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Abstract 

Background  The rhizosphere microbiome is critical for promoting plant growth and mitigating soil-borne patho-
gens. However, its role in fighting soil-borne virus-induced diseases, such as wheat yellow mosaic virus (WYMV) 
transmitted by Polymyxa graminis zoospores, remains largely underexplored. In this study, we hypothesized that dur-
ing viral infections, plant microbiomes engage in critical interactions with plants, with key microbes playing vital 
roles in maintaining plant health. Our research aimed to identify microbial taxa that not only suppress the disease 
but also boost wheat yield by using a blend of techniques, including field surveys, yield assessments, high-through-
put sequencing of plant and soil microbiomes, microbial isolation, hydroponic experiments, and transcriptome 
sequencing.

Results  We found that, compared with roots and leaves, the rhizosphere microbiome showed a better performance 
in predicting wheat yield and the prevalence of P. graminis and WYMV across the three WYMV-impacted regions 
in China. Using machine learning, we found that healthy rhizospheres were marked with potentially beneficial micro-
organisms, such as Sphingomonas and Allorhizobium-Neorhizobium-Parararhizobium-Rhizobium, whereas diseased 
rhizospheres were associated with a higher prevalence of potential pathogens, such as Bipolaris and Fusicolla. Struc-
tural equation modeling showed that these biomarkers both directly and indirectly impacted wheat yield by modu-
lating the rhizosphere microbiome and P. graminis abundance. Upon re-introduction of two key healthy rhizosphere 
biomarkers, Sphingomonas azotifigens and Rhizobium deserti, into the rhizosphere, wheat growth and health were 
enhanced. This was attributed to the up-regulation of auxin and cytokinin signaling pathways and the regulation 
of jasmonic acid and salicylic acid pathways during infections.

Conclusions  Overall, our study revealed the critical role of the rhizosphere microbiome in combating soil-borne viral 
diseases, with specific rhizosphere microbes playing key roles in this process.
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Background
Outbreaks of various soil-borne diseases severely affect 
plant health, leading to productivity losses of up to 30% 
in a wide range of cash crops, vegetables, and fruits [1, 
2]. Accumulating evidence suggests that plant-associated 
microbiomes are crucial for maintaining crop health 
through mechanisms such as pathogen combat, nutri-
ent acquisition, and interactions with the plant immune 
system, which ultimately affect crop growth and produc-
tivity [3–6]. Following infection, plants can stimulate and 
support beneficial microorganisms to combat soil-borne 
pathogens. They can alter the microbial diversity, com-
munity composition and functions, transforming the 
microbiome from a disease-conductive to a disease-sup-
pressive state [7–9]. These findings revealed a microbial 
layer of plant defense that is instrumental for develop-
ing microbiome-based approaches to manage diseases 
in the field. Hence, understanding and identifying key 
microbial taxa that regulate host defense and health are 
important for harnessing them to address plant diseases 
[10]. However, despite the importance of plant microbi-
omes in fighting soil-borne bacterial, fungal, and proto-
zoan pathogens [11], how plant microbiomes respond 
and affect RNA virus-caused soil-borne diseases remain 
unclear. Whether key microbes assist plants in combat-
ing virus infections have been much less explored. Such 
knowledge gaps restrict the capacity to develop sustain-
able approaches for managing soil-borne virus-induced 
plant diseases.

Wheat yellow mosaic disease is a widespread soil-
borne viral disease mainly caused by the wheat yellow 
mosaic virus (WYMV). This virus is transmitted by zoo-
spores of the plasmodiophoraceous microorganism Pol-
ymyxa graminis [12] and has spread across a large scale 
worldwide in recent years. Wheat yellow mosaic causes 
significant damage to wheat yields, typically reducing 
them by 10–30% or up to 50–70% in serious cases [13, 
14]. To control and prevent wheat yellow mosaic dis-
ease, significant efforts have been made to understand 
the pathogenesis of WYMV and to breed or genetically 
engineer cultivars with enhanced resistance to WYMV 
by introducing resistance genes [15]. Despite the fact 
that quantitative trait loci associated with disease resist-
ance have been found [16], breeding or engineering cul-
tivars with a large number of genes remains challenging 
[17]. Increasing plant WYMV resistance by manipulating 
plant or soil microbiomes has been touted as an alterna-
tive approach, which can potentially prevent the disease 
from the “source.” Our previous studies found that wheat 
rhizosphere microbial communities and their assembly 
processes are involved in the occurrence of wheat yellow 
mosaic disease [18, 19]. However, whether there are key 
microbial taxa that directly or indirectly inhibit the virus 

and P. graminis, thereby maintaining wheat health and 
yield, is yet to be investigated.

Recent studies have viewed the interactions between 
pathogens, plants, the microbiome, and their surround-
ing environments as a new paradigm for understanding 
plant disease dynamics [20]. Augmenting this perspec-
tive, the model of viral infection in wheat will shed light 
on how viruses and their associated vectors fit into 
the disease paradigm. Notably, the WYMV vector, P. 
graminis, is soil-borne. The rhizosphere will be the pri-
mary site where P. graminis establish parasitic relation-
ships with plants. Thus, P. graminis may directly interact 
with the rhizosphere microbiome via niche competition 
and collaboration. The native members in the resident 
rhizosphere microbiota which form partnerships and 
competitive relationships with P. graminis will collec-
tively impact virus-induced diseases in wheat plants. 
Moreover, the reassembled rhizosphere microbes regu-
late the plant resistance to viral diseases not only through 
directly interact with vectors [21–23] but also through 
induced systemic resistance (ISR) of host plants, which is 
mediated by plant immunity-associated phytohormones 
such as salicylic acid (SA) and jasmonic acid (JA) [24, 
25]. Based on the above concepts, we hypothesized that 
(i) compared to other parts of the plant, the rhizosphere 
microbiome has a stronger response and plays a more 
important role in preventing wheat yellow mosaic disease 
and maintaining yield, (ii) diseased wheat plants are asso-
ciated with a pathobiomes composed of potential patho-
gens in the rhizosphere that facilitates WYMV infection, 
and (iii) specific microbes colonizing the healthy rhizo-
sphere minimize viral infections by inducing the ISR of 
the aboveground parts, thereby maintaining plant health 
[26, 27].

To test these hypotheses, we conducted comprehen-
sive field surveys across three geographically distinct 
wheat cropping fields in Shandong, Jiangsu, and Henan, 
China, which were chosen because of their significant 
geographical separation. This approach allowed us to 
investigate the effects of disease infection on wheat yields 
in various environments. By examining these widely 
separated fields, we aimed to understand regional varia-
tions in the effects of WYMV and the role of rhizosphere 
microbiomes in different soil and climatic conditions. 
To explore the role of microbiomes in the interactions 
of wheat with the virus and its vector, we examined the 
differences in bacterial, fungal, and protozoan communi-
ties across different plant compartments of healthy and 
diseased wheat. We then identified the key microbial taxa 
that suppressed the disease and maintained wheat yield 
using a machine-learning approach. Finally, we success-
fully isolated these key microbes from the rhizosphere, 
tested their plant growth-promoting and virus-resistant 
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effects, and investigated the molecular mechanisms of 
their interactions via in  vivo tests and RNA sequencing 
(RNA-seq) of plant tissues. Using these combined tech-
niques, along with careful validation experiments, our 
findings revealed the vital role of rhizosphere microbi-
omes in fighting soil-borne viral diseases and highlighted 
the potential of specific microbes in maintaining plant 
health.

