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Introduction: Tobacco root rot caused by Fusarium spp. is a soil-borne vascular

disease that severely a�ects tobacco production worldwide. To date, the

community composition and functional shifts of the rhizosphere microbiome

in tobacco plants infected with Fusarium root rot remain poorly understood.

Methods: In this study, we analyzed the di�erences in the compositions and

functions of the bacterial and fungal communities in the rhizosphere and root

endosphere of healthy tobacco plants and tobacco with Fusarium root rot using

amplicon sequencing and metagenomic sequencing.

Results and discussion: Our results showed that Fusarium root rot disrupted

the stability of bacteria–fungi interkingdom networks and reduced the network

complexity. Compared to healthy tobacco plants, the Chao1 index of bacterial

communities in the rhizosphere soil of diseased plants increased by 4.09% (P <

0.05), while the Shannon and Chao1 indices of fungal communities decreased

by 13.87 and 8.17%, respectively (P < 0.05). In the root tissues of diseased

plants, the Shannon index of bacterial and fungal communities decreased

by 17.71–27.05% (P < 0.05). Additionally, we observed that the rhizosphere

microbial community of diseased tobacco plants shifted toward a pathological

combination, with a significant increase in the relative abundance of harmful

microbes such as Alternaria, Fusarium, and Filobasidium (89.46–921.29%)

and a notable decrease in the relative abundance of beneficial microbes

such as Lysobacter, Streptomyces, Mortierella, and Penicillium (48.48–81.56%).

Metagenomic analysis further revealed that the tobacco rhizosphere microbial

communities of diseased plants played a significant role in basic biological

metabolism, energy production and conversion, signal transduction, and N

metabolism, but their functions involved in C metabolism were significantly

weakened. Our findings provide new insights into the changes in and interactions

within the rhizosphere and root endosphere microbiomes of tobacco plants

under the stress of Fusarium soil-borne fungal pathogens, while laying the

foundation for the exploration, development, and utilization of beneficial

microbial resources in healthy tobacco plants in the future.
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FIGURE 5

Co-occurrence networks of microbial communities in the rhizosphere soil and root endosphere of tobacco plants under diseased and healthy

conditions. (A) The inter-domain networks between bacteria and fungi communities in the rhizosphere soil (up) and root endosphere (down) of

tobacco plants under diseased and healthy conditions. Both the diseased networks in the rhizosphere soil and root endosphere showed a lower

number of nodes and edges than the healthy networks. Edge color represents positive (red) and negative (green) correlations. (B) The intra-domain

networks of bacterial-bacterial and fungal-fungal in the rhizosphere soil and root endosphere of tobacco plants under diseased and healthy

conditions. (C) The proportion of bacterial–fungal, bacterial–bacterial, and fungal–fungal correlations in the healthy and diseased networks. Red and

green colors of the column indicate positive and negative correlations, respectively. (D) Average degree of the healthy and diseased networks. Green,

orange and blue represent the bacterial–fungal, bacterial–bacterial, and fungal–fungal networks, respectively.

healthy tobacco plants, we performed metagenomic sequencing

on rhizosphere soil samples from three diseased plants and three

healthy plants. After quality control, a total of 523,193,998

clean reads were obtained from the six rhizosphere soil

samples, and these reads were assembled into an average

of approximately 821,603 contigs (Supplementary Table 8).

Frontiers inMicrobiology 10 frontiersin.org
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A total of 30,216 bacterial and 806 fungal species were

annotated on the basis of the metagenomic data. Consistent

with the amplicon sequencing data, the bacterial communities

were mainly composed of Actinomycetota, Pseudomonadota,

Acidobacteriota, Gemmatimonadota, and Chloroflexota species,

and the fungal communities were primarily composed of

Ascomycota,Mucoromycota, and Oomycota species.

Non-metric multidimensional scaling (NMDS) ordination

analysis based on different functional levels revealed a clear

separation between diseased and healthy soil samples along the

NMDS1 axis and located on the left and right sides of the NMDS1

axis, respectively, indicating that the Kyoto Encyclopedia of Genes

and Genomes (KEGG (based on the KEGG Orthology (KO) level),

Clusters of Orthologous Genes (COG), and Carbohydrate-Active

Enzymes (CAZy)-related functions of the microbial communities

in the rhizosphere soil of the diseased tobacco plants shifted

significantly compared to those in the healthy plants (R2 = 0.639

for KO, R2 = 0.685 for COG, and R2 = 0.586 for CAZy; P = 0.1)

(Figure 6A; Supplementary Figure 5). We further found that the

functional diversity of KO, COG, and CAZy in the rhizosphere soil

of the diseased tobacco plants was lower than that in the healthy

plants (based on the Shannon index); in particular, the KO and

COG functional diversity was significantly lower than that in the

healthy plants (P < 0.05) (Figure 6B).

