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Soil-borne Chinese wheat mosaic virus causes yellow mosaic disease in winter wheat and is transmitted by its
vector—Polymyxa graminis—in rhizosphere soil. However, the mechanism underlying the protective effect of
belowground plant-associated microbes against infection by soil-borne viruses is unknown. Here, we used
comprehensive bacterial 16S rRNA gene and fungal internal transcribed spacer region sequencing to explore
changes of belowground plant-associated microbes and their network associations in response to wheat yellow
mosaic disease. Following infection, the alpha diversity of root-associated microbiota significantly increases,
whereas the microbial community structure becomes more homogeneous from the bulk soil to the root endo
sphere. Nevertheless, significant differences occur in taxonomic composition with different degrees of plant
disease. For example, certain phyla, including Firmicutes, Gemmatimonadetes, Bacteroidetes, Chloroflexi, Nitro
spirae, Armatimonadetes, and Acidobacteria, as well as specific genera, namely, Streptomyces, Stenotrophomonas,
Bradyrhizobium, Sphingomonas and Bacillus, are greatly enriched following disease outbreak and may contribute
to pathogen suppression. Moreover, following disease occurrence, the scale, connectivity, and complexity of the
rhizosphere and root endosphere co-occurrence network increased compared with those of healthy plants.
Moreover, the rhizosphere and root endosphere co-occurrence network of diseased plants contains more plant
beneficial taxa and nitrogen cycle-related bacterial taxa as the keystone taxa, including the genera Bosea (Bra
dyrhizobiaceae), Stenotrophomonas, Thermomonas (Xanthomonadaceae), Novosphingobium (Sphingomonadaceae),
and Methylibium (Comamonadaceae), implying that these potential beneficial taxa may regulate microbial net
works and prevent the collapse of belowground microbial networks after disease emerging. It also implies that
there is potential niche competition between beneficial bacteria and pathogen. In conclusion, our findings
provide important insights into the relationship between the occurrence of soil-borne virus diseases and changes
in the belowground microbial communities. This work may facilitate future research on the use of specific
rhizosphere microbial communities to inhibit soil-borne virus infection.

1. Introduction
In China, yellow mosaic disease in wheat is caused by a soil-borne
virus, now designated as the novel Chinese wheat mosaic virus
(CWMV) (Yang et al., 2001). CWMV belongs to the genus Furovirus in the
family Virgaviridae and is responsible for one of the most serious winter
wheat diseases in China (Zhu et al., 2012; Xiao et al., 2016). It is
transmitted by the obligate cereal root parasite fungus Polymyxa gra
minis, which produces and deposits resistant resting spores in the soil.
P. graminis has short-lived zoospores that require soil to move and infect

the roots of wheat (Adams and Jacquier, 1994). To date, CWMV has
been detected in different regions of China, with grain yield and quality
being compromised in diseased crops (Han et al., 2000; Xu et al., 2018).
Yield losses have reached 70–80% during serious epidemics (Guo et al.,
2019). Moreover, a study has indicated that resistance can arise through
the roots of infected wheat (Cheng et al., 2016) and that plant defenses
against CWMV are reportedly related to abscisic acid secreted by the
root cap (He et al., 2021). Defense-related root exudates are important
modulators of microbial community assemblages in the rhizosphere of
plants (Carvalhais et al., 2015). Thus, it is important to identify the
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potential belowground biotic and abiotic factors associated with the
interactions between wheat, CWMV, and P. graminis during infection.
The rhizosphere contains a large number of microbial taxa, is
nourished by root exudates, and serves as an interface where
plant–microbe interactions occur (Jones et al., 2009; Bakker et al.,
2018). Plant-associated microbes positively influence plant health and
growth, nutrient uptake and assimilation, environmental (abiotic) stress
tolerance, and disease resistance (Mendes et al., 2013; Berg et al., 2017;
Bakker et al., 2018; Lu et al., 2018; Ge et al., 2019). Several recent re
ports indicate that the composition and network associations of the
microbial community in the rhizosphere soil impact plant health and
growth (Fernandez-Gonzalez et al., 2020; Lee et al., 2021). Moreover,
the relative abundance of keystone microbial taxa, including Actino
bacteria, Firmicutes, and Acidobacteria, can regulate the invasion of
fungal pathogens, such as Fusarium oxysporum, in agroecosystems
(Trivedi et al., 2017). Plants can also modulate their associated microbes
after disease outbreaks by recruiting beneficial microorganisms that
confer disease resistance, promote growth, and improve offspring sur
vival improvement (Berendsen et al., 2018). In fact, these changes in
plant-associated microbial networks are correlated with the incidence of
disease in plants. For instance, tobacco plants with poorly connected
microbial communities in the rhizosphere soil have higher incidences of
bacterial wilt than those with complex microbial community networks
(Yang et al., 2017). Additionally, changes in interactions among
plant-associated microbial communities might influence the resistance
of certain olive varieties to verticillium wilt (Fernandez-Gonzalez et al.,
2020). Hence, understanding how microbial community composition
and network relationships change at various disease levels could provide
insights into the mechanisms of soil-borne diseases, allowing for the
development of strategies that exploit plant-related microbiomes for
pathogen control.
Soil physiochemical properties also affect plant health (Höper and
Alabouvette, 1996; Janvier et al., 2007). Specifically, these properties
can influence the incidence and severity of soil-borne diseases by
altering the composition of microbial communities in the rhizosphere
soil (Meng et al., 2019). Soil ammonium (NH4+) and nitrate (NO3− )
contents can be used to determine the expression of Fusarium wilt (Meng
et al., 2019); whereas soil pH (Rousk et al., 2010) and carbon:nitrogen
ratio (C/N) (Högberg et al., 2007) impact plant health by influencing the
microbial community composition in rhizosphere soil.
Current measures combating soil-borne viral wheat yellow mosaic
disease involve screening and breeding resistant host wheat varieties
(Yang et al., 2002; Huth et al., 2007) and inhibiting viral expression and
pathogenicity by modulating the cytoplasm of the host environment
(Yang et al., 2020). For instance, non-host crop rotation, delayed sow
ing, reasonable nitrogen fertilization, and pre-sowing treatment of im
ported seeds with fungicides have been shown to help suppress and/or
prevent disease transmission (Guo et al., 2019). Yet, the complex in
teractions between plant-associated microbes, soil properties, and
microbiota network associations, as well as their potential roles in wheat
yellow mosaic disease under natural field conditions, require further
clarification.
CWMV is primarily distributed throughout the Shandong, Anhui,
Jiangsu, and Zhejiang provinces in China. This virus has become espe
cially severe in regions where Chinese winter wheat is grown (Guo et al.,
2019). One approach for preventing CWMV outbreaks has been to
mobilize indigenous microorganisms against the pathogen. Here, we
used high-throughput sequencing technology to analyze the composi
tion of networks and changes that occur in belowground microbial
communities at various stages of wheat yellow mosaic disease. The main
objectives of this study were to: (1) observe the changes in belowground
plant-associated microbial communities after wheat yellow mosaic virus
infection; (2) explore whether the occurrence of soil-borne virus diseases
result in the enrichment of specific microbial communities in the
rhizosphere and root endosphere; and (3) explore the relationships be
tween disease outbreaks, soil properties, and microbial communities.