Methods
Sample collection
Soil and plant samples were collected from winter wheat 
fields at three sites located in Junan, Shandong Province 
(site 1: 35◦11’ N, 118◦64’ E); Yangzhou, Jiangsu Prov-
ince (site 2: 32◦89’ N, 119◦63’ E) and Zhumadian, Henan 
Province (site 3: 33◦22’ N, 114◦02’ E) in China. These 
locations span from a temperate monsoon zone to a sub-
tropical humid zone. Among them, Junan (site 1) has a 
temperate monsoon climate, with an annual rainfall of 
840 mm and temperature of 13.4℃. Yangzhou (site 2) 
has a subtropical humid climate, with an annual rain-
fall of 1020 mm and temperature of 14.8℃. Zhumadian 
(site 3) has the dual characteristics of subtropical humid 
and temperature monsoon climates. The annual rain-
fall in Zhumadian is 860–980 mm and the annual tem-
perature is 14.8℃. The soils at these sites are classified 
as aquic brown soil, yellow brown earth, and fluvo-aquic 
soil, respectively. Winter wheat has been sown annually 
between November and December in each field for over 
a decade. At each site, 750 kg ha−1 of compound fertilizer 
(N:P2O5:K2O = 14:7:9) was added and fully mixed with 
the soil as a base fertilizer before wheat planting. Further 
details of the sampling sites including the wheat varieties 
used in this study are listed in Table S1.

Sampling was performed during the winter wheat seed-
ling stage in 2021, with the exact date of sampling hinge 
on the growth stage of the wheat at each site (Table S1). 
During this period, the zoospores of the P. graminis, 
which carry the WYMV begin to attach to the surface 
of root cells and infect wheat roots. Before sampling, 
the wheat fields at each site were divided into 15 plots 
(20 m2) based on their historic disease conditions. These 
included five healthy plots, five moderately diseased 
plots, and five severely diseased plots. In the perennial 
healthy plots, no plants showed visible disease symptoms 
during the outbreak of wheat yellow mosaic disease for 
more than 5 years. In the perennial moderately diseased 
plots, all plants showed yellowish leaves with clear streak 
mosaic during the outbreak of wheat yellow mosaic dis-
ease for more than 5 years. In the perennial severely dis-
eased plots, all plants showed deep yellow on the whole 
leaves, and the mortality rate was higher than 50% during 
the outbreak of the wheat yellow mosaic disease for more 

than 5 years. These 15 plots were randomly arranged in 
the field, and healthy and diseased plots were adjacent to 
each other. Five plants were randomly selected as repli-
cates from each plot. The rhizosphere soil, roots, and 
leaves were collected from each plant. Specifically, wheat 
plants were extracted from the soil along with their sur-
rounding earth using a shovel. The roots of each plant 
were gently shaken to remove the loosely adhered soil, 
and the residual soil attached to the roots was collected 
with a sterilized brush, which was considered as the 
rhizosphere soil [28]. Wheat roots and leaves were sepa-
rated using sterilized scissors and collected individually. 
Finally, the soil, root, and leaf samples collected from the 
same plots were combined to create composite samples, 
resulting in 15 rhizosphere soil, 15 root, and 15 leaf sam-
ples from each site. All samples were transferred to clean 
sterilized bags to an icebox and immediately transported 
to the laboratory.

A small part of each leaf sample (~ 0.3 g) was cut off 
with sterilized scissors, transferred to a 2-ml centri-
fuge tube after surface sterilization, and placed in liquid 
nitrogen for total RNA extraction and quantification of 
WYMV. The protocols used for total RNA extraction 
and quantification of WYMV were provided in Method 
S1. The remaining samples were frozen at − 80°C for 
endophytic DNA extraction and 16S rRNA, ITS, and 
18S rRNA gene amplicon sequencing. Soil samples were 
separated into three fractions: one part was immediately 
stored at − 80°C for DNA exaction, 16S rRNA, ITS, and 
18S rRNA gene amplicon sequencing, and P. graminis 
quantification; another part was air-dried to assess soil 
chemical properties; and the remaining fresh soil was 
stored at 4°C for determining the ammonium nitrogen, 
nitrate nitrogen, dissolved organic carbon, and dissolved 
organic nitrogen contents. Soil properties were analyzed 
using previously described protocols [19, 29]. The quanti-
fication of WYMV and P. graminis is described in Meth-
ods S1. At the ripening stage, we harvested all wheat 
plants and weighed the grain yield at the three sites to 
assess the impact of the disease on wheat productivity. A 
flowchart of the field surveys and the sampling strategy is 
shown in Fig. 1a.

Nucleic acid extraction, 16S rRNA, ITS, and 18S rRNA genes 
amplicon sequencing, and sequence processing
Before the DNA of plant materials were extracted, the 
plant materials were surface sterilized as follows: wheat 
leaves and roots were treated with 30% sodium hypochlo-
rite, followed by repeated rinsing with 70% ethanol and 
sterile water. Residual fluids were removed using steri-
lized filter paper [6]. Then, the soil and total plant DNA 
were extracted from fresh soil (0.5 g) and surface-ster-
ilized plant material (0.5 g) using a Fast DNA SPIN Kit 
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(MP Biomedicals, Santa Ana, CA, USA) according to the 
instructions provided by the manufacturer. We assess the 
quality and quantity of DNA using a NanoDrop spectro-
photometer (NanoDrop Technologies, Wilmington, DE, 
USA) and 1.0% agarose gel electrophoresis, respectively. 
Following extraction, the DNA was stored at − 20°C for 
further processing.

The V4 hypervariable region of the 16S rRNA gene, 
the internal transcribed spacer region (ITS), and the 
V4 hypervariable region of 18S rRNA were amplified 
to assess for bacteria, fungi, and protozoa, respectively. 
The primers were listed in Table  S2. The polymerase 
chain reaction (PCR) conditions employed were as fol-
lows: 95°C for 3 min, followed by 35 cycles of 95°C for 30 
s, 55°C for 30 s, and 72°C for 30 s. Sequencing libraries 
were prepared according to the manufacturer’s instruc-
tions of the NEBNext Ultra DNA Library Prep Kit for 
Illumina (New England Biolabs, Ipswich, MA, USA). The 
quantity of the libraries was verified using a Fluorometer 
(Qubit ® 4.0; Invitrogen, Carlsbad, CA, USA). Sequenc-
ing was conducted on an Illumina MiSeq PE250 platform 
using a paired-end protocol (Illumina Novaseq 6000 
Miseq, USA; Meige Gene Technology Co. Ltd., Guang-
dong, China). Raw sequences were processed using the 
QIIME2 pipeline v.2020.8 (http://​qiime.​sourc​eforge.​net/) 
[30], as described in Methods S2. The raw sequences 
have been submitted to the National Center for Biotech-
nology Information (NCBI, Bethesda, MD, USA) under 
the accession number PRJNA1001824.

Isolation and identification of wheat rhizosphere bacteria
The rhizosphere bacteria were isolated using high-
throughput methods and their subsequent identifica-
tion were performed according to previously reported 
protocols with certain modifications [31]. Rhizosphere 
bacteria were isolated using 96-well cell culture plates 
through a limiting dilution of the rhizosphere microbiota 

in liquid media, and the flowchart of rhizosphere bacte-
rial isolation is shown in Fig. 1b. Briefly, 1.0 g of healthy 
plant rhizosphere soil from site 1 (cv. “LM 4,” which is 
consistent with the wheat cultivar grown in the field in 
site 1) was added into 99.0 mL sterile phosphate buffer 
and homogenized at 180 r/min on a shaker [32]. Next, 
to enhance the diversity of the cultivated isolates and 
improve the efficiency of isolation, we employed the 
limiting dilution method by distributing soil suspension 
in liquid media across 96-well cell culture plates. The 
soil suspension was serially diluted with 10% tryptic soy 
broth (TSB) liquid medium to six different concentra-
tions. Each diluent was aliquoted into a 96-well cell cul-
ture plate, with each well containing 200 μL suspension 
for cultivation. The concentration of diluted soil suspen-
sion that allows ~ 30% of the wells in a 96-well cell cul-
ture plate to show bacterial growth was selected as the 
optimal dilution concentration (ODC). At this concen-
tration, most wells showing bacterial growth contain cul-
tures originating from a single bacterial cell. After that, 
we diluted the soil suspension to the ODC by using 10% 
TSB liquid medium as well as 1/2 × ODC, and 2 × ODC 
to avoid experimental variation. Each diluent was ali-
quoted into 30 96-well cell culture plates, resulting a total 
of 8640 wells (3 diluents × 96 wells × 30 plates), with each 
well containing 200 μL suspension for cultivation. After 
a week of incubation, 3515 of the 8640 wells became tur-
bid and showed bacterial growth. The cultures from these 
wells were preserved for future use by storing them in 
30% glycerol at − 80°C. To identify the 16S rRNA gene 
sequences of these rhizosphere bacteria, a two-step bar-
code PCR scheme was employed, and the purified PCR 
products were sequenced on the Illumina MiSeq PE250 
platform (Illumina Novaseq 6000 Miseq, USA; Meige 
Gene Technology Co. Ltd., Guangdong, China). After 
annotating the final sequence, the cultured bacteria were 
clustered into amplicon sequence variants (ASVs) using 

