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Bacterial wilt, which is a major soil-borne disease with 
widespread occurrence, poses a severe danger in the 
field of tobacco production. However, there is very 
limited knowledge on bacterial wilt-induced microeco-
logical changes in the tobacco root system and on the 
interaction between Ralstonia solanacearum and fungal 
communities in the rhizosphere soil. Thus, in this study, 
changes in fungal communities in the rhizosphere soil 
of tobaccos with bacterial wilt were studied by 18S 
rRNA gene sequencing. The community composition 
of fungi in bacterial wilt-infected soil and healthy soil 
in two tobacco areas (Gengma and Boshang, Lincang 
City, Yunnan Province, China) was studied through 
the paired comparison method in July 2019. The results 
showed that there were significant differences in fungal 
community composition between the rhizosphere soil of 
diseased plants and healthy plants. The changes in the 
composition and diversity of fungal communities in the 
rhizosphere soil of tobaccos are vital characteristics of 
tobaccos with bacterial wilt, and the imbalance in the 
rhizosphere microecosystem of tobacco plants may fur-
ther aggravate the disease.

Keywords : fungal community, Ralstonia solanacearum, 
rhizosphere, soil-borne disease 

The rhizosphere refers to the soil microzone affected by 
the root system and mainly involves the thin layer (1-2 cm) 
around the surface of roots (Philippot et al., 2013). Due to 
its high nutrient density, this region is the most dynamic 
location for microbial interactions, and it hosts beneficial 
microorganisms, soil-borne pathogens, and competition 
among them (Kinkel et al., 2011; Raaijmakers et al., 2009). 
The rhizosphere not only contains thousands of species that 
are beneficial to plant growth and health (such as nitrogen-
fixing bacteria, mycorrhizal fungi, plant growth-promoting 
rhizobacteria, biocontrol microorganisms, mycoparasitic 
fungi, and protozoa), but also massive amounts of plant 
pathogenic microorganisms, which can destroy the pro-
tective microbial barrier, overcome the innate defense 
mechanism of plants, and settle in the rhizosphere to cause 
plant diseases (Liu et al., 2016; Mendes et al., 2013). The 
microbial imbalance in the plant-soil-microorganism eco-
system is a crucial contributor to diseases (Classen et al., 
2016), and some soil-borne pathogens, such as Rhizoctonia 
solani, Ralstonia solanacearum, and Fusarium oxyspo-
rum, are confirmed to possess close correlations with the 
microecological imbalance in the soil (Huang et al., 2020; 
Navarrete et al., 2013). The complexity and diversity of 
microbial communities in the rhizosphere are essential for 
maintaining the dynamic balance of the ecosystem (She et 
al., 2017). Healthy soil with balanced soil microbial com-
munities can better respond to stress, which is conducive to 
promoting plant growth and reducing soil-borne diseases 
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(Janvier et al., 2007; Nannipieri et al., 2003).
Ranking second among bacterial plant pathogens 