We hypothesized that: (1) plant health status is correlated with differ
ences in the composition, diversity, and microbial interactions among
rhizosphere soil and root microbiota; (2) plants adjust their root and
rhizosphere microbiota when infected by CWMV by recruiting beneficial
microorganisms that induce disease resistance and growth promotion
and by forming more complex networks with microorganisms to main
tain plant growth.
2. Materials and methods
2.1. Site description and sample collection
Experiments were conducted on a winter wheat field in a nursery
designed to evaluate wheat cultivar resistance to wheat yellow mosaic
virus. The field was located in Banquan Town, Junan City, Shandong
Province, China (35◦ 11′ N, 118◦ 64′ E). The local climate is semi-humid
continental, the region is in a warm temperate monsoon zone, and the
soil type is aquic brown. The top 20 cm of soil comprises 35.64% sand,
57.43% silt, 6.93% clay, 12.65 g/kg organic carbon, and 1.19 g/kg
available nitrogen with a pH of 6.2. Since 2012, an annual winter
wheat/summer maize rotation was cultivated in the nursery. Before the
wheat was sown, the soil was plowed once to minimize spatial variation
in any physicochemical properties.
Yellow mosaic disease occurred during the returning green period of
wheat cultivation. During this period, bulk soil, wheat roots, and
rhizosphere soil were sampled. Before sampling, the wheat cultivation
area was divided into three plots based on the health status of the plants:
(1) healthy: no visible symptoms; (2) moderate disease: yellowish leaves
with clear streak mosaic; and (3) severe disease: yellowish-brown leaves
with > 50% plant death. For each group, five plots were randomly
selected as five replicates. For each replicate plot, five plants were
selected to collect bulk soil, rhizosphere soil, and plant roots, which
were combined into one sample as a replicate in March 2020. Samples
were classified by disease severity and compartment niches as follows:
HBS, bulk soil in healthy field; MBS, rhizosphere soil in moderately
diseased field; SBS, bulk soil in severely diseased field; HRS, rhizosphere
soil in healthy field; MRS, rhizosphere soil in moderately diseased field;
SRS, rhizosphere soil in severely diseased field; HRT, root in healthy
field; MRT, root in moderately diseased field; and SRT, root in severely
diseased field.
The topsoil 0–20 cm from wheat roots was collected as bulk soil.
Rhizosphere soil was defined as soil with particles that were tightly
attached to roots and was collected by vigorously shaking the roots
(Lavecchia et al., 2015). Root and soil samples were stored in an insu
lated box and transported to the laboratory. Roots were stored at − 80 ◦ C
until DNA extraction. Soil from each replicate was passed through a
sieve (<2 mm) and separated into two portions, the first was stored at −
20 ◦ C until DNA extraction, PCR, and amplicon sequencing, whereas the
second portion was air-dried to determine its physicochemical proper
ties, excluding ammonium (NH4+) and nitrate (NO3− ) contents, which
were determined using fresh soil.
2.2. Physiochemical properties of soil
Soil pH was measured with a pH meter (Mettler-Toledo, Shanghai,
China). NH4+ and NO3- were extracted using 1M KCl, and their con
centrations were measured in a continuous flow analytical system (AA3;
Seal Analytical GmbH, Norderstedt, Germany). Soil organic C (SOC) was
determined using the K2Cr2O7 oxidation method. Soil total C (TC) and
total N (TN) were determined using a Vario Max element analyzer (Vario
Max, Elementar, Langenselbold, Hesse, Germany). Available P (AP) and
total P (TP) in soil were measured using a UV-Vis spectrophotometer
(UV-2600; Shimadzu, Kyoto, Japan). Total potassium was measured
using an atomic absorption spectrometry (AAS; NOVAA350; Analytik
Jena AG, Jena, Germany), after extraction with 1% (v/v) HNO3 and
digestion with HF. Total sulfur (S), copper (Cu), calcium (Ca),
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magnesium (Mg), iron (Fe), zinc (Zn), boron (B), and molybdenum (Mo)
were measured using an inductively coupled plasma optical emission
spectrometer (ICP-OES-5110; Agilent Technologies, Santa Clara, CA,
USA) after extraction with 1% (v/v) HNO3 and digestion with HF.