(See figure on next page.)
Fig. 1  The workflow for this study. a The workflow for the field sampling. Sampling was conducted at three sites during the winter wheat seedling 
stage. At each site, we randomly collected samples from five plants from five healthy plots, five moderately diseased plots, and five severely 
diseased plots. For each plant, we collected its rhizosphere soil, roots, and leaves. These samples were used for microbial community analysis 
through 16S rRNA, ITS, and 18S rRNA gene amplicon sequencing. Furthermore, the rhizosphere soil samples were used for the determination 
of soil chemical properties and quantitative analysis of Polymyxa graminis. RNA was extracted from the leaves for quantitative analysis of wheat 
yellow mosaic virus (WYMV). At the ripening stage, we harvested all wheat plants and weighed the grain yield at the three sites. b Cultivation 
and identification of wheat rhizosphere bacteria and the isolation of Sphingomonas azotifigens and Rhizobium deserti. c The workflow 
of the hydroponic experiment. A WYMV-susceptible wheat cultivar (cv. “LM 4”) was used for the hydroponic experiment. Before treatment, 24 wheat 
seedlings with similar growth were selected and transplanted into hydroponic boxes containing 1.0 L of sterilized 1/2 Hoagland nutrient solution. 
Four treatments were included in the experiment: control (sterile TSB solution), inoculation with S. azotifigens only (S), with of R. deserti only (R), 
and mixed inoculation with S. azotifigens and R. deserti (S + R). Ten milliliters of sterile TSB solution, R, S, and S + R bacterial suspensions (OD600 = 0.5) 
were inoculated into the sterilized 1/2 Hoagland nutrient solution every day for each treatment. After 7 days of cultivation, 12 plants from each 
treatment were infected with an equal amount of WYMV via root infection to serve as the infected group, and the remaining 12 wheat plants served 
as the uninfected control group. Plant samples were collected 14 days after WYMV infection. The height, fresh shoot and root weight, and root 
architecture of wheat seedlings were measured. The RNA of leaf samples was extracted for WYMV quantification and transcriptome analysis

http://qiime.sourceforge.net/
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the QIIME2 pipeline v.2020.8 (http://​qiime.​sourc​eforge.​
net/). For each unique ASV, we selected 2–3 wells con-
taining the corresponding bacteria and scratched the 
surface of the frozen bacterial culture with a pipette tip, 

followed by streaking them onto a 1/2 TSB plate. After 
purification, individual colonies were validated by Sanger 
sequencing using 27F and 1492R primers (Personalbio 
Technology Co., Ltd., Shanghai, China). We preserved 

Fig. 1  (See legend on previous page.)

http://qiime.sourceforge.net/
http://qiime.sourceforge.net/
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the bacteria when the Sanger sequencing results were 
consistent with the high-throughput sequencing results 
at − 80°C. MEGA 11.0.13 was used to construct phyloge-
netic trees.

Hydroponic experiment to assess the effects of S. 
azotifigens and R. deserti on wheat growth and defense 
against WYMV
A hydroponic experiment was carried out in a controlled 
growth chamber using a WYMV-susceptible wheat cul-
tivar (cv. “LM 4,” which is consistent with the wheat cul-
tivar grown in the field in site 1). Four treatments were 
included in the experiment: control (sterile TSB solu-
tion), inoculation with S. azotifigens only (S), inoculation 
with R. deserti only (R), and mixed inoculation with S. 
azotifigens and R. deserti (S + R) (Fig.  1c). The bacterial 
suspensions were prepared as follows: we first inoculated 
each of the isolate onto a TSA plate. After 3–5 days of 
incubation, a single colony was picked from each plate 
and incubated in TSB liquid medium by shaking at 28°C 
at 180 rpm for 3–5 days. The bacterial suspensions were 
diluted into OD600 = 0.5 before use. Thirty seeds were 
used in each treatment, each containing three replicates. 
The selected wheat seeds were surface sterilized using the 
abovementioned approach. The surface-sterilized seeds 
were soaked in 10 mL of sterile TSB solution and S, R, 
or S + R bacterial suspensions (OD600 = 0.5) for an hour. 
Then, the seeds were germinated on sterilized moist filter 
paper in a glass garden at 30°C for 3 days. Twenty-four 
seedlings with similar growth were selected and trans-
planted into 6-well hydroponic boxes containing 1.0 L of 
sterilized 1/2 Hoagland nutrient solution [33]. Ten mil-
liliters of sterile TSB solution and R, S, or S + R bacterial 
suspensions (OD600 = 0.5) were inoculated daily for each 
treatment throughout the hydroponic experiment (for 
21 days). The nutrient solution was replaced every 3 days 
to maintain freshness and sufficient nutrients for plant 
growth. Seedlings were cultured in an artificial climate-
controlled chamber at 18°C with 70% relative humidity 
and a 16 h:8 h light to dark cycle.

After 7 days of cultivation, 12 plants from each treat-
ment were infected with an equal amount of WYMV 
virus through root infection (the infected group) and the 
remaining 12 wheat plants served as the uninfected con-
trol group. The steps for WYMV infection were as fol-
lows: (1) infected WYMV clones were constructed, (2) the 
wheat root surface was mildly scratched to create dam-
age, (3) the roots were soaked in an Agrobacterium infil-
tration liquid (OD600 = 0.5) containing RNA1 and RNA2 
infection clones, and (4) the soaked roots were placed in 
a vacuum pump for 30 min to allow Agrobacterium to 
invade the roots before returning them to the hydroponic 
system. The method for WYMV clone construction and 

root infection was the same as described previously [34]. 
After infection, the growth temperature was adjusted 
to 8℃ to optimize WYMV accumulation/infection. The 
uninfected control group received the same procedures 
as the infected ones (including root damage, soaking in 
an Agrobacterium infiltration liquid, and vacuum pump-
ing), with the exception that the roots were soaked in 
the Agrobacterium without WYMV clones. Plant sam-
ples were collected 14 days after WYMV infection. The 
height and fresh shoot and root weights of the wheat 
seedlings were measured. The roots of each plant were 
scanned using a root scanner (WinRHIZO, 1,691,032–00, 
Japan) to visualize root architecture. Leaf samples from 
the same position on each plant were collected to extract 
total RNA for WYMV quantification and transcriptome 
analyses. A flowchart of the hydroponic experiment is 
shown in Fig. 1c.