throughout the world, R. solanacearum is capable of infect-
ing over 200 plants in 54 families (Kim et al., 2016; Sala-
noubat et al., 2002). R. solanacearum-induced tobacco bac-
terial wilt occurs throughout the world (including in China) 
and results in considerable yield and economic losses to 
tobacco production every year (Li et al., 2020; Zhou et al., 
2012). Lincang tobacco-growing areas, which represent 
one of the key tobacco areas recently developed in China, 
are located in the southwestern border region of Yunnan, 
China, and are subjected mainly to tropical and subtropical 
monsoon climates (tropical area), with clear dry and rainy 
seasons, sufficient rainfall, and abundant solar radiation. 
Bacterial wilt is also a major soil-borne disease in Lincang 
tobacco-growing areas, with an incidence rate of 9.7-15.3%, 
or even >70.8% in some serious plots; thus, bacterial wilt 
becomes a crucial factor hindering the development of the 
tobacco industry in these areas. In previous studies, tobacco 
bacterial wilt has been mainly prevented and controlled 
by virtue of the utilization of planting systems, chemical 
agents, and organic fertilizers that unquestionably exhibit 
certain side effects (Liu et al., 2014; Yuliar et al., 2015). 
Currently, the regulation of natural microbial communities 
is deemed as one of the most promising strategies for im-
proving soil health to achieve a comprehensive and sustain-
able disease management (Chaparro et al., 2012; Liu et al., 
2016). Some rhizosphere microbial communities have been 
shown to be antagonistic to soil-borne pathogens. For ex-
ample, Trichoderma spp. is a class of important biocontrol 
fungi, which can inhibit target pathogens through competi-
tion, parasitism and inducing of host resistance (Zheng et 
al., 2021). Penicillium played an important role in secreting 
cellulase and antibiotic (Martins et al., 2008). More than 30 
parasitic fungi (Paecilomyces lilacinus, Pochonia chlamyd-
osporia, Coprinus comatus, Gliocladium roseum, etc.) of 
root knot nematode have been reported (Liu, 2011; Yang 
et al., 2004). Although these previous studies precisely and 
comprehensively illustrated the involvement of soil fun-
gus in antagonistic interaction with soil-borne pathogens, 
works in identifying the specific group of soil fungus asso-
ciated with the occurrence of bacterial wilt in the field are 
still limited. For this reason, a deep understanding of the 
changes in microbes in the rhizosphere soil during the de-
velopment of soil-borne diseases is of great significance to 
clarify the interaction between microbes in the rhizosphere 
soil and soil-borne diseases. In this study, the difference in 
fungal community composition between R. solanacearum-
infected soil and healthy soil was analyzed via Illumina 
MiSeq high-throughput sequencing technology in order to 

examine the associations of fungal community composi-
tion and diversity in the rhizosphere soil of tobacco plant 
with bacterial wilt and to render a scientific basis for the 
effective prevention or ecological prevention and control of 
bacterial wilt.

Materials and Methods

Disease incidence of bacterial wilt. The standards used 
to examine flue-cured tobacco bacterial wilt disease were 
based on the tobacco pest classification and survey meth-
ods (GB/T 23222–2008), P.R. China. Disease incidence 
was calculated by the percentage of diseased tobaccos in 
each field. Disease index was evaluated using a disease 
score method: 0 = plants without visible symptoms, 1 = 
chlorotic spots on stems occasionally or less than half of 
the leaves wilted on unilateral stems, 3 = (30-50%) black 
streak less than half the height of the stem or between half 
to two-thirds of the leaves wilted on unilateral stems, 5 = 
(50-70%) black streak over half the height of the stem but 
not reaching to the top of the stem or more than two-thirds 
of the leaves wilted on unilateral stems, 7 = (70-90%) black 
streak reaching the top of the stem or all leaves wilted, and 
9 = death of plants. Disease index was calculated using the 
formula:

Disease index = [ ∑ ( r × N )/( n × R) ] × 100

r is the disease severity; N is the number of infected tobac-
cos with a rating of r; n is the total number of tobaccos 
tested; and R is the value of the highest disease severity in 
each field.

Soil sample collection. The soil samples were collected 
in Mengsa Town, Gengma County, Lincang City, Yunnan 
(23°33'40''N, 99°23'22''E) and Boshang Town, Linxiang 
District, Lincang City, Yunnan in July 2019. In the test ar-
eas, tobacco fields having typical and serious bacterial wilt 
(Ralstonia solanacearum) levels were selected. In the same 
plot, with similar conditions and soil properties, plants with 
typical symptoms of bacterial wilt (R. solanacearum) and 
healthy plants were sampled, with three plants per group. 

The topsoil was removed and whole plants were re-
moved. The loose soil was shaken off, and the soil attached 
to the root at 0-4 mm was collected as rhizosphere soil. 
The samples were named as Gengma infested soil (GM_
D), Gengma uninfested soil (GM_H), Boshang infested 
soil (BS_D), and Boshang uninfested soil (BS_H). After 
removing the impurities and residual fine roots, the soil 
samples were put separately into sterile self-sealed bags, 
immediately placed in liquid nitrogen, transported back to 
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the laboratory and stored at −80°C.

DNA extraction and polymerase chain reaction amplifi-
cation. Total DNA in soil samples was extracted in accor-
dance with the instructions of a FastDNA SPIN Kit for Soil 
(MP Biomedicals, Union City, CA, USA). DNA concen-
tration and purity were detected using a NanoDrop2000, 
and the DNA quality was determined using 1% agarose gel 
electrophoresis.