2.5. Statistical analyses
One-way ANOVA was used to identify significant differences in the
soil physicochemical properties of plants with various disease severities
based on Duncan’s test. Analyses were conducted using the SPSS Soft
ware v. 19 (IBM Corp., Armonk, NY, USA). The bacterial and fungal
communities in bulk soil, rhizosphere soil, and root endosphere were
characterized using Illumina MiSeq sequencing to explore differences in
the belowground microbial structure following soil-borne virus disease.
After filtering the species (i.e., Archaeal taxa, chloroplast, and mito
chondrion), we rarefied bacterial sequences and fungal sequences for
each sample to calculate the richness and Shannon indices using the
“vegan” package of R 4.0, the most commonly used and simplest means
to assess the abundance and evenness of microbial communities. Sig
nificant differences were evaluated for disease severity and compart
ment niches in relation to alpha diversity based on Tukey’s test using
“multcomp” package of R 4.0 (Hothorn et al., 2008). Bray–Curtis dis
tances among samples were calculated and visualized using principal
co-ordinate analysis (PCoA) to assess bacterial and fungal beta diversity.
Community similarity was calculated based on Bray–Curtis distance
metric using the “vegan” package of R 4.0, and the beta diversity was
compared for different disease severities based on Tukey’s test using the
“multcomp” package of R 4.0. An analysis of similarities (ANOSIM) was
performed to identify significant differences by using the “anosim”
function in the “vegan” package of R 4.0. The relative abundance of
bacterial phyla and fungal classes was estimated using the “vegan”
package in R 4.0. Correlations among microbial communities (based on
bacterial and fungal ASVs) and the physicochemical characteristics of
root and soil were assessed using partial (geographic distance corrected,
999 permutations) Mantel tests using the “vegan”, “corrplot”, and
“tidyverse” package of R 4.0 (Diniz-Filho et al., 2013; Sunagawa et al.,
2015). Random forest modeling in the “randomForest” package of R 4.0
(Liaw and Wiener, 2002) was used to identify the key environmental
predictors. Model and predictor significance levels were evaluated using
the “A3” and “rfPermute” packages in R 4.0, respectively (Delgado-Ba
querizo et al., 2016).
The linear discriminant analysis (LDA) effect size (LefSe) was con
ducted to identify bacterial and fungal biomarkers (Segata et al., 2011)
of different disease severity at genus level (average relative abundance
for genera > 0.1%, Kruskal–Wallis test p value < 0.05, and logarithmic
LDA score > 2.0, http://huttenhower.sph.harvard.edu/galaxy).
A co-occurrence network analysis of genus level bacterial and fungal
communities was conducted based on Spearman’s correlation scores
between all genera pairs (Faust and Raes, 2016) in the “psych” package
of R 4.0 (Langfelder and Horvath, 2012). Only strong positive or nega
tive (Spearman’s r > 0.8 or r < − 0.8) and statistically significant (p <
0.01) correlations relationships were conserved. The nodes in the net
works represent genera and edges represent strong and significant cor
relations between genera. Red and blue edges represent co-occurrence
and mutual exclusion patterns among genera, respectively. To avoid
bias, only genera detected in > 60% of the samples were retained for
network analysis. The network was visualized, and its topological pa
rameters were calculated in Gephi 0.9.2 (Bastian et al., 2009). The
connectivity of each node was determined based on its within-module
connectivity (Zi) and among-module connectivity (Pi) (Guimera and
Amaral, 2005). The within-module connectivity, Zi, describes how well
node i is connected to other nodes in the same module, and the partic
ipation coefficient, Pi, reflects what degree that node i connects to
different modules. Zi and Pi were then used to classify the nodes based
on their topological roles in the network. Node topologies were cate
gorized as module hubs (Zi > 2.5, Pi ≤ 0.62), which are highly con
nected to many nodes in their own modules, network hubs (Zi > 2.5 and
Pi > 0.62), which act as both module hubs and connectors, connectors
(Zi ≤ 2.5, Pi > 0.62), which are highly linked to several modules, or
peripherals (Zi ≤ 2.5 and Pi ≤ 0.62), which have only a few links and
almost always to the nodes within their modules (Olesen et al., 2007;

2.3. DNA extraction, PCR, and high-throughput sequencing
Two grams of wheat root per replicate was transferred to a sterile 15mL centrifuge tube, rinsed with sterile H2O to remove dirt, and subse
quently treated with 70% (v/v) ethanol for 5 min. The samples were
then immersed in 2.5% (w/v) sodium hypochlorite for 15 min, subjected
to 70% (v/v) ethanol for 30 s, and rinsed with sterile H2O. For DNA
isolation, surface-sterilized root tissue was pre-chilled with liquid ni
trogen, and pulverized using a mortar and pestle (Retsch GmbH, Haan,
Germany) (Ruiz-Perez et al., 2016; Samad et al., 2017; Xiong et al.,
2021). Root endophyte and soil DNA was extracted from the plant with
three different health statuses using a DNeasy power soil kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions. DNA
extract concentration and quality were assessed using a NanoDrop
spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) and
1% agarose gel. Extracted DNA was stored at − 20 ◦ C until subsequent
analysis.
Bacterial 16S rRNA V4 and fungal internal transcribed spacer 1
(ITS1) regions were amplified (Table S1). PCR was conducted in tripli
cate in 25-μL reaction mixtures comprising 12.5 μL of 2 × Premix Taq™
(TaKaRa Bio Inc., Kusatsu, Shiga, Japan), 0.5 μL of each primer (10 μM),
2 μL DNA extract (5–20 ng), and 9.5 μL of sterilized water.
Sterilized water was used as a negative control in each run. The PCR
conditions and the primer sets are listed in Table S1. The PCR products
were visualized on 2% agarose gels and recovered using an AxyPrep gel
extraction kit (Axygen, USA). MiSeq sequencing of purified DNA was
performed at Novogene Biopharm Technology Co. Ltd. (Tianjing, China)
on an Illumina MiSeq sequencer (Illumina, San Diego, CA, USA). DNA
sequencing data were uploaded to the National Center for Biotechnology
Information (NCBI, Bethesda, MD, USA) Sequence Read Archive (SRA)
database under the BioProject PRJNA717964.
2.4. Bioinformatics analysis
The average sequencing depth for bacteria and fungi were 69772 and
64903 reads, separately. Raw paired-end reads were merged by fast
length adjustment of short reads and were filtered using barcodes in
QIIME 2 2020.11 (Bolyen et al., 2019). Raw sequence data were
demultiplexed and quality-filtered using the q2-demux plugin and
denoised using DADA2 (via q2-dada2) (Callahan et al., 2016). Amplicon
sequence variants (ASVs) were aligned using mafft (via q2-alignment)
(Katoh et al., 2002) and were used for phylogenetic tree construction
in fasttree2 (via q2-phylogeny) (Price et al., 2010). The ASVs were an
notated using the silva132 database (https://www.arb-silva.de/)
(McDonald et al., 2012) and UNITE (v8.0, 2018.08, https://unite.ut.ee/)
database in QIIME 2 with the BLAST method for bacteria and fungi,
respectively. To obtain the bacteria ASV table, we removed all features
with mitochondria or chloroplasts in their taxonomy using QIIME 2 with
the qiime taxa filter.py script. Next, to obtain an equivalent sequencing
depth for later analyses, all samples were rarefied to 53,981 sequences in
bacteria and 19,214 in fungi using the Rarefy function in the “Vegan”
package of R 4.0 (R Core Team, Vienna, Austria) (Dixon, 2003).
The functional traits of the fungal phylotypes were obtained from
FUNGuild (http://www.stbates.org/guilds/app.php) and various liter
ature sources (Dean et al., 2012; Nguyen et al., 2016). These traits were
used to analyze the functional structures of the fungal community.
Confidence rankings of “Highly Probable” and “Probable” were set to
achieve and maintain high accuracy, focusing on potential phytopath
ogen and mycorrhizal fungi guilds.
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Deng et al., 2012). The network complexity was defined according to the
guidelines in previous studies (Pimm, 1984; Banerjee et al., 2019), and
nodes with high Zi and Pi values were identified as hub nodes in
co-occurrence networks (Deng et al., 2012; Shi et al., 2016).

