stress
tolerance in plants, vol 1: Physiology and biochemistry. Eds. M. A. Hossain, S. H.

Frontiers in Plant Science

13

10.3389/fpls.2022.1028153

Wani, S. Bhattacharjee, D. J. Burritt and L.-S. P. Tran (Cham: Springer
International Publishing), 427-438.

Crowther, T. W., Boddy, L., and Hefin Jones, T. (2012). Functional and
ecological consequences of saprotrophic fungus-grazer interactions. ISME J. 6
(11), 1992-2001. doi: 10.1038/isme;j.2012.53

Dat, J. F., Capelli, N., Folzer, H., Bourgeade, P., and Badot, P.-M. (2004). Sensing
and signalling during plant flooding. Plant Physiol. Biochem. 42 (4), 273-282.
doi: 10.1016/j.plaphy.2004.02.003

Deepika, S., and Kothamasi, D. (2015). Soil moisture-a regulator of arbuscular
mycorrhizal fungal community assembly and symbiotic phosphorus uptake.
Mycorrhiza 25 (1), 67-75. doi: 10.1007/s00572-014-0596-1

de Vries, F. T, Griffiths, R. I, Bailey, M., Craig, H., Girlanda, M., Gweon, H. S,,
et al. (2018). Soil bacterial networks are less stable under drought than fungal
networks. Nat. Commun. 9 (1), 3033. doi: 10.1038/s41467-018-05516-7

De Vries, F., and Shade, A. (2013). Controls on soil microbial community
stability under climate change. Front. Microbiol. 4 (265). doi: 10.3389/
fmicb.2013.00265

Dighton, J. (2016). Fungi in ecosystem processes (Boca Raton, USA: CRC Press).

Dighton, J., and White, J. (2017). The fungal community: Its organization and
role in the ecosystem. 4th ed. (Boca Raton, USA: CRC Press).

Ding, J., Liang, P., Wu, P., Zhu, M,, Li, C,, Zhu, X,, et al. (2020). Effects of
waterlogging on grain yield and associated traits of historic wheat cultivars in the
middle and lower reaches of the Yangtze river, China. Field Crops Res. 246, 107695.
doi: 10.1016/j.fcr.2019.107695

Domsch, K., Gams, W., and Anderson, T. (2007). Compendium of soil fungi. 2nd
ed. (Eching, Germany: IHW Verlag).

Donn, S., Kirkegaard, J. A., Perera, G., Richardson, A. E., and Watt, M. (2015).
Evolution of bacterial communities in the wheat crop rhizosphere. Environ.
Microbiol. 17 (3), 610-621. doi: 10.1111/1462-2920.12452

Dray, S., Legendre, P., and Blanchet, G. (2011). “Packfor: Forward selection with
permutation,” in R package version 0.0-8/r100.

Drew, M. C. (1992). Soil aeration and plant root metabolism. Soil Sci. 154 (4),
259-268. doi: 10.1097/00010694-199210000-00002

Edwards, J. A., Santos-Medellin, C. M., Liechty, Z. S., Nguyen, B., Lurie, E.,
Eason, S., et al. (2018). Compositional shifts in root-associated bacterial and
archaeal microbiota track the plant life cycle in field-grown rice. PloS Biol. 16
(2), €2003862. doi: 10.1371/journal.pbio.2003862

Esmaeili Taheri, A., Hamel, C., and Gan, Y. (2015). Pyrosequencing reveals the
impact of foliar fungicide application to chickpea on root fungal communities of
durum wheat in subsequent year. Fungal Ecol. 15, 73-81. doi: 10.1016/
j.funeco.2015.03.005

Farr, D., and Rossman, A. (2014). “Fungal databases, systematic mycology and
microbiology laboratory,” (ARS, USDA). Available at: http://nt.ars-grin.gov/
fungaldatabases/.

