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Introduction: Root rot caused by the fungal pathogen Fusarium sp. poses 
significant challenges to tobacco cultivation in China, leading to major economic 
setbacks. The interplay between this pathogen and the wider soil microbial 
community remains poorly understood.

Methods: High-throughput sequencing technology was utilized to evaluate 
soil prokaryotic, fungal, and protistan communities. We compared microbial 
communities in infected soils to those in healthy soils from the same field. 
Additionally, the influence of pH on the microbial communities was assessed.

Results: Infected soils displayed elevated levels of soil nutrients but diminished 
observed richness across prokaryotic, fungal, and protistan groups. The pathogenic 
fungi Fusarium solani f sp. eumartii’s abundance was notably increased in infected 
soils. Infection with F. solani significantly altered the soil’s microbial community 
structure and interactions, manifested as a decrease in network scale and the 
number of keystone species. An evaluation of prokaryotes’ role in F. solani’s 
invasion revealed an increased number of connecting nodes in infected soils. 
Additionally, relationships between predatory protists and fungi were augmented, 
whereas predation on F. solani declined.

Discussion: The study underscores the significance of comprehending the 
interactions among soil microorganisms and brings to light the susceptibility 
of soil microbial communities to pathogen invasion. It offers insights into the 
multifaceted relationships and potential vulnerabilities within the soil ecosystem 
in the context of Fusarium sp. invasion.
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1. Introduction

Tobacco (Nicotiana tabacum L.) is one of the most widely cultivated and economically 
important cash crops worldwide (Tong et al., 2016; Liu P. et al., 2020). However, tobacco root 
rot disease, caused by soilborne fungal pathogens such as Fusarium solani f sp. eumartii and 
Phytophthora nicotianae, has become a major threat to the tobacco industry, leading to 
significant yield losses (3–5%) and economic damage (Romberg and Davis, 2007; D’Ippólito 
et al., 2010). Root rot disease can cause wilting, stunting, and death of tobacco plants, with the 
infected roots turning brown or black and then rotting, ultimately leading to plant death (Bodah, 
2017). Research has been conducted to understand the causal agents, epidemiology, and 
management strategies for tobacco root rot disease. Several studies have identified Fusarium 
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species as the primary causal agent of root rot disease in tobacco 
plants, while others have reported the involvement of Phytophthora 
and Rhizoctonia species (Tan et al., 2021, 2022). The incidence and 
severity of disease are affected by a variety of factors, including soil 
pH, moisture, temperature, and the presence of other soilborne 
pathogens (Burdon and Zhan, 2020; Pokhrel, 2021). Additionally, 
recent research, such as the findings reported in ‘Legume Root Rot 
Control Through Soil Management for Sustainable Agriculture’ 
(Naseri, 2019), highlights the interaction of F. solani with agro-
ecological factors on a larger scale.

In the context of addressing this challenge, understanding the 
interactions between various nutritional factors and soilborne pathogens 
is crucial. Nutrient availability, including nitrogen (N), phosphorus (P), 
potassium (K), and organic matter (OM), has been shown to profoundly 
affect soil microbial communities and subsequently influence plant health 
(Niu et al., 2017). To date, many studies have investigated the differences 
between healthy and diseased plants by examining bacterial and fungal 
communities (Hu et al., 2018; Tan et al., 2021; Gu et al., 2022). However, 
the current body of research lacks a comprehensive understanding of the 
regulatory mechanisms underlying environmental factors, such as the 
impact of different nutritional levels, particularly the effect of nutrient 
improvement, on disease suppression in the context of F. solani (Guo 
et al., 2022). Therefore, we intend to further explore and elucidate how soil 
nutrient levels, including N, P, K, and others, interact with F. solani 
populations both in the soil and within plant systems. Recognizing the 
significance of comprehending the interplay between nutrients and 
microbial communities for sustainable disease management in 
agriculture, our study distinguishes itself from prior research on F. solani 
and soil NPK interactions (Naseri and Hamadani, 2017). We aim to 
contribute novel insights by investigating these interactions in the specific 
context of our study system. Through this approach, we strive to elucidate 
the unique dynamics between nutrients and microbial communities, 
thereby providing valuable implications for the development of targeted 
strategies for disease suppression in agricultural systems.

Understanding the role of microbial communities in root rot 
disease is crucial for developing effective management strategies to 
reduce crop losses (Lareen et al., 2016; Li et al., 2021). Within the 
microbial community, bacteria, fungi, and protists play significant 
roles in the prevention and outbreak of root rot disease (Du et al., 
2022). For example, changes in the relative abundance of specific taxa 
from bacterial and fungal communities have been shown to 
be associated with the healthy and diseased states of roots (Robbins 
et al., 2018; Liu X. et al., 2020). Many studies have also investigated the 
impact of microbial communities on root health, and some have 
shown promising results in reducing the incidence of root rot disease 
by manipulating microbial community composition (Lareen et al., 
2016; Trivedi et al., 2020). For instance, the use of biocontrol agents, 
such as Bacillus spp. and Trichoderma spp., has been shown to 
promote plant growth and reduce root rot disease by suppressing the 
growth of pathogenic fungi (Fira et al., 2018; Kalantari et al., 2018). 
Protists, unicellular eukaryotic organisms, play pivotal roles in soil 
microbial dynamics (Bonkowski, 2004). Notably, some protists, such 
as those from the Cercozoa group, have emerged as key regulators of 
interactions between bacteria and fungi in the soil (Geisen et  al., 
2016). Their presence and activities could potentially influence the 
occurrence and severity of root rot diseases, emphasizing the need to 
delve deeper into their biocontrol potential against pathogens like 
Fusarium root rot (Deveau et al., 2018; Guo et al., 2022). Furthermore, 

recent studies have emphasized the critical role of environmental 
factors in determining the behavior and pathogenicity of F. solani 
(Gamboa-Becerra et al., 2021). Specifically, soil pH, organic matter, 
temperature, and moisture have been found to significantly influence 
the interactions of F. solani with microbial communities and plants 
(Yan and Nelson, 2020; Wang et al., 2023). The composition and 
structure of microbial communities can be altered by changes in these 
factors, which in turn can impact the incidence of root rot disease. In 
summary, the roles of bacteria, fungi, and protists in root rot disease 
prevention and outbreak are critical and interdependent. However, 
despite significant progress in understanding the role of 
microorganisms in root rot disease, much remains unknown about 
the specific mechanisms involved.

Network analysis methods have become increasingly popular in 
ecological studies, as they provide a useful framework for 
understanding the complex relationships between the different 
organisms in a community (Deng et al., 2016). Random matrix theory 
(RMT) has been applied in network analysis to examine the structure 
of random networks and compare them to real-world ecological 
networks (Deng et  al., 2012). Meanwhile, the identification and 
evaluation of dual networks (IDEN) has been used to study bipartite 
networks in ecological systems, which involve two different biological 
domains, such as bacteria, fungi, and protists (Feng et al., 2022). In 
addition to their application in ecological research, network analysis 
methods have also been used to study the stability and complexity of 
ecological communities (Herren and McMahon, 2017; Yuan et al., 
2021). Robustness and cohesion are two important aspects of 
community stability and complexity, respectively. Robustness refers to 
the ability of a community to maintain its structure and function in the 
face of perturbations, such as disturbances or species loss (Mumby 
et al., 2014; Yan et al., 2022). Cohesion, on the other hand, refers to the 
degree of interconnectedness between species within a community, and 
is a measure of how tightly integrated the community is (Hernandez 
et al., 2021). Network analysis methods such as RMT random networks 
and IDEN bipartite networks can be used to quantify these aspects of 
community stability and complexity (Deng et al., 2012; Feng et al., 
2022). By using these methods, researchers can gain insights into the 
factors that contribute to the robustness and cohesion of ecological 
communities, and identify the potential strategies that maintain their 
stability and complexity in the face of environmental change (Yuan 
et  al., 2021). Overall, network analysis methods have become an 
increasingly important tool for studying ecological systems (Xing and 
Fayle, 2021). By characterizing the complex patterns of interactions 
between species in these systems, network analysis can provide insights 
into the structure and function of ecological communities, as well as 
the processes that govern their dynamics (Tobias et al., 2014; Wang, 
2018). Furthermore, network analysis methods can be  used to 
investigate the stability and complexity of ecological communities, 
providing valuable information for conservation and management 
efforts (Yuan et al., 2021). As such, network analysis methods have the 
potential to contribute significantly to our understanding of ecological 
systems and inform efforts to protect and manage them.

The objective of this study was to shed light on the characteristics 
of prokaryotic, fungal, and protistan communities in the soil of 
healthy tobacco plants and those infected by F. solani. Specifically, 
we  aimed to achieve the following: (i) use molecular ecological 
network analysis to reveal the associations among species of 
prokaryotic, fungal, and protistan communities; (ii) explore the 
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associations between fungi and other microbial groups, including 
prokaryotes and protists, through interdomain ecological network 
(IDEN) analysis; (iii) study the associations between the pathogen 
F. solani and prokaryotes and predatory protists through sub-network 
analyses; and (iv) investigate how environmental factors regulate these 
mutual relationships. Through the accomplishment of these objectives, 
we  aim to offer a novel strategy and theoretical foundation for 
enriching the investigation of microbial resources in tobacco soil. 
Additionally, we aim to explore antagonistic microbial resources that 
specifically target F. solani within the context of our well-
defined pathosystem.

2. Materials and methods

2.1. Site characterization

The study was conducted in the Wenshan Zhuang and Miao 
Autonomous Prefecture of Yunnan-Kweichow Plateau (23°15′ N, 
104°35′ E) in Yunnan province, China. The site has a subtropical 
climate with an elevation of 1,186 m, an average temperature of 19°C, 
a frost-free period of 356 days, sunshine of 2228.9 h, and an average 
annual rainfall of approximately 779 mm. The dominant soil type in 
the area is Calcareous soil, as classified by FAO (Food and Agriculture 
Organization of the United Nations).