RNA extraction, sequencing, and sequence processing
Total RNA was extracted from leaf samples in the above-
mentioned hydroponic experiment using the HiPure 
Plant RNA Mini Kit (Magen Biotechnology Co., Ltd., 
Guangzhou, China). The assessment of RNA quantity 
was conducted using a NanoDrop 2000 spectropho-
tometer (Thermo Fisher Scientific, USA). Libraries were 
prepared following the manufacturer’s instructions of 
the VAHTS Universal V6 RNA-seq Library Prep Kit and 
sequenced on an Illumina Novaseq 6000 platform by OE 
Biotech, Inc. (Shanghai, China). The raw sequencing data 
have been deposited in the NCBI Short Read Archive 
(SRA) under the accession number PRJNA1039684. 
After sequencing, raw reads in FASTQ format were pro-
cessed with fastp software and low-quality reads were 
eliminated to obtain clean reads [35]. Clean reads were 
mapped to the wheat reference genome using HISAT2 
[36]. The calculation of fragments per kilobase per mil-
lion mapped fragments (FPKM) for each gene was per-
formed, and the read counts of each gene were acquired 
using HTSeq-count [37, 38]. In the present study, to 
confirm the RNA-seq results, four auxin and cytokinin 
pathway-related genes and four JA and SA pathway-
related genes, which were significantly upregulated by S. 
azotifigens and R. deserti, were selected (log2 fold change 
at least > 1, p < 0.05). Their expression levels were deter-
mined by reverse transcription quantitative PCR (RT-
qPCR). The detailed RT-qPCR procedure is described 
in Methods S1, and primer information is provided in 
Table S2.

Statistical analysis
All analyses were conducted using R software (v. 4.1.0) 
unless stated otherwise. We used the “ggpubr” package (v. 
0.6.0) to test the differences in wheat yield and P. graminis 
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abundance between different disease severities using Stu-
dent’s t-tests. Pearson’s correlation analysis was used to 
test for significant correlations between abundance of 
P. graminis and wheat yield. We used the “vegan” pack-
age (v. 2.6.4) to calculate the Shannon index and rich-
ness index alpha diversity of microbial communities, and 
principal component analysis (PCoA) based on the Bray–
Curtis dissimilarity was used to characterize the beta 
diversity. LDA Effect Size analysis (LEfSe) (http://​hutte​
nhower.​sph.​harva​rd.​edu/​galaxy) was employed to iden-
tify genus-level microbial community biomarkers in the 
rhizosphere across varying disease severities (Kruskal–
Wallis test, p < 0.05, log LDA score > 2.0) [39]. Biomarkers 
(at the genus level) were selected to construct correlation 
networks in rhizosphere soils based on Spearman cor-
relations using the “igraph” (v. 2.0.3) and “reshape2” (v. 
1.4.4) software packages. Each node symbolizes a bio-
marker, while each edge denotes a noteworthy correlation 
among biomarkers (|r|> 0.6, p < 0.05) [40]. The “random-
Forest” package (v. 4.7.1.1) was employed to assess the 
predictive performance of microbial communities in the 
rhizosphere soils, roots, and leaves (indicated by the rich-
ness, PCoA1 from the PCoA analysis, and the normal-
ized abundances of the top 10 phyla from the bacterial, 
fungal, and protozoal communities) regarding grain yield 
and the abundances of WYMV and P. graminis. We also 
used the “randomForest” package (v. 4.7.1.1) to sort the 
top 10 biomarkers predicting the health status of winter 
wheat at each site based on the mean decreased accuracy 
[41]. Spearman’s correlation analysis was used to test the 
significance of the correlation between the abundances of 
key biomarkers and soil chemical properties and wheat 
yield. The correlations were visualized with a heatmap 
using the “corrplot” (v. 0.92) and “Hmisc” (v. 5.1.2) pack-
ages [42]. The construction of the structural equation 
modeling (SEM) model was performed in AMOS 2.0 by 
using the robust maximum likelihood evaluation method 
[43]. Dominant biomarkers (indicated by the normalized 
abundances of the selected top 10 biomarkers), bacte-
rial and fungal communities (indicated by the richness, 
PCoA1 from the PCoA analysis, and the normalized 
abundances of the top 10 phyla of bacterial and fungal 
communities), and soil edaphic properties (indicated by 
normalized soil properties) were used as variables for 
the SEM analysis. All variables were standardized using 
Statistical Product and Service Solutions (SPSS) software 
for model construction. Model fit was assessed using chi-
square, p value, standardized residuals, root mean square 
error of approximation, and fit index.

To detect differentially expression genes (DEGs) 
across wheat plants according to the RNA-seq results, 
we used the DESeq2 method with a p value < 0.05 and 
fold change > 2 as the threshold [44]. Based on the 

hypergeometric distribution, Gene Ontology (GO) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway enrichment analyses of the DEGs were per-
formed to screen for significantly enriched terms [45, 46]. 
The “pheatmap” package (v. 1.0.12) was used to generate 
heatmaps illustrating gene expression in the pathways 
under different treatments.

Results
Correlating the plant‑associated microbiome with wheat 
yield and the abundances of P. graminis and WYMV
The symptoms of wheat yellow mosaic disease in the 
field are shown in Fig.  2a. The onset of the wheat yel-
low mosaic disease caused yield losses of 15.8% ~ 29.3% 
at site 1, 15.1% ~ 19.6% at site 2, and 43.1% ~ 48.0% at site 
3 (Fig. 2b). In general, the abundance of the viral vector 
P. graminis in the rhizosphere soil and the WYMV load 
in wheat leaves increased with the degree of disease in 
plants. Specifically, at stie 1, the abundance of P. graminis 
in the diseased rhizosphere increased by 101.5% ~ 306.5% 
compared with that in the healthy rhizosphere (Fig. 2c, d). 
The WYMV load increased from 0 in healthy plants, to 
1.63 × 104 in moderately diseased plants, and to 1.28 × 106 
in severely diseased plants. At site 2, the abundance of 
P. graminis in the diseased rhizosphere increased by 
43.8% ~ 54.7% compared with that in the healthy rhizo-
sphere. The WYMV load increased from 4.25 × 103 in 
healthy plants, to 6.32 × 103 in moderately diseased 
plants, and reached 3.35 × 107 in severely diseased plants. 
At site 3, the abundance of P. graminis in the diseased 
rhizosphere increased by 106.5% ~ 287.0% compared 
with that in the healthy rhizosphere, The WYMV load 
increased from 7.67 × 103 in healthy plants, to 1.61 × 106 
in moderately diseased plants, and reached 6.75 × 106 in 
severely diseased plants. Consistently, we detected signif-
icant and strong negative correlations between the abun-
dance of P. graminis (R2 = 0.61, p < 0.001) in the wheat 
rhizosphere and WYMV load in wheat leaves (R2 = 0.41, 
p = 0.005) and wheat yield across the three wheat fields. 
This suggested that the yield loss caused by wheat yel-
low mosaic disease was highly correlated with a higher 
WYMV load in leaves and an increased P. graminis abun-
dance in the rhizosphere (Fig. 2e).

To reveal microbiome-mediated pathogen infection 
in wheat, we investigated the correlation of wheat yield, 
P. graminis, WYMV, and plant-associated microbiomes. 
We found that the microbial communities in the wheat 
rhizosphere exhibited better prediction performance for 
wheat yield, P. graminis, and WYMV than those in the 
roots and leaves. This indicated the important role of 
the rhizosphere microbiome in affecting grain yield and 
the occurrence of wheat yellow mosaic disease (Fig. 2f-h, 
Fig. S1-S3). Lastly, the bacterial and fungal communities 

http://huttenhower.sph.harvard.edu/galaxy
http://huttenhower.sph.harvard.edu/galaxy
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exhibited better predictive power for wheat yield, P. 
graminis, and WYMV than the protozoal community.