Fierer, N., and Jackson, R. B. (2006). The diversity and biogeography of soil
bacterial communities. Proc. Natl. Acad. Sci. 103 (3), 626-631. doi: 10.1073/
pnas.0507535103

Fitzpatrick, C. R., Copeland, J., Wang, P. W., Guttman, D. S., Kotanen, P. M.,
and Johnson, M. T. J. (2018). Assembly and ecological function of the root
microbiome across angiosperm plant species. Proc. Natl. Acad. Sci. 115 (6),
E1157-E1165. doi: 10.1073/pnas.1717617115

Francioli, D., Cid, G., Hajirezaei, M.-R., and Kolb, S. (2022). Leaf bacterial
microbiota response to flooding is controlled by plant phenology in wheat
(Triticum aestivum L). Sci. Rep. 12 (1), 11197. doi: 10.1038/s41598-022-15133-6

Francioli, D., Cid, G., Kanukolly, S., Ulrich, A., Hajirezaei, M.-R., and Kolb, S.
(2021a). Flooding causes dramatic compositional shifts and depletion of putative
beneficial bacteria on the spring wheat microbiota. Front. Microbiol. 12 (3371).
doi: 10.3389/fmicb.2021.773116

Francioli, D., Lentendu, G., Lewin, S., and Kolb, S. (2021b). DNA Metabarcoding
for the characterization of terrestrial microbiota-pitfalls and solutions.
Microorganisms 9 (2), 361. doi: 10.3390/microorganisms9020361

Francioli, D., Schulz, E., Buscot, F.,, and Reitz, T. (2018). Dynamics of soil
bacterial communities over a vegetation season relate to both soil nutrient status
and plant growth phenology. Microbial Ecol. 75 (1), 216-227. doi: 10.1007/s00248-
017-1012-0

Francioli, D., van Rijssel, S. Q., van Ruijven, J., Termorshuizen, A. J., Cotton, T.
E. A,, Dumbrell, A. J,, et al. (2021c). Plant functional group drives the community
structure of saprophytic fungi in a grassland biodiversity experiment. Plant Soil 461
(1), 91-105. doi: 10.1007/s11104-020-04454-y

frontiersin.org


https://doi.org/10.1007/s11258-017-0723-0
https://doi.org/10.1007/s11258-017-0723-0
https://doi.org/10.1371/journal.pbio.1002352
https://doi.org/10.1111/1365-2745.14012
https://doi.org/10.1002/9781118445112.stat07841
https://doi.org/10.1002/9781118445112.stat07841
https://doi.org/10.1007/s00248-016-0779-8
https://www.verspreidingsatlas.nl/soortenlijst.aspx?groep=P.
https://www.verspreidingsatlas.nl/soortenlijst.aspx?groep=P.
https://doi.org/10.1007/s00248-010-9723-5
https://doi.org/10.1016/j.scitotenv.2016.09.176
https://doi.org/10.1038/nature13855
https://doi.org/10.1111/nph.14990
https://doi.org/10.1890/07-0986.1
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.3389/fmicb.2019.03109
https://doi.org/10.3389/fmicb.2019.03109
https://doi.org/10.1038/Nmeth.3869
https://doi.org/10.1111/gcb.12618
https://doi.org/10.1146/annurev.phyto.34.1.87
https://doi.org/10.1002/jsfa.2740310203
https://doi.org/10.1016/S0269-7491(99)00210-9
https://doi.org/10.1016/S0269-7491(99)00210-9
https://doi.org/10.1038/ismej.2012.53
https://doi.org/10.1016/j.plaphy.2004.02.003
https://doi.org/10.1007/s00572-014-0596-1
https://doi.org/10.1038/s41467-018-05516-7
https://doi.org/10.3389/fmicb.2013.00265
https://doi.org/10.3389/fmicb.2013.00265
https://doi.org/10.1016/j.fcr.2019.107695
https://doi.org/10.1111/1462-2920.12452
https://doi.org/10.1097/00010694-199210000-00002
https://doi.org/10.1371/journal.pbio.2003862
https://doi.org/10.1016/j.funeco.2015.03.005
https://doi.org/10.1016/j.funeco.2015.03.005
http://nt.ars-grin.gov/fungaldatabases/
http://nt.ars-grin.gov/fungaldatabases/
https://doi.org/10.1073/pnas.0507535103
https://doi.org/10.1073/pnas.0507535103
https://doi.org/10.1073/pnas.1717617115
https://doi.org/10.1038/s41598-022-15133-6
https://doi.org/10.3389/fmicb.2021.773116
https://doi.org/10.3390/microorganisms9020361
https://doi.org/10.1007/s00248-017-1012-0
https://doi.org/10.1007/s00248-017-1012-0
https://doi.org/10.1007/s11104-020-04454-y
https://doi.org/10.3389/fpls.2022.1028153
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Francioli et al.