2.2. Sample collection

In late July 2021, the study was carried out in a total of 8 tobacco 
growing plots where underwent multiple cropping pattern (tobacco 
and wheat) and rotational cropping system (tobacco and maize). All 
experimental plots had received similar agronomic management. 
Prior to the main study, pre-tests were conducted to assess the 
symptom of root rot in the tobacco fields, confirming the almost the 
same level of tobacco root rot infection. Soil samples were then 
collected from both healthy and infected tobacco soils using a random 
sampling strategy. A soil auger with a 5 cm inner diameter and able to 
collect soil to a 20 cm depth was used at each point to collect tobacco 
soil. Multiple soil samples (n = 5) were randomly collected from 
different points within each plot, spanning the 0–20 cm soil layer. 
These samples were then combined to create a composite sample 
representative of each plot. In total, 17 composite soil samples (8 
healthy and 9 infected soil samples) were collected. The collected 
samples were divided into two parts. One part was processed 
immediately to measure the physicochemical characteristics of the 
soil, while the other part was stored at −80°C for subsequent DNA 
extraction to ensure preservation of the genetic material and to allow 
for further analysis.

2.3. Soil physicochemical analyses

To determine the soil physicochemical properties, various 
parameters including pH, soil total organic carbon (TOC), soil organic 
matter (OM), total nitrogen (TN), total phosphorus (TP), total 
potassium (TK), nitrate nitrogen (NO3

−-N), ammonia nitrogen 
(NH4

+-N), available phosphorus (AP), and available potassium (AK) 

were measured. The methods previously described by Du et al. (2022) 
were employed for this purpose. The quantification of all soil 
properties was conducted at the Institute of Soil Science, Chinese 
Academy of Sciences located in Nanjing, China. This ensured accuracy 
and consistency in the results obtained.

2.4. DNA extraction, PCR amplification, and 
sequencing

To extract soil total DNA, 0.5 g of mixed soil was used with the 
Mobio DNeasy® PowerSoil® Kit. The 16S rRNA genes of prokaryotes 
(515F: 5’-GTGCCAGCMGCCGCGGTAA-3′, 806R: 5’-GGACTA 
CHVGGGTWTCTAAT-3′), ITS genes of fungi (5.8F, 5’-AACTTTYR 
RCAAYGGATCWCT-3′, 4R: 5’-AGCCTCCGCTTATTGATATGC 
TTAART-3′), and 18S genes of protistan (first step primers:  
615F: 5’-AGTGTCGATTCGGTTAAAARGCTCGTAGTYG-3′, 963R: 
5′-:AAGATCGTACTGAAGARGAYATCCTTGGTG-3′; second step 
primers: 615F: 5’-AGTGTCGATTCGGTTAAAARGCTCGTAGT 
YG-3′, 947R: 5’-AAGARGAYATCCTTGGTG-3′) were amplified 
using universal primers, which were supplemented with sample-
specific barcodes (Zhou et  al., 2021). The samples were sent to 
Magigene Biotechnology Co., Ltd. (Guangzhou, China) for sequencing 
on the Illumina Hiseq platform. This ensured high-quality sequencing, 
and the use of sample-specific barcodes allowed for identification and 
analysis of each sample individually.

2.5. Sequence processing

In total, 51 samples (17 samples × 3 microbial groups) were 
obtained. All the raw reads of 16S rRNA, ITS, and 18S genes were 
uploaded to a publicly available sequence analysis pipeline1 integrated 
with various bioinformatics tools (Feng et al., 2017). Firstly, the reads 
were assigned to samples according to their barcodes using the tool 
“Detected barcodes,” after which the barcode sequences were removed. 
Second, forward and reverse reads of the same sequence were 
combined using the FLASH tool (Magoč and Salzberg, 2011), and the 
combined reads without ambiguous bases were filtered by using the 
Btrim tool (Kong, 2011). Then, the Greengene database (DeSantis 
et  al., 2006), ITS RefSeq database (Schoch et  al., 2014), and PR2 
database (Guillou et al., 2012) were used as references for chimera 
checking for the prokaryotic, fungal, and protistan communities, 
respectively. Singletons were retained as rare species (Jousset et al., 
2017), and the clustering of sequences into operational taxonomic 
units (OTUs) was performed using UPARSE (Edgar, 2013) at a 97% 
threshold. Moreover, for ITS gene sequences, the ITSx tool was used 
to identify ITS sequences and extract the ITS regions. After obtaining 
OTU tables, we randomly resampled the reads to 50,000, 12,200, and 
50,000 sequences for per prokaryotic, fungal, and protistan datasets, 
respectively. The Ribosomal Database Project (RDP) classifier was 
used to assign prokaryotic, fungal, and protistan OTUs with the 
Greengene ribosomal database (Wang et al., 2007), UNITE database 

1 http://mem.rcees.ac.cn:8080
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(Abarenkov et  al., 2010) and PR2 database (Guillou et  al., 2012), 
respectively, with confidence values >0.8.

2.6. Molecular ecological network and 
inter-domain ecological network 
construction

To construct molecular ecology networks, we used the random 
matrix theory (RMT) approach described by Deng et al. (2012) for 
constructing intra-domain ecological networks (MEN) and the 
SparCC method for compositional data described by Friedman & Alm 
(Freilich et  al., 2018) for constructing inter-domain ecological 
networks (IDENs). The open-access analysis pipeline (See Footnote 1) 
(Feng et al., 2022) was used for network construction. We filtered the 
Spearman correlations of the RMT results for the microbial 
communities using threshold values of r > = 0.95, 0.89, and 0.89 for 
the prokaryotic, fungal and protistan communities, respectively. The 
SparCC results of prokaryotic-fungal community and protistan-fungal 
community were filtered by the threshold values of r > = 0.8 and 0.7, 
respectively, and a false discovery rate < 0.05. We  visualized the 
resulting networks using Gephi (0.9.2) and Cytoscape (3.5.1). To 
assess the significance of each observed MEN and IDEN, we used the 
Maslov-Sneppen approach to produce 100 randomly rewired 
networks (Bascompte et al., 2003), and each index was examined for 
the topological properties of each of the 100 random IDENs. 
We classified nodes into four subcategories: peripherals, connectors, 
module hubs, and network hubs, based on their values for within-
module connectivity (Zi) and among-module connectivity (Pi) 
(Olesen et al., 2007). Module hubs, connectors, and network hubs 
were considered as keystone species in molecular ecological networks. 
We also used cohesion, a method to measure the degree of cooperative 
behaviors or competitive interactions correlation (Herren and 
McMahon, 2017), which could indirectly represent complexity.

To evaluate community resistance, we used robustness indices as 
described by previous studies (Dunne et al., 2002; Deng et al., 2012). 
The robustness index was calculated in two steps. First, we computed 
the abundance-weighted mean interaction strength of each node 
i  (wMISi) using the relative abundance of species j (bj) and the 
association strength between species i  and j (sij), as measured by 
Pearson correlation coefficient.

 
wMIS

b s

bi
j i j ij

j i j
= ≠

≠

∑
∑  

(1)

Second, we  removed nodes with wMISi values ≤0 from the 
network, and reported the proportion of the remaining nodes as the 
network’s robustness.

Additionally, we used the cohesion index to quantify network 
complexity, which is a null model-corrected metric that considers 
abundance-weighting (Herren and McMahon, 2017). This index 
allowed us to assess the degree of connectivity among community 
members. We calculated two cohesion values (positive and negative) 
based on pairwise correlations. Positive correlations can indicate 
facilitation/mutualism among taxa reflecting ecological or 
functional similarity (Barberán et al., 2012; Durán et al., 2018), while 
negative correlations can suggest competition reflecting divergent 

niche requirements among taxa (Zelezniak et  al., 2015; Freilich 
et  al., 2018). We  calculated the two cohesion values using the 
following equations:
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1
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(3)

Where ai is the abundance of OTU i in the sample j and ri r,  is 
the connectedness.

2.7. Statistical analysis

An open-access analytical pipeline (See Footnote 1) (Feng et al., 
2017) was used for all statistical analyses. Alpha-diversity of the 
microbial communities was assessed by computing the Richness 
index, which counted the observed species in the resampled OTU 
table. To examine the correlation between soil characteristics and 
microbial communities, Mantel test was performed. Community 
dissimilarity was evaluated using MRPP, ANOSIM, and 
PERMANOVA (Anderson, 2001). ANOVA was employed to test for 
differences in soil physicochemical variables and diversities between 
each pair of treatments, and Tukey post-hoc tests and LSD test were 
used to determine significant differences. The one-sample Student’s 
t-test was used to determine the features of each treatment pair, and 
the difference between observed and random networks. The Random-
Forests (RF) algorithm was utilized to identify the most significant 
environmental factors influencing the abundance of pathogenic fungi 
(Statnikov et al., 2008).

3. Results

3.1. Soil heterogeneity found in 
physicochemical properties of healthy and 
infected plants from the same field

Upon comparing the soil physicochemical properties of healthy 
and diseased plants collected from the same field, it was found that the 
infected soil had significantly higher levels (ANOVA, p < 0.05) of OM, 
TOC, TN, TP, TK, AP, AK, NO3

−-N, and NH4
+-N than the healthy 

soil, while there was no significant difference in pH 
(Supplementary Figure S1). This indicated the presence of significant 
heterogeneity in soil texture and nutrient content within the field.

3.2. Microbial communities’ difference 
between healthy and infected tobacco soil

Using a 97% similarity threshold, we obtained 10,576 prokaryotic 
OTUs, 1,272 fungal OTUs, and 5,406 protistan OTUs across the 51 

https://doi.org/10.3389/fmicb.2023.1214167
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Li et al. 10.3389/fmicb.2023.1214167

Frontiers in Microbiology 05 frontiersin.org

samples (17 soil samples × three microbial communities). The 
observed richness of prokaryotic, fungal and protistan groups was 
higher in heathy soil than infected soil (Supplementary Figure S2, 
ANOVA, p > 0.005). Among the three microbial groups, prokaryotes 
exhibited the highest observed richness of species, followed by 
protists, while fungi showed the lowest diversity 
(Supplementary Figure S2). We  used NMDS (non-metric 
multidimensional scaling) based on Bray–Curtis dissimilarity to 
visualize the differences in group structure. The results showed 
significant differences in community structure between healthy and 
infected soil prokaryotes (stress = 0.057), fungi (stress = 0.174), and 
protists (stress = 0.062) (Supplementary Figure S3). Further analysis 
using a dissimilarity test revealed significant differences between 
healthy and infected soil (Supplementary Table S1).

