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Introduction: Fusarium wilt disease (FWD) of tobacco is a destructive disease
caused by Fusarium spp. in tobacco-growing regions worldwide. The Fusarium
spp. infection may alter the composition and structure of the tobacco root
microbial community; however, the relationship between these factors under
large-scale geographical conditions in China remains underexplored.

Methods: In the context of this investigation, soil samples from the rhizosphere
of tobacco plants were procured from fields afflicted with FWD and those
devoid of the disease in the Hanzhong region of Shaanxi province, as well
as in the Sanmenxia and Nanyang regions of Henan province. These regions
are recognized for the commercial cultivation of tobacco. The examination
focused on discerning the influence of tobacco FWD on the composition
and configuration of the rhizosphere microbial community, along with their
co-occurrence patterns. This scrutiny was underpinned by targeted PCR
amplification and high-throughput sequencing (amplicon sequencing) of the
16S rRNA gene and the ITS1 region.

Results: The amplicon data analyses showed that FWD influenced the microbial
structure and composition of the tobacco rhizosphere soil. FWD had a greater
impact on the microbiome of the tobacco fungal community than on the
microbiome of the bacterial community. Healthy plants had the ability to
recruit potential beneficial bacteria. Diseased plants were more susceptible to
colonization by other pathogenic fungi, but they still had the capacity to recruit
potential beneficial bacteria. The analysis of microbial intra- and inter-kingdom
networks further indicated that FWD destabilized microbial networks. In the
overall microbial interaction, microorganisms primarily interacted within their
boundaries, but FWD increased the proportion of interactions occurring across
boundaries. In addition, FWD could disrupt the interactions within microbial
network modules.

Discussion: This study provides evidence that FWD can cause changes in the
composition and network of microbial communities, affecting the interactions
among various microorganisms, including bacteria and fungi. These findings
contribute to our understanding of how plant microbiomes change due to
disease. Furthermore, they add to our knowledge of the mechanisms that govern
the assembly and interactions of microbial communities under the influence
of FWD.
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1 Introduction

Fusarium wilt of tobacco is a destructive plant disease, and it
is caused by the soil-borne pathogen Fusarium spp. in tobacco-
growing regions worldwide (Pandey, 2023). The Fusarium spp. lives
as dormant chlamydospores in soil or mycelia on crop residues of
infected plants (Toussoun et al., 1963). After overwintering, the
fungi infect plant roots where the lateral root emerges from the
primary root or in wounds. Once the vessels have been infected,
the vascular tissues become blocked, resulting in the typical wilting
(Boddy, 2016). More than seven species of Fusarium, which are
known to infect tobacco plants, have been reported in China,
namely F. oxysporum (Dean et al., 2012), F. fujikuroi (Shen et al.,
2023), F. tricinctum (Qiu et al., 2023), F. brachygibbosum (Qiu
et al.,, 2021), F. meridionaleall (Gai et al., 2023), F. solani (Yin
et al, 2022), and F. falciforme (Qiu et al, 2022). The FWD
occurrence caused serious economic losses in tobacco production
in several provinces in China (Yao et al, 2021), and disease
incidence ranges from 3 to 30% in Yunnan province (Gai et al,
2023).

An
cultural measures, and biological and chemical controls is

integrated approach involving resistance breeding,
extensively used for effectively managing the FWD. However,
the use of resistant varieties, the most efficient approach,
may have a negative impact on the yield (Salameh et al,
2011; Li et al, 2020); cultural measures are limited, while
the use of chemical fungicides carries the risk of pathogen
resistance development (Lucas et al, 2015). By comparison,
biological control is considered a promising alternative to
fungicides, and understanding microorganism interactions
in rhizosphere soil is fundamental to developing innovative
biocontrol methods against plant pathogens (Mitter et al,
2019).

The rhizosphere, a complex and dynamic ecosystem, is
home to a diverse microbial community (Chen et al., 2023).
Microbial interactions in the rhizosphere environment can either
suppress or promote plant diseases (Fitzpatrick et al., 2018).
Microbial communities form intricate networks in the soil,
building a biological barrier that facilitates microbe interactions
and aids plant defenses against pathogen invasion near the
root surface (Raaijmakers et al, 2009). Weibing Xun et al.
used the “reductionist” and “strain knock-out” strategies to
simplify the microbiota and demonstrate that keystone bacterial
strains play an important role in maintaining plant health
(Xun et al, 2023). While root microbiota are predominantly
beneficial, certain members can act as pathogens, inducing plant
diseases through mechanisms, thereby exerting detrimental effects
on plant growth and overall performance (Fitzpatrick et al,
2018; Nadarajah and Abdul Rahman, 2021). The invasion of
pathogens can affect strongly the relationships of the plant
rhizosphere microbiome (Xiao et al., 2024). In the rhizosphere,
soil microbes engage in interactions with pathogens, eliciting
community responses that culminate in disease (Nobori et al,
2018). For instance, the non-pathogenic bacterial species Erwinia
toletana, Pantoea agglomerans, and Erwinia oleae collaborate with
the primary pathogen Pseudomonas savastanoi pv. savastanoi,
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exacerbating disease severity in olive trees (Buonaurio et al,
2015).

Studies have shown that Fusarium can alter the composition
and function of plant rhizosphere microorganisms, thereby
influencing the occurrence of plant diseases (Chang et al., 2021;
Gao et al., 2021). Fusarium invasion influences the enrichment of
specific beneficial microbial taxa in the plant rhizosphere, which
may contribute to the plant’s resistance to pathogen infection (Li
et al., 2021). Symbiotic network analysis is increasingly utilized
to deduce potential microbial interconnections and serves as a
fundamental tool for gaining insights into microbial responses
to pathogen invasions (Guimera and Nunes Amaral, 2005). It is
vitally important to our research into the potential interactions
between microbiota and their responses to pathogen invasion.
Currently, limited research has focused on the changes in tobacco
rhizosphere microbial communities and their interactions after
Fusarium invasion.

In this study, therefore, the rhizospheric soil samples of tobacco
plants with FWD occurrence or without were collected from the
tobacco-growing regions of Shaanxi and Henan provinces, China,
where FWD incidence was high. We hypothesized that the disease
occurrence influenced changes in the microbiome composition.
To test this hypothesis, we explore the diversity and composition
differences between the microbiomes of healthy and diseased
plants based on the amplicon sequencing data. Moreover, the co-
occurrence networks of healthy and diseased plant microbiomes
were also compared, and this will provide new insight into the
stability of communities as well as microbial succession under
different environmental conditions.