We performed differential abundance analysis to determine

the functional characteristics of the rhizosphere microbiomes of

the diseased and healthy tobacco plants. First, in terms of COG

functions, the relative abundances of genes in the carbohydrate

transport andmetabolism (COG_G), cell wall/membrane/envelope

biogenesis (COG_M), translation, ribosome structure and

biogenesis (COG_J), transcription (COG_K), posttranslational

modification, protein turnover, chaperone (COG_O), and cell

movement (COG_N) modules were significantly lower in the

diseased plants than in the healthy plants (P < 0.05). In contrast,

the relative abundances of genes in the energy production and

conversion (COG_C), signal transduction mechanisms (COG_T),

lipid transport and metabolism (COG_I), inorganic ion transport

and metabolism (COG_P), replication, recombination and

repair (COG_L), secondary metabolites biosynthesis, transport

and catabolism (COG_Q) modules were significantly higher

in the diseased plants than in the healthy plants (P < 0.05)

(Figure 6C). In terms of CAZy functions, the relative abundances

of genes such as sucrose synthase (GT4), beta-xylosidase

(GH39), beta-galactosidase (GH2), 1,4-benzoquinone reductase

(AA6), and alpha, alpha-trehalase (GH65) were significantly

lower in the diseased plants than in the healthy plants (P <

0.05), while the relative abundances of genes such as murein

polymerase (GT51), lysozyme type G (GH23), glycogen or starch

phosphorylase (GT35), beta-glucosidase (GH1), lipopolysaccharide

N-acetyl glucosyltransferase (GT9), and UDP-Glc: glycogen

glucosyltransferase (GT5) were significantly higher than those in

the healthy plants (P < 0.05) (Figure 6D).

Considering that soil microbial communities participate in

the material cycle and transformation of the soil mainly through

their metabolic activities and are closely related to the soil

nutrient cycle, we further analyzed the changes in the relative

abundance (based on the KO level) of genes involved in C and

N metabolism. In the heatmap of genes related to C and N

metabolism, the samples of the S_D group and S_H group were

located on different branches, suggesting that the gene expression

patterns related to C and N metabolism in the rhizosphere

microbial communities differed significantly between the diseased

and healthy plants. We found that the relative abundances of

many genes related to C metabolism in the diseased plants

were lower those in the healthy plants, especially for genes such

as S-formylglutathione hydrolase (fghA), glucose-6-phosphate

isomerase (pgi), 2-dehydro-3-deoxygluconokinase (kdgK), acyl-

CoA oxidase (ACOX1), pyruvate ferredoxin oxidoreductase alpha

subunit (porA), glucose-6-phosphate 1-dehydrogenase (zwf), and

ribulose-bisphosphate carboxylase large chain (rbcL) (Figure 7A).

Among the genes related to N metabolism, the relative

abundances of genes in the nitrate/nitrite transport system,

including ATP-binding protein (nrtC), permease protein (nrtB),

and substrate-binding protein (nrtA), were higher in the diseased

plants than in the healthy plants; in addition, the relative

abundances of genes such as nitrite reductase [NAD(P)H]

large subunit (nasB), nitric oxide reductase subunit C (norC),

assimilatory nitrate reductase catalytic subunit (nasA), cytochrome

c nitrite reductase small subunit (nrfH), and nitrite reductase (NO-

forming)/hydroxylamine reductase (nirS) were also higher than

those in the healthy plants. In contrast, the relative abundances of

genes such as ferredoxin-nitrite reductase (nirA), nitrate reductase

gamma subunit (narV), nitrite reductase (cytochrome c-552)

(nrfA), nitrate reductase/nitrite oxidoreductase, alpha subunit

(narG), and nitrite reductase (NO-forming) (nirK) were lower

in the diseased plants than in the healthy plants (Figure 7B). In

conclusion, the above results indicate that, compared with the

healthy state, the relevant functions of the tobacco rhizosphere

soil microbial community in the state of Fusarium root rot disease

have undergone a relatively large shift, and the functional diversity

of the rhizosphere microorganisms is significantly reduced. In the

diseased state, genes in the tobacco rhizosphere soil microbial

community related to energy production and conversion, signal

transduction mechanisms, replication, recombination and repair,

transport and catabolism, as well as genes related to N metabolism

are more abundant than those in the healthy state, but the

functional genes related to C metabolism are significantly reduced.

4 Discussion

Fusarium root rot in tobacco is a soil-borne vascular disease

that severely harms tobacco production. Pathogenic fungi can

survive in soil for a long period of time, greatly increasing the

difficulty of disease control. The rhizosphere is a key microzone

for plant–soil–microbe interactions (Zheng et al., 2022), and the

rhizosphere microbiota is considered the first line of defense

against soil–borne pathogens, serving as a crucial determinant

of plant health (Li et al., 2021; Wen et al., 2022; Yang et al.,

2023). In this study, we systematically analyzed the differences in

the composition and function of rhizosphere soil and endophytic

microbial communities in tobacco plants with Fusarium root rot

and healthy plants, and we further elucidated the interactions

between microbial communities, aiming to elucidate the changes
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FIGURE 6

Functional profiles of microbiomes in the rhizosphere soil of tobacco plants under diseased and healthy conditions. (A) NMDS ordinations of

functional genes based on Bray-Curtis distance matrices of KO functional genes show the distinct functions of microbial communities in the

rhizosphere soil of tobacco plants under diseased and healthy conditions. (B) The boxplot shows the functional diversity (including KO, COG and

CAZy) of the rhizosphere microbiomes of tobacco plants under diseased and healthy conditions. (C, D) Di�erential abundance analysis of COG (C)

and CAZy (D) functional genes of the rhizosphere microbiomes of of tobacco plants under diseased and healthy conditions. * Stands for 0.01 ≤ p <

0.05, ** stands for 0.001 ≤ p < 0.01, and *** stands for p < 0.001 according to Student’s t-test.

in the microbial communities in the host plant rhizosphere

and root endosphere under the stress of soil-borne fungal

pathogens, providing a theoretical basis for the future application

of related microbial communities in the sustainable improvement

of agricultural productivity.