Taxonomic analysis was conducted at the phylum level to 
determine the relative abundances of taxa in all three microbial 
groups. In tobacco soil, the dominant (relative sequence abundance 
≥1%) prokaryotic phyla were Proteobacteria (H: 43.10%, I: 45.32%), 
Acidobacteria (H: 10.86%, I: 14.78%), Actinobacteria (H: 13.94%, I: 
9.69%), Gemmatimonadetes (H: 7.55%, I: 6.40%), Chloroflexi (H: 
6.67%, I: 6.06%), Unclassified (H: 6.11%, I: 5.46%), Bacteroidetes (H: 
4.48%, I: 4.46%), Saccharibacteria (H: 2.07%, I: 2.70%), Nitrospirae 
(H: 1.77%, I: 1.70%), Firmicutes (H: 1.23%, I: 0.98%), and 
Verrucomicrobia (H: 1.19%, I: 0.98%) (Supplementary Figure S4A). 
The dominant fungal phyla were Ascomycota (H: 56.67%, I: 54.93%), 
Unclassified (H: 19.18%, I: 30.52%), Basidiomycota (H: 5.40%, I: 
12.05%), Zygomycota (H: 13.63%, I: 2.03%), and Chytridiomycota 
(H: 5.10%, I: 0.46%) (Supplementary Figure S4B). The dominant 
protistan phyla were Streptophyta (H: 75.49%, I: 56.45%), Metazoa 
(H: 5.07%, I: 15.62%), Cercozoa (H: 5.47%, I: 11.35%), Ascomycota 
(H: 4.04%, I: 7.18%), Ochrophyta (H: 1.47%, I: 2.69%), Ciliophora 
(H: 1.83%, I: 1.90%), Lobosa (H: 1.93%, I: 1.36%), Chlorophyta (H: 
0.49%, I: 2.76%), Pseudofungi (H: 1.01%, I: 0.47%), and Unclassified 
(H: 1.50%, I: 1.53%) (Supplementary Figure S4C). To investigate the 
impact of pathogenic fungi, we focused on the fungal community 
and identified species with relative abundance ≥1% 
(Supplementary Figure S5A). Notably, the pathogenic fungus 
Fusarium solani f sp. eumartii was present in both healthy and 
infected soils, but its relative abundance, at 8.67%, in infected soil was 
significantly higher (ANOVA, p < 0.001) compared to healthy soil 
(0.42%) (Supplementary Figure S5B). In summary, the presence of 
pathogenic fungi reshaped the prokaryotic, fungal, and protistan 
communities in tobacco soil.

3.3. The impact of environmental factors 
on microbial community

To assess the impact of environmental factors on soil microbial 
community composition and structure, we employed the Mantel test 
using Bray–Curtis dissimilarity (Supplementary Table S2). Our results 
demonstrate that pH exerted a significant influence on the prokaryotic 
(r = 0.2667, p = 0.005), fungal (r = 0.2984, p = 0.002), and protistan 
(r = 0.1438, p = 0.034) communities in both healthy and infected soils. 
Notably, we also observed that the influence of TOC, NO3

−-N, and 
NH4

+-N on the microbial community varied according to the specific 
microbial group under consideration. For instance, TOC and NH4

+-N 
exhibited a stronger effect on the fungal community (r  = 0.2382, 

p = 0.033; r = 0.1874, p = 0.029) than on the prokaryotic community 
(r = −0.0291, p = 0.525; r = 0.1111, p = 0.128) or protistan community 
(r  = −0.2329, p = 0.969; r  = −0.0858, p = 0.776). NO3

−-N exerted a 
stronger effect on the fungal (r  = 0.1837, p = 0.018) and protistan 
(r  = 0.1538, p = 0.048) communities than on the prokaryotic 
community (r = 0.2382, p = 0.128). Furthermore, we observed that 
TOC and NH4

+-N were strongly associated with shifts in the relative 
abundances of pathogenic fungi (i.e., F. solani) (Figure 1). Collectively, 
our findings underscore the intricate interplay between environmental 
factors and microbial communities in tobacco soils, and suggested 
that pH, TOC, NO3

−-N, and NH4
+-N may be pivotal in shaping the 

microbiome of this ecosystem.
Variance partitioning analysis (VPA) was conducted to investigate 

the relative impact of environmental factors on prokaryotic, fungal, 
and protistan communities in tobacco soils. The results showed that 
only a portion of the variation within the communities (54.97% for 
prokaryotes, 56.89% for fungi, and 49.15% for protists) could 
be explained by environmental factors (Supplementary Figure S6). 
Our analysis of environmental stress (pH) and soil nutrient (TOC, 
TN, TP, TK, AP, AK, NO3

−-N, and NH4
+ -N) models revealed that 

pure environmental stress accounted for a mean of 9.40, 6.58, and 
7.98% of the variation in prokaryotic, fungal, and protistan 
communities, respectively, while pure soil nutrients explained a mean 
of 42.67, 49.06, and 40.88% of the variation. These results suggest that 
a large proportion of the variance (45.03, 43.11, and 50.85% for the 
prokaryotic, fungal, and protistan communities, respectively) 
remained unexplained, indicating the potential importance of neutral 
or stochastic processes in community aggregation.

3.4. Impact of Fusarium solani infection on 
soil microbial community interactions and 
stability

We employed molecular ecological networks (MENs) to study the 
changes in the interactions between microbial communities following 
infection by pathogenic fungi. To ensure comparability of different 
networks, we established MENs for both healthy and infected soil 
samples using the same threshold values (0.95 for prokaryotic, 0.89 for 
fungal, and 0.89 for protistan communities). The overall topological 
indices revealed that the average path lengths (GD) of all networks 
were between 4.935 and 12.582. These values were close to the 
logarithms of the total number of network nodes and were higher 
than those of their corresponding random networks 
(Supplementary Table S3). This indicated that the MENs showed the 
typical properties of small-world networks. The modularity of all 
networks for prokaryotic, fungal, and protistan communities ranged 
from 0.681 to 0.901, which was significantly higher than the 
modularity value of their corresponding randomized networks. This 
suggests that all constructed networks had modular topology. These 
key topological properties allowed us to conduct further analysis on 
the constructed networks.

The application of network analysis revealed a reduction in the 
scale of the network (i.e., number of nodes and edges) following 
F. solani infection (Figure 2). The Zi - Pi analysis results demonstrated 
that the number of keystone species in healthy soil was higher for 
prokaryotic and protistan community networks (29 and 4 nodes, 
respectively) compared to infected soil (8 and 1 nodes, respectively). 
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However, for fungal community networks, the number of keystone 
species was higher in infected soil (10 nodes) than healthy soil (5 
nodes) (Supplementary Table S4). Cohesion analysis revealed a higher 
absolute value of negative cohesion for fungal communities in healthy 
soil, indicating increased competition among fungi compared to 
infected soil. Conversely, healthy soil exhibited a higher absolute value 
of positive cohesion for protistan communities, indicating increased 
cooperation among protists compared to infected soil (Figure 3A). 
The ANOVA results indicated that the robustness of prokaryotic and 
fungal communities was significantly higher in healthy soil than in 
infected soil (p < 0.05), indicating greater community stability in 
healthy soil. However, in protistan communities, robustness was lower 
in healthy soil (Figure 3B). These findings suggest that infection by 
F. solani has a significant impact on microbial community structure 
and interactions in the soil, and highlighted the vulnerability of the 
microbial communities to pathogen invasion.

The results of network analysis indicated that in healthy and 
infected soils, the potential pathogen F. solani was negatively 
correlated with several fungal species, including Monacrosporium 
thaumasium, Rhizophlyctis rosea isolate, Nectriaceae sp., Arrhenia sp., 
Talaromyces assiutensis isolate, and Leptodophora orchidicola. On the 
other hand, F. solani was positively correlated with Scutellinia 
nigrohirtula and three unclassified fungal genera 
(Supplementary Figures S7A,B). These positive and negative 
correlations suggested that certain fungi may play important roles in 
either assisting or inhibiting fungal root rot infections. We suggest 
that pathogen invasion may be aided by native microbial members 
that are positively correlated with F. solani, potentially through 
assistance in colonization or mutualistic relationships that are 
enriched during the infection process.

3.5. The role of prokaryotes in the invasion 
of Fusarium solani

We constructed an IDEN of the prokaryotic-fungal community to 
evaluate the importance of prokaryotes in the invasion of F. solani. The 
networks in healthy and infected samples both exhibited basic bipartite 
topological structures (Supplementary Table S5), but showed significant 
topological differences (Figures 4A,B). The healthy samples network 
had higher numbers of nodes and links (96 fungal nodes and 714 
prokaryotic nodes, 1,273 links) than the infected network (72 fungal 
nodes and 522 prokaryotic nodes, 806 links), indicating more complex 
and tighter bacterial-fungal associations than in infected samples.

To gain deeper insights into the impact of prokaryotes on F. solani, 
we selected all nodes connected to F. solani and constructed a subnetwork 
(Figures 4C,D). The results showed that in the infected network F. solani 
possessed a greater number of connected nodes (8 nodes) than in the 
healthy network (5 nodes). Furthermore, one resistance bacterial species 
(based on the negative correlations) belonging to the genus 
Actinokineospora was found in healthy samples, while three resistance 
bacterial species (one unclassified species belonging to the class 
Deltaproteobacteria, one unclassified species belonging to the phylum 
Chloroflexi and one species belonging to the genus Saccharibacteria). 
There were four prokaryotic species (one species belonging to the genus 
Clostridium, two species belonging to the genus Krasilnikovia and one 
species belonging to the class Actinobacteria) positively connected with 
F. solani in the healthy network, while five prokaryotic species (two 
species belonging to the genus Gemmatirosa, two species belonging to 
genus Nitrosomonas and one species belonging to genus Acidovorax) 
were positively connected with F. solani in the infected network. Overall, 
the subnetwork analysis revealed that in infected soils, F. solani had a 

FIGURE 1

Random forest module results. %IncMSE represents the average percentage increase in the model’s error after using each feature to perform a split. 
The blue color represents the significant correlation between the environmental factor with the relative abundance of Fusarium solani f sp. eumartii. 
The bar on the left represents the negative correlation, while the bar on the right represents the positive correlation. The levels of significance are 
indicated as 0.001***, 0.01**, and 0.05*.
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higher number of connected nodes compared to healthy soils. 
Additionally, there were more resistance bacteria species positively 
connected to F. solani in infected soils than in healthy soils.