Primers ITS1 F (5′-ACTTGGTCATTTAGGAAG-
TAA-3′) and ITS2 R (5′-BGCTGCGTTCTTCATCGAT-
GC-3′) were used to amplify the fungal 18S rRNA gene. 
The amplification procedure was as follows: pre-denatur-
ation at 95°C for 3 min, 36 cycles of denaturation at 95°C 
for 30 s, annealing at 55°C for 30 s and extension at 72°C 
for 45 s, followed by a final extension at 72°C for 10 min. 
The amplification system was as follows: 4 μl 5× FastPfu 
buffer, 2 μl 2.5 mmol/l dNTPs, 0.8 μl forward primer (5 
μmol/l), 0.8 μl reverse primer (5 μmol/l), 0.4 μl FastPfu 
polymerase, 0.2 μl bovine serum albumin, 10 ng DNA 
template and water added ddH2O to a final 20-μl volume.

The polymerase chain reaction products were recovered 
by 2% agarose gel electrophoresis and further purified us-
ing an AxyPrep DNA Gel Extraction Kit (Axygen Biosci-
ences, Union City, CA, USA). Then, they were sequenced 
by Shanghai Majorbio Bio-pharm Technology Co., Ltd. 
using MiSeq.

Sequence quality control and analysis. The original se-
quence were spliced using FLASH (Caporaso et al., 2011) 
software. They were then filtered using Usearch (Edgar, 
2013), and the chimeric sequences were removed to ob-
tain the effective sequences. The operational taxonomic 
units (OTUs) were clustered using UPARSE at a 97% se-
quence similarity level. The sequences were annotated by 
RDP classifier (Wang et al., 2007) and the Silva database 
(Altschul et al., 1990), and the dilution curve was made 
using Mothur. The library coverage, Shannon, Simpson, 
ACE and Chao1 indexes were calculated, and the species 
diversity and richness indexes were evaluated. A principal 
coordinate analysis was performed with a Bray-Curtis dis-
similarity matrix using Qiime. The rarefaction curves, veen 

diagram and community composition histogram and heat-
map were generated from the R software. 

Results 

The number of OTUs and Alpha diversity of fungi. 
Table 1 shows the number of OTUs and diversity index 
of fungal communities in the rhizosphere soil samples that 
were subjected to different treatments at a similar level of 
97%. The fungi in the rhizosphere soil of flue-cured to-
baccos in different test plots exhibited the same trend for 
number of OTUs, and the number of OTUs was higher 
in bacterial wilt-infected soil than in healthy soil. In par-
ticular, the number of OTUs of fungi in diseased soil from 
Boshang (BS_D) and diseased soil from Gengma (GM_
D) was increased by 13.82% and 0.87%, respectively, 
compared with that in healthy soil from Boshang (BS_H) 
and healthy soil from Gengma (GM_H). According to the 
Venn diagram of the OTU distribution of fungi (Fig. 1), 
only 404 OTUs were shared by BS_D and BS_H, which 
accounted for only 21.23% of the total OTUs (1,903) in the 
areas. The common OTUs (579) in GM_D and GM_H ac-
counted for only 22.67% of the total OTUs (2,553) in the 
areas. These results suggest that bacterial wilt affects the 
number of OTUs of fungi.

The diversity of fungal communities in the rhizosphere 

Table 1. Fungal α-diversity index of diferent samples
Samples OTUs (97%) Shannon index ACE index Chao1 index Coverage (%)
BS-D 1,013 3.74 758.88 746.57 99.75
BS-H 890 3.63 686.66 674.22 99.76
GM-D 1,282 3.86 836.00 846.03 99.84
GM-H 1,271 3.75 869.89 869.62 99.81
OTU, operational taxonomic unit.

Fig. 1. Venn graph of fungus operational taxonomic units distri-
bution in rhizosphere soils at different treatments.
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soil of flue-cured tobaccos was analyzed, and the results 
showed that compared with those in BS_H, the Shan-
non, ACE and Chao1 index in BS_D increased by 3.03%, 
10.52%, and 10.73%, respectively. In comparison with 
GM_H, GM_D presented an increase (3.04%) in the Shan-
non index and decreases of 3.90% and 2.71% in the ACE 
and Chao1 indices, respectively. In general, bacterial wilt 
has certain influences on the number of OTUs, as well as 
the diversity and richness, of the fungal community in the 
rhizosphere soil of flue-cured tobacco. 