Consistent with previous studies, we found in the present study

that microbial diversity gradually decreased from the rhizosphere

to the root endosphere (Edwards et al., 2015), but both bacterial

and fungal community structures and diversities in the rhizosphere

soil and root endosphere showed dynamic changes in response to

Fusarium infection. Based on PCoA using the Bray–Curtis distance

algorithm, we found that the bacterial and fungal communities

in the tobacco rhizosphere soil and root endosphere of tobacco

plants were separated along the first principal component in both

the diseased and healthy plants, suggesting that the microbial

community structures in the rhizosphere soil and root endosphere

of tobacco plants differed significantly between the two states.

We further found that Fusarium infection increased the diversity

and abundance of bacterial communities in tobacco rhizosphere

soil but reduced those of fungal communities (based on the

Shannon and Chao 1 indices); within root tissues, the diversities

of both bacterial and fungal communities (Shannon index) were

significantly reduced. The simultaneous decrease in the diversity

of endophytic bacterial and fungal communities in root tissues

may result from pathogenic fungal invasion and colonization in

root tissues. The production of toxins by Fusarium pathogens

during growth, development, and metabolism (Lievens et al.,

2008), as well as their competition with native bacterial and

fungal communities in root tissues for niches and nutrients,

may contribute to the decreased diversity of native bacterial and

fungal communities (Tan et al., 2022). The completely opposite

changes in the diversity and abundance of bacterial and fungal

communities in the rhizosphere soil were also the result of the

dynamic response of native species in the tobacco rhizosphere to

pathogen infection; under pathogen stress, plants usually secrete

specific root exudates (e.g., sugars, amino acids, organic acids, fatty

acids, and secondary metabolites) to attract soil microbes to the

plant rhizosphere. On the one hand, this can increase the diversity

of native species and enhance the collective competitiveness of the

community (Trivedi et al., 2020; Yin et al., 2021); on the other
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FIGURE 7

Heatmap exhibiting the relative abundance of functional genes (based on KO) involved in carbon (A) and nitrogen (B) metabolism in the rhizosphere

microbial communities of tobacco plants under diseased and healthy conditions. Each row of the heatmap corresponds to a specific gene, while

each column represents a di�erent sample. The colors in the heatmap, red representing higher relative abundance levels of the gene in that sample,

and green representing lower relative abundance levels, indicate the variation in gene relative abundance.

hand, these exudates can attract beneficial microbes to protect

the host plant by inhibiting soil-borne pathogens or inducing

systemic resistance in plants (Bai et al., 2022). Admittedly, this

attraction is not always positive, as more soil-borne pathogens

or harmful microbes may also accumulate in the rhizosphere,

resulting in an imbalance in the rhizosphere microecosystem

and aggravating the incidence of disease (Nadarajah and Abdul

Rahman, 2021). Therefore, we further analyzed the species

composition of the bacterial and fungal communities in the

rhizosphere soil and the root endosphere of diseased and healthy

tobacco plants.

Similar to most research findings, regardless of the disease

state, the microbial communities in the rhizosphere soil and the

root endosphere of tobacco plants were mainly composed of

bacteria such as Actinobacteria, Proteobacteria, Acidobacteria, and

Firmicutes and fungi such as Ascomycota and Basidiomycota,

but some dominant bacterial and fungal communities exhibited

significant differences between the diseased and healthy plants.

We found that in the rhizosphere soil, the relative abundances

of Proteobacteria, Acidobacteria, Firmicutes, Ascomycota, and

Basidiomycota were higher in the diseased plants than in the

healthy plants. Among them, Proteobacteria plays an important

role in the soil C, S, and N cycles (Wang et al., 2017); Firmicutes,

Ascomycota, and Basidiomycota are important decomposers in the

C cycle, as they can secrete hydrolytic enzymes to break down

organic matter (e.g., cellulose, lignocellulose, and lignin in plant

litter) into smaller molecules, playing a key role in plant litter

degradation and promoting the soil C cycle (Wang et al., 2017;

Wei et al., 2018; Wang et al., 2020). After tobacco plants become

diseased, the functional microbial communities related to soil

nutrient cycling in rhizosphere soil increased in abundance, which

may be related to the damage to vascular bundles and root tissues in

the diseased plants, reducing their ability to uptake nutrients from

the soil. In this study, we also found that the contents of organic

matter, available nitrogen, available phosphorus, and available

potassium in the rhizosphere soil of diseased plants were higher

than those in the rhizosphere soil of healthy plants. In addition,

most Actinomycetota have been reported to produce antibiotics,

inhibit plant pathogens, and control plant diseases (Barka et al.,

2015), but here, we noted a significant decrease in the relative

abundance of Actinomycetota in the diseased plants compared to

that in the healthy plants. At the genus level, we observed higher

relative abundances of bacteria (Arthrobacter and Sphingomonas)

and fungi (Alternaria, Fusarium, Filobasidium, and Cladosporium)

in the rhizosphere soil of diseased tobacco plants. Among them,

the significantly more abundant Alternaria and Fusarium have

been reported to cause diseases such as brown spot disease (Chen

et al., 2022) and root rot (Yang et al., 2020; Tan et al., 2022)