2 Materials and methods

2.1 Sample collection

To compare the differences in soil microbial communities in
rhizosphere soils associated with the occurrence of tobacco FWD
vs. healthy plants, soil samples were collected in July 2023 during a
serious occurrence of FWD (~75 days after tobacco transplanting).
These samples were sourced from the primary tobacco tobacco-
growing regions with similar latitudes north of the Yangtze River
(Supplementary Table 1), where tobacco cultivation had persisted
for over 20 years and FWD has been reported annually on the
tobacco plants (cv. Yunyan99, a main cultivar). At each site, soil
samples from tobacco plants that displayed no wilt symptoms
were regarded as healthy ones, whereas from plants that showed
wilt symptoms as diseased ones (O’Donnell et al, 1998). The
rhizosphere soil (1 mm of soil tightly adhering to the root surface)
at a depth of 10-20 cm for each sample was collected by vigorously
shaking off the soil and brushing the remaining soil from the
rhizosphere of a plant taproot. The samples wrapped in dry ice were
taken to the laboratory and stored at —80°C until use (Edwards
et al,, 2015). Before soil sampling, disease incidence and severity
were investigated. The disease assessment was carried out for each
plant using a scale of 0-4, where 0 = healthy plants, 1 = stunted or
off-color plants, 2 = plants with one symptomatic leaf, 3 = more
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than one symptomatic leaf, and 4 = dead plants (Lamondia, 1988;
Thompson et al., 2011).

2.2 DNA extraction and amplicon
sequencing

Total DNA was extracted from 0.5 g rhizosphere soil samples
using the FastDNA Spin kit (MP Biomedicals, Santa Ana,
CA, USA). PCR amplifications were conducted with primer
pairs 515F (5-GTGCCAGCMGCCGCGG-3) and 806R (5 -
GGACTACHVGGGTWTCTAAT-3'), which amplified the V3-V4
region of the 16S rRNA gene for bacteria (Shu et al, 2018).
The primer pairs ITSIF (5 -CTTGGTCATTTAGAGGAAGTA-3')
and ITS2R (5 -GCTGCGTTCTTCATCGATGC-3') were applied
to amplify the ITS region for fungi (Adams et al, 2013). The
amplification was performed in a 20-pL reaction volume, which
contained 10 iL of 2xPro Taq, 0.8 iL of each primer (5 M), 0.4
nL of fast Pfu polymerase, 10 ng of template DNA, and ddH,O.
The thermal cycling program was performed with 30 cycles after
an initial denaturation at 95°C for 4 min. Each cycle included a
denaturation step at 95°C for 30s, annealing at 50 or 55°C for
1 min for 16S gene or ITS region sequences, and an extension step
at 72°C for 45s. PCR products were purified from a 2% agarose
gel using a PCR Clean-Up Kit (YuHua, Shanghai, China) and
quantified with a Qubit 4.0 fluorometer (Thermo Fisher Scientific,
Waltham, MA, USA). The soil microbial diversity was sequenced
using the Illumina Miseq PE300 platform (Illumina, San Diego, CA,
USA). The purified amplicons were initially assembled according to
the standard of equimolar amounts and then subjected to paired-
end sequencing.

The raw data were de-multiplexed and then quality filtered
using fastp version 0.19.6 (Chen et al., 2018). The overlapping
paired-end reads were merged to a reference standard using FLASH
version 1.2.11 (Mago¢ and Salzberg, 2011). Next, the sequence
and abundance information represented by the amplicon sequence
variant (ASV) was obtained by processing the data using the
sequence denoising method (DADA2) plugin in the QIIME2
(version 2020.2; Bolyen et al., 2019).

The raw sequencing reads were deposited into the
NCBI Sequence Read Archive (SRA) database (Accession
Number: PRJNA1148747).

2.3 Bioinformatics analysis

The microbial a- and B-diversity analyses were carried out
using the Majorbio Cloud (http://www.majorbio.com), which was
a one-stop online analytic platform, and the dilution curve and a-
and B-diversity indices were calculated. The Bray-Curtis distance
matrix served as the basis for principal coordinate analysis (PCoA)
for evaluating the dissimilarity of the microbial communities. With
999 permutations and the Bray-Curtis distance matrix as an input,
permutational multivariate analysis of variance (PERMANOVA)
statistical tests were run in the vegan package with the function
“adonis” to ascertain the effects of different factors on the
community dissimilarity (Nakagawa and Schielzeth, 2013). Species
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differences were assessed using linear discriminant analysis effect
size (LEfSe) across multiple taxonomic levels (phylum, class,
order, family, and genus) in the rhizosphere soil of healthy and
diseased plants. LDA values were used to measure the impact of
different species, showing significant differences between healthy
and diseased soils in relation to the FWD. This analysis indicates
that different taxa play a key role in the process of tobacco FWD
(Chang et al., 2022).

2.4 Microbial network construction

The microbial networks’ statistical analyses were conducted in
the R environment (v4.3.2; http://www.r-project.org/). Microbial
association networks were created by removing fungal and bacterial
OTUs with relative abundances <0.01% from the dataset (Faust,
2021). The OTUs appeared to be less than one-fifth in all samples
and were removed to avoid random effects of rare and site-specific
microbiomes. Robust correlations based on Spearman’s correlation
coeflicients (p) of >0.6 or <-0.6 and false discovery rate-corrected
p-values < 0.001 were used to construct networks (Jiao et al., 2022).
The networks were visualized using the interactive platform Gephi
software (version 0.10; Bastian et al., 2009). Network visualization
was visualized using Cytoscape software (version 3.9.1; Zhang et al.,
2021).

From these networks, the network’s fundamental information,
including the number of nodes, edges, positive correlations, and
negative correlations, was obtained. The number of links was
counted, and complexity was calculated as linkage density (links per
OTU) among bacterial, fungal, fungi-bacterial only, or all fungal
and bacterial OTUs (Gao et al,, 2021). The OTUs with the top
10 nodes with the highest degree and closeness centrality were
identified, and network stability was evaluated by the proportion
of negative or positive correlations and the modularity (Newman,
2006; Olesen et al., 2007).

3 Results

3.1 FWD affects the tobacco rhizosphere
microbiome assembly

A comparison of the alpha diversity of bacterial and
the Chaol
index and Shannon’s diversity index revealed no significant

fungal microbial communities using richness

differences between the alpha diversity of diseased and healthy

tobacco rhizosphere microbiomes (Figure 1). Meanwhile,
there was no significant difference in samples collected from
Sanmenxia and Neixiang regions (Supplementary Figure 1).
The that FWD had no

significant  difference in the microbial

results indicated statistically
community in
tobacco plants.

