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Abstract
Soil-borne diseases are closely related to rhizosphere microecosystem. While, plant species and genotypes are important 
factors affected rhizosphere microecosystem. In this study, the rhizosphere soil microbial community and metabolites of 
susceptible and resistant tobacco cultivars were investigated. The results showed that there were significant differences in 
the rhizosphere microbial community and metabolites between susceptible cultivar Yunyan87 and resistant cultivar Fandi3. 
Furthermore, the rhizosphere soil of Fandi3 showed a higher microbial diversity than that of Yunyan87. The abundance of 
R. solanacearum was much higher in the rhizosphere soil of Yunyan87 than in the rhizosphere soil of Fandi3, resulting in a 
higher disease incidence and index. While the abundance of beneficial bacteria in the rhizosphere soil of Fandi3 were higher 
than that of Yunyan87. Additionally, there were significant differences in metabolites between Yunyan87 and Fandi3 cultivars, 
and 4-hydroxybenzaldehyde, 3-hydroxy-4-methoxybenzoic acid, vamillic aldehyde, benzoic acid, 4-hydroxybenzyl alcohol, 
p-hydroxybenzoic acid and phthalic acid were notably high in Yunyan87. Redundancy analysis (RDA) indicated that the 
rhizosphere microbial community of Fandi3 and Yunyan87 were highly correlated with various environmental factors and 
metabolites. Overall, susceptible and resistant tobacco cultivars had different impact on rhizosphere microbial community 
and metabolites. The results expand our understanding of the roles of tobacco cultivars in plant-micro-ecosystem interac-
tions, and provide a basis for the control of tobacco bacterial wilt.
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Introduction

Soil-borne pathogens have become one of the potential 
threats to agriculture production, causing great losses 
to the yield of many kinds of crops (Raaijmakers et al., 
2009). Tobacco bacterial wilt (TBW) caused by Ralstonia 

solanacearum is one of the most serious soil-borne diseases, 
which caused huge yield and economic loss to tobacco pro-
duction in China (Jiang et al., 2017). It is very necessary 
to find effective and sustainable measures to control TBW.

The rhizosphere soil is a special microecosystem, which 
includes soil physicochemical properties, microorganism 
and plant (Sun et al., 2013). Rhizosphere soil is considered 
critical to the maintenance of soil health and quality (Gar-
beva et al., 2004). Several reports have shown that soil-borne 
disease is associated with rhizosphere soil microbial com-
munity (Wang et al., 2017; Xiong et al., 2017). The inter-
action between the rhizosphere microorganisms and plants 
has an important impact on plant life activities, such as pro-
moting plant growth, preventing microbial pathogens and 
so on (Carrión et al., 2019; Durán et al., 2018; Kwak et al., 
2018). Rhizosphere microorganisms can also transform and 
decompose nutrients that are difficult for plants to absorb 
and utilize, thereby improving the efficiency of plant utili-
zation of nutrients (Zhang et al., 2019). At the same time, 
plant root exudates can provide metabolites necessary for 
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rhizosphere bacteria to recruit beneficial bacteria, and these 
metabolites can also inhibit the enrichment of some bacteria 
in plant roots (Huang et al., 2019; Yuan et al., 2018). Plant 
species and genotypes are also important factors that affect 
the rhizosphere microecosystem (Huang et al., 2019; Zhang 
et al., 2019). Plants with different genotypes have different 
responses to the environment, and their rhizosphere micro-
ecosystem may also be different (Zhang et al., 2019). There-
fore, studying the role of plant genotypes in rhizosphere soil 
microecosystem is helpful to control soil-borne diseases.

Our previous study has analyzed gene-expression profiles 
of susceptible and resistant tobacco varieties (Yunyan87 and 
Fandi3) at different stages after R. solanacearum infection, 
and revealed the molecular mechanism of tobacco resist-
ance to R. solanacearum (Li et al., 2021). However, there 
is still a lack of systematic analysis of the rhizosphere soil 
microecosystem of susceptible and resistant cultivars, and 
the suppressing of TBW.