3.6. The role of predatory protists in the 
invasion of Fusarium solani

In order to better understand the interactions between predatory 
protists and the fungal community, IDENs between predatory protists 
and the fungal community were constructed (Figures 5A,B). To do this, 
we selected 131 fungal and 344 protistan species from healthy samples, 
and 127 fungal and 188 protistan species from infected samples, 
to illustrate the associations between fungi and protists 
(Supplementary Table S5). To gain deeper insights into the impact of 
invasion on the predation relationship of predatory protozoa, 
we  focused on nodes related to the Cercozoa and constructed a 
subnetwork (Figures 5C,D). In healthy soil, we found that 18 nodes of 
Ascomycota, 1 node of Basidiomycota, 12 nodes of Unclassified, 2 
nodes of Zygomycota, and 1 node of F. solani were mainly associated 
with Cercozoa (6 nodes). However, in infected soil, we observed that 
32 nodes of Ascomycota, 10 nodes of Basidiomycota, 11 nodes of 

Unclassified, 2 nodes of Zygomycota, and 1 node of F. solani were 
mainly associated with Cercozoa (34 nodes). These results suggested 
that the invasion of pathogenic fungi significantly increased the 
number of Cercozoa in soil, which in turn stimulated predation by 
predatory protists (Cercozoa) on the fungal community. Furthermore, 
the invasion seems to increase the predation of predatory protists 
(Cercozoa) on Ascomycota and Basidiomycota. Interestingly, the 
predation of F. solani was decreased in infected soil (Figures 5E,F), 
indicating that there was lower survival pressure on this pathogen. 
Overall, our findings shed light on the complex inter-domain 
interactions between predatory protists and the fungal community, and 
the impact of pathogenic fungi on these relationships.

3.7. Soil variables influence network 
connectivity in bipartite networks

We conducted partial Mantel tests (Table  1) to explore the 
associations between soil variables and the connectivity of all 
bipartite networks. Our analysis revealed that soil variables had a 
significant impact on the connectivity of the bipartite networks. 
However, the specific variables involved varied depending on the 

FIGURE 2

The intra-domain network analysis of prokaryotic, fungal and protistan communities. (A) The prokaryotic network of healthy samples. (B) The 
prokaryotic network of infected samples. (C) The fungal network of healthy samples. (D) The fungal network of infected samples. (E) The protistan 
network of healthy samples. (F) The protistan network of infected samples. The different colors represent different modules, while modules with five 
nodes or less are grey. Node size indicates the node degree of node. N, node; L, links.
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health status of the soil. In healthy prokaryotic-fungal networks, 
connectivity was significantly influenced by pH (r  = 0.0544, 
p = 0.02), TK (r = 0.0611, p = 0.01), AK (r = 0.0529, p = 0.036), and 
NO3

−-N (r  = 0.081, p = 0.009). Conversely, the connectivity of 
infected prokaryotic-fungal networks was only influenced by 
NO3

−-N (r  = 0.0646, p = 0.044). For protistan-fungal networks, 
we  found that connectivity was significantly influenced by TK 
(r = 0.063, p = 0.015), AP (r = 0.0577, p = 0.038), and AK (r = 0.0813, 
p = 0.006) in healthy soil. In contrast, in infected soil, connectivity 
was significantly influenced by TOC (r = 0.0619, p = 0.0394), AK 
(r = 0.057, p = 0.038), and NH4

+-N (r = 0.0967, p = 0.009). Overall, 
these findings highlight the importance of considering soil health 
status when studying the associations between soil variables and the 
connectivity of bipartite networks. By identifying the specific soil 
variables that influence network connectivity, these results could 
inform soil management practices aimed at promoting a healthy 
and diverse soil ecosystem.

4. Discussion

In the context of the existing literature on Fusarium solani root 
rot, this study sought to elucidate the intricate interactions between 
soil microbial communities and the incidence of this pathogenic 
infection in tobacco fields. Our objectives were guided by the need to 
address gaps in our understanding of how various soil factors 
influence the proliferation of F. solani and how microbial communities 
respond to the presence of this pathogen. By accomplishing these 
objectives, we aimed to provide a new strategy and theoretical support 
for enriching the study of tobacco soil microbial resources and for 
exploring antagonistic microbial resources targeting F. solani. The 
current research builds upon prior investigations that have examined 

the relationships between soil properties, microbial communities, and 
disease incidence. A careful review of the literature reveals a scarcity 
of research on the regulatory mechanisms of environmental factors 
such as different nutritional levels, particularly the impact of nutrient 
improvement on disease suppression (Guo et al., 2022). Additionally, 
while there are studies that have explored the impact of soil properties 
on the occurrence of F. solani (Tan et al., 2021, 2022), little attention 
has been given to the intricate network of interactions involving other 
microorganisms, such as bacteria, fungi, and protists, in the context 
of this pathogenic invasion.

Our findings have brought to light significant disparities in soil 
attributes between healthy and diseased plants within the same field. 
The soil hosting the infection exhibited notably higher levels of 
organic matter, total organic carbon, total nitrogen, total phosphorus, 
available potassium, available phosphorus, nitrate nitrogen, and 
ammonium nitrogen compared to the healthier soil. These 
pronounced differences underscore the existence of substantial 
heterogeneity in soil texture and nutrient content across the field, a 
phenomenon commonly referred to as “soil patchiness” (Eviner and 
Firestone, 2007; He et al., 2012). Soil patchiness can stem from various 
sources, including soil type, water distribution, chemical gradients, 
and topography (Laekemariam et  al., 2017; Lefebvre et  al., 2020). 
These variations can translate into discrepancies in plant growth 
(Wang et al., 2021; Cao et al., 2023). Importantly, soil patchiness plays 
a multifaceted role in shaping disease dynamics. In environments 
characterized by varied soil attributes, different regions of the same 
field may provide varying levels of vulnerability to pathogenic 
organisms (Tan et al., 2021). The localized enrichment of nutrients in 
certain patches might create more favorable conditions for the 
proliferation of pathogens such as F. solani. Conversely, patches with 
less favorable attributes may hinder pathogen growth. This dynamic 
interplay between soil patchiness and disease dynamics underscores 

FIGURE 3

The complexity and stability of soil microbial community. (A) Cohesion analysis of the microbial communities, where green represents healthy samples 
and the red represents infected samples. (B) Robustness analysis of the microbial communities. HS, healthy soil; IS, infected soil. The levels of 
significance are indicated as 0.001***, 0.01**, and 0.05*.
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the complexity of microbial interactions in the soil ecosystem and has 
important implications for disease management strategies.

The establishment of pathogenic F. solani in soil demonstrates 
significant repercussions on the soil’s microbial community (Tan et al., 
2021). Our research underscores that the microbial community of 
afflicted plants contrasts starkly with that of their healthy counterparts, 
as evidenced by reduced microbial diversity and richness 
(Supplementary Figure S3 and Supplementary Table S1). This 
corroborates prior studies that indicate the presence of pathogenic 
fungi can curtail microbial diversity and reshape community structure 
(Mendes et al., 2018; Qu et al., 2020; Tan et al., 2022). This decline in 
diversity could emanate from the competitive edge that pathogenic 
fungi gain, possibly through the release of toxins or competition for 
resources (Bais et al., 2003; Fu et al., 2017). Furthermore, alterations 
in microbial community structure might stem from shifts in soil 
conditions induced by pathogenic intrusion, such as changes in pH or 
nutrient availability (Zhang et al., 2016). Our findings underscore that 
pathogenic fungal incursions exert a substantial influence on soil 

microbial communities, yielding diminished diversity and richness. 
These outcomes possess crucial implications for plant well-being and 
agricultural yield, considering the pivotal role of soil microbial 
communities in nutrient cycling, soil structure, and plant-microbe 
interplay. Further explorations are essential to unravel the mechanisms 
orchestrating these effects and to devise strategies for managing plant 
diseases borne in the soil.

This study casts light on the sway of environmental factors upon 
the composition and structure of microbial communities within 
tobacco soils (Wang et al., 2022). The results of our study demonstrate 
that soil pH, TOC, NO3

−-N, and NH4
+-N are key environmental 

factors that influence the composition and structure of microbial 
communities in tobacco soils. Our findings are consistent with 
previous studies that have identified soil pH as a major driver of 
microbial community structure (Christian et al., 2009; Fierer et al., 
2013). Moreover, our results indicate that the influence of soil 
nutrients on microbial communities may vary depending on the 
specific microbial group under consideration (Zhou et al., 2021). For 

FIGURE 4

Interdomain ecological networks of the prokaryotic-fungal associations of healthy and infected samples. (A) The whole network of healthy samples. 
(B) The whole network of infected samples. (C) The F. solani-prokaryotes sub-network of healthy samples. (D) The F. solani-prokaryotes sub-network 
of infected samples. The different color represents the different modules, while modules with five nodes or less are grey. Node size indicates the node 
degree of node. Red links in the sun-networks indicate negative correlations.
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example, TOC and NH4
+-N have a greater impact on fungal 

communities than on prokaryotic or protistan communities, while 
NO3

−-N has a stronger effect on fungal and protistan communities 
than on prokaryotic communities. Our study also suggests that 
environmental factors account for a substantial, but incomplete, 
portion of the variation in microbial community structure (Chen and 

Gu, 2022). Variance partitioning analysis revealed that only a portion 
of the variation in microbial communities could be  explained by 
environmental factors, indicating the potential importance of neutral 
or stochastic processes in community aggregation. These findings are 
consistent with previous studies that have suggested that neutral or 
stochastic processes may play a significant role in shaping microbial 

FIGURE 5

Interdomain ecological networks of the protistan-fungal associations of healthy and infected samples. (A) The whole network of healthy samples. 
(B) The whole network of infected samples. (C) The Cercozoa-fungi sub-network of healthy samples. (D) The Cercozoa-fungi sub-network of infected 
samples. (E) The sub-network of Cercozoa-pathogenic fungi (F. solani) of healthy samples. (F) The sub-network of Cercozoa-pathogenic fungi (F. 
solani) of infected samples.

TABLE 1 The correlations between module eigenvalues and environmental traits in the healthy and infected samples networks.