To examine the effect of FWD on tobacco rhizosphere soil
microbiome, PCoA and Adonis analysis were used for evaluating
the diseased and healthy microbial community structure. The
results found that there was no statistically significant difference
in the bacterial microbial community structures between healthy

and diseased tobacco infected by FWD (R? = 0.0503, P =
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Chaol richness index and Shannon's diversity index of bacterial (A) and fungal (B) communities in the disease and health plants of rhizosphere soil.
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0.094; Figure 2A). However, there were significant differences
in the fungi microbial community structures (R? = 0.0853, P
= 0.003; Figure 2B, Supplementary Figure 2). The bacterial (R?
= 04722, P = 0.027) and fungal community (R? = 0.4458,
P = 0.027) structures of the Huamiao Village and Shangluo
block exhibited significant differences under the influence of
FWD. The bacterial (R? = 0.5398, P = 0.027) and fungal
community (R?> = 0.5832, P = 0.027) structures of the Dragon
King Ridge, Shangluo block exhibited significant differences under
the influence of FWD. The bacterial (R*? = 0.3583, P = 0.027)
and fungal community (R? = 0.3798, P = 0.027) structures
of the Sanmenxia block exhibited significant differences under
the influence of FWD. The bacterial (R*? = 0.5034, P = 0.027)
and fungal community (R? = 0.5741, P = 0.027) structures
of the Neixiang block exhibited significant differences under
the influence of FWD. The bacterial and fungal populations at
various sampling sites differed significantly under the influence
of FWD.

There were notable variations in the bacterial community
composition between the healthy and diseased soil samples,
according to the data on the phylum-level composition of these
two types of soil (Figure 3). Proteobacteria was the most dominant
bacterial phylum in soil samples, followed by Actinobacteria.
The relative abundance of Proteobacteria in healthy plants
was 42.26%, significantly higher than the 32.74% observed in
diseased plants (P < 0.001; Figure 3A, Supplementary Figure 3A).
Relative abundance of the top five bacteria from healthy (H)
and diseased (D) samples on the order level were Rhizobiales
(H:20.30%; D:15.52%), Micrococcales (H:14.10%; D:17.41%),
Bacillales (H:12.16%; D:14.75%), Sphingomonadales (H:8.87%;
D:5.73%), and Burkholderiales (H:6.38%; D:5.52%). Among them,
Rhizobiales, Sphingomonadales, and Burkholderiales belonged
to Proteobacteria, Micrococcales belonged to Actinobacteriota,
and Bacillales belonged to Firmicutes (Figure 3A). In fungal
communities enriched in the soil, the most dominant taxa
were Ascomycota and Basidiomycota. The relative abundance
of taxa in Ascomycota in the diseased samples is higher than
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that in healthy plants. However, the relative abundance of
taxa in Basidiomycota in the healthy samples (31.30%) was
significantly higher than that in diseased samples (19.58%; P <
0.05; Figure 3B, Supplementary Figure 3B). Relative abundance
of the top five fungal orders for samples collected from healthy
and diseased tobacco plants were Hypocreales (H:13.65%;
D:31.39%), Cytofilobasidiales (H:18.44%; D:10.33%), Sordariales
(H:12.39%; D:9.25%), Eurotiales (H:6.03%; D:11.90%), and
Filobasidiales (H:10.26%; D:7.59%). The results display genera in
fungal communities with relative abundances larger than 0.01%
(Figure 4B). The relative abundance of Fusarium reached 19.73%
in diseased tobacco rhizosphere, which was significantly higher
than healthy tobacco plants with 4.83% (P < 0.01; Figure 3B,
Supplementary Figure 3C).

3.2 Rhizosphere microbial taxa
discriminated by soil conditions

The linear discriminant analysis (LDA) effect size (LEfSe)
method was used to detect bacterial and fungal taxa causing
significant differences under the influence of FWD. The results
showed that several genera of beneficial bacteria belonging
to Proteobacteria (LDA = 4.04), such as Rhizobium (LDA
= 4.118), Sphingobium (LDA = 3.91), and Ensifer (LDA =
3.84) were enriched in the healthy tobacco plants, namely
their abundances were significantly higher in the healthy
tobacco plants than that in the diseased plants (Figure 4A,
Supplementary Table 2).  Similarly, several genera of fungi
belonging to Ascomycota (LDA = 4.80) such as Fusarium
(LDA = 4.86), Penicillium (LDA = 4.41), Plectosphaerella
(LDA = 4.18), and Thielavia (LDA = 3.60), were enriched in
the diseased tobacco plants. Among them, Fusarium species
possibly included pathogen species because the fungal community
was more affected by Fusarium than the bacterial community

(Supplementary Table 3).
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dissimilarity matrices show a significant association of the bacterial microbial community composition affected by FWD. (B) PCoA ordinations of
Bray—Cutis dissimilarity matrices show a significant association of the fungal microbial community composition affected by FWD.
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Bacterial and fungal community structures in diseased and healthy soils. (A) Bacterial rhizosphere soil community structures. (B) Fungal rhizosphere
soil community structures.

3.3 Effect of FWD tobacco microbiome FWD) than in the fungal networks (proportion of negative

intra-kingdom networks edges and modularity: 3.28%/0.641 in healthy conditions
and 1.56%/0.574 in FWD) was revealed. A higher number

Based on intra-kingdom co-occurrence network analysis, of nodes and edges in the bacterial networks than in the

a higher proportion of negative edges and modularity in  fungal networks were recorded, while the health networks
the bacterial network (proportion of negative edges and had more nodes and edges than the disease networks in
modularity: 14.26%/0.503 in healthy and 2.34%/0.737 in  bacterial and fungal networks (Supplementary Table4). In
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regards to microbiome from phylum to genus are shown (LDA score > 3.5, p < 0.05).

addition, the bacterial healthy microbiome networks exhibited
greater negative connections than the fungal healthy networks
(Figure 5A) and demonstrated higher degrees of closeness
within the microbiota community (Figures 5B, C). Moreover,
in the bacterial networks, the healthy networks have many
more edges than the disease networks. The edges of the top
10 hub nodes with high degree and proximity centrality values
were predominantly negative with other nodes in the healthy
networks. By comparison, the fungal networks did not have a
negative correlation in the top 10 hub nodes (Figures5D, E,
Supplementary Table 5).
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3.4 Effect of FWD on tobacco microbiome
inter-kingdom co-occurrence networks

Analysis of the inter-kingdom co-occurrence network and co-
occurrence patterns of bacteria and fungi showed that variations in
these networks and patterns in soil microbiomes were associated
with the occurrence of FWD. The proportion of negative edges and
modularity was higher in healthy networks (proportion of negative
edges/modularity: 20.03%/0.534) than in the diseased networks
(proportion of negative edges/modularity: 5.05%/0.752). There
were more bacterial nodes in the inter-kingdom co-occurrence
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FIGURE 5