Francioli, D., van Ruijven, J., Bakker, L., and Mommer, L. (2020). Drivers of total
and pathogenic soil-borne fungal communities in grassland plant species. Fungal
Ecol. 48, 100987. doi: 10.1016/j.funeco.2020.100987

Freschet, G. T., Roumet, C., Comas, L. H., Weemstra, M., Bengough, A. G,,
Rewald, B., et al. (2021). Root traits as drivers of plant and ecosystem functioning:
Current understanding, pitfalls and future research needs. New Phytol. 232 (3),
1123-1158. doi: 10.1111/nph.17072

Gams, W. (2007). Biodiversity of soil-inhabiting fungi. Biodiversity Conserv. 16
(1), 69-72. doi: 10.1007/s10531-006-9121-y

Garrett, K. A., Dendy, S. P, Frank, E. E,, Rouse, M. N, and Travers, S. E.
(2006). Climate change effects on plant disease: Genomes to ecosystems. Annu.
Rev. Phytopathol. 44 (1), 489-509. doi: 10.1146/annurev.phyto.44.070505.
143420

Gebauer, G., and Taylor, A. F. S. (1999). 15N natural abundance in fruit bodies
of different functional groups of fungi in relation to substrate utilization. New
Phytol. 142 (1), 93-101. doi: 10.1046/j.1469-8137.1999.00373 x

Gonzalez Mace, O., Steinauer, K., Jousset, A., Eisenhauer, N., and Scheu, S.
(2016). Flood-induced changes in soil microbial functions as modified by plant
diversity. PloS One 11 (11), €0166349. doi: 10.1371/journal.pone.0166349

Guo, J., Ling, N., Chen, Z, Xue, C,, Li, L, Liu, L., et al. (2020). Soil fungal
assemblage complexity is dependent on soil fertility and dominated by
deterministic processes. New Phytol. 226 (1), 232-243. doi: 10.1111/nph.16345

Hartman, K., and Tringe, S. G. (2019). Interactions between plants and soil
shaping the root microbiome under abiotic stress. Biochem. J. 476 (19), 2705-2724.
doi: 10.1042/BCJ20180615

Hartwright, L. M., Hunter, P. J., and Walsh, J. A. (2010). A comparison of
olpidium isolates from a range of host plants using internal transcribed spacer
sequence analysis and host range studies. Fungal Biol. 114 (1), 26-33. doi: 10.1016/
j-mycres.2009.09.008

Hemati Matin, N., and Jalali, M. (2017). The effect of waterlogging on
electrochemical properties and soluble nutrients in paddy soils. Paddy Water
Environ. 15 (2), 443-455. doi: 10.1007/s10333-016-0562-y

Henry, A., Doucette, W., Norton, J., and Bugbee, B. (2007). Changes in crested
wheatgrass root exudation caused by flood, drought, and nutrient stress. J. Environ.
Qual. 36 (3), 904-912. doi: 10.2134/jeq2006.0425sc

Jincai, L., Qi, D., and Songlie, Y. (2001). Effect of waterlogging at different
growth stages on photosynthesis and yield of different wheat cultivars. Acta
Agronomica Sin. 27 (4), 434-441.

Kaisermann, A., de Vries, F. T., Griffiths, R. I, and Bardgett, R. D. (2017). Legacy
effects of drought on plant-soil feedbacks and plant—plant interactions. New Phytol.
215 (4), 1413-1424. doi: 10.1111/nph.14661

Kaur, G., Singh, G., Motavalli, P. P., Nelson, K. A., Orlowski, J]. M., and Golden,
B. R. (2020). Impacts and management strategies for crop production in
waterlogged or flooded soils: A review. Agron. J. 112 (3), 1475-1501.
doi: 10.1002/agj2.20093

Kembel, S. W., and Mueller, R. C. (2014). Plant traits and taxonomy drive host
associations in tropical phyllosphere fungal communities. Botany 92 (4), 303-311.
doi: 10.1139/cjb-2013-0194

Kirkpatrick, M. T., Rupe, J. C., and Rothrock, C. S. (2006). Soybean response to
flooded soil conditions and the association with soilborne plant pathogenic genera.
Plant Disease 90 (5), 592-596. doi: 10.1094/pd-90-0592

Kubartova, A., Ranger, J., Berthelin, J., and Beguiristain, T. (2009). Diversity and
decomposing ability of saprophytic fungi from temperate forest litter. Microbial
Ecol. 58 (1), 98-107. doi: 10.1007/500248-008-9458-8