in tobacco plants, and Filobasidium species have been reported

to contain plant cell wall-degrading CAZymes (Guerreiro et al.,

2022). Therefore, although the diversity of fungal communities in

the rhizosphere soil of tobacco plants was significantly higher in

the diseased plants, the composition of the microbial communities

tended to form pathological combinations, potentially further

aggravating the disease. In contrast, the relative abundances of

beneficial microbial communities such as Streptomyces, Mortierella,

and Penicillium were significantly lower in the diseased plants

than in the healthy plants. Among them, Streptomyces is well

known for its strong ability to produce antibiotics (Schlatter et al.,

2009). Species of the genus Mortierella have been reported to be

related to soil disease inhibition, potentially suppressing diseases

caused by Fusarium and participating in the transformation of

P in the soil (Wang et al., 2022). Penicillium can participate

in the decomposition of organic matter, promote the cycling of
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various elements such as C, N, and P, and degrade a variety of

environmentally harmful substances. These results further indicate

that these known beneficial microorganisms may be rejected by

dominant pathogens or defeated by other dominant and harmful

microbes with increased mobility, thereby causing or exacerbating

the successful invasion of root rot pathogens (Tan et al., 2022).

Similarly, in the diseased plants, we also observed a shift from

microbial community combination to pathological combination

in the root tissues. At the phylum level, the relative abundances of

Actinobacteria and Firmicutes in the root tissues of diseased plants

were significantly lower than those in healthy plants, whereas

the relative abundance of Ascomycota was significantly higher

in the diseased plants than in the healthy plants. At the genus

level, the relative abundances of Chryseobacterium, Allorhizobium-

Neorhizobium-Parahizobium-Rhizobium, Stenotrophomonas,

Pseudomonas, Pectobacterium, Fusarium, and Hematonectria

were significantly higher in the root tissues of the diseased plants,

whereas the relative abundances of Rhodanobacter, Lysobacter,

Streptomyces, Plectosphaerella, Penicillium, and Setophoma were

significantly lower than those in the healthy root tissues. Here, we

noted that the relative abundance of Fusarium in the root tissues of

the diseased plants was 254.21% higher than in those of the healthy

plants, suggesting that the successful invasion and colonization of

root rot pathogens is a major reason for the changes in the structure

and composition of root endosphere microbial communities.

To further elucidate the interactions of related microbial

communities, we performed microbial co-occurrence network

analysis. We found that Fusarium root rot disrupted the

stability of interkingdom ecological networks. In the diseased

plants, the number of nodes, number of edges, and average

connectivity of bacteria–fungi interkingdom networks in both

the rhizosphere soil and the root endosphere were lower than

those in the healthy plants. In the rhizosphere soil, the bacteria–

fungi interkingdom correlations were mainly negative, and the

proportion of negative edges in the diseased network (S_D, 56.85%)

was higher than that in the healthy network (S_H, 52.33%). In

the root endosphere, the bacteria–fungi interdomain correlations

were mainly positive, and the proportion of positive edges in

the diseased network (R_D, 60.00%) was higher than that in the

healthy network (R_H, 57.93%). The cooperative and competitive

interactions between microbial species can affect community

stability. Negative interactions represent ecological competition

between bacteria and fungi, whereas positive interactions indicate

weaker competition between bacteria and fungi, potentially shifting

toward cooperative or mutualistic relationships (Faust and Raes,

2012; Coyte et al., 2015). In the rhizosphere soil, competition

dominated the relationships between bacteria and fungi, possibly

because the two usually compete for plant-derived substrates

(Boer et al., 2005). In the root tissues, cooperation dominated the

relationships between bacteria and fungi, which can be explained

by the invasion of pathogenic fungi, which require establishing

mutualistic relationships with other species to promote their

successful colonization (Van Elsas et al., 2002). In addition, we

found that in the diseased plants, the complexity of fungi–fungi

intrakingdom networks in both the rhizosphere soil and the root

endosphere was higher than that of bacteria–bacteria intrakingdom

networks; the number of nodes, number of edges, and average

connectivity of the fungi–fungi intrakingdomnetworks were higher

than those of the bacterial networks; and the correlations within

the fungal kingdom were mainly positive, with the proportion of

positive correlations in the diseased root tissues reaching as high

as 79.14%. These findings underscore the ecological importance

of the fungal taxa and suggest that in the diseased plants, the

fungal taxa in the tobacco rhizosphere and root endosphere mainly

engage in cooperative interactions, possibly because pathogenic

fungi need to establish mutualistic relationships with other fungal

species after invasion (Tan et al., 2022). Our results further support

that the changes in the composition and relative abundances

of dominant bacterial and fungal communities in the tobacco

rhizosphere soil and the root endosphere in the diseased plants

were all the result of interactions between the root rot pathogens

and native microorganisms.

In addition to community composition, this study revealed

that the ecological functions of the microbial communities in

the tobacco plant rhizosphere soils also greatly differed between

the healthy and diseased plants, with KO, COG, and CAZy

functional diversity in the tobacco rhizosphere soil being lower in

the diseased plants than in the healthy plants. The rhizosphere of

the diseased tobacco plants showed higher abundances of microbial

functional genes involved in energy production and conversion,

signal transduction mechanisms, lipid transport and metabolism,

replication, recombination and repair, and biosynthesis, transport,

and catabolism of secondary metabolites, while there were fewer

microbial functional genes related to carbohydrate transport and

metabolism, cell wall/membrane/envelope biogenesis, and cell

motility. It is well known that soil microbes play an important

role in soil nutrient cycling, and soil physicochemical properties,

such as nutrient availability, also affect the composition of plant

root microbial communities (Bai et al., 2022). Changes in the

metabolism of C, N, and P in the soil may lead to competition for

nutrients among different microbial groups, affecting the balance

between beneficial microbes and soil-borne pathogens, thereby

resulting in disease outbreaks (Wang et al., 2020; Cai et al., 2021).