Intra-kingdom co-occurrence networks. (A) Bacterial and fungal co-occurrence networks in healthy and FWD plants. Node represents different
bacterial and fungal phylum by different colors. Node size indicates the degree of connection. Edges represent the pairwise correlations between the
nodes in a network, and their colors represent positive (green) and negative (red) correlations. (B) A comparison of node-level topological features
(degree and closeness centrality) displays the high degree and closeness centrality for the hub taxa. (C) The degree of bacterial and fungal taxa shows
the higher complexity of the healthy bacterial network than that of the diseased bacterial network. The significance of the difference was determined
by Fisher's LSD test (***P < 0.001). (D) Degree and interaction type of the top 10 hub nodes in four networks. (E) Significance of difference in edges.

networks in both diseased and healthy plants (Figure 6A), and
positive correlation was higher in diseased plants than in healthy
plants, indicating that FWD possibly destabilized the network. In
addition, the healthy network had a higher degree and closeness
nodes, and among them, the number of bacterial nodes was higher
than fungal ones (Figures 6B, C). The top 10 hub taxa were bacteria
in the healthy network, while fungal taxa accounted for 2 hubs
in the diseased plant network (Figure 6D, Supplementary Table 5).
ZFOTU_585 was among the top 10 hub nodes in inter-kingdom
co-occurrence disease networks, which belonged to the genus
Fusarium. Inter-kingdom and intra-kingdom negative correlations
were higher in the diseased plants than in the healthy plants
(Figure 6D, Supplementary Figure 4). Upon analyzing the edges of
the networks, we found that the proportion of bacterial-fungal (BF)
inter-kingdom edges in the disease network (31.59%) was higher
than that in the healthy network (27.73%). The healthy network
exhibited a higher proportion of negative correlations (28.19%),
whereas the disease network showed a lower proportion (4.66%),
displaying that FWD enhanced bacteria-fungus interactions
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(Figure 6E). The results also indicated that the bacterial-bacterial
(BB), bacterial-fungal (BF) inter-kingdom, and fungal-fungal (FF)
networks had more negative correlations in the healthy network.

3.5 Characteristics of network modularity
in inter-kingdom co-occurrence networks

To identify potential interactions within the rhizosphere
performed modularization of the
inter-kingdom  co-occurrence networks. Analytical results
indicated that FWD could alter microbial interactions and

soil microbiome, we

composition within microbial network modules. Nodes
within the diseased microbial network (93.61%) exhibit
more interactions in internal modules, whereas in the

healthy network (85.69%), the trend is reversed. The results
displayed that there were more modules in the diseased
network and the largest module had fewer nodes and
edges (nodes:16.41%; edges:12.82%) than healthy network
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FIGURE 6
Inter-kingdom co-occurrence networks. (A) Network contained both bacterial and fungal taxa and showed a higher number of fungal taxa and a
lower number of bacterial taxa in the diseased network than those in the healthy network. (B) A comparison of node-level topological features in (A)
(degree and closeness centrality) demonstrates the high degree and closeness centrality values for the hub taxa. (C) Degree values of bacterial and
fungal taxa in healthy and diseased networks. The significance of the difference was determined using Fisher's LSD test (***P < 0.001). (D) Degree
and interaction type of the top 10 hub nodes in diseased (left) and healthy (right) networks. “Intra-kingdom correlation” refers to BB or FF, and
“interkingdom correlation” refers to BF. (E) Number of bacterial—bacterial (BB), bacterial-fungal (BF), and fungal-fungal (FF) correlations in the
healthy and diseased networks. The green and red colors of the edges and columns indicate positive and negative correlations, respectively.

(nodes:29.37%; edges:60.28%; Figures 7A, B). At the phylum  compositions. The healthy networks have more Proteobacterial
level, the largest modules in the inter-kingdom co-occurrence  microbes, and their microbial associations are more complex
networks between diseased and healthy communities had different  (Figure 7B).
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FIGURE 7

indicates a positive correlation.

Network modularity in inter-kingdom co-occurrence networks. (A) Modules in diseased inter-kingdom co-occurrence networks. (B) Modules in
healthy inter-kingdom co-occurrence networks. A red link indicates a negative correlation between two individual nodes, whereas a green link
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4 Discussion

4.1 Effect of FWD on rhizosphere microbial
composition of tobacco

The rhizosphere microbiome plays an important role in plant
health. Understanding the differences in microbial communities
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between diseased and healthy plants in rhizosphere soils as well
as investigating key taxa and their correlations are necessary for
exploring the interactions between plants and pathogens (Huang
et al, 2022). In this study, significant differences were found
in the microbiomes between the diseased (FWD) and healthy
rhizosphere soils (Figure 2). Usually, plants provide nutrients and
niches for microbes; in return, these microbes play pivotal roles
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in promoting plant growth and tolerance against biotic and
abiotic stresses and forming a barrier against the invasion of
pathogens. For instance, species of Chitinophaga, Flavobacterium,
and Pseudomonas were enriched with sugar beet to suppress the
root pathogen Rhizoctonia solani (Carrion et al., 2019). Recent
studies have proven that flavobacterium is significantly associated
with Fe (III)yg, potentially influencing multiple nitrogen cycle
variables, and proving useful for the root sheath of barley grown
in acidic soil (Yu et al., 2021; Xu et al., 2023). The abundance
of Rhizobium and Sphingomonas was positively correlated with
nitrogen fixation (Liu et al., 2023). This can enhance the plants
nitrogen utilization and consequently promote plant health (Vries
et al., 2022). Our results also showed diversity and abundance of
beneficial microbes were higher in healthy tobacco plants than
in diseased plants (Figure 4). Beneficial flora indirectly enhances
plant growth and nutrient uptake by modifying the structure and
function of native rhizosphere microbial communities (Hu et al.,
2021; Pang et al., 2021).