Community composition and relative abundance of 
fungi. Fig. 2 shows the relative abundance of fungi in 
the rhizosphere soil samples under each treatment at the 
phylum level. The mycobiota in flue-cured tobacco rhi-
zosphere soil under different treatments mainly included 
Ascomycota, Basidiomycota, and Mortierellomycota, and 
the contents of these three fungi accounted for more than 
88% of the total amount of fungi in the soil under different 
treatments. Ascomycota, Basidiomycota, and Mortierel-
lomycota displayed a similar trend in relative abundance 
in bacterial wilt-infected soil and healthy soil in the differ-
ent test plots. The relative abundances of Ascomycota and 
Mortierellomycota were higher in bacterial wilt-infected 
soil than in healthy soil; their relative abundances in BS_D 
were increased by 7.46% and 12.64%, respectively, when 
compared to those in BS_H, whereas their relative abun-
dances in GM_D were increased by 14.14% and 11.48% 

in comparison with those in GM_H. In contrast, Basidio-
mycota showed a decreased relative abundance in bacterial 
wilt-infected soil when compared with that in healthy soil; 
when comparing BS_D with BS_H and GM_D with GM_
H, the relative abundances decreased by 21.43% and 7.27%, 
respectively.

At the genus level, the mycobiota in flue-cured tobacco 
rhizosphere soil under different treatments was also signifi-
cantly different (Fig. 3). Fusarium, Trichoderma, and Mor-
tierella had a higher relative abundance in bacterial wilt-
infected soil than in healthy soil in the two test plots; when 
comparing BS_D with BS_H, the relative abundance was 
increased by 28.95%, 5.90%, and 19.18%, respectively, 
and when comparing GM_D with GM_H, the relative 
abundance was increased by 33.97%, 38.04%, and 20.59%. 
Comparing BS_D with BS_H and GM_D with GM_H, 
the relative abundance of Talaromyces was decreased by 
35.97% and 5.75%, respectively. The relative abundance of 
Penicillium was 18.50% higher in BS_D than that in BS_H, 
whereas no significant difference was found in the relative 
abundance of Penicillium between GM_D and GM_H. The 
relative abundance of Aspergillus was reduced by 53.31% 
in BS_D when compared with that in BS_H, but GM_D 
exhibited an increase of 55.56% in the relative abundance 
of Aspergillus in comparison with GM_H.

According to the species annotation and relative abun-
dance information of each sample at the species level, the 
top 50 species (in terms of relative abundance) were se-

Fig. 2. The relative abundance of fungus on phylum level in rhizosphere soils at different treatments.
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lected to generate a community heatmap (Fig. 4). Among 
accurately classified and named species, the relative abun-
dance of Trichoderma asperellum followed the order of 
GM_D > GM_H > BS_D > BS_H, whereas the relative 
abundance of Penicillium ochrochloron and Mortierella 
elongata followed the order of BS_D > BS_H > GM_D > 
GM_H. These results indicate that tobacco bacterial wilt 
disease greatly affects the distribution and composition of 
fungal communities in the rhizosphere soil of flue-cured 
tobaccos.

Principal coordinate analysis of fungal community 
composition. Principal coordinate analysis was conducted 
using the Bray-Curtis distance method. The degree of ex-
planation of principal coordinate 1 (PC1) and PC2 for the 
soil sample differences was 39.05% and 17.87%, respec-
tively, with a total of 56.92% (Fig. 5). In the Boshang test 
plots (BS_D and BS_H), fungal communities in the rhizo-
sphere soil of flue-cured tobaccos were mainly distributed 
on the left side of the PC1 axis, whereas in the Gengma 
test plots (GM_D, GM_H), they were mainly distributed 
on the right side of the PC1 axis. The two fungal commu-
nities were far apart, which indicated that the community 
composition of fungi in the rhizosphere soil of flue-cured 
tobaccos is significantly different among the different test 
areas. However, bacterial wilt-infected soil and healthy soil 

samples of the two test plots were obviously separated and 
clustered differently. In particular, GM_H was distributed 
on the upper side of the PC2 axis, whereas GM_D was dis-
tributed on the lower side of the PC2 axis, thus suggesting 
that the community composition of fungi in bacterial wilt-
infected soil is significantly different from that in healthy 
soil. These results show that bacterial wilt has a great im-
pact on the distribution and composition of fungal commu-
nities in the rhizosphere soil of flue-cured tobaccos.