Lauber, C. L., Hamady, M., Knight, R., and Fierer, N. (2009). Pyrosequencing-
based assessment of soil pH as a predictor of soil bacterial community structure at
the continental scale. Appl. Environ. Microbiol. 75 (15), 5111-5120. doi: 10.1128/
AEM.00335-09

Lawton, M. B., and Burpee, L. L. (1990). Seed treatments for typhula blight and
pink snow mold of winter wheat and relationships among disease intensity, crop
recovery, and yield. Can. J. Plant Pathol. 12 (1), 63-74. doi: 10.1080/
07060669009501044

Leff, J. W, Bardgett, R. D., Wilkinson, A., Jackson, B. G., Pritchard, W. J., De
Long, J. R, et al. (2018). Predicting the structure of soil communities from plant
community taxonomy, phylogeny, and traits. ISME J. 12 (7), 1794-1805.
doi: 10.1038/s41396-018-0089-x

Legendre, P., and Gallagher, E. D. (2001). Ecologically meaningful
transformations for ordination of species data. Oecologia 129 (2), 271-280.
doi: 10.1007/s004420100716

Lewin, S., Francioli, D., Ulrich, A., and Kolb, S. (2021). Crop host signatures
reflected by co-association patterns of keystone bacteria in the rhizosphere
microbiota. Environ. Microbiome 16 (1), 18. doi: 10.1186/s40793-021-00387-w

Liu, W, Zhang, Y., Jiang, S., Deng, Y., Christie, P., Murray, P. J., et al. (2016).
Arbuscular mycorrhizal fungi in soil and roots respond differently to phosphorus

Frontiers in Plant Science

14

10.3389/fpls.2022.1028153

inputs in an intensively managed calcareous agricultural soil. Sci. Rep. 6 (1), 24902.
doi: 10.1038/srep24902

Lozano, Y. M., Aguilar-Trigueros, C. A., Roy, J., and Rillig, M. C. (2021).
Drought induces shifts in soil fungal communities that can be linked to root traits
across 24 plant species. New Phytol 232, 1917-1929. doi: 10.1111/nph.17707

Malik, A. L, Colmer, T. D., Lambers, H., Setter, T. L., and Schortemeyer, M.
(2002). Short-term waterlogging has long-term effects on the growth and
physiology of wheat. New Phytol. 153 (2), 225-236. doi: 10.1046/j.0028-
646X.2001.00318.x

Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput
sequencing reads. Next Generat. Sequencing Data AnalysisDO. doi: 10.14806/
€j.17.1.200

Maywald, N. J.,, Mang, M., Pahls, N., Neumann, G., Ludewig, U., and Francioli,
D. (2022). Ammonium fertilization increases the susceptibility to fungal leaf and
root pathogens in winter wheat. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.946584

Meyer, W., Barrs, H. D., Smith, R. C. G., White, N. S., Heritage, A., and Short, D.
L. (1985). Effect of irrigation on soil oxygen status and root and shoot growth of
wheat in a clay soil. Aust. J. Agric. Res. - Aust. J. AGR Res. 36, 171-85. doi: 10.1071/
AR9850171

Miller, S. P., and Sharitz, R. R. (2000). Manipulation of flooding and arbuscular
mycorrhiza formation influences growth and nutrition of two semiaquatic grass
species. Funct. Ecol. 14 (6), 738-748. doi: 10.1046/j.1365-2435.2000.00481.x

Morton, L. W., Hobbs, J., Arbuckle, J. G., and Loy, A. (2015). Upper Midwest
climate variations: Farmer responses to excess water risks. J. Environ. Qual. 44 (3),
810-822. doi: 10.2134/jeq2014.08.0352

Murphy, J., and Riley, J. P. (1962). A modified single solution method for the
determination of phosphate in natural waters. Anal. Chimica Acta 27, 31-36.
doi: 10.1016/S0003-2670(00)88444-5

Na, X,, Cao, X,, Ma, C,, Ma, S., Xu, P, Liu, S, et al. (2019). Plant stage, not
drought stress, determines the effect of cultivars on bacterial community diversity
in the rhizosphere of broomcorn millet (Panicum miliaceum 1.). Front. Microbiol.
10 (828). doi: 10.3389/fmicb.2019.00828