Here, we found that the relative abundances of genes associated

with C metabolism in the diseased plants were lower than those

in the healthy plants, especially the significantly reduced relative

abundance of rbcL, which is associated with C fixation; however,

the relative abundances of genes associated with N degradation,

such as nasB and nasA, were higher in the diseased plants than in

the healthy plants. Overall, the rhizosphere microbial communities

of the diseased tobacco plants played a significant role in basic

biological metabolism, energy production and conversion, signal

transduction, and N metabolism, but the functions involved in

C metabolism were weakened, suggesting an unfavorable shift

in the tobacco rhizosphere microecology. However, there are

certain limitations in exploring the functions and interactions

of microbial communities under Fusarium infection solely based

on metagenomic analysis. In future work, we will combine

isolation, cultivation, and synthetic community construction

techniques to further validate the functional roles of beneficial

microbial communities in tobacco’s resistance to Fusarium

infection, while laying the foundation for the development and

utilization of beneficial microbial consortia as biocontrol agents or

antimicrobial metabolites.
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5 Conclusion

In this study, we conclude that Fusarium infection leads

to simultaneous changes in bacterial and fungal communities

in the rhizosphere soil and root tissues of tobacco plants,

disrupting the stability of the bacterial-fungal interdomain

ecological network. The rhizosphere microbial community of

diseased tobacco plants shifted toward a pathological combination,

with significant increases in the relative abundance of harmful

microorganisms such as Alternaria, Fusarium, and Filobasidium,

while the relative abundance of beneficial microorganisms such as

Lysobacter, Streptomyces, Mortierella, and Penicillium significantly

decreases. These findings further deepen our understanding of

the changes in the microbial communities in the host plant

rhizosphere and root endosphere under the stress of soil-

borne fungal pathogens and lay a theoretical foundation for the

comprehensive utilization of related microbial communities and

the development of prevention and control strategies for soil-borne

fungal diseases.

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 below: https://www.

ncbi.nlm.nih.gov/, PRJNA1173500 and https://www.ncbi.nlm.nih.

gov/, PRJNA1173517.

Author contributions

MY: Data curation, Formal analysis, Methodology, Writing –

original draft. YC: Conceptualization, Formal analysis, Project

administration, Writing – original draft. TB: Data curation,

Investigation, Writing – original draft. XH: Investigation,

Methodology, Writing – original draft. RZ: Data curation,

Visualization, Writing – original draft. DL: Data curation,

Visualization, Writing – original draft. TL: Software, Visualization,

Writing – original draft. RL: Software, Visualization, Writing –

original draft. CM: Investigation, Resources, Writing – original

draft. LY: Conceptualization, Project administration, Resources,

Supervision, Writing – review & editing.

Funding

The author(s) declare that financial support was received

for the research and/or publication of this article. The

authors declare that this study received funding from the

Qujing Branch of Yunnan Provincial Tobacco Company (No.

2023YNQJKJ03) and Yunnan Provincial Science and Technology

Department (No. 202305AD160001). The funder was not

involved in the study design, collection, analysis, interpretation

of data, the writing of this article, or the decision to submit it

for publication.

Conflict of interest

YC, TB, RZ, DL, TL, RL, and CM were employed by Qujing

Branch of Yunnan Provincial Tobacco Company.

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.

Generative AI statement

The author(s) declare that no Gen AI was used in the creation

of this manuscript.

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.2025.

1512694/full#supplementary-material

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

Ahmed, W., Dai, Z., Liu, Q., Munir, S., Yang, J., Karunarathna, S. C., et al.
(2022). Microbial cross-talk: dissecting the core microbiota associated with flue-cured
tobacco (Nicotiana tabacum) plants under healthy and diseased state. Front. Microbiol.
13:845310. doi: 10.3389/fmicb.2022.845310

Bai, B., Liu, W., Qiu, X., Zhang, J., Zhang, J., and Bai, Y. (2022). The root
microbiome: community assembly and its contributions to plant fitness. J. Integr. Plant
Biol. 64, 230–243. doi: 10.1111/jipb.13226

Bakker, P., Pieterse, C. M. J., de Jonge, R., and Berendsen, R. L. (2018). The
soil-borne legacy. Cell 172, 1178–1180. doi: 10.1016/j.cell.2018.02.024

Barka, E. A., Vatsa, P., Sanchez, L., Gaveau-Vaillant, N., Jacquard, C., Meier-
Kolthoff, J. P., et al. (2015). Taxonomy, physiology, and natural products of
Actinobacteria.Microbiol Mol Biol Rev. 80, 1–43. doi: 10.1128/MMBR.00019-15

Bastian, M., Heymann, S., and Jacomy, M. (2009). Gephi: an open source
software for exploring and manipulating networks. ICWSM 8, 361–362.
doi: 10.1609/icwsm.v3i1.13937

Beneduzi, A., Ambrosini, A., and Passaglia, L.M. P. (2012). Plant growth-promoting
rhizobacteria (PGPR): their potential as antagonists and biocontrol agents. Genet. Mol.
Biol. 35, 1044–1051. doi: 10.1590/S1415-47572012000600020