Species differences between diseased and healthy soil. 
To determine the flora causing the difference in fungal 
communities between diseased soil and healthy soil, the 
samples from Boshang and Gengma were divided into 
the bacterial wilt-infected soil group and the healthy soil 
group. Then, linear discriminant analysis (LDA) effect 
size (LEfSe) was employed for multilevel species differ-
ence analysis, and samples in the different groups were 
subjected to LDA, according to taxonomic composition, 
and communities or species causing significant differences 
in the division of the samples were identified. The results 
revealed that among the species with an LDA value greater 
than 2.5, Helotiales_fam_Incertae_sedis, Dendrochy-
tridium, Volutella, and Microbotryomycetes were enriched 
mainly in bacterial wilt-infected soil, whereas Papilio-
trema and Rhynchogastremataceae were located mainly in 

Fig. 3. The relative abundance of fungus on genus level in rhizosphere soils at different treatments.
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healthy soil (Fig. 6). These microbes enriched in bacterial 
wilt-infected soil and healthy soil may be important groups 
contributing to the difference in community composition.

Discussion

Tobacco bacterial wilt is a severe soil-borne disease, in 
which its onset is correlated with the growth and patho-
genicity of pathogenic bacteria and other factors, such as 
the resistance of host plants, environmental factors, soil 
physical and chemical properties, and community com-
position of rhizosphere microbes (Cai et al., 2021; He and 
Xue, 2005). In particular, soil microbes exhibit the stron-
gest biological activity in the soil microecosystem and are 
vital determining factors of soil biological characteristics. 
The abundance and composition of soil microbial com-
munities have a close correlation with the resistance of 
plants to soil-borne diseases (van Elsas et al., 2002). In 
this study, the fungal communities in the rhizosphere soil 
of flue-cured tobaccos at the Boshang and Gengma test 
plots were distributed on both sides of the PC1 axis and far 
apart from each other, thus indicating that the fungal com-
munity composition at the two test plots is quite different. 

Fig. 4. The microbial community heatmap on species level in rhizosphere soils at different treatments.

Fig. 5. Principal coordinate analysis cluster analysis of fungus 
community in rhizosphere soils at different treatments. OTU, op-
erational taxonomic unit.
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The soil microbial communities are often affected by many 
factors, such as plant types, climate, soil properties, and 
agricultural practices (Garbeva et al., 2004; Wieland et al., 
2001). Interestingly, fungal communities in the bacterial 
wilt-infected soil and healthy soil displayed a similar trend 
in the two experimental plots. The bacterial wilt-infected 
soil and healthy soil samples of the two experimental plots 
were seemingly separated and clustered differently, thus in-
dicating that the fungal community composition is signifi-
cantly different between bacterial wilt-infected soil soil and 
healthy soil, which illustrates that bacterial wilt may give 
rise to changes in microbial communities in the rhizosphere 
soil of tobaccos. However, changes in the community com-
position of rhizosphere microbes may also make the roots 
more susceptible to pathogen infection.

The differences in the dominant flora and relative abun-
dance of fungal communities in the bacterial wilt-infected 
soil and healthy soil were further analyzed at the phylum, 
genus, and species levels. The results showed that the 
relative abundance of Ascomycota was higher in the bac-
terial wilt-infected soil than that in healthy soil, whereas 
Basidiomycota showed a reverse trend in terms of relative 
abundance. Studies have demonstrated that there are nu-
merous pathogens in Ascomycota, but these pathogens are 
not pathogenic to crops; instead, they usually accumulate 
in the roots of plants and damage the surface of roots, cre-
ating conditions for the infection of some pathogens (Wei, 
2012). Ascomycota exhibited a high abundance in the rhi-
zosphere soil of diseased tobacco plants, likely providing 
conditions for the invasion of R. solanacearum. Basidio-
mycota serves as a crucial decomposer in the carbon cycle, 
and it can secrete digestive enzymes to break down organic 
substances (such as cellulose, lignocellulose, and lignin in 
plant litters) into smaller molecules (Purahong et al., 2016). 
In addition, some fungi of Tremellomycetes in Basidiomy-
cota play an important role in inhibiting plant rhizosphere 
soil-borne diseases, representing biocontrol fungi that can 