Nguyen, N. H., Song, Z., Bates, S. T., Branco, S., Tedersoo, L., Menke, ., et al.
(2016). FUNGuild: An open annotation tool for parsing fungal community datasets
by ecological guild. Fungal Ecol. 20, 241-248. doi: 10.1016/j.funeco.2015.06.006

Nicolaisen, M., Justesen, A. F., Knorr, K., Wang, J., and Pinnschmidt, H. O.
(2014). Fungal communities in wheat grain show significant co-existence patterns
among species. Fungal Ecol. 11, 145-153. doi: 10.1016/j.funeco.2014.06.002

Nilsson, R. H., Larsson, K.-H., Taylor, A. F. S., Bengtsson-Palme, J., Jeppesen, T.
S., Schigel, D., et al. (2018). The UNITE database for molecular identification of
fungi: handling dark taxa and parallel taxonomic classifications. Nucleic Acids Res.
47 (D1), D259-D264. doi: 10.1093/nar/gky1022

Niu, S, Luo, Y., Li, D,, Cao, S., Xia, J,, Li, J., et al. (2014). Plant growth and
mortality under climatic extremes: An overview. Environ. Exp. Bot. 98, 13-19.
doi: 10.1016/j.envexpbot.2013.10.004

Oksanen, J., Blanchet, G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D.,
et al. (2018). “Vegan: Community ecology package,” in R package version 2.5-2.

Pellegrino, E., Opik, M., Bonari, E., and Ercoli, L. (2015). Responses of wheat to
arbuscular mycorrhizal fungi: A meta-analysis of field studies from 1975 to 2013.
Soil Biol. Biochem. 84, 210-217. doi: 10.1016/j.s0ilbio.2015.02.020

Polme, S., Abarenkov, K., Henrik Nilsson, R., Lindahl, B. D., Clemmensen, K. E.,
Kauserud, H., et al. (2020). FungalTraits: A user-friendly traits database of fungi
and fungus-like stramenopiles. Fungal Diversity 105 (1), 1-16. doi: 10.1007/s13225-
020-00466-2

Pozo, M. J., Verhage, A., Garcia-Andrade, J., Garcla, J. M., and Azcon-Aguilar,
C. (2009). “Priming plant defence against pathogens by arbuscular mycorrhizal
fungi,” in Mycorrhizas - functional processes and ecological impact. Eds. C. Azcon-
Aguilar, J. M. Barea, S. Gianinazzi and V. Gianinazzi-Pearson (Berlin, Heidelberg:
Springer Berlin Heidelberg), 123-135.

Rahmstorf, S., and Coumou, D. (2011). Increase of extreme events in a warming
world. Proc. Natl. Acad. Sci. 108 (44), 17905-17909. doi: 10.1073/pnas.1101766108

R Core Team (2020). R: A language and environment for statistical computing
(Vienna, Austria: R Foundation for Statistical Computing).

Rhine, M. D,, Stevens, G., Shannon, G., Wrather, A., and Sleper, D. (2010). Yield
and nutritional responses to waterlogging of soybean cultivars. Irrigation Sci. 28
(2), 135-142. doi: 10.1007/s00271-009-0168-x

Riehm, H. (1943). Bestimmung der laktatloslichen phosphorsdure in
karbonathaltigen boden. Phosphorsiure 1, 167-178. doi: 10.1002/jpIn.19420260107

Sapkota, R., Jorgensen, L. N., and Nicolaisen, M. (2017). Spatiotemporal
variation and networks in the mycobiome of the wheat canopy. Front Plant Sci.
8, 1357. doi: 10.3389/fpls.2017.01357

Sapkota, R., Knorr, K., Jorgensen, L. N., O'Hanlon, K. A., and Nicolaisen, M.
(2015). Host genotype is an important determinant of the cereal phyllosphere
mycobiome. New Phytol. 207 (4), 1134-1144. doi: 10.1111/nph.13418