Mantel
16S-ITS-HS 16S-ITS-IS 18S-ITS-HS 18S-ITS-IS

r P r P r P r P

pH 0.0544 0.02* 0.0247 0.135 0.0526 0.053 −0.0582 0.979

TOC −8.00E-04 0.429 −0.0336 0.908 −0.0407 0.96 0.0619 0.0394*

TN −0.0165 0.734 0.0304 0.14 0.0121 0.312 −0.0544 0.947

TP 0.0048 0.38 0.0021 0.394 −0.0521 0.996 −0.0623 0.978

TK 0.0611 0.01 0.0077 0.315 0.063 0.015* −0.0399 0.917

AP 0.0043 0.398 −0.0263 0.815 0.0577 0.038* −0.0582 0.972

AK 0.0529 0.036* 0.0124 0.286 0.0813 0.006** 0.057 0.038*

NO3
−-N 0.081 0.009** 0.0646 0.044* −0.0013 0.476 −0.0399 0.876

NH4
+-N 0.0142 0.274 0.0407 0.138 0.0339 0.116 0.0967 0.009**

16S-ITS-HS, the healthy inter-domain network of prokaryotic-fungal community; 16S-ITS-IS, he infected inter-domain network of prokaryotic-fungal community; 18S-ITS-HS, the healthy 
inter-domain network of protistan-fungal community; 18S-ITS-IS, he infected inter-domain network of protistan-fungal community; The levels of significance are indicated as 0.001***, 
0.01**, and 0.05*.
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community structure (Nemergut et al., 2016; Zhou and Ning, 2017). 
Overall, our study highlights the intricate interplay between 
environmental factors and microbial communities in tobacco soils. 
Our findings suggest that soil pH, TOC, NO3

−-N, and NH4
+-N may 

be pivotal in shaping the microbiome of this ecosystem, and emphasize 
the need for further research to elucidate the underlying mechanisms 
driving these relationships.

This study also expounds on the transformative influence of 
pathogenic F. solani on the arrangement and dynamics of soil 
microbial communities (Tan et al., 2021, 2022). The contraction of 
network scale, indicated by diminished nodes and edges, subsequent 
to infection signifies a reduced complexity in microbial communities 
(Figure 2), a phenomenon echoed in earlier studies (Urich et al., 2008; 
Banerjee et al., 2018). Furthermore, the decline in keystone species 
numbers within prokaryotic and protistan community networks 
portends a diminution in their robustness and stability, given the 
crucial roles played by keystone species in sustaining ecosystem 
function and resilience (Deng et al., 2012; Banerjee et al., 2018). In 
contrast, the augmentation in keystone species numbers within fungal 
community networks could denote a response to pathogenic invasion, 
with these key species potentially stifling F. solani growth or facilitating 
the establishment of other beneficial fungal strains (Tan et al., 2022). 
Noteworthy examples, such as Monacrosporium thaumasium and 
Rhizophlyctis rosea isolate, could emerge as pivotal contributors in the 
microbial ecosystem of infected soils, offering novel strategies for 
curtailing fungal root rot outbreaks (Hu et al., 2020; Tan et al., 2022). 
Additionally, cohesion analysis unveils an intensified fungal 
competition in healthy soils, juxtaposed with heightened protist 
cooperation in infected soils (Figure 3A). This shift implies altered 
community interactions, manifesting as changes in microbial 
community composition and structure (Chapelle et al., 2016). Further 
insights arise from ANOVA results, pointing to the superior 
robustness of prokaryotic and fungal communities in healthy soils 
relative to infected ones (Figure  3B), potentially indicating the 
deleterious impact of F. solani on the stability of these microbial 
communities (Yan and Nelson, 2020; Saengchan et al., 2022). However, 
the augmented robustness of protistan communities in healthy soils 
may mirror their adeptness at withstanding pathogenic incursions and 
upholding stability (Guo et al., 2022).

The soil, a multifaceted ecosystem, houses a plethora of 
microorganisms, including bacteria and fungi, pivotal in nutrient 
cycling and plant prosperity (Effmert et  al., 2012). Endophytic 
microorganisms further inhabit plant tissues, potentially conferring 
disease resistance or nutrient access (Bamisile et  al., 2018). The 
interactions among fungi, bacteria, and protists within this milieu 
assume critical roles in microbial communication networks, integral 
to the equilibrium and functioning of these habitats (Deng et  al., 
2012). Our study spotlights the notable role of inter-domain 
interactions, interweaving prokaryotes, fungi, and protists, paramount 
to soil ecosystem dynamics. The encroachment of pathogenic fungi, 
exemplified by F. solani, disrupts these interactions, exerting 
transformative effects (Figures 4, 5). Investigation through the IDEN 
approach discerns intricate bacterial-fungal associations in healthy 
soils, while infection enriches F. solani’s connections with prokaryotic 
species (Figures 4C,D). This phenomenon suggests that pathogenic 
fungi might stimulate the growth of specific bacterial species, possibly 
fostering or suppressing fungal growth—a key insight into the 
regulation of F. solani’s expansion and virulence (Tan et al., 2021). Our 

discoveries corroborate earlier findings showcasing the vital role of 
prokaryotes in soil health by controlling fungal pathogens (Zahir 
et al., 2003; Niu et al., 2017). Notably, our study unveils that F. solani 
invasion escalates Cercozoa numbers, triggering predatory protists’ 
predation on fungal communities (Figures 5C,D). Remarkably, the 
predation of pathogenic F. solani declines in infected soil 
(Figures 5E,F), hinting at reduced survival pressure on the pathogen. 
These trends align with previous research underlining the influential 
role of predatory protists in steering soil microbial communities 
(Rønn et  al., 2002; Geisen et  al., 2015). Collectively, our study 
accentuates the indispensability of accounting for inter-domain 
interactions when scrutinizing soil microbial communities, 
particularly under the impact of pathogenic fungi.

Several studies have shown that soil physical and chemical factors 
play crucial roles in regulating the interactions between predators and 
prey in the soil ecosystem (Bastida et al., 2021; Ding et al., 2022). For 
instance, pH, nutrient availability, and organic matter content have 
been found to be important drivers of protistan-fungal interactions in 
the soil (Zhou et al., 2021; Guo et al., 2022). The pH of the soil can 
affect both the growth and activity of protists and fungi, thereby 
influencing the strength and direction of their interactions (Örmälä-
Odegrip et  al., 2015; Rocca et  al., 2022). Nutrient availability, 
particularly the availability of nitrogen (N) and phosphorus (P), has 
been found to be a key determinant of protistan-fungal interactions, 
with high N:P ratios favoring fungal growth and low ratios favoring 
protistan growth (Bonkowski, 2004; Gellner and McCann, 2016). In 
addition, organic matter content has been shown to influence the 
diversity and composition of soil microbial communities, which can 
in turn affect the interactions between predators and prey (Wall et al., 
2015; Martin et al., 2023). Our results provide further evidence that 
these factors also influence the connectivity of bipartite networks 
(Table 1), which in turn can affect the structure and function of the 
soil ecosystem. For example, in healthy protistan-fungal networks, 
connectivity was significantly influenced by TK, AP, and AK. These 
findings suggest that increasing soil nutrient availability could 
promote the growth and activity of both protists and fungi, potentially 
leading to a more efficient transfer of energy and nutrients within the 
soil food web. In contrast, in infected soil, connectivity was 
significantly influenced by TOC, AK, and NH4

+-N. This suggests that 
managing soil carbon and nitrogen availability could be particularly 
important for maintaining the stability and function of protistan-
fungal networks in degraded soils. Overall, these findings highlight 
the complex nature of the interactions between predators and prey in 
the soil, and the importance of understanding the roles of soil physical 
and chemical factors in regulating these interactions. By identifying 
the specific soil variables that influence these interactions, we can 
develop more effective soil management practices that promote a 
healthy and diverse soil ecosystem.

Collectively, our study advances the understanding of the intricate 
interactions within soil microbial communities and their responses to 
the invasion of pathogenic fungi like F. solani. By elucidating the roles 
of different microbial groups, we provide insights into the dynamics 
of tobacco root rot disease. This knowledge holds significant 
implications for disease management strategies. The identification of 
potential key players within the microbial ecosystem, including both 
beneficial and pathogenic species, opens avenues for targeted 
interventions. Leveraging the biotic regulatory role of predatory 
protists and the intricate microbial interactions revealed in our study 
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could lead to innovative approaches for controlling root rot outbreaks. 
Furthermore, understanding how environmental factors influence 
these interactions underscores the importance of maintaining optimal 
soil conditions to mitigate disease incidence. Overall, our findings 
offer practical insights that may contribute to the development of 
sustainable and effective strategies for managing root rot disease in 
tobacco cultivation.

5. Conclusion

Overall, this study demonstrates the complex interplay between 
soil physicochemical properties, microbial diversity, and plant health. 
The results suggest that the presence of pathogenic fungi can 
significantly alter the soil microbial community and increase soil 
nutrient levels. Additionally, the study highlights the importance of 
considering multiple factors, including pH and soil nutrients, in 
understanding the interactions between different microbial groups. 
The findings have implications for the development of sustainable 
agricultural practices that can promote soil health and prevent disease 
outbreaks in crops. Further research is needed to investigate the 
specific mechanisms underlying these complex microbial interactions 
and their effects on plant health.

Data availability statement

The datasets presented in this study can be  found in online 
repositories. The names of the repository/repositories and accession 
number(s) can be found in the article/Supplementary material.

Author contributions

PL, TX, QH, YZ, and WM designed the experiments. TX, YY, ZW, 
XD, BW, and WL took samples and performed all data measurement. 
SG and PL contributed to the data analysis and wrote the paper. All 
authors contributed to the article and approved the submitted version.

Funding

This research was supported by the Foundations for Tobacco 
Science of Wenshan Tobacco Company of Yunnan Province 
(2021530000241033) and Zhuzhou Tobacco Company of Hunan 
Province (22-004) of China.

Acknowledgments

We thank James Walter Voordeckers for carefully editing the 
grammar of the manuscript and for some valuable suggestions for 
this paper.

Conflict of interest

PL was employed by the Wenshan Tobacco Company of 
Yunnan Province.