Community shifts in the rhizosphere microbiome 
under different disease severity
Based on the above results, our subsequent analyses 
concentrated on changes in bacterial and fungal com-
munities within the wheat rhizosphere soil at three 

different disease severity levels. We observed a signifi-
cant decrease in the Shannon index of bacterial and fun-
gal communities in the rhizosphere of severely diseased 
plants compared to that of healthy plants at site 1 (Stu-
dent’s t-test, p < 0.05, Fig. S4a). Moreover, the community 
structure differed significantly among disease severities 
along the PCoA1 axis (bacterial community: R2 = 0.3467, 
p < 0.001, ANOSIM; fungal community: R2 = 0.4773, 

Fig. 2  Wheat yield, the abundance of P. graminis in wheat rhizosphere, the WYMV load in wheat leaves under different disease severities, and their 
correlation with plant-associated microbiomes. a Field phenotype of wheat yellow mosaic disease. b Wheat yield under different disease severities 
in Shandong (site 1), Jiangsu (site 2), and Henan (site 3). (c) The abundances of P. graminis in wheat rhizosphere under different disease severities 
at the three sites. d WYMV loads in wheat leaves under different disease severities at the three sites. Single and double asterisks indicate significant 
differences between healthy, moderately diseased, and severely diseased wheat plants at 1% and 5% levels (Student’s t-test); ns no significant 
differences between healthy, moderately diseased, and severely diseased wheat plants at the 5% level (Student’s t-test). The number of samples 
per replicate is five, and error bars represent standard deviations. e Correlations between the abundances of P. graminis in wheat rhizosphere, 
the loads of WYMV in wheat leaves and wheat yield. f–h The importance of bacterial, fungal, and protozoal communities in different wheat 
compartments for the prediction of P. graminis abundance, WYMV load, and wheat yield. Single and double asterisks indicate significance at 5% 
and 1% levels. Increase in MSE (%) means the percentage of increase of mean square error. A higher value of increase in MSE (%) indicates the more 
important of predictors
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p < 0.001, ANOSIM) at site 1 (Fig. S4b). No significant 
differences in alpha diversity and community structure 
were observed for either bacterial or fungal communities 
among different plant disease severities at site 2 and site 
3 (Figs. S5, S6). In terms of alterations in the microbial 
community composition at the phylum level, the rela-
tive abundances of Bacteroidota and Ascomycota in the 
severely diseased rhizosphere decreased significantly 
compared to those in the healthy rhizosphere at site 1 
and site 3, whereas Basidiomycota were significantly 
enriched in the severely diseased rhizosphere soils at all 
three sites (Fig. S4c-6c, Table S3-S4).

We then used LEfSe analysis to identify key bacterial 
and fungal taxa as biomarkers of wheat plant health status 
in the rhizosphere soil. We identified 15, 25, and 26 bacte-
rial and fungal taxa as biomarkers at site 1, site 2, and site 
3, respectively (Fig.  3a, Fig. S7a-S8a). In general, bacterial 
and fungal genera, including Sphingomonas, Allorhizobium-
Neorhizobium-Pararhizobium-Rhizobium, Umbelopsis, Bur-
kholderia-Caballeronia-Paraburkholderia, Rokubacteriales, 
Pseudoxanthomonas, Filobasidium, and Tetracladium, were 
identified as biomarkers in the healthy rhizosphere. Bacte-
rial and fungal genera including Pseudomonas, Tausonia, 
Fusicolla, Bipolaris, Stagonospora, and Thanatephorus were 
identified as biomarkers of diseased rhizospheres.

To examine the correlations and potential competitive 
and cooperative relationships among the key biomarkers 
in the rhizosphere, we constructed co-occurring micro-
bial networks for these biomarkers in healthy, moder-
ately, and severely diseased rhizospheres. Intriguingly, 
the interactions between biomarkers in the healthy rhizo-
sphere, exemplified by Sphingomonas and Allorhizobium-
Neorhizobium-Pararhizobium-Rhizobium, demonstrated 
opposite correlations when compared to those in dis-
eased plants, whether moderately or severely affected. 
Specifically, these correlations were negative in the 
healthy rhizosphere and positive in the diseased rhizo-
sphere at site 1 (Fig. 3b). This suggests a transformative 
relationship, wherein these microbial taxa shift from 
being mutually exclusive in a healthy rhizosphere to 
becoming complementary and collaborative in a diseased 
state. Similar patterns were consistently observed in the 
key healthy wheat rhizosphere biomarkers at sites 2 and 
3, where Rokubactriales and Pedosphaerales (at site 2) 
and Filobasidium and Cyathus (at site 3) exhibited dis-
tinct negative and positive patterns in the healthy and 
diseased rhizospheres, respectively (Fig. S7b, Fig. S8b).

The top biomarkers to predict the health status of wheat
Microbial biomarkers are crucial for early disease 
detection, yield prediction, quality assessment, envi-
ronmental stress monitoring, breeding, optimizing 

resource use, and enhancing precision agriculture 
practices. Therefore, we next used a random-forest 
machine-learning approach to select the top 10 bio-
markers at each site that could serve as key compo-
nents to distinguish the healthy, moderately diseased, 
and severely diseased rhizospheres. Then we explored 
their correlations with soil chemistry, the abundances 
of Polymyxa graminis and WYMV, and wheat yield 
(Fig.  4a). Interestingly, we found that the top 10 bio-
markers of the healthy rhizosphere were generally neg-
atively correlated with soil organic carbon, soil available 
phosphorus, available potassium, and pH, whereas the 
biomarkers of the diseased rhizosphere showed a gen-
erally positive correlation with the available phospho-
rus, dissolved organic nitrogen, ammonium nitrogen, 
and nitrate nitrogen (Fig.  4b). Our in-depth analyses 
using the SEM showed that compared to soil chemical 
properties and microbial communities, microbial bio-
markers and P. gramins abundances in the rhizosphere 
explained a larger effect size on wheat yield (Fig.  5b). 
That is, the microbial biomarkers not only had a direct 
positive correlation with wheat yield but also indirectly 
affected it by impacting the microbial communities 
and the abundance of P. gramins (Fig.  5a). These find-
ings further demonstrated that microbial biomarkers in 
the rhizosphere play crucial roles in determining wheat 
yield by interacting with P. gramins in the rhizosphere.

Most of the biomarkers in the healthy rhizosphere, 
such as bacterial genera Sphingomonas, Allorhizo-
bium-Neorhizobium-Parararhizobium-Rhizobium, 
Mucilaginibacter, Burkholderia-Caballeronia-Parabur-
kholderia, Pseudoxanthomonas, Rokubacteriales, and 
Pedosphaeraceae and fungal genera Umbelopsis and 
Nigrospora, were positively correlated with wheat yield 
across all three sites; on the contrary, the biomarkers 
in the diseased wheat rhizosphere soil, such as bacte-
rial genera Pseudomonas, Terrabacter, and Blastococ-
cus, and fungal genera Tausonia, Naganishia, Fusicolla, 
were all significantly negatively correlated with yield 
(Fig. 4b). Importantly, we found that Sphingomonas and 
Allorhizobium-Neorhizobium-Parararhizobium-Rhizo-
bium, the key biomarkers in the healthy rhizosphere, 
not only exhibited substantial enrichment in the rhizo-
sphere of healthy wheat plants but also had a positive 
correlation with wheat yield and a negative correlation 
with the abundance of WYMV. Collectively, these find-
ings suggest that the two microbial taxa play a vital role 
in maintaining wheat health by conferring resistance 
against wheat yellow mosaic disease. This presents an 
intriguing avenue for further investigation to elucidate 
the underlying mechanisms of microbiome-mediated 
disease resistance in wheat plants.
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Effects of S. azotifigens and R. deserti inoculations on wheat 
growth and defense against WYMV
To validate the growth-promoting and disease-defend-
ing capabilities of these two bacterial genera, Sphingo-
monas sp. and Rhizobium sp. were isolated from the 
rhizospheres of healthy wheat plants (cv. "LM 4") at site 
1. We successfully isolated strains S. azotifigens from 

Sphingomonas and R. deserti from the Allorhizobium-
Neorhizobium-Parararhizobium-Rhizobium. To verify 
that S. azotifigens and R. deserti were indeed enriched in 
the healthy rhizosphere, we compared the abundances 
of all ASVs affiliated with these genera across healthy, 
moderately diseased, and severely diseased rhizos-
pheres (Fig. S9). We also constructed phylogenetic trees 