Berg, G., Rybakova, D., Fischer, D., Cernava, T., Vergès, M. C., Charles, T., et al.
(2020). Microbiome definition re-visited: old concepts and new challenges.Microbiome
8:103. doi: 10.1186/s40168-020-00875-0

Frontiers inMicrobiology 15 frontiersin.org

https://doi.org/10.3389/fmicb.2025.1512694
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1512694/full#supplementary-material
https://doi.org/10.1038/ismej.2013.28
https://doi.org/10.3389/fmicb.2022.845310
https://doi.org/10.1111/jipb.13226
https://doi.org/10.1016/j.cell.2018.02.024
https://doi.org/10.1128/MMBR.00019-15
https://doi.org/10.1609/icwsm.v3i1.13937
https://doi.org/10.1590/S1415-47572012000600020
https://doi.org/10.1186/s40168-020-00875-0
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Yang et al. 10.3389/fmicb.2025.1512694

Berruezo, L. A., Cardenas, G. E. M., Harries, E. D., Stenglein, S. A., Curti, R. N.,
Rodriguero, M. S., et al. (2018). Characterization of fusarium species associated with
tobacco diseases in northwestern Argentina. Eur. J. Plant Pathol. 151, 1065–1079.
doi: 10.1007/s10658-018-1443-6

Boer, W., Folman, L. B., Summerbell, R. C., and Boddy, L. (2005). Living in a fungal
world: impact of fungi on soil bacterial niche development. FEMS Microbiol Rev. 29,
795–811. doi: 10.1016/j.femsre.2004.11.005

Cai, Q., Zhou, G., Ahmed, W., Cao, Y. Y., Zhao, M. W., Li, Z. H., et al.
(2021). Study on the relationship between bacterial wilt and rhizospheric microbial
diversity of flue-cured tobacco cultivars. Eur J Plant Pathol. 160, 265–276.
doi: 10.1007/s10658-021-02237-4

Carrión, 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

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

Chen, X. L., Gao, L. L., Deng, X. P., Yang, Y. F., Wang, J. W., Zhang, Z., et al. (2022).
Effects of Meloidogyne incognita on the fungal community in tobacco rhizosphere.
Rev. Bras. Cienc. Solo. 46:e0210127. doi: 10.36783/18069657rbcs20210127

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., Van Kan, J. A. L., Pretorius, Z. A., Hammond-Kosack, K. E., Di Pietro, A.,
Pietro, D. S., 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

Deng, Y., Jiang, Y. H., Yang, Y., He, Z. L., Luo, F., and Zhou, J. Z. (2012). Molecular
ecological network analyses. BMC Bioinform. 13:e113. doi: 10.1186/1471-2105-13-113

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. Cell 175, 973–983. 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

Edwards, J., Johnson, C., Santos-Medellín, 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

Faust, K., and Raes, J. (2012). Microbial interactions: from networks to models. Nat
Rev Microbiol. 10, 538–550. doi: 10.1038/nrmicro2832

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

Fu, L., Niu, B., Zhu, Z., Wu, S., and Li, W. (2012). CD-HIT: accelerated
for clustering the next-generation sequencing data. Bioinformatics 28, 3150–3152.
doi: 10.1093/bioinformatics/bts565

Gai, X. T., Lu, C. H., Hu, Y. X., Lin, Z. L., Ma, J. J., Xia, Z. Y., et al. (2023).
Identification of pathogens causing Tobacco fusarium root rot in Yunnan tobacco.Acta
Tabacaria Sin. 29, 74–83. (in Chinese). doi: 10.16472/j.chinatobacco.2022.T0208

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

Guerreiro, M. A., Ahrendt, S., Pangilinan, J., Chen, C., Yan, M., Lipzen,
A., et al. (2022). Draft genome sequences of strains CBS6241 and CBS6242
of the basidiomycetous yeast Filobasidium floriforme. G3 12:jkab398.
doi: 10.1093/g3journal/jkab398

Hyatt, D., Chen, G. L., Locascio, P. F., Land, M. L., Larimer, F. W., and Hauser,
L. J. (2010). Prodigal: prokaryotic gene recognition and translation initiation site
identification. BMC Bioinf. 11, 119–119. doi: 10.1186/1471-2105-11-119

Kõljalg, U., Larsson, K. H., Abarenkov, K., Nilsson, R. H., Alexander, I. J.,
Eberhardt, U., et al. (2005). UNITE: a database providing web-based methods for
the molecular identification of ectomycorrhizal fungi. New Phytol. 166, 1063–1068.
doi: 10.1111/j.1469-8137.2005.01376.x

Kwak, M. J., Kong, H. G., Choi, K., Kwon, S. K., Song, J. Y., Lee, J., et al. (2018).
Rhizosphere microbiome structure alters to enable wilt resistance in tomato. Nat
Biotechnol. 36, 1100–1109. doi: 10.1038/nbt.4232

Li, D., Liu, C. M., Luo, R., Sadakane, K., and Lam, T. W. (2015). MEGAHIT:
an ultrafast single-node solution for large and complex metagenomics
assembly via succinct de Bruijn graph. Bioinformatics 31, 1674–1676.
doi: 10.1093/bioinformatics/btv033

Li, J., Wang, C., Liang, W., and Liu, S. (2021). Rhizosphere microbiome:
the emerging barrier in plant-pathogen interactions. Front. Microbiol. 12:772420.
doi: 10.3389/fmicb.2021.772420