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

Publisher’s note

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

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1214167/
full#supplementary-material

References
Abarenkov, K., Henrik Nilsson, R., Larsson, K. H., Alexander, L. J., Eberhardt, U., Erland, S., 

et al. (2010). The UNITE database for molecular identification of fungi – recent updates and 
future perspectives. New Phytol. 186, 281–285. doi: 10.1111/j.1469-8137.2009.03160.x

Anderson, M. J. (2001). A new method for non-parametric multivariate analysis of 
variance. Austral Ecol. 26, 32–46. doi: 10.1111/j.1442-9993.2001.01070.pp.x

Bais, H. P., Vepachedu, R., Gilroy, S., Callaway, R. M., and Vivanco, J. M. (2003). 
Allelopathy and exotic plant invasion: from molecules and genes to species interactions. 
Science 301, 1377–1380. doi: 10.1126/science.1083245

Bamisile, B. S., Dash, C. K., Akutse, K. S., Keppanan, R., and Wang, L. (2018). Fungal 
endophytes: beyond herbivore management. Front. Microbiol. 9:544. doi: 10.3389/
fmicb.2018.00544

Banerjee, S., Schlaeppi, K., and van der Heijden, M. G. A. (2018). Keystone taxa as 
drivers of microbiome structure and functioning. Nat. Rev. Microbiol. 16, 567–576. doi: 
10.1038/s41579-018-0024-1

Barberán, A., Bates, S. T., Casamayor, E. O., and Fierer, N. (2012). Using network 
analysis to explore co-occurrence patterns in soil microbial communities. ISME J. 6, 
343–351. doi: 10.1038/ismej.2011.119

Bascompte, J., Jordano, P., Melián, C. J., and Olesen, J. M. (2003). The nested assembly 
of plant–animal mutualistic networks. Proc. Natl. Acad. Sci. 100, 9383–9387. doi: 
10.1073/pnas.1633576100

Bastida, F., Eldridge, D. J., García, C., Kenny Png, G., Bardgett, R. D., and Delgado 
Baquerizo, M. (2021). Soil microbial diversity–biomass relationships are driven by soil 
carbon content across global biomes. ISME J. 15, 2081–2091. doi: 10.1038/
s41396-021-00906-0

Bodah, E. T. (2017). Root rot diseases in plants: a review of common causal agents 
and management strategies. Agri. Res. Tech. 5:555661. doi: 10.19080/
ARTOAJ.2017.04.555661

Bonkowski, M. (2004). Protozoa and plant growth: the microbial loop in soil revisited. 
New Phytol. 162, 617–631. doi: 10.1111/j.1469-8137.2004.01066.x

Burdon, J. J., and Zhan, J. (2020). Climate change and disease in plant communities. 
PLoS Biol. 18:e3000949. doi: 10.1371/journal.pbio.3000949

Cao, Y., Ding, J., Li, J., Xin, Z., Ren, S., and Wang, T. (2023). Necromass-derived soil 
organic carbon and its drivers at the global scale. Soil Biol. Biochem. 181:109025. doi: 
10.1016/j.soilbio.2023.109025

Chapelle, E., Mendes, R., Bakker, P. A. H. M., and Raaijmakers, J. M. (2016). Fungal 
invasion of the rhizosphere microbiome. ISME J. 10, 265–268. doi: 10.1038/ismej. 
2015.82

Chen, J., and Gu, J. D. (2022). The environmental factors used in correlation 
analysis with microbial community of environmental and cultural heritage samples. 
Int. Biodeterior. Biodegrad. 173:105460. doi: 10.1016/j.ibiod.2022.105460

https://doi.org/10.3389/fmicb.2023.1214167
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1214167/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1214167/full#supplementary-material
https://doi.org/10.1111/j.1469-8137.2009.03160.x
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://doi.org/10.1126/science.1083245
https://doi.org/10.3389/fmicb.2018.00544
https://doi.org/10.3389/fmicb.2018.00544
https://doi.org/10.1038/s41579-018-0024-1
https://doi.org/10.1038/ismej.2011.119
https://doi.org/10.1073/pnas.1633576100
https://doi.org/10.1038/s41396-021-00906-0
https://doi.org/10.1038/s41396-021-00906-0
https://doi.org/10.19080/ARTOAJ.2017.04.555661
https://doi.org/10.19080/ARTOAJ.2017.04.555661
https://doi.org/10.1111/j.1469-8137.2004.01066.x
https://doi.org/10.1371/journal.pbio.3000949
https://doi.org/10.1016/j.soilbio.2023.109025
https://doi.org/10.1038/ismej.2015.82
https://doi.org/10.1038/ismej.2015.82
https://doi.org/10.1016/j.ibiod.2022.105460


Li et al. 10.3389/fmicb.2023.1214167

Frontiers in Microbiology 13 frontiersin.org

Christian, L. L., Micah, H., Rob, K., and Noah, F. (2009). Pyrosequencing-based 
assessment of soil pH as a predictor of soil bacterial community structure at the 
continental scale. Appl. Environ. Microbiol. 75, 5111–5120. doi: 10.1128/AEM.00335-09

D’Ippólito, S., Martín, M. L., Salcedo, M. F., Atencio, H. M., Casalongué, C. A., 
Godoy, A. V., et al. (2010). Transcriptome profiling of fusarium solani f. sp. eumartii-
infected potato tubers provides evidence of an inducible defense response. Physiol. Mol. 
Plant Pathol. 75, 3–12. doi: 10.1016/j.pmpp.2010.09.002

Deng, Y., Jiang, Y., Yang, Y., He, Z., Luo, F., and Zhou, J. (2012). Molecular ecological 
network analyses. BMC Bioinf. 13:113. doi: 10.1186/1471-2105-13-113

Deng, Y., Zhang, P., Qin, Y., Tu, Q., Yang, Y., He, Z., et al. (2016). Network succession 
reveals the importance of competition in response to emulsified vegetable oil 
amendment for uranium bioremediation. Environ. Microbiol. 18, 205–218. doi: 
10.1111/1462-2920.12981

DeSantis, T. Z., Hugenholtz, P., Larsen, N., Rojas, M., Brodie, E. L., Keller, K., et al. 
(2006). Greengenes, a chimera-checked 16S rRNA gene database and workbench 
compatible with ARB. Appl. Environ. Microbiol. 72, 5069–5072. doi: 10.1128/
AEM.03006-05

Deveau, A., Bonito, G., Uehling, J., Paoletti, M., Becker, M., Bindschedler, S., et al. 
(2018). Bacterial–fungal interactions: ecology, mechanisms and challenges. FEMS 
Microbiol. Rev. 42, 335–352. doi: 10.1093/femsre/fuy008

Ding, L., Huang, D., Ouyang, Z., and Guo, X. (2022). The effects of microplastics on 
soil ecosystem: a review. Cur. Opin. Envi. Sci. Heal. 26:100344. doi: 10.1016/j.
coesh.2022.100344

Du, S., Li, X., Hao, X., Hu, H., Feng, J., Huang, Q., et al. (2022). Stronger responses of 
soil protistan communities to legacy mercury pollution than bacterial and fungal 
communities in agricultural systems. ISME C. 2:69. doi: 10.1038/s43705-022-00156-x

Dunne, J. A., Williams, R. J., and Martinez, N. D. (2002). Food-web structure and 
network theory: the role of connectance and size. Proc. Natl. Acad. Sci. 99, 12917–12922. 
doi: 10.1073/pnas.192407699

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

Edgar, R. C. (2013). UPARSE: highly accurate OTU sequences from microbial 
amplicon reads. Nat. Methods 10, 996–998. doi: 10.1038/nmeth.2604

Effmert, U., Kalderás, J., Warnke, R., and Piechulla, B. (2012). Volatile mediated 
interactions between Bacteria and Fungi in the soil. J. Chem. Ecol. 38, 665–703. doi: 
10.1007/s10886-012-0135-5

Eviner, V. T., and Firestone, M. K. (2007). “Mechanisms determining patterns of 
nutrient dynamics” in California grasslands: ecology and management. ed. M. Stromberg 
(University of California Press). 94–106.

Feng, K., Peng, X., Zhang, Z., Gu, S., He, Q., Shen, W., et al. (2022). iNAP: an integrated 
network analysis pipeline for microbiome studies. iMeta 1:e13. doi: 10.1002/imt2.13

Feng, K., Zhang, Z. J., Cai, W. W., Liu, W. Z., Xu, M. Y., Yin, H. Q., et al. (2017). 
Biodiversity and species competition regulate the resilience of microbial biofilm 
community. Mol. Ecol. 26, 6170–6182. doi: 10.1111/mec.14356

Fierer, N., Ladau, J., Clemente, J. C., Leff, J. W., Owens, S. M., Pollard, K. S., et al. 
(2013). Reconstructing the microbial diversity and function of pre-agricultural tallgrass 
prairie soils in the United States. Science 342, 621–624. doi: 10.1126/science.1243768

Fira, D., Dimkić, I., Berić, T., Lozo, J., and Stanković, S. (2018). Biological control of plant 
pathogens by Bacillus species. J. Biotechnol. 285, 44–55. doi: 10.1016/j.jbiotec.2018.07.044

Freilich, M. A., Wieters, E., Broitman, B. R., Marquet, P. A., and Navarrete, S. A. 
(2018). Species co-occurrence networks: can they reveal trophic and non-trophic 
interactions in ecological communities? Ecology 99, 690–699. doi: 10.1002/ecy.2142

Fu, L., Penton, C. R., Ruan, Y., Shen, Z., Xue, C., Li, R., et al. (2017). Inducing the 
rhizosphere microbiome by biofertilizer application to suppress banana fusarium wilt 
disease. Soil Biol. Biochem. 104, 39–48. doi: 10.1016/j.soilbio.2016.10.008

Gamboa-Becerra, R., López-Lima, D., Villain, L., Breitler, J.-C., Carrión, G., and 
Desgarennes, D. (2021). Molecular and environmental triggering factors of pathogenicity 
of fusarium oxysporum and F. solani isolates involved in the coffee Corky-root disease. 
J. Fungi 7:253. doi: 10.3390/jof7040253

Geisen, S., Koller, R., Hünninghaus, M., Dumack, K., Urich, T., and Bonkowski, M. 
(2016). The soil food web revisited: diverse and widespread mycophagous soil protists. 
Soil Biol. Biochem. 94, 10–18. doi: 10.1016/j.soilbio.2015.11.010

Geisen, S., Tveit, A. T., Clark, I. M., Richter, A., Svenning, M. M., Bonkowski, M., et al. 
(2015). Metatranscriptomic census of active protists in soils. ISME J. 9, 2178–2190. doi: 
10.1038/ismej.2015.30

Gellner, G., and McCann, K. S. (2016). Consistent role of weak and strong interactions 
in high-and low-diversity trophic food webs. Nat. Commun. 7:11180. doi: 10.1038/
ncomms11180

Gu, S., Xiong, X., Tan, L., Deng, Y., Du, X., Yang, X., et al. (2022). Soil microbial community 
assembly and stability are associated with potato (Solanum tuberosum L.) fitness under 
continuous cropping regime. Front. Plant Sci. 13:45. doi: 10.3389/fpls.2022.1000045

Guillou, L., Bachar, D., Audic, S., Bass, D., Berney, C., Bittner, L., et al. (2012). The 
Protist ribosomal reference database (PR2): a catalog of unicellular eukaryote small 

sub-unit rRNA sequences with curated taxonomy. Nucleic Acids Res. 41, D597–D604. 
doi: 10.1093/nar/gks1160