frontiersin.org


https://doi.org/10.1016/j.funeco.2020.100987
https://doi.org/10.1111/nph.17072
https://doi.org/10.1007/s10531-006-9121-y
https://doi.org/10.1146/annurev.phyto.44.070505.143420
https://doi.org/10.1146/annurev.phyto.44.070505.143420
https://doi.org/10.1046/j.1469-8137.1999.00373.x
https://doi.org/10.1371/journal.pone.0166349
https://doi.org/10.1111/nph.16345
https://doi.org/10.1042/BCJ20180615
https://doi.org/10.1016/j.mycres.2009.09.008
https://doi.org/10.1016/j.mycres.2009.09.008
https://doi.org/10.1007/s10333-016-0562-y
https://doi.org/10.2134/jeq2006.0425sc
https://doi.org/10.1111/nph.14661
https://doi.org/10.1002/agj2.20093
https://doi.org/10.1139/cjb-2013-0194
https://doi.org/10.1094/pd-90-0592
https://doi.org/10.1007/s00248-008-9458-8
https://doi.org/10.1128/AEM.00335-09
https://doi.org/10.1128/AEM.00335-09
https://doi.org/10.1080/07060669009501044
https://doi.org/10.1080/07060669009501044
https://doi.org/10.1038/s41396-018-0089-x
https://doi.org/10.1007/s004420100716
https://doi.org/10.1186/s40793-021-00387-w
https://doi.org/10.1038/srep24902
https://doi.org/10.1111/nph.17707
https://doi.org/10.1046/j.0028-646X.2001.00318.x
https://doi.org/10.1046/j.0028-646X.2001.00318.x
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.3389/fpls.2022.946584
https://doi.org/10.1071/AR9850171
https://doi.org/10.1071/AR9850171
https://doi.org/10.1046/j.1365-2435.2000.00481.x
https://doi.org/10.2134/jeq2014.08.0352
https://doi.org/10.1016/S0003-2670(00)88444-5
https://doi.org/10.3389/fmicb.2019.00828
https://doi.org/10.1016/j.funeco.2015.06.006
https://doi.org/10.1016/j.funeco.2014.06.002
https://doi.org/10.1093/nar/gky1022
https://doi.org/10.1016/j.envexpbot.2013.10.004
https://doi.org/10.1016/j.soilbio.2015.02.020
https://doi.org/10.1007/s13225-020-00466-2
https://doi.org/10.1007/s13225-020-00466-2
https://doi.org/10.1073/pnas.1101766108
https://doi.org/10.1007/s00271-009-0168-x
https://doi.org/10.1002/jpln.19420260107
https://doi.org/10.3389/fpls.2017.01357
https://doi.org/10.1111/nph.13418
https://doi.org/10.3389/fpls.2022.1028153
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Francioli et al.

Segata, N, Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S, et al.
(2011). Metagenomic biomarker discovery and explanation. Genome Biol. 12 (6),
R60. doi: 10.1186/gb-2011-12-6-r60

Singh, I, and Giri, B. (2017). “Arbuscular mycorrhiza mediated control of plant
pathogens,” in Mycorrhiza - nutrient uptake, biocontrol, ecorestoration. Eds. A.
Varma, R. Prasad and N. Tuteja (Cham: Springer International Publishing), 131-160.

Sun, L., Chen, S., Chao, L., and Sun, T. (2007). Effects of flooding on changes in
eh, pH and speciation of cadmium and lead in contaminated soil. Bull. Environ.
Contaminat. Toxicol. 79 (5), 514-518. doi: 10.1007/s00128-007-9274-8

Tabari, H. (2020). Climate change impact on flood and extreme precipitation
increases with water availability. Sci. Rep. 10 (1), 13768. doi: 10.1038/s41598-020-
70816-2

Ulbrich, T. C,, Friesen, M. L., Roley, S. S., Tiemann, L. K., and Evans, S. E. (2021).
Intraspecific variability in root traits and edaphic conditions influence soil
microbiomes across 12 switchgrass cultivars. Phytobiomes J. 5 (1), 108-120.
doi: 10.1094/pbiomes-12-19-0069-fi

van Ruijven, J., Ampt, E., Francioli, D., and Mommer, L. (2020). Do soil-borne
fungal pathogens mediate plant diversity—productivity relationships? evidence and
future opportunities. J. Ecol. 108 (5), 1810-1821. doi: 10.1111/1365-2745.13388

Velasquez, A. C., Castroverde, C. D. M., and He, S. Y. (2018). Plant-pathogen
warfare under changing climate conditions. Curr. Biol. CB 28 (10), R619-R634.
doi: 10.1016/j.cub.2018.03.054

Venables, W. N., and Ripley, B. D. (2002). Generalized linear modelsModern
applied statistics with s (New York, NY: Springer New York), 183-210.