Li, R., Li, Y., Kristiansen, K., and Wang, J. (2008). SOAP: short oligonucleotide
alignment program. Bioinformatics 24, 713–714. doi: 10.1093/bioinformatics/
btn025

Lievens, B., Rep,M., and Thomma, B. (2008). Recent developments in themolecular
discrimination of formae speciales of Fusarium oxysporum. Pest Manag. Sci. 64,
781–788. doi: 10.1002/ps.1564

Liu, Y. X., Qin, Y., Chen, T., Lu, M., Qian, X., Guo, X., et al. (2021). A practical guide
to amplicon and metagenomic analysis of microbiome data. Protein Cell 12, 315–330.
doi: 10.1007/s13238-020-00724-8

Ma, S., Chen, Q., Zheng, Y., Ren, T., He, R., Cheng, L., et al. (2025). A tale
for two roles: root-secreted methyl ferulate inhibits P. nicotianae and enriches
the rhizosphere Bacillus against black shank disease in tobacco. Microbiome 13:33.
doi: 10.1186/s40168-024-02008-3

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

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

Oksanen, J., Kindt, R., Legendre, P., O’Hara, R., Stevens, M., Oksanen, M., et al.
(2007). The vegan package. Comm. Ecol. Pack 10, 631–637.

Peng, X., Wang, S., Wang, M., Feng, K., He, Q., Yang, X., et al. (2024). Metabolic
interdependencies in thermophilic communities are revealed using co-occurrence and
complementarity networks. Nat. Commun. 15:8166. doi: 10.1038/s41467-024-52532-x

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013). The
SILVA ribosomal RNA gene database project: improved data processing and web-based
tools. Nucleic Acids Res. 41, D590–D596. doi: 10.1093/nar/gks1219

Raaijmakers, J. M., and Mazzola, M. (2016). Soil immune responses soil
microbiomes may be harnessed for plant health. Science 352, 1392–1393.
doi: 10.1126/science.aaf3252

Schlatter, D., Fubuh, A., Xiao, K., Hernandez, D., Hobbie, S., and Kinkel, L. (2009).
Resource amendments influence density and competitive phenotypes of Streptomyces
in soil.Microb. Ecol. 57, 413–420. doi: 10.1007/s00248-008-9433-4

Schulz-Bohm, K., Gerards, S., Hundscheid, M., Melenhorst, J., de Boer, W., and
Garbeva, P. (2018). Calling from distance: attraction of soil bacteria by plant root
volatiles. ISME J. 12, 1252–1262. doi: 10.1038/s41396-017-0035-3

Tan, L., Xiao, Y. S., Zeng, W. A., Gu, S. S., Zhai, Z. G., Wu, S. L., 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

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

Van Elsas, J. D., Garbeva, P., and Salles, J. (2002). Effects of agronomical measures
on the microbial diversity of soils as related to the suppression of soil-borne plant
pathogens. Biodegradation 13, 29–40. doi: 10.1023/A:1016393915414

Wang, H., Narsing-Rao, M. P., Gao, Y., Li, X., Gao, R., Xie, Y., et al. (2021).
Insights into the endophytic bacterial community comparison and their potential
role in the dimorphic seeds of halophyte Suaeda glauca. BMC Microbiol. 21:143.
doi: 10.1186/s12866-021-02206-1

Wang, R., Zhang, H., Sun, L., Qi, G., Chen, S., and Zhao, X. (2017).
Microbial community composition is related to soil biological and chemical
properties and bacterial wilt outbreak. Sci Rep. 7:343. doi: 10.1038/s41598-017-
00472-6

Wang, Y., Liu, L., Yang, J., Duan, Y., and Zhao, Z. (2020). The diversity of
microbial community and function varied in response to different agricultural
residues composting. Sci. Total Environ. 715:136983. doi: 10.1016/j.scitotenv.2020.
136983

Wang, Y., Wang, L., Suo, M., Qiu, Z., Wu, H., Min Zhao, M., et al. (2022).
Regulating root fungal community using Mortierella alpina for Fusarium oxysporum
resistance in Panax ginseng. Front. Microbiol. 13:850917. doi: 10.3389/fmicb.2022.
850917

Wei, H., Wang, L., Hassan, M., and Xie, B. (2018). Succession of the
functional microbial communities and the metabolic functions in maize straw
composting process. Bioresour. Technol. 256, 333–341. doi: 10.1016/j.biortech.2018.
02.050

Weller, D. M., Raaijmakers, J. M., Gardener, B. B., and Thomashow, L. S. (2002).
Microbial populations responsible for specific soil suppressiveness to plant pathogens.
Annu. Rev. Phytopathol. 40, 309–348. doi: 10.1146/annurev.phyto.40.030402.110010

Wen, T., Xie, P., Penton, C. R., Hale, L., Thomashow, L. S., Yang, S., et al.
(2022). Specific metabolites drive the deterministic assembly of diseased rhizosphere
microbiome through weakening microbial degradation of autotoxin. Microbiome
10:177. doi: 10.1186/s40168-022-01375-z

Yang, M., Cao, J. D., Zheng, Y. X., Wang, J. M., Zhou, H. F., He, M. D., et al. (2020).
First report of Fusarium root rot of tobacco caused by Fusarium solani in Lincang,
China. Plant Dis. 104, 1541–1542. doi: 10.1094/PDIS-08-19-1711-PDN

Yang, M., Gao, P., Guo, J., Qi, Y., Li, L., Yang, S., et al. (2024). The endophytic fungal
community plays a crucial role in the resistance of host plants to necrotic bacterial
pathogens. Physiol. Plant. 176:e14284. doi: 10.1111/ppl.14284