However, pathogen infestation may cause changes in the
composition of plant root secretions and in the structure of
biological communities. In this study, The LEfSe analysis revealed
that genera of beneficial bacteria Flavobacterium, Rhizobium,
Sphingobium, and Ensifer were enriched in the diseased and
healthy tobacco plant rhizosphere, but their abundances were
significantly higher in the healthy tobacco plants than that in the
diseased plants. Colonization and host infestation of pathogenic
Fusarium spp. causing FWD in soil can influence changes in
the structure of rhizosphere microbial communities. In addition,
few studies showed that plants with FWD have more lateral
roots (Silva Lima et al,, 2019). The flavobacterium enriched in
diseased rhizosphere soil may be associated with the generation
of more lateral roots in tobacco plants. Therefore, these results
displayed that changes in diversity and abundance of beneficial
microbes in the bacterial and fungal community structures were
associated with diseased and healthy tobacco plants. Analyses
of diseased and healthy microbiome structures provide evidence
for soil-beneficial microorganisms that maintain plant health;
it is necessary to conduct culture-based experiments to prove
the hypothesis. Specifically, it is important to isolate potentially
beneficial bacteria that are enriched in the rhizosphere soil and
evaluate their antifungal activity against pathogens.

4.2 Effect of FWD on the rhizosphere
microbial network structure of tobacco

According to theoretical modeling and simulations, microbial
networks with lower positive correlations and higher negative
correlations among members are more stable (Coyte et al,
2015; Hernandez et al,, 2021). The healthy microbial network
demonstrated a higher percentage of negative correlations than
the diseased microbial network, including its core taxa, except for
the fungi intra-kingdom co-occurrence network. In this study, we
found that pathogenic fungi in the health network have stronger
negative correlations with other microorganisms. The stability
of healthy microbial networks may be maintained by bacteria
that compete with pathogenic fungi for access to the same root
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secretions (Huang et al, 2017). The proportion of interactions
between bacteria and fungi in the pathogenic network increased.
Burkholderia glumae, a seed-borne plant pathogenic bacterium,
and Fusarium graminearum, an air-borne plant pathogenic fungus,
interact to enhance bacterial survival, dispersal of both bacteria
and fungi, and promote disease progression on rice plants (Ruiz-
Bedoya et al.,, 2023). The interaction between bacteria and fungi
in the disease network can potentially facilitate the dissemination
of Fusarium and contribute to the progression of FWD. In the
interaction network, bacteria occupy more nodes and correlations.
The top 10 nodes in the health network consist solely of bacteria,
whereas the disease network has fungi. Bacteria were more
dominant in the healthy network than in the diseased network. The
findings indicate that bacteria are the predominant group in the
soil, indicating their potential role in preserving soil health.

4.3 Effect of FWD on the modularity of
microbial networks

Community stability is influenced by modularity and microbial
interactions (Coyte et al., 2015). In this study, the modularity of the
disease network exceeded that of the health network. The analyzed
results also indicated that the connections among modules in the
health network are more intricate, whereas the connections within
modules in the disease network are more complex. In microbial
networks, there is a high probability that different modules have
different functions in the ecological niche. A healthy microbiome
may promote interactions between different functional microbes to
maintain plant health (Fan et al., 2019). Furthermore, we conducted
network analysis to visualize modules with high interactions.
Notably, the largest module observed in the network was deemed
as the central module in our study (Huang et al., 2019). This
central module serves as a crucial hub of microbial interactions,
likely playing a significant role in shaping the overall microbial
community dynamics and subsequently influencing plant health.
By focusing on this central module, our analysis revealed that
the central module in the health network exhibited a higher
number of nodes and edges than the other modules. In addition,
Proteobacteria occupy a higher proportion in the largest module
of the health network than the pathogenic network. Several
potentially beneficial microorganisms belong to the Proteobacteria.
Microdiversity can result in the emergence of distinct ecotypes
within a single species. These ecotypes are hypothesized to confer
temporal and spatial stability to the species. In previous research,
we found that ecotypes within the Proteobacteria shared the same
OTUs but exhibited different distribution patterns across space
and time (Garcia-Garcia et al., 2019). These microorganisms may
play a crucial role in strengthening the interrelationship between
the network structures and key microbial community functions,
thereby contributing to the maintenance of network stability (Yuan
et al., 2021).

5 Conclusion

In the present study, we reported the effect of FWD
occurrence on the composition and structure of the tobacco root
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microbial community in diseased tobacco plants compared to
healthy plants. The amplicon data analysis showed that FWD
influenced the microbial structure and composition of the tobacco
rhizosphere soil. Several genera of potentially pathogenic fungi,
including Fusarium, Penicillium, Plectosphaerella, and Thielavia
from the Ascomycota phylum, were enriched in diseased tobacco
rhizosphere soils. Potentially beneficial bacteria, such as Rhizobium,
Sphingobium, and Ensifer from the Proteobacteria phylum, were
enriched in healthy tobacco rhizosphere soils. Bacteria occupy
a crucial position in microbial networks, and their interactions
with pathogens play a vital role in sustaining healthy microbial
ecosystems. The current study provides a good understanding of
microbiome assembly and function under FWD and reveals the
potential for utilizing soil microbiomes to promote plant health and
sustainable agricultural production.

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 at: https://www.ncbi.nlm.nih.
gov/, PRINA1148747.

Author contributions

HLiu: Writing - review & editing, Writing - original draft,
Data curation, Methodology, Investigation, Visualization. YZ:
Writing - review & editing, Methodology, Project administration,
Investigation. HLi: Writing - review & editing, Methodology,
Project administration, Investigation. SC: Writing - review &
editing, Data curation, Investigation, Visualization, Software.
JZ: Writing - review & editing, Methodology, Supervision,
Visualization, Software. WD: Writing - review & editing,
Methodology, Supervision, Project administration, Resources.

Funding

The author(s) declare financial support was received for
the research, authorship, and/or publication of this article. Our

References

Adams, R. I, Miletto, M., Taylor, J. W., and Bruns, T. D. (2013). Dispersal
in microbes: fungi in indoor air are dominated by outdoor air and show
dispersal limitation at short distances. ISME J. 7, 1262-1273. doi: 10.1038/ismej.
2013.28

Bastian, M., Heymann, S., and Jacomy, M. (2009). Gephi: an open source software
for exploring and manipulating networks. Proc. Int. AAAI Conf. Web Soc. Media 3,
361-362. doi: 10.1609/icwsm.v3i1.13937

Boddy, L. (2016). “Chapter 8—pathogens of autotrophs,” in The Fungi, 3rd Edn, eds.
S. C. Watkinson, L. Boddy, and N. P. Money (Boston, MA: Academic Press), 245-292.

Bolyen, E., Rideout, J. R, Dillon, M. R., Bokulich, N. A., Abnet, C. C,, Al-
Ghalith, G. A, et al. (2019). Author correction: reproducible, interactive, scalable and
extensible microbiome data science using QIIME 2. Nat. Biotechnol. 37, 1091-1091.
doi: 10.1038/s41587-019-0252-6

Buonaurio, R., Moretti, C., da Silva, D. P., Cortese, C., Ramos, C., and Venturi, V.
(2015). The olive knot disease as a model to study the role of interspecies bacterial
communities in plant disease. Front. Plant Sci. 6:434. doi: 10.3389/fpls.2015.00434

Frontiers in Microbiology

10.3389/fmicb.2024.1482952

Research Project was fully sponsored by the Foundations for the
Project of Science and Technology Project of Shaanxi Province,
China Tobacco Corporation (2023611000270046) of China and
partially supported by Henan Province, Sanmenxia Tobacco
Corporation (2023411200200012X) of China.