In this study, the rhizosphere soil microbial community 
and its metabolites of susceptible and resistant tobacco cul-
tivars were analyzed. The objective was to understand the 
role of tobacco cultivars in the rhizosphere soil microeco-
system. Comparing the rhizosphere microbial community 
and metabolites between susceptible and resistant tobacco 
cultivars will help us to understand the mechanism of gen-
otype on rhizosphere soil microecosystem in suppressing 
soil-borne diseases. This study hypothesized that there were 
significant differences between susceptible and resistant 
tobacco cultivars in rhizosphere soil microecosystem, which 
were related to the resistance of tobacco cultivars to TBW.

Materials and Methods

Field Experiment

The field trial was carried out in tobacco fields with 15 years 
of continuous cropping tobacco fields in Xuanen County 
(109° 26′ 20″ E, 29° 59′ 55″ N), Hubei province, China. 
The trial field was divided into three blocks according to the 
experimental design, each 220 m2 in size. Each block was 
divided into two plots of 110 m2, representing two planta-
tion systems: (1) Yunyan87 (susceptible to TBW, YY87); 
(2) Fandi3 (resistant to TBW, FD3). There were 360 tobacco 
plants per block, 180 plants in each plot. Tobacco culti-
vars Yunyan87 and Fandi3 were provided by the Tobacco 
Research Institute of Hubei, Wuhan, China. The seeds of 
Yunyan87 and Fandi3 were surface sterilized in 10% NaClO 
for 5 min, rinsed with sterile distilled water three times to 
remove the disinfectant residue, then cultured in floating 
polystyrene trays in a greenhouse. When seedlings grew to 
the 4–5 leaf stage, the susceptible and resistant cultivars 
were transplanted to the trail field. The planting density of 

Yunyan87 and Fandi3 were the same, and all plantation sys-
tems were randomly placed in the field.

Disease Occurrence in the Fields

Symptoms of TBW across Yunyan87 and Fandi3 plantation 
systems were monitored from 45 to 105 days post-trans-
plantion. The disease incidence (I) and disease index (DI) 
of TBW based on a severity scale of 0–9 was described by 
Chen et al. (2020). Briefly, “0” represents plants without 
visible symptoms; “1” represents the presence of occasional 
chlorotic spots on stems, or less than half of the leaves wilted 
on unilateral stems; “3” represents the presence of a black 
streak less than half the height of the stem, or between half 
to two-thirds of the leaves wilted on unilateral stems; “5” 
represents the presence of a black streak over half the length 
of the stem, but not reaching the top of the stem, or more 
than two-thirds of the leaves wilted on unilateral stems; “7” 
represents the presence of a black streak going the top of the 
stem, or all leaves wilted; and “9” represents the dead plant. 
Based on the number of plants in each rating scale, I and DI 
of TBW were calculated as follows formula: I = n′/N × 100%, 
and DI = ∑(r × n)/(N × 9) × 100, where n′ is the total number 
of infected tobacco plants, N is the total number of plants, r 
is the rating scale of disease severity, and n is the number of 
infected tobacco plants with a rating of r.

Rhizosphere Soil Sampling and Physicochemical 
Properties Analysis

Rhizosphere soil were collected by five-point sampling 
method at 45 days, 75 days, and 105 days tobacco post-
transplantation. For each treatment, a total of 15 plants were 
selected randomly, and each replicate consisted of a mixture 
of rhizosphere soil from five plants. The loosely attached soil 
around the root area was shaken and collected separately 
into the plastic bags and transported to the laboratory in an 
ice box. Then the soil samples crushed and sifted through 
a sterile 2 mm sieve, partitioned into two subsamples, one 
was stored at − 80 °C for microbiological and metabolome 
analysis, and the other subsamples were air-dried for phys-
icochemical properties analysis. The measurement of soil 
pH, alkali-hydrolyzed nitrogen (AN), available phosphorus 
(AP), available potassium (AK), organic matter (OM) was 
performed according to Hu et al. (2021).

Soil DNA Extraction

Soil microbial genomic DNA was extracted from 0.5 g 
rhizosphere soil using the FastDNA Spin Kit (MP Bio-
medicals) following the manufacture’s protocol. The integ-
rity of DNA samples was determined by 1% agarose gel 
electrophoresis. Then the concentration and purity of the 



391Journal of Microbiology (2023) 61:389–402	

1 3

DNA were determined using a Nanodrop ND-1000 Spec-
trophotmeter (Nanodrop Tchenologies).