effectively contain diseases (Sharma-Poudyal et al., 2017). 
Therefore, Basidiomycota exhibited an increased relative 
abundance in healthy soil, which is conducive to the de-
composition of plant residues in the soil and the promotion 
of the carbon cycle and plays a positive role in improving 
the rhizosphere microecological environment. Moreover, 
the relative abundances of Fusarium and Trichoderma 
in bacterial wilt-infected soil were higher than those in 
healthy soil in the two test plots. Fusarium is a filamen-
tous fungus that is most harmful to plants, and its secreted 
toxin can cause over 100 animal and plant diseases (Zhang 
et al., 2013). The increase in its relative abundance may 
promote the development of tobacco bacterial wilt. Ad-
ditionally, Trichoderma is a major biocontrol fungus with 
functions including solubilizing phosphorus and potassium 
and fixing nitrogen, which can impede target pathogens via 
competition, mycoparasitism, antibiosis, and the induction 
of host resistance, thereby exerting antibacterial effects 
(Zheng et al., 2021). The increase in the relative abundance 
of Trichoderma may be a result of the resistance response 
of the rhizosphere microecosystem to the disease during 
the infection of pathogens in the plant (Raghavandra et al., 
2017). Furthermore, LEfSe analysis showed that Helotia-
les_fam_Incertae_sedis, Dendrochytridium, Volutella, and 
Microbotryomycetes were enriched mainly in bacterial 
wilt-infected soil, whereas Papiliotrema and Rhynchogas-
tremataceae were located mainly in healthy soil. Previous 
studies have demonstrated that key microbial groups ca-
pable of suppressing pathogens are found in all crops, and 
some of them are also important players in maintaining the 
structure and function of the entire ecosystem (Berendsen 
et al., 2012; Lawson et al., 2019). Generally, these differ-
ent species in diseased and healthy soil may be important 
groups causing the differences in community composition 
and are closely related to the occurrence of the disease.

Soil microbial diversity is very important for maintain-
ing soil health and inhibiting soil-borne plant diseases. 

Fig. 6. LEfSe (linear discriminant analysis effect size) cladogram of the aggregated groups of fungus community in bacterial wilt-affect-
ed soil and healthy soil (taxa from phylum to genus level). 
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The loss of soil microbial diversity can easily lead to an 
increase in plant soil-borne diseases, whereas high micro-
bial diversity and activity promotes plant growth, enhances 
plant defense, and inhibits the occurrence of soil-borne 
diseases (Mendes et al., 2015). However, the results of 
this study revealed that the number of OTUs and Shannon 
index were higher in bacterial wilt-infected soil than those 
in healthy soil in the two test plots, which is contrary to 
the findings in previous studies; i.e., the OTU number and 
Shannon index are always higher in healthy soil than those 
in bacterial wilt-infected soil at all stages of tobacco growth 
(Wang et al., 2017). However, the results are similar to the 
research conclusion that the numbers of bacteria and fungi 
are positively correlated with the severity of bacterial wilt 
in the soil (Kuang et al., 2003). Various factors, such as the 
physical and chemical properties of the soil, climatic condi-
tions, and cultivation management measures, in different 
experimental areas are different, and further studies should 
be performed on the specific reasons underlying these fac-
tors.

In conclusion, the occurrence of bacterial wilt has a close 
correlation with the community composition and diversity 
of fungi in the rhizosphere soil of flue-cured tobaccos. The 
rhizosphere soil of diseased tobacco plant exhibits superior 
fungal diversity and richness, but pathogenic fungi, such as 
Ascomycota and Fusarium, have a significantly increased 
relative abundance. The imbalance of the rhizosphere mi-
croecosystem of the tobacco plant may further aggravate 
the disease. Therefore, enhancing the resistance of plant 
rhizosphere microecosystem by reshaping a stable and 
more diversified rhizosphere microbial community com-
position through effective measures is one of the ways to 
prevent and control tobacco bacterial wilt.
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