affected by variation in the soil physicochemical properties. In fact, a
combined Mantel test showed that the bacterial community was strongly
correlated with NO3- and SOC content (Fig. S2), whereas the fungal
community was strongly correlated with NO3-, SOC, and TN content
(Fig. S2). We also compared the microbial community dissimilarity
between BS and RS, as well as between RS and root endosphere, using
Bray–Curtis dissimilarity metric (Fig. 2c, d). Results revealed that the
differences in microbial community structure significantly decreased
between bulk and rhizosphere soil in diseased plants compared to
healthy plants (Tukey’s test, p < 0.05; Fig. 2c). Similarly, the structural
difference of severely diseased plants between rhizosphere soil and root
endosphere was lower than that in other plants (Tukey’s test, p < 0.05;
Fig. 2d). Following disease occurrence, the process of microbial
enrichment from bulk soil to rhizosphere was more homogeneous in
moderately diseased plants, whereas the process of enrichment from
rhizosphere to root endosphere was more homogeneous in severely
diseased plants. Collectively, these findings indicated that disease
occurrence was related to microbial enrichment from bulk soil to root
endosphere.
Bacterial and fungal community composition varied widely in rela
tion to disease severity and compartment niche (Fig. S4). In all root and
soil samples, the bacterial community was dominated by Proteobacteria,
Actinobacteria, Acidobacteria, Bacteroidetes, and Chloroflexi (80–95% of
all bacterial sequences, Fig. 3a). Interestingly, the phylum Gemmatimo
nadetes was more abundant in the bulk and rhizosphere soil of diseased
plants than of healthy plants (Tukey’s test: p < 0.05, Fig. S3a, b).
Strikingly, the phyla Acidobacteria and Armatimonadetes were more
abundant in diseased plant rhizosphere than that of healthy plants
(Tukey’s test: p < 0.05, Fig. S3b, c). Further analysis found that the
phyla Bacteroidetes and Chloroflexi in the rhizosphere and Acidobacteria,
Actinobacteria, and Bacteroidetes in the root endosphere of moderately
diseased plants were more abundant than in diseased or healthy plants
(Tukey’s test: p < 0.05, Fig. S3b, c).
The fungal community was dominated by Mortierellomycetes, Sor
dariomycetes, Tremellomycetes, Dothideomycetes, Ascomycota_unidentified
class, and Leotiomycetes. These classes accounted for 71–98% of all
fungal sequences (Fig. 3b). In the rhizosphere soil, the classes Pezizo
mycetes and Sordariomycetes were significantly enriched in diseased
plants compared with healthy plants (Tukey’s test: p < 0.05, Fig. S4b).

3. Results
3.1. Soil physiochemical properties
Soil physiochemical properties significantly varied with disease
severity (p < 0.05; Table S2). NO3-, Mg, and Fe levels were significantly
higher in the healthy field than in the diseased field (p < 0.05). AP, SOC,
TN, S, Cu, and Zn levels, as well as the C/N ratios, were significantly
higher in the diseased field than in the healthy field (p < 0.05), with TN,
S, Cu, and Zn levels increasing with disease severity (Table S2).
3.2. Microbial diversity and community composition differ among disease
severities
The alpha diversity of bacterial and fungal communities exhibited a
gradient decrease from the bulk soil to the root endosphere (Fig. 1). In
the bulk soil, no differences were observed in the alpha diversity of
microbial communities between the healthy and diseased fields (Fig. 1).
Moreover, the rhizosphere soil of diseased plants showed higher bac
terial richness and Shannon indices than those of healthy plants
(Tukey’s test, p < 0.05; Fig. 1). The fungal richness in the rhizosphere
soil of moderately diseased plants was higher than that of healthy or
severely diseased plants (Tukey’s test, p < 0.05; Fig. 1). Furthermore, a
gradient increase in the alpha diversity from healthy to severe plants
was observed in the root endosphere (Fig. 1). Correlation analysis and
random forest modeling between alpha diversity indices and soil prop
erties showed that differences among disease severities and compart
ment niches in terms of alpha diversity were significantly associated
with multiple environmental factors (Fig. S1). AP and NO3- were the
primary factors that impacted the alpha diversity of bacteria and fungi in
rhizosphere soil, respectively (Fig. S1b–S2c).
PCoA with Bray–Curtis distance revealed that the microbial com
munity of different compartment niches formed distinct clusters, as
verified by similarity analysis (ANOSIM, R = 0.607, p < 0.001 for bac
terial community and R = 0.469, p < 0.001 for fungal community;
Fig. 2a). The beta diversity of bacterial and fungal communities also
showed a significant difference from the bulk soil to the root endosphere
among different plant statuses (p < 0.05 in ANOSIM, Fig. 2b).
The differentiation of microbial community structure may be

3.3. Microbial biomarker of different disease severities
We used LefSe to evaluate differences in the relative abundance of
microorganisms at the genus level under different disease states, with a
Fig. 1. Effects of compartment niche and dis
ease severity on microbial alpha diversity.
Different letters indicate significant difference
at p < 0.05 based on Tukey’s test. HBS, bulk
soil in healthy field; MBS, bulk soil in moder
ately diseased fields; SBS, bulk soil in severely
disease fields; HRS, rhizosphere soil in healthy
fields; MRS, rhizosphere soil in moderately
diseased fields; SRS, rhizosphere soil in severely
diseased fields; HRT, wheat root in healthy
fields; MRT, wheat root in moderately diseased
fields; SRT, wheat root in severely diseased
fields.
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Fig. 2. Distribution patterns of crop-associated microbial communities. Principal co-ordinate analysis (PCoA) revealed the beta diversities of bacteria and fungi based
on the full dataset. The significance tests of the effects of compartment niches or different disease severities on the microbial community structure were performed
using the analysis of similarity (ANOSIM) based on Bray–Curtis dissimilarities among samples. The ellipses represent 0.80 of confidence intervals of each treatment.
(a) Beta diversity of bacterial and fungal communities among different compartment niches with different disease severities. (b) Beta diversity of bacterial and fungal
in different compartment niches. Community structure dissimilarity for BS and RS (c) and RS and root endosphere (d) based on the Bray–Curtis similarity of the full
dataset. BS, bulk soil; RS, rhizosphere soil. “H” represents the healthy plant, “M” represents the moderately diseased plant, and “S” represents the severely
diseased plant.
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Fig. 3. Taxonomic composition of the microbial community. Relative abundance of different bacterial phyla (a) and fungal classes (b) in various compartment niches
and at different disease severities. The phyla or classes ranked outside the TOP10 were grouped into “Others”.