Fig. 3  Bacterial and fungal biomarkers in the healthy, moderately diseased, and severely diseased rhizospheres in Shandong (site 1) and their 
correlation networks. a The linear discriminant analysis effect size (LEfSe) analysis showing the significantly different bacterial and fungal taxa 
(biomarkers) among the different disease severities (LDA > 4 and p < 0.05). These taxa are symbolized by colored dots. From outside to inside, 
the five rings of the cladogram denote the phylum, class, order, family, and genus level, respectively. b Correlation networks of biomarkers 
in healthy, moderately diseased, and severely diseased rhizospheres (|r|> 0.6, p < 0.05). The color of each node represents the biomarkers (at 
the genus level) in healthy (green), moderately diseased (yellow), and severely diseased (red) rhizospheres. Red lines represent positive correlations, 
and blue lines represent negative correlations
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using representative sequences from these ASVs along-
side sequences from our isolates. We found that the 
sequences of S. azotifigens and R. deserti matched those 
of ASV195 and ASV48, respectively, with 100% accuracy. 
Furthermore, the abundances of ASV195 and ASV48 
were significantly higher in the healthy rhizosphere com-
pared to the diseased rhizospheres, suggesting that these 
two isolates correspond to ASV195 and ASV48 and were 
indeed enriched in the healthy rhizosphere.

A hydroponic experiment was conducted to inves-
tigate the effects of these two isolates on wheat plant 
growth and disease resistance. Our results showed that 
plant height (~ 12%), shoot biomass (~ 11%), root diam-
eter (~ 15%), and root volume (~ 35%) were significantly 
improved by co-inoculation with S. azotifigens and R. 

deserti compared to the control, regardless of WYMV 
infection (p < 0.05, Fig. 6a, Fig. S10). Moreover, the abun-
dance of WYMV decreased by ~ 83% (p < 0.01) after 
inoculation with S. azotifigens alone or co-inoculation 
with S. azotifigens and R. deserti compared to the control 
(Fig. 6b).

RNA sequencing was used to investigate the mecha-
nisms by which S. azotifigens and R. deserti benefit wheat 
growth and disease tolerance (Fig. S11-S12). We found 
that when S. azotifigens and R. deserti were inoculated, 
genes within the auxin and cytokinin pathways, including 
auxin (AUX), indole-3-acetic acid (IAA), auxin response 
factor (ARF), cytokinin receptor (CRE1), and Arabidop-
sis response regulator (ARR) protein coding genes were 
significantly upregulated compared with the control 

Fig. 4  The top 10 biomarkers for the healthy, moderately diseased, and severely diseased rhizospheres, and their correlations with soil chemical 
properties, P. graminis abundance, WYMV load and wheat yield. a The top 10 biomarkers that can be used to distinguish the healthy, moderately 
diseased, and severely diseased rhizospheres at each sampling site. Increase in MSE (%) means the percentage of increase of mean square error. 
A higher value of increase in MSE (%) indicates the more important of predictors. b The correlations between the relative abundances of the top 10 
biomarkers and soil chemical properties, P. graminis abundance, WYMV load and wheat yield. Single, double, and triple asterisks indicate significance 
at 5%, 1% and 0.1%, respectively (Spearman correlations)
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in the uninfected group (log2 fold change at least > 2, 
p < 0.05). Genes involved in the JA and SA pathways, 
including transcription activation factor (MYC2) and 
pathogenesis-related protein (PR-1)-related genes, were 
significantly upregulated (log2 fold change at least > 2, 
p < 0.05) following inoculation with S. azotifigens and R. 
deserti compared to the control in the WYMV-infected 
group (Fig. 7a).

RT-qPCR further confirmed the RNA-seq results (Fig. 7b). 
For example, the expression levels of TraesCS4B02G161800 
(related to ARF), TraesCS6B02G027800, TraesCS3A02 
G275400, and TraesCS3802G309100 (related to CRE1) 
were significantly upregulated (log2 fold change at least > 1, 
p < 0.05) following inoculation with S. azotifigens and R. 
deserti compared to the control in the uninfected group. 
The expression of TraesCS1A02G193200 (related to MYC2) 
was significantly upregulated (log2 fold change at least > 1, 
p < 0.05) following inoculation with R. deserti, and those 
of TraesCS5B02G442600, TraesCS5D02G446900, and 
TraesCS5B02G442700 (related to PR-1) were significantly 
upregulated (log2 fold change at least > 1, p < 0.05), especially 
following inoculation with S. azotifigens alone or mixed 
inoculation with S. azotifigens and R. deserti in the WYMV-
infected group. These results demonstrated that inoculation 
with S. azotifigens and R. deserti improved the growth of 
wheat seedlings, mainly by enhancing the auxin and cyto-
kinin pathways and suppressing WYMV infections by acti-
vating plant defense signalling (e.g., JA and SA).

Discussion
The rhizosphere microbiome is an effective predictor 
for WYMV infection and wheat yield
Previous studies on wheat yellow mosaic disease have 
focused on the interaction between WYMV and host plants 
[15, 47]; however, soil processes, especially the relationship 
between WYMV, P. graminis (the vector of WYMV), and 
soil microbiomes, have been largely ignored. In the pre-
sent study, the P. graminis abundance in the rhizosphere 
increased with the disease severity and was negatively 
correlated with wheat yield. This suggests the possibil-
ity of predicting the onset of wheat yellow mosaic disease 
and wheat yield by monitoring dynamic changes in P. 
graminis in the rhizosphere as an additional and promising 
approach, alongside traditional measurements of WYMV 
load in leaves. We found that compared with the microbial 
communities in the roots and leaves of wheat, the rhizo-
sphere microbiome was more predictive of wheat yield 
and the abundances of P. graminis and WYMV. This indi-
cates that the rhizosphere is the most important hotspot 
for crosstalk between WYMV, P. graminis, microbiomes, 
and host plants. Although the rhizosphere microbiome is 
acknowledged as the first line of defense against soil-borne 
pathogens, encompassing bacteria, fungi, nematodes, etc. 
[48] and plays important roles in crop productivity [49], 
our study highlights the importance of the rhizosphere 
microbiome in response to soil-borne viral infections in 
wheat plants. This may be because, during the period when 

Fig. 5  The effects of the biomarkers, soil microbial communities, soil chemical properties, and P. gramins abundance in wheat rhizosphere on wheat 
yield. a Standardized total effect of the biomarkers, soil microbial communities, soil chemical properties, and abundance of P. gramins in wheat 
rhizosphere on wheat yield. b The structural equation model showing the relationship between the biomarkers (indicated by the normalized 
abundances of the top 10 biomarkers), soil microbial communities (indicated by the richness, PCoA1 of the PCoA analysis, and the normalized 
abundances of the top 10 bacterial and fungal phyla), soil chemical properties, and abundance of P. gramins in wheat rhizosphere and wheat 
yield. Solid arrows indicate significant impacts, while dotted arrows indicate non-significant impacts. Green lines indicate positive impacts, and red 
lines indicate negative impacts. The width of the arrow represents the strength of the significantly standardized path coefficient. Single, double, 
and triple asterisks indicate significance at 5%, 1%, and 0.1%, respectively
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the zoospores of the P. graminis, which carry the WYMV 
move from the soil to the rhizosphere, they have to com-
pete with the indigenous rhizosphere microorganisms for 
space and nutrients. This process will induce significant 
alteration in rhizosphere microbial communities and influ-
ence the outcome of WYMV infection [50]. These findings 
also suggest that investigating changes in the rhizosphere 
microbiome under soil-borne viral infections and identify-
ing the key rhizosphere microbial taxa that respond to the 
infection can offer novel opportunities for implementing 
preventive measures to control soil-borne viral diseases, 
thus improving crop yields.