Guo, S., Tao, C., Jousset, A., Xiong, W., Wang, Z., Shen, Z., et al. (2022). Trophic 
interactions between predatory protists and pathogen-suppressive bacteria impact plant 
health. ISME J. 16, 1932–1943. doi: 10.1038/s41396-022-01244-5

He, W., Shen, Y., and Cornelissen, J. H. C. (2012). Soil nutrient patchiness and plant 
genotypes interact on the production potential and decomposition of root and shoot 
litter: evidence from short-term laboratory experiments with Triticum aestivum. Plant 
Soil 353, 145–154. doi: 10.1007/s11104-011-1018-1

Hernandez, D. J., David, A. S., Menges, E. S., Searcy, C. A., and Afkhami, M. E. (2021). 
Environmental stress destabilizes microbial networks. ISME J. 15, 1722–1734. doi: 
10.1038/s41396-020-00882-x

Herren, C. M., and McMahon, K. D. (2017). Cohesion: a method for quantifying the 
connectivity of microbial communities. ISME J. 11, 2426–2438. doi: 10.1038/
ismej.2017.91

Hu, L., Robert, C. A. M., Cadot, S., Zhang, X., Ye, M., Li, B., et al. (2018). Root exudate 
metabolites drive plant-soil feedbacks on growth and defense by shaping the rhizosphere 
microbiota. Nat. Commun. 9:2738. doi: 10.1038/s41467-018-05122-7

Hu, Q., Tan, L., Gu, S., Xiao, Y., Xiong, X., Zeng, W. A., et al. (2020). Network analysis 
infers the wilt pathogen invasion associated with non-detrimental bacteria. NPJ Biofilms 
Microbomes 6:8. doi: 10.1038/s41522-020-0117-2

Jousset, A., Bienhold, C., Chatzinotas, A., Gallien, L., Gobet, A., Kurm, V., et al. (2017). 
Where less may be more: how the rare biosphere pulls ecosystems strings. ISME J. 11, 
853–862. doi: 10.1038/ismej.2016.174

Kalantari, S., Marefat, A., Naseri, B., and Hemmati, R. (2018). Improvement of bean 
yield and fusarium root rot biocontrol using mixtures of Bacillus. Pseud. Rhizob. Trop. 
Plant Pathol. 43, 499–505. doi: 10.1007/s40858-018-0252-y

Kong, Y. (2011). Btrim: a fast, lightweight adapter and quality trimming program for 
next-generation sequencing technologies. Genomics 98, 152–153. doi: 10.1016/j.
ygeno.2011.05.009

Laekemariam, F., Kibret, K., and Mamo, T. (2017). Farmers’ soil knowledge, fertility 
management logic and its linkage with scientifically analyzed soil properties in southern 
Ethiopia. Agricult. Food Sec. 6:57. doi: 10.1186/s40066-017-0138-0

Lareen, A., Burton, F., and Schäfer, P. (2016). Plant root-microbe communication in 
shaping root microbiomes. Plant Mol. Biol. 90, 575–587. doi: 10.1007/
s11103-015-0417-8

Lefebvre, D., Williams, A., Meersmans, J., Kirk, G. J. D., Sohi, S., Goglio, P., et al. 
(2020). Modelling the potential for soil carbon sequestration using biochar from 
sugarcane residues in Brazil. Sci. Rep. 10:19479. doi: 10.1038/s41598-020-76470-y

Li, Z., Bai, X., Jiao, S., Li, Y., Li, P., Yang, Y., et al. (2021). A simplified synthetic 
community rescues Astragalus mongholicus from root rot disease by activating 
plant-induced systemic resistance. Microbiome 9:217. doi: 10.1186/
s40168-021-01169-9

Liu, P., Luo, J., Zheng, Q., Chen, Q., Zhai, N., Xu, S., et al. (2020). Integrating 
transcriptome and metabolome reveals molecular networks involved in genetic and 
environmental variation in tobacco. DNA Res. 27:dsaa006. doi: 10.1093/dnares/
dsaa006

Liu, X., Wang, Y., Liu, Y., Chen, H., and Hu, Y. (2020). Response of bacterial and fungal 
soil communities to Chinese fir (Cunninghamia lanceolate) Long-term monoculture 
plantations. Front. Microbiol. 11:181. doi: 10.3389/fmicb.2020.00181

Magoč, T., and Salzberg, S. L. (2011). FLASH: fast length adjustment of short reads to 
improve genome assemblies. Bioinformatics 27, 2957–2963. doi: 10.1093/bioinformatics/
btr507

Martin, P., Annette, R., and Ilona, L. (2023). Disentangling the mixed effects of soil 
management on microbial diversity and soil functions: a case study in vineyards. Sci. 
Rep. 13:3568. doi: 10.1038/s41598-023-30338-z

Mendes, L. W., Raaijmakers, J. M., de Hollander, M., Mendes, R., and Tsai, S. M. 
(2018). Influence of resistance breeding in common bean on rhizosphere microbiome 
composition and function. ISME J. 12, 212–224. doi: 10.1038/ismej.2017.158

Mumby, P. J., Chollett, I., Bozec, Y., and Wolff, N. H. (2014). Ecological resilience, 
robustness and vulnerability: how do these concepts benefit ecosystem management? 
Cur. Opin. Envi. Sci. Heal. 7, 22–27. doi: 10.1016/j.cosust.2013.11.021

Naseri, B. (2019). “Legume root rot control through soil Management for Sustainable 
Agriculture” in Sustainable management of soil and environment. eds. R. S. Meena, S. 
Kumar, J. Singh and M. Lal (Springer). 217–258.

Naseri, B., and Hamadani, S. (2017). Characteristic agro-ecological features of soil 
populations of bean root rot pathogens. Rhizosphere 3, 203–208. doi: 10.1016/j.
rhisph.2017.05.005

Nemergut, D. R., Knelman, J. E., Ferrenberg, S., Bilinski, T., Melbourne, B., Jiang, L., 
et al. (2016). Decreases in average bacterial community rRNA operon copy number 
during succession. ISME J. 10, 1147–1156. doi: 10.1038/ismej.2015.191

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

https://doi.org/10.3389/fmicb.2023.1214167
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1128/AEM.00335-09
https://doi.org/10.1016/j.pmpp.2010.09.002
https://doi.org/10.1186/1471-2105-13-113
https://doi.org/10.1111/1462-2920.12981
https://doi.org/10.1128/AEM.03006-05
https://doi.org/10.1128/AEM.03006-05
https://doi.org/10.1093/femsre/fuy008
https://doi.org/10.1016/j.coesh.2022.100344
https://doi.org/10.1016/j.coesh.2022.100344
https://doi.org/10.1038/s43705-022-00156-x
https://doi.org/10.1073/pnas.192407699
https://doi.org/10.1016/j.cell.2018.10.020
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1007/s10886-012-0135-5
https://doi.org/10.1002/imt2.13
https://doi.org/10.1111/mec.14356
https://doi.org/10.1126/science.1243768
https://doi.org/10.1016/j.jbiotec.2018.07.044
https://doi.org/10.1002/ecy.2142
https://doi.org/10.1016/j.soilbio.2016.10.008
https://doi.org/10.3390/jof7040253
https://doi.org/10.1016/j.soilbio.2015.11.010
https://doi.org/10.1038/ismej.2015.30
https://doi.org/10.1038/ncomms11180
https://doi.org/10.1038/ncomms11180
https://doi.org/10.3389/fpls.2022.1000045
https://doi.org/10.1093/nar/gks1160
https://doi.org/10.1038/s41396-022-01244-5
https://doi.org/10.1007/s11104-011-1018-1
https://doi.org/10.1038/s41396-020-00882-x
https://doi.org/10.1038/ismej.2017.91
https://doi.org/10.1038/ismej.2017.91
https://doi.org/10.1038/s41467-018-05122-7
https://doi.org/10.1038/s41522-020-0117-2
https://doi.org/10.1038/ismej.2016.174
https://doi.org/10.1007/s40858-018-0252-y
https://doi.org/10.1016/j.ygeno.2011.05.009
https://doi.org/10.1016/j.ygeno.2011.05.009
https://doi.org/10.1186/s40066-017-0138-0
https://doi.org/10.1007/s11103-015-0417-8
https://doi.org/10.1007/s11103-015-0417-8
https://doi.org/10.1038/s41598-020-76470-y
https://doi.org/10.1186/s40168-021-01169-9
https://doi.org/10.1186/s40168-021-01169-9
https://doi.org/10.1093/dnares/dsaa006
https://doi.org/10.1093/dnares/dsaa006
https://doi.org/10.3389/fmicb.2020.00181
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1038/s41598-023-30338-z
https://doi.org/10.1038/ismej.2017.158
https://doi.org/10.1016/j.cosust.2013.11.021
https://doi.org/10.1016/j.rhisph.2017.05.005
https://doi.org/10.1016/j.rhisph.2017.05.005
https://doi.org/10.1038/ismej.2015.191
https://doi.org/10.1073/pnas.1616148114


Li et al. 10.3389/fmicb.2023.1214167

Frontiers in Microbiology 14 frontiersin.org

Olesen, J. M., Bascompte, J., Dupont, Y. L., and Jordano, P. (2007). The modularity of 
pollination networks. Proc. Natl. Acad. Sci. 104, 19891–19896. doi: 10.1073/pnas.0706375104

Örmälä-Odegrip, A. M., Ojala, V., Hiltunen, T., Zhang, J., Bamford, J. K. H., and 
Laakso, J. (2015). Protist predation can select for bacteria with lowered susceptibility to 
infection by lytic phages. BMC Evol. Biol. 15:81. doi: 10.1186/s12862-015-0341-1

Pokhrel, B. (2021). Effects of environmental factors on crop diseases development. J 
Plant Pathol Microbiol. 12:553. doi: 10.35248/2157-7471.21.12.553

Qu, Q., Zhang, Z., Peijnenburg, W. J. G. M., Liu, W., Lu, T., Hu, B., et al. (2020). 
Rhizosphere microbiome assembly and its impact on plant growth. J. Agric. Food Chem. 
68, 5024–5038. doi: 10.1021/acs.jafc.0c00073

Robbins, C., Thiergart, T., Hacquard, S., Garrido Oter, R., Gans, W., Peiter, E., et al. (2018). 
Root-associated bacterial and fungal community profiles of Arabidopsis thaliana are robust 
across contrasting soil P levels. Phytobiomes J. 2, 24–34. doi: 10.1094/pbiomes-09-17-0042-r