specific focus on the differences in potential plant pathogen abundance
as well as that of well-known potential beneficial taxa. Based on
comparative analysis, 58 bulk soil, 62 rhizosphere, and 29 root

endosphere microbial genera differed between disease levels. Of those,
34 bulk soil, 55 rhizosphere, and 26 root endosphere microbial genera
were significantly enriched in diseased samples (LDA > 2, p < 0.05)

Fig. 4. Bacterial and fungal biomarkers in different disease severities based on linear discriminant analysis (LDA). The LDA showed the significantly different
abundance of genera known to include species antagonistic to pathogen in the rhizosphere (a and b) and root endosphere (c and d) of wheat plant with different
disease severities. The significance was determined using the Kruskal–Wallis test with p < 0.05 and logarithmic LDA score > 2.0. Genera with a relative abundance of
less than 0.1% are not included. Different colors represent different treatments.
6
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compared with healthy samples (Fig. 4 and Fig. S5), whereas additional
biomarkers were identified in the rhizosphere and root endosphere of
moderate-onset samples compared to other samples (Fig. 4). Among
these bacterial biomarkers, Burkholderia, Arthrobacter, and Pseudomonas
were significantly enriched in the rhizosphere of healthy plants, whereas
only Pseudomonas were significantly enriched in healthy plant root
endosphere compared to that of diseased plants (LDA > 2, p < 0.05,
Fig. 4a, c). Interestingly, from the bulk soil to the root endosphere,
certain bacterial genera, such as Sphingomonas, Luteibacter, Kitasato
spora, Dyella, and Mucilaginibacter, were significantly enriched in
moderately diseased plants compared to the healthy plants (LDA > 2,
p < 0.05; Fig. 4a, c and Fig. S5a). We also found that the relative
abundance of genera belonging to the family Xanthomonadaceae,
including Dokdonella, Rhodanobacter, Stenotrophomonas, and Thermo
monas; as well as genera belonging to Microbacteriaceae, such as Cry
ocola, Rathayibacter, Salinibacterium, and Yonghaparkia; and genera
Streptomyces and Nocardioides were higher in the rhizosphere or root
endosphere of moderately diseased plants than that of other plants (LDA
> 2, p < 0.05, Fig. 4a, c). Moreover, a higher relative abundance of the
bacterial genera Bacillus and Bradyrhizobium was observed in the bulk
and rhizosphere soil of severely diseased plants than that in other plants
(LDA > 2, p < 0.05; Fig. 4a and Fig. S5a). Furthermore, certain genera
belonging to Sphingobacteriaceae, including Pedobacter and Kaistobacter;
as well as the genera Rhizobium within the family Rhizobiaceae; Vari
ovorax within the family Comamonadaceae; and Paenibacillus within the
family Paenibacillaceae were significantly enriched in the rhizosphere or
root endosphere of severely diseased plants compared to those of other
plants ((LDA > 2, p < 0.05, Fig. 4a, c).
Compared to the plethora of bacterial biomarkers, fewer fungal
biomarkers were identified (Fig. 4b, d and Fig. S5b). Specifically, we
found that the fungal genera Mortierella was the only biomarker in the
rhizosphere and root endosphere of healthy plants ((LDA > 2, p < 0.05,
Fig. 4b, d), whereas Fusarium and Humicola were significantly enriched
in the severely diseased plants. Moreover, the relative abundance of the
genera Pseudaleuria and Chaetomium in the rhizosphere and root endo
sphere of moderately diseased plants was significantly higher than that
of other plants ((LDA > 2, p < 0.05, Fig. 4b, d). Furthermore, Tricho
derma was identified as a biomarker for healthy plant samples in bulk
soils and as a biomarker for severely diseased samples in root endo
sphere ((LDA > 2, p < 0.05, Fig. 4d and Fig. S5b). Additionally, by
comparing the abundance of potential pathogens and mycorrhizal fungi
among different disease levels, the abundance of potential pathogens
was increased in the rhizosphere and root of diseased plants following
disease occurrence, whereas the abundance of mycorrhizal fungi
significantly decreased (Tukey’s test: p < 0.05, Fig. S6).