Healthy rhizospheres are enriched with beneficial 
microorganisms while diseased rhizospheres are 
associated with a pathobiome that facilitates WYMV 
infection
Deciphering biomarker taxa and their correlations with 
host health status is crucial for utilizing plant microbi-
omes to boost both plant growth and overall health. This 
study found that the biomarkers of healthy rhizospheres 
at the three experimental sites were primarily plant 

growth-promoting and biocontrol microorganisms. For 
example, Burkholderia-Caballeronia-Paraburkholderia 
has the ability to antagonize root rot pathogens [51]. 
Allorhizobium-Neorhizobium-Parararhizobium-Rhizo-
bium and Rokubacteriales are typical plant growth-pro-
moting bacteria with nitrogen fixing abilities [52, 53]. 
Sphingomonas spp. are bacteria known for promoting 
plant growth by producing gibberellins and indole-3-ace-
tic acid (IAA) [54, 55]. Umbelopsis isabelline has the abil-
ity to inhibit the virulence of chestnut blight cankers [56]. 
Tetracladium spp. positively influence the health and 
growth of their hosts and are positively associated with 
rapeseed yield [57]. Filobasidium capsuligenum has been 
found to promote grape ripening [58]. Tilletiopsis palle-
scens is an antagonist of the fungal pathogen Erysiphe 
graminis [59].

Unlike microbial biomarkers in healthy rhizosphere 
soils, diseased rhizosphere soils harbored an increased 
presence of pathobiomes and saprophytic fungi. For 
example, the genus Pseudomonas, which includes typi-
cal pathogens that thrive in moist environments, was 
also detected as a biomarker of the diseased wheat 

Fig. 6  The effect of potentially beneficial strains (R. deserti and S. azotifigens) on wheat growth and WYMV resistance. a Average plant height 
and shoot biomass of wheat following inoculation with S. azotifigens only (S), R. deserti only (R), or both S. azotifigens and R. deserti (S + R) 
in the WYMV-infected and uninfected experimental groups. b The WYMV loads in leaves under the S, R and S + R treatments after 14 days of WYMV 
infection. Single, double, and triple asterisks indicate significant differences between treatments at 5%, 1%, and 0.1%, respectively (Student’s t-test). 
ns no significant differences between treatments at the 5% level (Student’s t-test). The number of samples per replicate was 12, and error bars 
represent standard deviations. c Images of wheat plants in the infected and uninfected groups (taken 14 days after WYMV infection)
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plants, negatively correlating with wheat yield in our 
study [60]. Some species in the genus Tausonia are pri-
marily implicated in the mold rot of many substances 

[61]. Naganishia spp. have been reported to compete 
with plants for nutrients [53], while Fusicolla spp. are 
typical pathogenic fungi affecting several crops [6, 62]. 

Fig. 7  Gene profiling of wheat plants with and without the inoculation of bacterial isolates or WYMV infection treatments. a Plant hormone signal 
transduction pathways (I. Auxin signaling pathway; II. Cytokinin signaling pathway; III. Jasmonic acid signaling pathway; IV. Salicylic acid signaling 
pathway). Heat maps showing the logarithmic fold change of differentially expression genes (DEGs) in all the treatments relative to control. NR, NS, 
and NSR indicate inoculation with R. deserti only, S. azotifigens only, or both S. azotifigens and R. deserti in the uninfected group, respectively; R, S, 
and SR indicated inoculation with R. deserti only, S. azotifigens only, or both S. azotifigens and R. deserti in the WYMV-infected group, respectively. b 
Relative expression levels of genes involved in plant hormone signal transduction. Single, double, and triple asterisks indicate significant differences 
between treatments at 0.1%, 1%, and 5%, respectively (Student’s t-test). ns no significant difference between treatments at the 5% level (Student’s 
t-test). The number of samples per replicate is 12, and error bars represent standard deviations
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Additionally, Bipolaris maydis causes southern corn leaf 
blight [63], and Stagonospora nodorum, a prominent 
necrotrophic pathogen in wheat, induces Stagonospora 
nodorum leaf and glume blotches [64]. Thanatephorus 
cucumeris is a broad-host-range pathogen that induces 
diseases such as blast root rot and standing blight [65]. 
Previous studies have also shown that certain potential 
pathogenic microbes demonstrated synergistic effects 
that exacerbate diseases [8], and diseased plants show 
an increased susceptibility to further colonization by 
pathogenic fungi [66]. For example, several potential 
pathogenic fungi from genera Diaporthe, Fusarium, Pho-
mopsis, Plectosphaerella, Stemphylium, and Cryptococcus 
were enriched in plants afflicted with the Fusarium wilt 
[66]. Furthermore, pathobiomes can facilitate the patho-
logical processes in host plants of the pathogens by atten-
uating the plant resistance [67]. For instance, the vitamin 
B6 produced by Fusarium equiseti promoted Phytoph-
thora sojae’s infection on soybean plants [68]. Similarly, 
in our study, we assumed that the colonization of these 
potential pathogenic fungal species and P. graminis may 
have mutually promoted their growth and coloniza-
tion on plants, thereby increasing the accumulation of 
WYMV and exacerbating symptoms of wheat yellow 
mosaic disease.

The present study did not find an obvious enrich-
ment of beneficial microbes in the diseased rhizosphere, 
which is different from previous studies showing that 
host plants recruit growth-promoting and biocontrol 
microbes to the rhizosphere to suppress soil-borne path-
ogens [69, 70]. This could be attributed to the nature of 
the virus-caused disease investigated in this study, the 
specific soil types, and the wheat varieties used. Not all 
soil-borne diseases or crop varieties employ a strategy 
akin to a cry for help to cope with pathogens. Addition-
ally, we collected samples at the initial stage of infection 
rather than at a later stage, which might not have allowed 
for significant accumulation of beneficial microbes 
that tend to occur at later stages. Instead, we observed 
that the beneficial bacterial genera Sphingomonas and 
Allorhizobium-Neorhizobium-Parararhizobium-Rhizo-
bium competed with each other in the healthy rhizos-
phere and cooperated with each other in the diseased 
rhizosphere. This may be because, compared to the 
healthy rhizosphere, there was less niche competition 
and more complementary use of resources between these 
two beneficial bacteria in the diseased rhizosphere [71]. 
When a pathogen invades, Sphingomonas and Allorhizo-
bium-Neorhizobium-Parararhizobium-Rhizobium in the 
rhizosphere may work together to resist infections. Simi-
larly, other beneficial bacteria, including Pseudomonas 
spp. and Bacillus spp., have been acknowledged to coex-
ist and cooperate in the diseased rhizosphere [70].

S. azotifigens and R. deserti promote wheat disease 
resistance by activating plant hormone signaling pathways
Based on our hydroponic experiment, we found that 
inoculation with S. azotifigens alone and co-inoculation 
with S. azotifigens and R. deserti promoted wheat growth 
and inhibited WYMV infection, providing direct evi-
dence that key beneficial microbes in the rhizosphere 
maintain plant health and help plants resist viral infec-
tions. The effects of inoculation with beneficial microbes 
on plant growth and disease resistance have been 
reported [72, 73]. A previous study reported that inocula-
tion of Sphingomonas sp. Cra20 and Pseudomonas putida 
KT2440 resulted in a downregulation of virulence-related 
genes of the pathogen Ralstonia solanacearum and 
increased plant resistance to tomato bacterial wilt [72]. 
Another study showed that co-inoculation with benefi-
cial rhizobacteria and rhizobium Sinorhizobium meliloti 
markedly elevated the nutrient (N, P, and K) content of 
plants and induced the release of secondary metabolites 
that promote nutrient uptake or inhibit rhizosphere plant 
pathogens [73]. Although the growth-promoting and 
pathogenic microorganism-inhibiting effects of benefi-
cial microbes have been studied previously, our study, for 
the first time, demonstrated that rhizospheric coloniza-
tion by key beneficial microbes can effectively help hosts 
resist viral infection and thus prevent viral diseases.