Acknowledgments

We thank Jingze Zhang for carefully editing the grammar
of the manuscript and for some valuable suggestions for
this paper.

Conflict of interest

YZ was employed by Shangluo Prefecture Branch of Shaanxi
Tobacco Corporation. HL was employed by Sanmenxia Tobacco
Corporation of Henan 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
those of the publisher,
the editors and the reviewers. Any product that may be

their affiliated organizations, or

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.2024.
1482952 /full#supplementary-material

Carrién, V. J., Perez-Jaramillo, J., Cordovez, V., Tracanna, V., De Hollander,
M., Ruiz-Buck, D., et al. (2019). Pathogen-induced activation of disease-
suppressive functions in the endophytic root microbiome. Science 366, 606-612.
doi: 10.1126/science.aaw9285

Chang, F.,, He, S., and Dang, C. (2022). Assisted selection of biomarkers by linear
discriminant analysis effect size (LEfSe) in microbiome data. J. Vis. Exp. 2022:e61715.
doi: 10.3791/61715-v

Chang, H.-X,, Noel, Z. A., and Chilvers, M. I. (2021). A B-lactamase gene of
Fusarium oxysporum alters the rhizosphere microbiota of soybean. Plant J. 106,
1588-1604. doi: 10.1111/tpj.15257

Chen, S., Wang, Y., Gao, J., Chen, X., Qi, J., Peng, Z., et al. (2023). Agricultural
tillage practice and rhizosphere selection interactively drive the improvement
of soybean plant biomass. Plant Cell Environ. 46, 3542-3557. doi: 10.1111/pce.
14694

Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). fastp: an ultra-fast all-in-one FASTQ
preprocessor. Bioinformatics 34, i884-i890. doi: 10.1093/bioinformatics/bty560

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1482952
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1482952/full#supplementary-material
https://doi.org/10.1038/ismej.2013.28
https://doi.org/10.1609/icwsm.v3i1.13937
https://doi.org/10.1038/s41587-019-0252-6
https://doi.org/10.3389/fpls.2015.00434
https://doi.org/10.1126/science.aaw9285
https://doi.org/10.3791/61715-v
https://doi.org/10.1111/tpj.15257
https://doi.org/10.1111/pce.14694
https://doi.org/10.1093/bioinformatics/bty560
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Liu et al.

Coyte, K. Z., Schluter, J., and Foster, K. R. (2015). The ecology of the
microbiome: networks, competition, and stability. Science 350, 663-666.
doi: 10.1126/science.aad2602

Dean, R, Kan, J. a. L. V., Pretorius, Z. A., Hoammond-Kosack, K. E., Pietro, A. D.,
Spanu, P. D,, et al. (2012). The Top 10 fungal pathogens in molecular plant pathology.
Mol. Plant Pathol. 13, 414-430. doi: 10.1111/j.1364-3703.2011.00783.x

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

Fan, K., Delgado-Baquerizo, M., Guo, X., Wang, D., Wu, Y., Zhu, M,, et al. (2019).
Suppressed N fixation and diazotrophs after four decades of fertilization. Microbiome
7:143. doi: 10.1186/s40168-019-0757-8

Faust, K. (2021). Open challenges for microbial network construction and analysis.
ISMEJ. 15,3111-3118. doi: 10.1038/s41396-021-01027-4

Fitzpatrick, C. R., Copeland, J., Wang, P. W., Guttman, D. S., Kotanen, P.
M., and Johnson, M. T. J. (2018). Assembly and ecological function of the root
microbiome across angiosperm plant species. Proc. Natl. Acad. Sci. U. S. A. 115:617.
doi: 10.1073/pnas.1717617115

Gai, X. T, Jiang, N,, Lu, C. H,, Hu, Y. X,, Ma, J. ], Wang, J. M,, et al. (2023). First
report of tobacco Fusarium root rot caused by Fusarium meridionale in China. Plant
Dis. 107:2553. doi: 10.1094/PDIS-12-22-2957-PDN

Gao, M, Xiong, C., Gao, C., Tsui, C. K. M., Wang, M.-M., Zhou, X,, et al. (2021).
Disease-induced changes in plant microbiome assembly and functional adaptation.
Microbiome 9:187. doi: 10.1186/s40168-021-01138-2

Garcia-Garcia, N., Tamames, J., Linz, A. M., Pedrds-Alio, C., and Puente-
Sénchez, F. (2019). Microdiversity ensures the maintenance of functional microbial
communities under changing environmental conditions. ISME J. 13, 2969-2983.
doi: 10.1038/s41396-019-0487-8

Guimera, R., and Nunes Amaral, L. A. (2005). Functional cartography of complex
metabolic networks. Nature 433, 895-900. doi: 10.1038/nature03288

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

Hu, J., Yang, T., Friman, V.-P., Kowalchuk, G. A., Hautier, Y., Li, M., et al.
(2021). Introduction of probiotic bacterial consortia promotes plant growth via impacts
on the resident rhizosphere microbiome. Proc. R. Soc. B Biol. Sci. 288:20211396.
doi: 10.1098/rspb.2021.1396

Huang, F., Zhu, C., and Huang, M. (2022). The root enrichment of bacteria
is consistent across different stress-resistant plant species. Review 2022:v2.
doi: 10.21203/rs.3.rs-1267745/v2

Huang, J., Wei, Z, Hu, ], Yang, C, Gu, Y, Mei, X, et al. (2017).
Chryseobacterium nankingense sp. nov. WR21 effectively suppresses Ralstonia
solanacearum growth via intensive root exudates competition. BioControl 62, 567-577.
doi: 10.1007/s10526-017-9812-1

Huang, X., Zhou, X., Zhang, J., and Cai, Z. (2019). Highly connected taxa located in
the microbial network are prevalent in the rhizosphere soil of healthy plant. Biol. Fertil.
Soils 55,299-312. doi: 10.1007/s00374-019-01350-1

Jiao, S., Qi, J., Jin, C,, Liu, Y., Wang, Y., Pan, H,, et al. (2022). Core phylotypes
enhance the resistance of soil microbiome to environmental changes to maintain
multifunctionality in agricultural ecosystems. Glob. Change Biol. 28, 6653-6664.
doi: 10.1111/gcb.16387