Rocca, J. D., Yammine, A., Simonin, M., and Gibert, J. P. (2022). Protist predation 
influences the temperature response of bacterial communities. Front. Microbiol. 13:4948. 
doi: 10.3389/fmicb.2022.847964

Romberg, M. K., and Davis, R. M. (2007). Host range and phylogeny of fusarium 
solani f. sp. eumartii from potato and tomato in California. Plant Dis. 91, 585–592. doi: 
10.1094/pdis-91-5-0585

Rønn, R., McCaig Allison, E., Griffiths Bryan, S., and Prosser James, I. (2002). Impact 
of protozoan grazing on bacterial community structure in soil microcosms. Appl. 
Environ. Microbiol. 68, 6094–6105. doi: 10.1128/AEM.68.12.6094-6105.2002

Saengchan, C., Phansak, P., Thumanu, K., Siriwong, S., Thanh, T. L., Sangpueak, R., 
et al. (2022). Resistance induction by salicylic acid formulation in cassava plant against 
fusarium solani. Plant Pathol. J. 38, 212–219. doi: 10.5423/PPJ.OA.02.2022.0019

Schoch, C. L., Robbertse, B., Robert, V., Vu, D., Cardinali, G., Irinyi, L., et al. (2014). 
Finding needles in haystacks: linking scientific names, reference specimens and 
molecular data for Fungi. Database 2014:bau061. doi: 10.1093/database/bau061

Statnikov, A., Wang, L., and Aliferis, C. F. (2008). A comprehensive comparison of 
random forests and support vector machines for microarray-based cancer classification. 
BMC Bioinf. 9:319. doi: 10.1186/1471-2105-9-319

Tan, L., Xiao, Y., Zeng, W., Gu, S., Zhai, Z., Wu, S., et al. (2022). Network analysis 
reveals the root endophytic fungi associated with fusarium root rot invasion. Appl. Soil 
Ecol. 178:104567. doi: 10.1016/j.apsoil.2022.104567

Tan, L., Zeng, W.-A., Xiao, Y., Li, P., Gu, S., Wu, S., et al. (2021). Fungi-Bacteria 
associations in wilt diseased rhizosphere and Endosphere by Interdomain ecological 
network analysis. Front. Microbiol. 12:2626. doi: 10.3389/fmicb.2021.722626

Tobias, J. A., Planqué, R., Cram, D. L., and Seddon, N. (2014). Species interactions and 
the structure of complex communication networks. Proc. Natl. Acad. Sci. 111, 
1020–1025. doi: 10.1073/pnas.1314337111

Tong, Z., Xiao, B., Jiao, F., Fang, D., Zeng, J., Wu, X., et al. (2016). Large-scale 
development of SSR markers in tobacco and construction of a linkage map in flue-cured 
tobacco. Breed. Sci. 66, 381–390. doi: 10.1270/jsbbs.15129

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

Urich, T., Lanzén, A., Qi, J., Huson, D. H., Schleper, C., and Schuster, S. C. (2008). 
Simultaneous assessment of soil microbial community structure and function 

through analysis of the Meta-transcriptome. PLoS One 3:e2527. doi: 10.1371/
journal.pone.0002527

Wall, D. H., Nielsen, U. N., and Six, J. (2015). Soil biodiversity and human health. 
Nature 528, 69–76. doi: 10.1038/nature15744

Wang, Q., Garrity, G. M., Tiedje, J. M., and Cole, J. R. (2007). Naïve Bayesian classifier 
for rapid assignment of rRNA sequences into the new bacterial taxonomy. Appl. Environ. 
Microbiol. 73, 5261–5267. doi: 10.1128/AEM.00062-07

Wang, S. (2018). Simplicity from complex interactions. Nat. Ecol. Evol. 2, 1201–1202. 
doi: 10.1038/s41559-018-0618-z

Wang, X., Li, Y., Duan, Y., Wang, L., Niu, Y., Li, X., et al. (2021). Spatial variability of 
soil organic carbon and Total nitrogen in desert steppes of China’s Hexi corridor. Front. 
Environ. Sci. 9:1313. doi: 10.3389/fenvs.2021.761313

Wang, X., Ren, Y., Yu, Z., Shen, G., Cheng, H., and Tao, S. (2022). Effects of 
environmental factors on the distribution of microbial communities across soils and lake 
sediments in the Hoh Xil nature Reserve of the Qinghai-Tibetan Plateau. Sci. Total 
Environ. 838:156148. doi: 10.1016/j.scitotenv.2022.156148

Wang, Y., Dang, N., Feng, K., Wang, J., Jin, X., Yao, S., et al. (2023). Grass-microbial 
inter-domain ecological networks associated with alpine grassland productivity. Front. 
Microbiol. 14:9128. doi: 10.3389/fmicb.2023.1109128

Xing, S., and Fayle, T. M. (2021). The rise of ecological network meta-analyses: problems 
and prospects. Glob. Ecol. Conserv. 30:e01805. doi: 10.1016/j.gecco.2021.e01805

Yan, H., Gu, S., Li, S., Shen, W., Zhou, X., Yu, H., et al. (2022). Grass-legume mixtures 
enhance forage production via the bacterial community. Agric. Ecosyst. Environ. 
338:108087. doi: 10.1016/j.agee.2022.108087

Yan, H., and Nelson, B. (2020). Effect of temperature on fusarium solani and F. 
tricinctum growth and disease development in soybean. Can. J. Plant Pathol. 42, 
527–537. doi: 10.1080/07060661.2020.1745893

Yin, Q., Wang, Z., and Wu, G. (2019). Impacts of environmental factors on microbial 
diversity, distribution patterns and syntrophic correlation in anaerobic processes. Arch. 
Microbiol. 201, 603–614. doi: 10.1007/s00203-019-01627-x

Yuan, M. M., Guo, X., Wu, L. W., Zhang, Y., Xiao, N. J., Ning, D. L., et al. (2021). 
Climate warming enhances microbial network complexity and stability. Nat. Clim. 
Chang. 11, 343–348. doi: 10.1038/s41558-021-00989-9

Zahir, Z. A., Arshad, M., and Frankenberger, W. T. (2003). Plant growth promoting 
Rhizobacteria: applications and perspectives in agriculture.  Adv. Aagron. 81, 97–168. 
doi: 10.1016/S0065-2113(03)81003-9

Zelezniak, A., Andrejev, S., Ponomarova, O., Mende, D. R., Bork, P., and 
Patil, K. R. (2015). Metabolic dependencies drive species co-occurrence in diverse 
microbial communities. Proc. Natl. Acad. Sci. 112, 6449–6454. doi: 10.1073/
pnas.1421834112

Zhang, T., Wang, N., Liu, H., Zhang, Y., and Yu, L. (2016). Soil pH is a key determinant 
of soil fungal community composition in the Ny-Ålesund region, Svalbard (high Arctic). 
Front. Microbiol. 7:5371. doi: 10.3389/fmicb.2016.00227

Zhou, J., and Ning, D. (2017). Stochastic community assembly: does it matter in 
microbial ecology? Microbiol. Mol. Biol. Rev. 81:e00002-17. doi: 10.1128/mmbr.00002-17

Zhou, Y., Sun, B., Xie, B., Feng, K., Zhang, Z., Zhang, Z., et al. (2021). Warming 
reshaped the microbial hierarchical interactions. Glob. Change Biol. 27, 6331–6347. doi: 
10.1111/gcb.15891

https://doi.org/10.3389/fmicb.2023.1214167
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1073/pnas.0706375104
https://doi.org/10.1186/s12862-015-0341-1
https://doi.org/10.35248/2157-7471.21.12.553
https://doi.org/10.1021/acs.jafc.0c00073
https://doi.org/10.1094/pbiomes-09-17-0042-r
https://doi.org/10.3389/fmicb.2022.847964
https://doi.org/10.1094/pdis-91-5-0585
https://doi.org/10.1128/AEM.68.12.6094-6105.2002
https://doi.org/10.5423/PPJ.OA.02.2022.0019
https://doi.org/10.1093/database/bau061
https://doi.org/10.1186/1471-2105-9-319
https://doi.org/10.1016/j.apsoil.2022.104567
https://doi.org/10.3389/fmicb.2021.722626
https://doi.org/10.1073/pnas.1314337111
https://doi.org/10.1270/jsbbs.15129
https://doi.org/10.1038/s41579-020-0412-1
https://doi.org/10.1371/journal.pone.0002527
https://doi.org/10.1371/journal.pone.0002527
https://doi.org/10.1038/nature15744
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1038/s41559-018-0618-z
https://doi.org/10.3389/fenvs.2021.761313
https://doi.org/10.1016/j.scitotenv.2022.156148
https://doi.org/10.3389/fmicb.2023.1109128
https://doi.org/10.1016/j.gecco.2021.e01805
https://doi.org/10.1016/j.agee.2022.108087
https://doi.org/10.1080/07060661.2020.1745893
https://doi.org/10.1007/s00203-019-01627-x
https://doi.org/10.1038/s41558-021-00989-9
https://doi.org/10.1016/S0065-2113(03)81003-9
https://doi.org/10.1073/pnas.1421834112
https://doi.org/10.1073/pnas.1421834112
https://doi.org/10.3389/fmicb.2016.00227
https://doi.org/10.1128/mmbr.00002-17
https://doi.org/10.1111/gcb.15891

	Soil microbiota plays a key regulatory role in the outbreak of tobacco root rot
	1. Introduction
	2. Materials and methods
	2.1. Site characterization
	2.2. Sample collection
	2.3. Soil physicochemical analyses
	2.4. DNA extraction, PCR amplification, and sequencing
	2.5. Sequence processing
	2.6. Molecular ecological network and inter-domain ecological network construction
	2.7. Statistical analysis

	3. Results
	3.1. Soil heterogeneity found in physicochemical properties of healthy and infected plants from the same field
	3.2. Microbial communities’ difference between healthy and infected tobacco soil
	3.3. The impact of environmental factors on microbial community
	3.4. Impact of Fusarium solani infection on soil microbial community interactions and stability
	3.5. The role of prokaryotes in the invasion of Fusarium solani
	3.6. The role of predatory protists in the invasion of Fusarium solani
	3.7. Soil variables influence network connectivity in bipartite networks

	4. Discussion
	5. Conclusion
	Data availability statement
	Author contributions

	References