higher in severely affected plants than in other samples (Fig. S7a and
Table S3). Regarding the rhizosphere, the moderately and severely
diseased plant assemblages formed larger networks with more nodes
than the healthy plant network (Fig. 5a and Table S3). Furthermore, the
percentage of bacterial nodes in the rhizosphere network exhibited a
similar trend as that observed for bulk soil network (Fig. 5a, S7a, and
Table S3). Further analysis found that diseased plant networks were not
only larger than those of healthy plants but they were also more com
plex. In other words, diseased networks contained more connections
(edges) between nodes than healthy networks (Table S3), which
significantly increased the Zi and Pi while creating more intricate
network patterns (see degree parameter) (Tukey’s test, p < 0.05;
Fig. 5b). Moreover, the percentage of co-presence edges decreased from
72.34% in healthy plants to 51.88% and 52.74% in moderately and
severely diseased plants, respectively (Table S3). Concerning the root
endosphere, the connectivity and complexity of the network increased
steadily with disease severity (Fig S8b and Table S3). Collectively these
results suggested that after disease occurrence, the co-occurrence net
works became more complex and large scale, and the co-presence
among microbiota in the rhizosphere networks was weakened.
To assess the potential topological roles of taxa in the belowground
microbial co-occurrence networks, we classified nodes into four cate
gories (peripherals, connectors, module hubs and network hubs) based
on their within-module connectivity (Zi) and among-module connec
tivity (Pi) values. The classification results showed that most nodes in
each network were peripherals with a large proportion of links inside
their modules; only a network hub was identified in the bulk soil net
works, whereas more nodes were classified as connectors and module
hubs in all networks (Fig. 5c, S7c, and S8c). In addition, from the bulk
soil to the root, increasingly fewer keystone taxa were classified, and the
number of keystone taxa in the diseased plant network was greater than
that of healthy plants in the rhizosphere and root endosphere, whereas
fewer fungal keystone taxa were identified than bacterial keystone taxa
(Fig. S9).
Regarding the bulk soil, the different plant statuses exhibited a shift
in keystone genera after disease outbreak. The keystone genera in
healthy plants were classified as Blastococcus, Curtobacterium, Pimelo
bacter, Streptomyces, Actinocorallia (Actinobacteria), Cytophaga (Bacter
oidetes), Phenylobacterium, Erythromicrobium, Kaistobacter, Desulfovibrio,
Legionella, Luteibacter, Lysobacter (Proteobacteria), Opitutus (Verrucomi
crobia); and the fungal genera Passalora, Talaromyces, Pseudaleuria,
Thielavia (Ascomycota), Rhizophlyctis (Chytridiomycota), Umbelopsis
(Mucoromycota); as well as other unknown genera (Fig. S7c and S9a).
However, after disease outbreak, the former were replaced by Mod
estobacter, Terracoccus, Clavibacter, Dactylosporangium, Pseudonocardia,
Streptosporangium (Actinobacteria), Cohnella (Firmicutes), Nitrospira
(Nitrospirae), Herminiimonas, Janthinobacterium, Nitrosovibrio, Rhodano
bacter (Proteobacteria), Pseudopithomyces (Ascomycota), Mortierella
(Mortierellomycota), and unknown genera in the moderately diseased
plants (Fig. S7c and S9a). Only Aetherobacter (Proteobacteria) and Ba
cillus (Firmicutes) were present in healthy and moderately diseased
plants.
The types of keystone genera also differed between disease levels. In
severely diseased plants, the keystone taxa comprised Edaphobacter
(Acidobacteria), Cellulomonas, Dermacoccus, Terracoccus, Agromyces,
Salinibacterium, Actinoplanes, Couchioplanes, Friedmanniella, Kribbella,
Cellulosimicrobium, Streptomyces (Actinobacteria), Balneimonas, Rhodo
planes, Variovorax, Herbaspirillum, Sorangium, Thermomonas (Proteobac
teria),
Opitutus
(Verrucomicrobia),
Talaromyces,
Gibellulopsis
(Ascomycota), Mortierella (Mortierellomycota), and unknown genera
(Fig. S7c and S9a). Concerning the rhizosphere, only two keystone taxa
were identified in the healthy plant network (Fig. 5c and S9b). More
over, 20 keystone genera appeared in the network for moderately
diseased plants, including Frankia (Actinobacteria), Sporocytophaga
(Bacteroidetes), Bosea, Ochrobactrum, Devosia, Agrobacterium, Cupriavi
dus, Uliginosibacterium (Proteobacteria), Pseudaleuria, Myrmecridium,

3.4. Microbial network topologies at various disease severities and
compartment niches
Generally, the distribution of the dominant genera (average relative
abundance > 0.1%) in the soil and root endosphere of different disease
severities varied, with the moderately diseased plant rhizosphere
harboring more bacterial and fungal biomarkers at the genus level
(Fig. 4). We then generated microbial networks at the genus level to
describe microbial community co-occurrence patterns under different
disease states and different compartment niches. Multiple network to
pological indices consistently showed that microbial co-occurrence
patterns in different compartment niches were markedly different,
with the network scale becoming increasingly reduced from the bulk soil
to the root endosphere (Table S3). Furthermore, compared with the bulk
soil, the network topological indices of healthy plants and diseased
plants differed significantly in the rhizosphere and root endosphere
(Table S3).
In the bulk soil, co-occurrence network analysis revealed slight dif
ferences in the scale between healthy plants and diseased plants, and the
average degree of each node and proportion of each bacterial node were
7
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Fig. 5. Schematic representation of the microbial co-occurrence network patterns (a), topological indices (b), and keystone hubs (c) in rhizosphere soil with different
disease severities. Blue and orange nodes represent bacterial and fungal genera, respectively. Node size is proportional to the degree of connection. Red and blue
edges represent co-occurrence and mutual exclusion patterns among genera, respectively. Keystone hubs were visualized based on among-module connectivity (Pi)
and within-module connectivity (Zi) in networks of different disease severities. Different node colors or shapes denote different categories or disease severity. (c)
Comparison of node-level topology (degree and module connectivity) among various microbial communities. Different letters above boxes indicate significant
differences at p < 0.05 based on Tukey’s test.

Neurospora (Ascomycota), and unknow genera (Fig. 5c and S9b).
Compared to healthy and moderately diseased plants, the severely
diseased plants recruited more keystone taxa, including Edaphobacter,
Frankia, Mycobacterium, Amycolatopsis (Actinobacteria), Mesorhizobium,
Cupriavidus, Stenotrophomonas (Proteobacteria), Prosthecobacter (Verru
comicrobia), Sagenomella, Podospora (Ascomycota), Guehomyces, Naga
nishia (Basidiomycota), and 30 unknown genera (Fig. 5c and S9b).
Concerning the root endosphere, Mycobacterium, Nocardioides (Actino
bacteria), Bacteroides (Bacteroidetes), Pseudaleuria (Ascomycota) were
identified as the keystone taxa in the healthy plant network (Fig. S8c and
S9c). However, there are more potentially beneficial taxa as the
keystone species in the network of moderately and severely diseased
plant. For instance, Clavibacter within the family Microbacteriaceae
(Actinobacteria), Methylibium within the family Comamonadaceae, Ther
momonas within Xanthomonadaceae (Proteobacteria), and Penicillium
(Ascomycota) were found in moderately diseased plants, whereas Muci
laginibacter within the family Sphingobacteriaceae (Bacteroidetes), Agro
bacterium within the family Rhizobiaceae, Novosphingobium within the
family Sphingomonadaceae (Proteobacteria), and a potential pathogen
Neurospora (Ascomycota) were found in severely diseased plants. These
results imply that following disease occurrence, plants may become
stimulated to recruit more potentially beneficial taxa as keystone taxa to
prevent collapse of the co-occurrence network in the rhizosphere and
root endosphere.