Verbruggen, E., van der Heijden, M. G. A,, Rillig, M. C,, and Kiers, E. T. (2013).
Mycorrhizal fungal establishment in agricultural soils: factors determining

inoculation success. New Phytol. 197 (4), 1104-1109. doi: 10.1111/j.1469-
8137.2012.04348.x

Frontiers in Plant Science

15

10.3389/fpls.2022.1028153

Visser, E. J. W., Voesenek, L. A. C. J., Vartapetian, B. B., and Jackson, M. B.
(2003). Flooding and plant growth. Ann. Bot. 91 (2), 107-109. doi: 10.1093/aob/
mcg014

Wang, Q., Garrity, G. M., Tiedje, J. M., and Cole, J. R. (2007). Naive Bayesian
classifier for rapid assignment of rRNA sequences into the new bacterial
taxonomy. Appl. Environ. Microbiol. 73 (16), 5261-5267. doi: 10.1128/ AEM.0
0062-07

Wang, Y., Li, Y., Bao, X, Bjérn, L. O,, Li, S., and Olsson, P. A. (2016). Response
differences of arbuscular mycorrhizal fungi communities in the roots of an aquatic
and a semiaquatic species to various flooding regimes. Plant Soil 403 (1), 361-373.
doi: 10.1007/s11104-016-2811-7

Wang, C., White, P. J., and Li, C. (2017). Colonization and community structure
of arbuscular mycorrhizal fungi in maize roots at different depths in the soil profile
respond differently to phosphorus inputs on a long-term experimental site.
Mycorrhiza 27 (4), 369-381. doi: 10.1007/s00572-016-0757-5

White, T. M., Bruns, T., Lee, S., and Taylor, J. (1990). “Amplification and direct
sequencing of fungal ribosomal RNA for phylogenetics,” in PCR protocols: a guide
to methods and applications (San Diego, CA: Academic Press), 315-321.

Wolfe, B., Weishampel, P., and Klironomos, J. (2006). Arbuscular mycorrhizal
fungi and water table affect wetland plant community composition. J. Ecol. 94 (5),
905-914. doi: 10.1111/j.1365-2745.2006.01160.x

Xu, L, Naylor, D., Dong, Z., Simmons, T., Pierroz, G., Hixson, K. K,, et al.
(2018). Drought delays development of the sorghum root microbiome and enriches
for monoderm bacteria. Proc. Natl. Acad. Sci. 115 (18), E4284-E4293. doi: 10.1073/
pnas.1717308115%]

Zadoks, J. C., Chang, T. T., and Konzak, C. F. (1974). A decimal code for the
growth stages of cereals. Weed Res. 14 (6), 415-421. doi: 10.1111/j.1365-
3180.1974.tb01084.x

frontiersin.org


https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1007/s00128-007-9274-8
https://doi.org/10.1038/s41598-020-70816-2
https://doi.org/10.1038/s41598-020-70816-2
https://doi.org/10.1094/pbiomes-12-19-0069-fi
https://doi.org/10.1111/1365-2745.13388
https://doi.org/10.1016/j.cub.2018.03.054
https://doi.org/10.1111/j.1469-8137.2012.04348.x
https://doi.org/10.1111/j.1469-8137.2012.04348.x
https://doi.org/10.1093/aob/mcg014
https://doi.org/10.1093/aob/mcg014
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1007/s11104-016-2811-7
https://doi.org/10.1007/s00572-016-0757-5
https://doi.org/10.1111/j.1365-2745.2006.01160.x
https://doi.org/10.1073/pnas.1717308115%J
https://doi.org/10.1073/pnas.1717308115%J
https://doi.org/10.1111/j.1365-3180.1974.tb01084.x
https://doi.org/10.1111/j.1365-3180.1974.tb01084.x
https://doi.org/10.3389/fpls.2022.1028153
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Response of the wheat mycobiota to flooding revealed substantial shifts towards plant pathogens
	Introduction
	Materials and methods
	Experimental setup
	DNA extraction, amplicon library preparation and sequencing
	Functional characterization of the fungal ASVs
	Statistical analyses

	Results
	Effect of flooding on plant performance, plant traits and on soil properties
	Effect of plant compartment, PGS and flooding on the wheat mycobiota
	Pathogens
	Saprotrophs
	Mutualists
	Changes of soil and plant properties over PGS and WT significantly influenced fungal functional guilds

	Discussion
	Flooding reshaped the wheat mycobiota
	Detrimental effects of flooding on agriculturally relevant fungal clades

	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