Microbial rRNA Gene Amplification and Illumina 
Sequencing (PCR Amplification and Sequencing)

The extracted soil genomic DNA was used as template 
to amplify 16S rRNA and ITS rRNA genes, respectively. 
The V4 regions of 16S rRNA gene were amplified using 
primers 515F (5′-GTG​CCA​GCMGCC​GCG​GTAA-3′) 
and 806R (5′-GGA​CTA​CHVGGG​TWT​CTAAT-3′) (Wu 
et al., 2016), and the ITS1 regions of ITS rRNA gene were 
amplified using primers ITS5-1737F (5′-GGA​AGT​AAA​
AGT​CGT​AAC​AAGG-3′) and ITS2-2043R (5′-GCT​GCG​
TTC​TTC​ATC​GAT​GC-3′) (Zhang et al., 2017). The library 
was sequenced on an Illumina HiSeq platform (Novo-
gene Bioinformatics Technology Co., Ltd). The sequence 
quality was statistically analyzed by CASAVA1.8. The 
raw sequence data was preliminarily filtrated using the 
FASTX Toolkit 0.0.13 software package, removing the 
low mass base at the tail of the sequence (Q value less 
than 20) and the sequences with lengths less than 35 bp. 
Finally, the length of the valid reads was approximately 
250 bp. All effective tags of all samples were clustered 
using Uparse software (V7.0.1001, http://​drive5.​com/​
uparse/). Sequences with ≥ 99.5% identity for 16S rDNA 
and sequences with ≥ 97% identity for ITS were assigned 
to the same OTUs (operational taxonomic units). The 
OTUs, Chao1, and Shannon index were calculated with 
QIIME (Version 1.7.0) to evaluate the richness and diver-
sity of soil microbial community (Hill et al., 2003).

Quantification of R. solanacearum by Real‑Time PCR

The abundance of R. solanacearum was determined by 
quantitative real-time PCR analysis of lpxC gene of R. 
solanacearum strain LF-17. Each reaction was performed 
in a 10 μl volume containing 5 μl of SYBR Green Super-
mix, 1 μl sample DNA, 3 μl ddH2O, and 0.5 μl of each 
primer. The primers used for the amplification were as 
follows: 759 (5′-GTC​GCC​GTC​AAC​TCA​CTT​TCC-3′) 
and 760 (5′-GTC​GCC​GTC​AGC​AAT​GCG​GAA​TCG​-3′) 
(Opina et al., 1997). Real-time PCR was performed on a 
BIO-RAD C1000 Touch™ Thermal Cycler with CFX96 
real-time system. Quantitative PCR were performed under 
the following conditions: 95 °C for 3 min and 40 cycles 
of 95 °C for 10 s, 54 °C for 20 s, and 72 °C for 1 min. 
Standard curves were generated with serial dilution series 
of quantified plasmid DNA (pMD 19-T vector, Takara). 
Three independent quantitative PCRs were performed for 
each sample.

Soil Metabolite Extraction

The ground soil (1 g) was extracted in 5 mL 80% (v/v) 
methanol (10 min, 20  °C) using sonicator. The residue 
was extracted twice with the same procedure and the total 
combined supernatant was filtered through Whatman filter 
paper (125 mm). Then, the supernatant was placed in a glass 
derivative bottle for vacuum draining.

The dried extracts were added to 60 μl of a methoxyami-
nation hydrochloride (20 mg/ml in pyridine), and incubated 
for 30 min at 80 °C. Then, 80 μl of the BSTFA regent (1% 
TMCS, v/v) was added, and incubated for 1.5 h at 70℃. 
All samples were analyzed by gas chromatograph system 
coupled with a Pegasus HT time-of-flight mass spectrometer 
(Lykogianni et al., 2020) (GC-TOF–MS).