associated with antagonist biocontrol activity of pathogens in wheat
fields (Duffy et al., 1997). Additionally, the C/N ratio was positively
associated with disease severity, supporting the results of previous
studies (Shen et al., 2014; Meng et al., 2019). However, soil properties
are not the only factors that impact plant health; in fact, the below
ground microbial community composition represents a key determinant
of plant health by enhancing environmental stress tolerance and disease
resistance (Mendes et al., 2013).
When attacked by pathogens, plant roots will recruit beneficial plant
microorganisms by releasing root exudates, thus enhancing the micro
bial activity to resist pathogens (Berendsen et al., 2012; Cha et al.,
2016). Among the mechanisms that have been reported, the alpha di
versity of the rhizosphere microbial community plays a critical role in
providing plants with stability and resilience to stress and invasion
(Bakker et al., 2013). Our results revealed significant differences in
microbial alpha diversity associated with plant disease severity and
different compartment niches. Moreover, we found that the selection
and recruitment of microbial communities decreased the diversity of
bacteria and fungi from bulk soil to root endosphere, thus indicating that
the host has a strong selective effect on the belowground microbial
community, which may be caused by root system secretions that recruit
microbial organisms (Xiong et al., 2021). Furthermore, the high richness
and Shannon index detected in diseased plant rhizosphere and endo
sphere may be attributed to the strong selective pressure applied by the
host immune system, as well as secretions from the root endosphere
following pathogen invasion (Guttman et al., 2014; Berendsen et al.,
2018; Mangeot-Peter et al., 2020). Previous studies have also shown that
infection with soil-borne CWMV can promote enrichment of proteins
related to plant metabolism (He et al., 2021). Correlation analysis in the
current study further revealed that nutrient enrichment (AP and SOC)
strongly influences microbial diversity. Moreover, the alpha diversity of
diseased plants was shown to be higher than that of healthy plants,

4. Discussion
Soil NO3-, Mg, and Fe levels significantly decreased following disease
onset. By contrast, AP, SOC, TN, S, Cu, and Zn levels, as well as the C/N
ratio, were higher in diseased rhizosphere soil than in healthy rhizo
sphere soil. Elevated NO3- content may enhance soil resistance to disease
(Li et al., 2016), whereas soil Mg, Fe, S, Cu, and Zn contents are
8
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which might result from a synergistic relationship between the host
plant’s antagonistic response to the pathogen and soil properties.
Furthermore, we analyzed the microbial community beta diversity and
found that the difference between the microbial community structure in
bulk and rhizosphere soil of diseased plants was lower than that of
healthy plants. Similarly, the difference in microbial diversity between
the rhizosphere soil and root endosphere was lower in severely diseased
plants than in healthy or moderately diseased plants. Collectively, these
results indicate that disease occurrence impacts the enrichment process
of the microbial community from bulk soil to the root endosphere and
reduces the host’s rhizosphere filtration effect.
CWMV invasion inhibits the plant abscisic acid metabolic pathways,
affects plant resistance, and may cause plant wilting and metabolic
disorders (He et al., 2021). Additionally, the rhizosphere filtration effect
is affected by changes in soil pH, redox conditions, and the generation of
root sediments, including release of root exudates (Hinsinger et al.,
2003; Jones et al., 2009; Haichar et al., 2014). We further demonstrated
that the variation in microbial community structure was related to soil
environmental factors (NO3-, SOC, and TN), with nutrient sources (SOC
and TN) playing important roles in the assembly of microbial commu
nities (Li et al., 2014; Burns et al., 2016; Zhou et al., 2017). Consistently,
previous studies performed on the rhizosphere and endosphere of wheat
and watermelon have shown that both host selection and soil properties
have important roles in shaping the microbial community in terms of a
specific compartment (Meng et al., 2019; Xiong et al., 2021). Hence, the
results of the current study, as well as those previously reported, imply
that the root system becomes damaged following soil-borne CWMV
infection, which interferes with the metabolic function of the plant.
Collectively, these differences in soil characteristics result in a more
homogeneous structure of the diseased plant microbial community than
that of healthy plants.
The molecular mechanisms by which bacteria inhibit soil-borne
pathogens have been extensively studied over the last 5 years (Dignam
et al., 2016; Trivedi et al., 2017; Berendsen et al., 2018; Lee et al., 2021).
Cultivation-dependent techniques and microcosm experiments have
established that the relative abundance of several bacterial taxa corre
lates with disease incidence. This was also demonstrated in our study as
we detected noticeable differences in bacterial community composition
across disease severity levels. Consequently, we were able to verify the
roles of major bacterial taxa in disease occurrence. Tukey’s test revealed
that Actinobacteria, Firmicutes, Gemmatimonadetes, Bacteroidetes, Chloro
flexi, Nitrospirae, Armatimonadetes, and Acidobacteria are significantly
enriched in the rhizosphere or root endosphere following disease onset.
In fact, disease outbreaks can intensify the suppression of disease in soil
(Weller et al., 2002; Berendsen et al., 2012). That is, in response to
pathogenesis, plants recruit protective microorganisms in rhizosphere
soil, thereby enhancing the disease resistance (Baetz and Martinoia,
2014; Berendsen et al., 2018). Among these phyla, Actinobacteria are
generally considered to be antagonistic bacteria that produce antifungal
compounds or compete for resources through high niche overlap
(Viaene et al., 2016; Essarioui et al., 2017). Additionally, the imbalance
in Firmicutes and Actinomycota communities exacerbates the occurrence
of tomato bacterial wilt (Lee et al., 2021), whereas the relative abun
dance of Gemmatimonadetes negatively correlates with banana Fusarium
wilt in banana single-cultivation orchards (Ge et al., 2021). Moreover,
the members of Nitrospirae are well-known nitrite-oxidizing or complete
ammonia oxidizers (Daims et al., 2016). Thus, CWMV soil-borne infec
tion induced enrichment of the microbial taxa with anti-disease func
tion, indicating that these phyla are closely related to plant health.
At the lower taxonomical level, we found that the relative abundance
of genera belong to the family Xanthomonadaceae, including Steno
trophomonas, Dokdonella, Luteibacter, Rhodanobacter, Thermomonas, and
Dyella; those belonging to Streptomycetaceae, such as Kitasatospora, and
Streptomyces; and some genera belong to Sphingobacteriaceae, such as
Mucilaginibacter, Sphingomonas, and Kaistobacter; as well as other genera
Bradyrhizobium, Rhizobium, and Bacillus were significantly increased in