Lamondia, J. A. (1988). Influence of the tobacco cyst nematode (Globodera
tabacum) on Fusarium wilt of Connecticut Broadleaf Tobacco. Plant Dis. 71:1129.
doi: 10.1094/PD-71-1129

Li, W, Deng, Y., Ning, Y., He, Z., and Wang, G.-L. (2020). Exploiting broad-
spectrum disease resistance in crops: from molecular dissection to breeding. Annu. Rev.
Plant Biol. 71, 575-603. doi: 10.1146/annurev-arplant-010720-022215

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/s40168-021-01
169-9

Liu, X,, Li, P., Wang, H., Han, L.-L,, Yang, K., Wang, Y., et al. (2023). Nitrogen

fixation and diazotroph diversity in groundwater systems. ISME J. 17, 2023-2034.
doi: 10.1038/s41396-023-01513-x

Lucas, J. A., Hawkins, N. J., and Fraaije, B. A. (2015). “Chapter two—the evolution
of fungicide resistance,” in Advances in Applied Microbiology, eds. S. Sariaslani and G.
M. Gadd (Academic Press), 29-92.

Mago¢, 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

Mitter, B., Brader, G., Pfaffenbichler, N., and Sessitsch, A. (2019). Next generation
microbiome applications for crop production—limitations and the need of knowledge-
based solutions. Curr. Opin. Microbiol. 49, 59-65. doi: 10.1016/j.mib.2019.10.006

Frontiersin Microbiology

10.3389/fmicb.2024.1482952

Nadarajah, K., and Abdul Rahman, N. S. N. (2021). Plant-microbe interaction:
aboveground to belowground, from the good to the bad. Int. J. Mol. Sci. 22:10388.
doi: 10.3390/ijms221910388

Nakagawa, S., and Schielzeth, H. (2013). A general and simple method for obtaining
R? from generalized linear mixed-effects models. Methods Ecol. Evol. 4, 133-142.
doi: 10.1111/j.2041-210x.2012.00261.x

Newman, M. E. J. (2006). Modularity and community structure in networks. Proc.
Natl. Acad. Sci. U. S. A. 103, 8577-8582. doi: 10.1073/pnas.0601602103

Nobori, T., Mine, A., and Tsuda, K. (2018). Molecular networks in plant-pathogen
holobiont. FEBS Lett. 592, 1937-1953. doi: 10.1002/1873-3468.13071

O’Donnell, K., Kistler, H. C., Cigelnik, E., and Ploetz, R. C. (1998). Multiple
evolutionary origins of the fungus causing Panama disease of banana: concordant
evidence from nuclear and mitochondrial gene genealogies. Proc. Natl. Acad. Sci. U.
S. A. 95, 2044-2049. doi: 10.1073/pnas.95.5.2044

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

Pandey, R. (2023). Controlling tobacco diseases: an overview of black shank and
Fusarium wilt. Int. J. Appl. Sci. Biotechnol. 11, 1-7. doi: 10.3126/ijasbt.v11i1.52440

Pang, Z., Chen, J., Wang, T., Gao, C., Li, Z., Guo, L., et al. (2021). Linking plant
secondary metabolites and plant microbiomes: a review. Front. Plant Sci. 12:621276.
doi: 10.3389/fpls.2021.621276

Qiu, R, Fang, W. Y., Li, C. H,, Zhang, Y. Y,, Liu, C, Li, X. J,, et al. (2023). First
report of Fusarium tricinctum species complex causing root rot of tobacco in China.
Plant Dis. 107 :2886. doi: 10.1094/PDIS-12-22-2924-PDN

Qiu, R, Li, J., Zheng, W.-M,, Su, X.-H,, Xing, G.-Z., Li, S.-J., et al. (2021). First
report of root rot of tobacco caused by Fusarium brachygibbosum in China. Plant Dis.
105 :4170. doi: 10.1094/PDIS-01-21-0077-PDN

Qiu, R, Li, X, Li, C, Li, C, Xue, C, Fang, W., et al. (2022). First report
of tobacco root rot caused by Fusarium falciforme in China. Plant Dis. 22:1394.
doi: 10.1094/PDIS-06-22-1394-PDN

Raaijmakers, J. M., Paulitz, T. C., Steinberg, C., Alabouvette, C., and
Moénne-Loccoz, Y. (2009). The rhizosphere: a playground and battlefield for
soilborne pathogens and beneficial microorganisms. Plant Soil 321, 341-361.
doi: 10.1007/5s11104-008-9568-6

Ruiz-Bedoya, T., Wang, P. W., Desveaux, D., and Guttman, D. S. (2023).
Cooperative virulence via the collective action of secreted pathogen effectors. Nat.
Microbiol. 8, 640-650. doi: 10.1038/s41564-023-01328-8

Salameh, A., Buerstmayr, M., Steiner, B., Neumayer, A., Lemmens, M., and
Buerstmayr, H. (2011). Effects of introgression of two QTL for fusarium head blight
resistance from Asian spring wheat by marker-assisted backcrossing into European
winter wheat on fusarium head blight resistance, yield and quality traits. Mol. Breed.
28, 485-494. doi: 10.1007/s11032-010-9498-x

Shen, H. F,, Yang, Q. Y., Pu, X. M,, Zhang, J. X, Sun, D. Y., Liu, P. P,, et al. (2023).
First report of fusarium root rot of tobacco caused by Fusarium fujikuroi in Guangdong
Province, China. Plant Dis. 107:3294. doi: 10.1094/PDIS-04-23-0658-PDN

Shu, D., Yue, H,, He, Y., and Wei, G. (2018). Divergent assemblage patterns of
abundant and rare microbial sub-communities in response to inorganic carbon stresses
in a simultaneous anammox and denitrification (SAD) system. Bioresour. Technol. 257,
249-259. doi: 10.1016/j.biortech.2018.02.111

Silva Lima, L. K., de Jesus, O. N, Soares, T. L., Santos de Oliveira, S. A., Haddad, F.,
and Girardi, E. A. (2019). Water deficit increases the susceptibility of yellow passion
fruit seedlings to Fusarium wilt in controlled conditions. Sci. Hortic. 243, 609-621.
doi: 10.1016/j.scienta.2018.09.017

Thompson, A. H., Narayanin, C. D., Smith, M. F,, and Slabbert, M. M. (2011). A
disease survey of Fusarium wilt and Alternaria blight on sweet potato in South Africa.
Crop Prot. 30, 1409-1413. doi: 10.1016/j.cropro.2011.07.017