Recent experimental frameworks indicated that the 
mechanisms underlying the improved host defense 
against pathogens facilitated by colonization by ben-
eficial microbes were as follows: (1) ISR of the host, 
which is mediated by JA and ethylene [73, 74]; (2) induc-
ing metabolic defense in a host branched-chain amino 
acid-dependent manner [75]; (3) generating enzymes 
to scavenge reactive oxygen species in the host [76]; 
and (4) enhancing nutrient uptake, improving plant 
root structure, and promoting root cell wall thicken-
ing, fibrosis, and lignification [77]. In the present study, 
the growth-promoting and disease-inhibiting effects 
mediated by beneficial bacteria were mainly related to 
plant hormone signaling pathways. We found that in the 
uninfected experimental group, inoculation with poten-
tially beneficial bacteria promoted the growth of wheat 
mainly through the significant upregulation of genes 
involved in the auxin and cytokinin signaling pathways, 
which is consistent with previous studies [24, 78, 79]. 
In the WYMV-infected group, these beneficial bacte-
ria interacted closely with the host immune system and 
reduced the abundance of WYMV, mainly by activating 
the JA and SA pathways. Similarly, previous studies have 
indicated that beneficial bacteria and fungi, including 
Stenotrophomonas, Penicillium, Pseudomonas, Strepto-
myces, and Trichoderma, significantly activate JA- and 
SA-related pathways and improve the disease resistance 
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of host plants [62, 74]. SA-dependent systemic acquired 
resistance and JA-dependent ISR pathways are impor-
tant components of plant defense transduction networks 
against pathogen attack.

The role of the JA and SA pathways in resisting patho-
genic microorganisms and insects has been fully studied, 
that is, the JA-dependent pathway regulates resistance 
against necrotrophic pathogens and insects, whereas 
the SA-dependent pathway regulates resistance against 
biotrophic pathogens [80]. However, whether these two 
pathways are involved in plant antiviral immunity, espe-
cially anti-WYMV, has not been as extensively studied. 
Recent studies confirmed the significant role of the JA 
and SA pathways in viral resistance and demonstrated 
that JA signaling collaborates with the brassinosteroid, 
abscisic acid, and auxin pathways to induce antiviral 
immunity in rice [81–83]. In terms of the SA pathway, 
the hypersensitivity-induced reaction gene (HIR3) gov-
erns plant resistance against rice stripe virus (RSV) infec-
tion through a salicylic acid (SA)-dependent pathway 

in rice [84]. Additionally, the sulfotransferase STV11, 
responsible for converting SA to sulfonated SA, provides 
enduring resistance to rice stripe virus (RSV) [85]. We 
speculate that microbe-induced activation of the JA and 
SA pathways may protect wheat plants against WYMV 
infection through the above mechanisms. It should be 
noted that this study verified the plant growth-promot-
ing and disease-inhibiting effects of beneficial bacteria 
under hydroponic conditions for only a short time, and a 
longer period of plant growth and disease suppression is 
needed to reveal whether the activation of plant defense 
is long-lasting.

The findings of our study hold significant potentials 
for applications in agricultural settings aimed at control-
ling soil-borne viral diseases. The utilization of micro-
bial inoculants containing beneficial bacteria and their 
metabolites can be used to modulate the rhizosphere 
microbiome in disease-prone areas. The inoculants and 
their effective metabolic components can be developed 
into probiotics and postbiotics that combat viral diseases 

Fig. 8  Schematic diagram demonstrating the main results of the present study. Healthy rhizospheres were marked by the presence of putative 
beneficial microorganisms, while diseased ones were associated with a pathobiome characterized by a higher presence of putative pathogens. 
Beneficial microbial taxa competed with each other in the healthy rhizosphere but cooperated with each other in the diseased rhizosphere. These 
beneficial microorganisms can promote plant growth and increase wheat disease resistance by activating plant hormone signaling pathways, 
including cytokinin signaling, jasmonic acid signaling, and salicylic acid signaling
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in fields. Additionally, by gaining a deeper understand-
ing of factors influencing the rhizosphere microbiome, 
particularly the activities of the virus vector P. graminis 
zoospores, farmers can effectively reduce the prevalence 
of soil-borne diseases and sustain crop yields. However, 
it is crucial to conduct large-scale field tests to evaluate 
their effectiveness across different climate and soil con-
ditions, as well as to assess any potential environmental 
hazards. Future studies could also investigate how multi-
trophic interactions between protists, bacteria, and fungi 
are influenced by the viral disease infection through anal-
ysis and integration of the current datasets, for exam-
ple, using co-occurrence network analyses. Moreover, it 
would be interesting to explore the underlying mecha-
nisms of the vector–virus relationship, including how the 
soil/plant microbiome influences these associations.

Conclusions
In this study, we explored the microbial community 
within the plant–soil system under healthy, moderately 
diseased, and severely diseased conditions across the 
main regions affected by wheat yellow mosaic and their 
relationships with WYMV, P. gramins, and wheat yield. 
Our results highlight the significance of the rhizosphere 
microbiome in the response to soil-borne viruses and 
their contribution to wheat yield. Furthermore, we iden-
tified biomarkers enriched in healthy rhizospheres, which 
are beneficial microbes that work together to resist path-
ogens and maintain plant health. We provide evidence 
that these beneficial microbes isolated from the wheat 
rhizosphere promote wheat growth by activating the 
auxin and cytokinin signaling pathways, while inhibiting 
WYMV infection by stimulating the JA and SA pathways 
(Fig.  8). These findings offer an alternative approach to 
control soil-borne viral diseases and maintain crop pro-
duction by leveraging beneficial microbes to outcompete 
or inhibit the growth of pathogens.
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leaves) under the healthy, moderately and severely diseased conditions 
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(top 10). Fig. S6. Differences in diversity and structure of bacterial and 
fungal communities in wheat rhizosphere soil under different disease 
severities at Henan (site3). (a) Shannon index of bacterial and fungal 
community. ns, indicates no significant differences between healthy, 
moderate and severe diseased wheat plants at a 5% level (Student’s 
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sis effect size (LEfSe) analysis showed the significantly different taxa of 
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Fig. S8. Bacterial and fungal biomarkers in healthy, moderately and 
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0.05). The color of each node represents the biomarkers (at genus level) 
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line represents negative correlations. Fig. S9.The relative abundances 
ofASVs affiliated to the genera Allorhizobium-Neorhizobium-Parararhizo-
bium-Rhizobium (a) and Sphingomonas (b). Phylogenetic trees using the 
representative sequences of the ASVs affiliated to the genera Sphingo-
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the sequences of Sphingomonas azotifigens (c) and Rhizobium deserti (d) 
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S10. Root system architecture under the inoculation of S. azotifigens 
only (S), R. deserti only (R), and co-inoculation of S. azotifigens and R. 
deserti (S+R) in the wheat yellow mosaic virus (WYMV) uninfected 
experimental group. (a) Root biomass, Root length, average root 
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diameter, and total root volume obtained through root scanner statistical 
analysis, (b) Scanning images of root systems. Fig. S11. (a) Gene Ontology 
(GO) enrichment analysis under the inoculation of S. azotifigens only (S), R. 
deserti only (R), and co-inoculation of S. azotifigens and R. deserti (S+R) in 
the wheat yellow mosaic virus (WYMV) uninfected experimental group. 
BP: biological processes, CC: cellular components, MF: molecular function. 
(b) The enrichment analysis of KEGG functional pathways related to plant 
hormone signal. Fig. S12. (a) Gene Ontology (GO) enrichment analysis 
under the inoculation ofS. azotifigens only (S), R. deserti only (R), and co-
inoculation of S. azotifigens and R. deserti (S+R) in the wheat yellow mosaic 
virus (WYMV) infected experimental group. BP: biological processes, CC: 
cellular components, MF: molecular function. (b) The enrichment analysis 
of KEGG functional pathways related to plant hormone signal.
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