the rhizosphere soil or root endosphere of diseased plants compared to
that of healthy plants after disease outbreak. Members of Xanthomona
daceae, Streptomycetaceae, and Sphingobacteriaceae have been previously
shown to exhibit disease-suppressive characteristics (Li et al., 2015;
Viaene et al., 2016; Proença et al., 2017). For instance, Stenotrophomonas
species have been used as biocontrol agents of several pathogens,
including Fusarium oxysporum (Fu et al., 2017). Besides producing an
tibiotics for biological control, Streptomyces is also a well-known plant
rhizosphere growth-promoting bacteria, which produces many other
biologically active metabolites, including volatile organic compounds,
which directly or indirectly stimulate plant growth (Citron et al., 2015;
Cordovez et al., 2015). Similarly, Bradyrhizobium and Rhizobium species
are important plant growth-promoting bacteria and helpful to facilitate
plant nutrient uptake and pathogen suppression (Haichar et al., 2008;
Bressan et al., 2009; Zhang et al., 2021). It is, therefore, reasonable that
these beneficial genera were more abundant in the rhizosphere and root
endosphere of diseased plants than that of healthy plants, which may
contribute to resistance against other potential pathogens and natural
attenuation of CWMV. In fact, previous studies have shown that, under
continuous pathogenic attack, plants that are sensitive to pathogens are
likely to form disease-inhibiting soils following disease outbreak (Weller
et al., 2002; Berendsen et al., 2012). This phenomenon is supported by
our research results, as more plant beneficial bacteria are enriched in the
rhizosphere of plants after the disease occurrence.
In recent years, microbial network analysis has provided a new
perspective for us to understand complex community combinations,
helped us understand microbial ecology, and found that belowground
root-associated microbial networks are very sensitive to pathogen in
vasion in the application of soil-borne disease prevention and control
(Carrión et al., 2019; Fernandez-Gonzalez et al., 2020). We found that
compared to healthy plants, infected hosts formed microbial networks
with more nodes and higher connectivity. Although we observed altered
composition and diversity of the microbial community in diseased roots
and rhizosphere soil, a recent study showed that healthy plants also have
complex soil microbial community networks (Ge et al., 2021). Indeed,
soil microbial community networks with numerous nodes and average
connectivity are beneficial to host plants (Tao et al., 2018), Complex
microbial networks might respond to environmental changes and inhibit
soil-borne pathogens more effectively. We previously noted that the
composition and diversity of the microbial community in diseased roots
and rhizosphere soil was altered. The abundant nodes and connections
in microbial networks observed in the diseased plants of this study might
have been the result of increased microbial diversity and nutrient con
tent following the onset of disease. In particular, we found SOC and soil
AP levels were higher in the rhizosphere of diseased plants, corre
ponding to the high network complexity in the rhizosphere. Similarly,
the increased network complexity under high SOC and AP contents have
been abserved in intensive agricultural soils or organic matter addition
experiment (Banerjee et al., 2016, 2019), suggesting the microbial
network paramete might link to the soil chemical properties, as micro
bial growth and co-existence depended on soil nutrient status. In addi
tion, the enrichment of plant beneficial taxa and potential pathogens
might have augmented the network complexity of microbes in the roots
and rhizosphere soil. This has been reported in a previous study which
demonstrated a significant increase in microbial network complexity
within the endosphere communities following pathogen attack (Fer
nandez-Gonzalez et al., 2020). Moreover, comparing to healthy plants,
lower co-occurrence rates in the microbial networks of diseased rhizo
sphere soil indicate that relatively higher potential resource competition
and antagonism occur following pathogenesis (Banerjee et al., 2016;
Fernandez-Gonzalez et al., 2020).
Due to the importance of modules in ecology and evolutionary
biology, many studies on microorganisms have focused on identifying
modules in the network (Deng et al., 2012; Shi et al., 2016; Xiong et al.,
2021). Within these network modules, we identified a few number of
module hubs (i.e. nodes highly connected within a module) and
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connectors (i.e. nodes linking different modules together). Previous
studies have showed that these microbes may function as keystone taxa,
as compared to other taxa in the network, they play a disproportionate
role in maintaining belowground microbial network structure (Olesen
et al., 2007) and ecosystem stability (Banerjee et al., 2018). The disap
pearance of these keystone taxa may lead to the decomposition of
modules and networks (Power et al., 1996). However, in certain situa
tions whereas in other situations, the species may be non-keystone or
even non-existent. This contextual relevance or conditionality may be
more common in environments with high spatiotemporal variability
(Power et al., 1996). This may explain the keystone taxa in the below
ground microbial network of healthy plants might not be always key
stones in diseased plants. Furthermore, Although the bacterial traits and
functions cannot be determined through phylogeny, many of the puta
tive keystone identified in this study are related to previously shown
antagonistic pathogen groups, including some genera from Sphingomo
nadaceae, Xanthomonadaceae, Comamonadaceae, Pseudomonadaceae in
diseased plants rhizosphere and root endosphere (Ali et al., 2019; Wen
et al., 2020). The relevant to this study, (Raaijmakers and Weller, 1998)
isolated of the root-associated fluorescent Pseudomonas spp., which pro
duces the antibiotic 2,4-diacetylphloroglucinol (Phl), inhibits the
occurrence of wheat “take-all” disease. Also, Sphingomonadaceae and
Comamonadaceae are known to exhibit fungicidal activities or induce
antagonistic traits (Garbeva et al., 2011; Wen et al., 2020). And the
keystone taxa Stenotrophomonas within the family Xanthomonadaceae,
have been used as biocontrol agents of Fusarium oxysporum (Figuer
oa-López et al., 2016). Here, our research results emphasize the
importance of these microbial groups in the rhizosphere network of
plants after disease outbreaks. Plants infected by pathogens could pro
mote specific members of their microbiome to assist them in defense
(Dudenhöffer et al., 2016). Given the fact that rhizosphere bacteria are
functionally redundant and essential for plant health and survival under
stressful conditions (Berendsen et al., 2018; Durán et al., 2018), the
more plant beneficial taxa as keystone taxa in the network of diseased
plant rhizosphere and root endosphere could be beneficial to maintain
microbial functions in plant growing after disease outbreaks. A better
understanding of the complexity of the disease-induced root-related
microbial network that are also better able to employ its microbiome for
defense and improve the ability for controling disease.
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In this study, the relationship between the occurrence of soil-borne
virus diseases and the belowground living microbiota has been
described. Following disease onset, the alpha diversity of the microbial
community increases, whereas the enrichment process of the microbial
community from the bulk soil to the root is weakened. However, it is
interesting that more potential beneficial taxa and potential pathogens
were enriched in the diseased samples following disease occurrence.
More interesting is the associated increase in the size and complexity of
the co-occurrence network, with keystone species replaced by poten
tially beneficial taxa. These results suggest that the occurrence of viral
diseases may be responsible for inducing specific responses by the
belowground microbial community (bacteria and fungi) and are in line
with our hypothesis. Furthermore, our findings also implied that the
enrichment of potential beneficial taxa, as keystone species in the
rhizosphere and root endosphere networks, may serve to compete with
pathogens for niches to reduce the impact of disease on plants following
disease outbreak. Additionally, these results provide new insights for the
biological control of soil-borne virus diseases. In terms of biological
control strategies, it may be possible to antagonize pathogenic infection
by adjusting the specific composition of the belowground microbial
community.
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