Toussoun, T. A., Patrick, Z. A., and Snyder, W. C. (1963). Influence of crop
residue decomposition products on the germination of Fusarium solani f. phaseoli
Chlamydospores in soil. Nature 197, 1314-1316. doi: 10.1038/1971314a0

Vries, W. D., Liu, X, and Yuan, L. (2022). Highlights of the special issue “progress
on nitrogen research from soil to plant and to the environment.” Front. Agric. Sci. Eng.
9, 313-315. doi: 10.15302/]-FASE-2022460

Xiao, Z., Lu, C., Wu, Z,, Li, X,, Ding, K., Zhu, Z., et al. (2024). Continuous cropping
disorders of eggplants (Solanum melongena L.) and tomatoes (Solanum lycopersicum
L.) in suburban agriculture: microbial structure and assembly processes. Sci. Total
Environ. 909:168558. doi: 10.1016/j.scitotenv.2023.168558

Xu, F., Liao, H,, Yang, J., Zhang, Y., Yu, P, Cao, Y., et al. (2023). Auxin-
producing bacteria promote barley rhizosheath formation. Nat. Commun. 14 :5800.
doi: 10.1038/s41467-023-40916-4

Xun, W,, Ren, Y., Yan, H,, Ma, A,, Liu, Z., Wang, L., et al. (2023). Sustained
inhibition of maize seed-borne Fusarium using a Bacillus-dominated rhizospheric

stable core microbiota with unique cooperative patterns. Adv. Sci. 10:2205215.
doi: 10.1002/advs.202205215

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1482952
https://doi.org/10.1126/science.aad2602
https://doi.org/10.1111/j.1364-3703.2011.00783.x
https://doi.org/10.1073/pnas.1414592112
https://doi.org/10.1186/s40168-019-0757-8
https://doi.org/10.1038/s41396-021-01027-4
https://doi.org/10.1073/pnas.1717617115
https://doi.org/10.1094/PDIS-12-22-2957-PDN
https://doi.org/10.1186/s40168-021-01138-2
https://doi.org/10.1038/s41396-019-0487-8
https://doi.org/10.1038/nature03288
https://doi.org/10.1038/s41396-020-00882-x
https://doi.org/10.1098/rspb.2021.1396
https://doi.org/10.21203/rs.3.rs-1267745/v2
https://doi.org/10.1007/s10526-017-9812-1
https://doi.org/10.1007/s00374-019-01350-1
https://doi.org/10.1111/gcb.16387
https://doi.org/10.1094/PD-71-1129
https://doi.org/10.1146/annurev-arplant-010720-022215
https://doi.org/10.1186/s40168-021-01169-9
https://doi.org/10.1038/s41396-023-01513-x
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1016/j.mib.2019.10.006
https://doi.org/10.3390/ijms221910388
https://doi.org/10.1111/j.2041-210x.2012.00261.x
https://doi.org/10.1073/pnas.0601602103
https://doi.org/10.1002/1873-3468.13071
https://doi.org/10.1073/pnas.95.5.2044
https://doi.org/10.1073/pnas.0706375104
https://doi.org/10.3126/ijasbt.v11i1.52440
https://doi.org/10.3389/fpls.2021.621276
https://doi.org/10.1094/PDIS-12-22-2924-PDN
https://doi.org/10.1094/PDIS-01-21-0077-PDN
https://doi.org/10.1094/PDIS-06-22-1394-PDN
https://doi.org/10.1007/s11104-008-9568-6
https://doi.org/10.1038/s41564-023-01328-8
https://doi.org/10.1007/s11032-010-9498-x
https://doi.org/10.1094/PDIS-04-23-0658-PDN
https://doi.org/10.1016/j.biortech.2018.02.111
https://doi.org/10.1016/j.scienta.2018.09.017
https://doi.org/10.1016/j.cropro.2011.07.017
https://doi.org/10.1038/1971314a0
https://doi.org/10.15302/J-FASE-2022460
https://doi.org/10.1016/j.scitotenv.2023.168558
https://doi.org/10.1038/s41467-023-40916-4
https://doi.org/10.1002/advs.202205215
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Liu et al.

Yao, X., Huang, K., Zhao, S., Cheng, Q., Zhang, S., Yang, L., et al. (2021).
Identification and verification of rhizosphere indicator microorganisms in tobacco root
rot. Agron. J. 113, 1480-1491. doi: 10.1002/agj2.20547

Yin, Q., Shi, X., Zhu, Z., Tian, L., Wang, Y., Zhao, X,, et al. (2022). First report of
Fusarium solani (FSSC 6) associated with the root rot of Magnolia denudata in China.
Plant Dis. 106:3201. doi: 10.1094/PDIS-03-22-0660-PDN

Yu, W., Lawrence, N. C, Sooksa—nguan, T., Smith, S. D., Tenesaca, C.,
Howe, A. C., et al. (2021). Microbial linkages to soil biogeochemical processes

Frontiersin Microbiology

13

10.3389/fmicb.2024.1482952

in a poorly drained agricultural ecosystem. Soil Biol. Biochem. 156:108228.

doi: 10.1016/j.s0ilbio.2021.108228

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

Zhang, Z., Li, J., Zhang, Z., Liu, Y., and Wei, Y. (2021). Tomato endophytic bacteria
composition and mechanism of suppressiveness of wilt disease (Fusarium oxysporum).
Front. Microbiol. 12:731764. doi: 10.3389/fmicb.2021.731764

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1482952
https://doi.org/10.1002/agj2.20547
https://doi.org/10.1094/PDIS-03-22-0660-PDN
https://doi.org/10.1016/j.soilbio.2021.108228
https://doi.org/10.1038/s41558-021-00989-9
https://doi.org/10.3389/fmicb.2021.731764
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

	Characteristics of soil microbial community assembly patterns in fields with serious occurrence of tobacco Fusarium wilt disease
	1 Introduction
	2 Materials and methods
	2.1 Sample collection
	2.2 DNA extraction and amplicon sequencing
	2.3 Bioinformatics analysis
	2.4 Microbial network construction

	3 Results
	3.1 FWD affects the tobacco rhizosphere microbiome assembly
	3.2 Rhizosphere microbial taxa discriminated by soil conditions
	3.3 Effect of FWD tobacco microbiome intra-kingdom networks
	3.4 Effect of FWD on tobacco microbiome inter-kingdom co-occurrence networks
	3.5 Characteristics of network modularity in inter-kingdom co-occurrence networks

	4 Discussion
	4.1 Effect of FWD on rhizosphere microbial composition of tobacco
	4.2 Effect of FWD on the rhizosphere microbial network structure of tobacco
	4.3 Effect of FWD on the modularity of microbial networks

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