Frontiers inMicrobiology 16 frontiersin.org

https://doi.org/10.3389/fmicb.2025.1512694
https://doi.org/10.1007/s10658-018-1443-6
https://doi.org/10.1016/j.femsre.2004.11.005
https://doi.org/10.1007/s10658-021-02237-4
https://doi.org/10.1126/science.aaw9285
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.36783/18069657rbcs20210127
https://doi.org/10.1126/science.aad2602
https://doi.org/10.1111/j.1364-3703.2011.00783.x
https://doi.org/10.1186/1471-2105-13-113
https://doi.org/10.1016/j.cell.2018.10.020
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1073/pnas.1414592112
https://doi.org/10.1038/nrmicro2832
https://doi.org/10.1002/imt2.13
https://doi.org/10.1093/bioinformatics/bts565
https://doi.org/10.16472/j.chinatobacco.2022.T0208
https://doi.org/10.1186/s40168-021-01138-2
https://doi.org/10.1093/g3journal/jkab398
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1111/j.1469-8137.2005.01376.x
https://doi.org/10.1038/nbt.4232
https://doi.org/10.1093/bioinformatics/btv033
https://doi.org/10.3389/fmicb.2021.772420
https://doi.org/10.1093/bioinformatics/btn025
https://doi.org/10.1002/ps.1564
https://doi.org/10.1007/s13238-020-00724-8
https://doi.org/10.1186/s40168-024-02008-3
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.3390/ijms221910388
https://doi.org/10.1038/s41467-024-52532-x
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1126/science.aaf3252
https://doi.org/10.1007/s00248-008-9433-4
https://doi.org/10.1038/s41396-017-0035-3
https://doi.org/10.1016/j.apsoil.2022.104567
https://doi.org/10.1038/s41579-020-0412-1
https://doi.org/10.1023/A:1016393915414
https://doi.org/10.1186/s12866-021-02206-1
https://doi.org/10.1038/s41598-017-00472-6
https://doi.org/10.1016/j.scitotenv.2020.136983
https://doi.org/10.3389/fmicb.2022.850917
https://doi.org/10.1016/j.biortech.2018.02.050
https://doi.org/10.1146/annurev.phyto.40.030402.110010
https://doi.org/10.1186/s40168-022-01375-z
https://doi.org/10.1094/PDIS-08-19-1711-PDN
https://doi.org/10.1111/ppl.14284
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Yang et al. 10.3389/fmicb.2025.1512694

Yang, M., Qi, Y., Liu, J., Gao, P., Huang, F., Yu, L., et al. (2023). Different response
mechanisms of rhizosphere microbial communities in two species of Amorphophallus
to Pectobacterium carotovorum subsp. carotovorum infection. Plant Pathol. J. 39,
207–219. doi: 10.5423/PPJ.OA.12.2022.0157

Yin, C., Casa Vargas, J. M., Schlatter, D. C., Hagerty, C. H., Hulbert, S. H., and
Paulitz, T. C. (2021). Rhizosphere community selection reveals bacteria associated with
reduced root disease.Microbiome 9, 1–18. doi: 10.1186/s40168-020-00997-5

Yuan, J., Zhao, J., Wen, T., Zhao, M., Li, R., Goossens, P., et al. (2018). Root exudates
drive the soil-borne legacy of aboveground pathogen infection. Microbiome 6:156.
doi: 10.1186/s40168-018-0537-x

Zhang, Q., Yang, J. D., Fu, C. X., Yang, Y. L., Liu, X., and Deng, S.
H. (2024). Ralstonia solanacearum infection drives the assembly and functional
adaptation of potato rhizosphere microbial communities. Plant Pathol J. 40, 498–511.
doi: 10.5423/PPJ.OA.06.2024.0086

Zhang, Z., Li, J., Zhang, Z., Liu, Y., andWei, 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

Zhao, Y. N., Li, Y. Y., Cao, C. X., Yao, J. W., Yuan, Q. F., and Huang, D. Y. (2023).
Research progress of tobacco fusarium root rot. China Plant Protect. 43, 20–25+59.
(in Chinese).

Zheng, Y., Wang, J., Zhao, W., Cai, X., Xu, Y., Chen, X., et al. (2022).
Effect of bacterial wilt on fungal community composition in rhizosphere soil of
tobaccos in tropical Yunnan. Plant Pathol. J. 38, 203–211. doi: 10.5423/PPJ.OA.03.
2022.0035

Zhuang, Y., Wang, H., Tan, F., Wu, B., Liu, L., Qin, H., et al. (2024).
Rhizosphere metabolic cross-talk from plant-soil-microbe tapping into agricultural
sustainability: current advance and perspectives. Plant Physiol Biochem. 210:108619.
doi: 10.1016/j.plaphy.2024.108619

Frontiers inMicrobiology 17 frontiersin.org

https://doi.org/10.3389/fmicb.2025.1512694
https://doi.org/10.5423/PPJ.OA.12.2022.0157
https://doi.org/10.1186/s40168-020-00997-5
https://doi.org/10.1186/s40168-018-0537-x
https://doi.org/10.5423/PPJ.OA.06.2024.0086
https://doi.org/10.3389/fmicb.2021.731764
https://doi.org/10.5423/PPJ.OA.03.2022.0035
https://doi.org/10.1016/j.plaphy.2024.108619
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