GC‑TOF–MS Analysis and Data Preprocessing

GC-TOF–MS analysis was performed using an Agilent 7890 
gas chromatograph system (Agilent Technologies Inc., USA) 
coupled with a Pegasus HT time-of-flight mass spectrom-
eter (LECO Corporation). The system utilized a DB-5MS 
capillary column coated with 5% diphenyl cross-linked with 
95% dimethylpolysiloxane (30 m × 250 μm inner diameter, 
0.25 μm film thickness; J&W Scientific). The samples (1 μl) 
were injected in splitless mode. Helium was used as the car-
rier gas, the front inlet purge flow was 3 ml/min, and the gas 
flow rate through the column was 1 ml/min. The initial tem-
perature of the oven was 50 °C for 1 min, raised to 310 °C 
at a rate of 20 °C/min, then kept for 6 min at 310 °C. The 
injection, transfer line, and ion source temperatures were 
280, 280, and 250 °C, respectively. The energy was -70 eV 
in electron impact mode. The mass spectrometry data were 
acquired in full-scan mode with 50–500 Da mass (scan rate 
of 12.5 scans per second) after a solvent delay of 4.78 min 
(Lykogianni et al., 2020).

Chroma TOF 4.3X software (LECO Corporation) and the 
LECO-Fiehn Rtx5 database were used for raw peaks exact-
ing, data baselines filtering and calibration, peak alignment, 
deconvolution analysis, peak identification and integration 
of the peak area. Both of mass spectrum match and retention 
index match were considered in metabolites identification.

Statistical Analysis

Statistically significant differences (p < 0.05) in disease 
incidence, disease index, soil physicochemical proper-
ties, microbial alpha-diversity, the abundance of R. solan-
acearum, and root exudate compound abundance between 
Yunyan87 and Fandi3 systems were evaluated by Student’s 
t test using SPSS version 18.0 (IBM). Principal coordinate 
analysis (PCoA) based on the OTUs to explore the differ-
ences in bacterial and fungal community composition. The 
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difference of root exudate composition between Yunyan87 
and Fandi3 systems was analyzed by principal component 
analysis (PCA). Redundancy analysis (RDA) based on the 
relative abundances of bacterial and fungal genera, soil 
physicochemical properties (pH, AN, AP, AK, and OM), 
and metabolites. Based on the Sørensen’s distance of dis-
ease index, soil physicochemical properties, metabolites and 
microbial community, the Spearman correlation coefficient 
and significance were calculated with the R package Hmisc.

Results

The Disease Incidence and Disease Index of TBW

The symptoms of TBW in Yunyan87 (susceptible cultivar) 
and Fandi3 (resistant cultivar) were recorded at 45 days, 75 
days and 105 days post-transplantation, and the disease inci-
dence (I) and index (DI) of TBW were calculated (Table 1). 
From 45 to 105 days post-transplantation, the I and DI of 
TBW in Fandi3 were significantly lower than that in Yun-
yan87 (p < 0.05). The results indicated that the rhizosphere 
ecosystem of Fandi3 could more effectively inhibit the inci-
dence and severity of TBW than that of Yunyan87.

Physicochemical Properties in Rhizosphere Soil

Five physicochemical properties of the rhizosphere soil 
of Yunyan87 and Fandi3 at 45 days, 75 days and 105 days 
post-transplantation were analyzed (Table 2). From 45 to 
105 days post-transplantation, except alkali-hydrolyzed 

nitrogen (AN), there was significant difference in avail-
able phosphorous (AP), available potassium (AK), pH 
and organic matter (OM) between Yunyan87 and Fandi3. 
The OM content in Yunyan87 system was observed higher 
(p < 0.05) than that in Fandi3 systems. While, the content of 
AP, AK and pH in Yunyan87 system was lower (p < 0.05) 
than in Fandi3 system, respectively. It implied that soil acidi-
fication may be inhibited in the rhizosphere soil of Fandi3 to 
prevent the incidence of TBW.

Bacterial Diversity and Community Structure 
in Rhizosphere Soil

In total, 1,316,690 high-quality raw sequences with an 
average length of 251 bp for bacteria were obtained from 
rhizosphere soil samples after removing low-quality reads. 
The OTUs number, Chao1 and Shannon index were used 
to assess and compare the diversity and richness of bacte-
rial community between susceptible and resistant tobacco 
varieties (Table 3). From 45 to 105 days post-transplanta-
tion, the OTUs number and Chao1 were both significantly 
higher in Fandi3 system than in Yunyan87 system. Analysis 
by shannon, a higher richness of bacteria was also found in 
Fandi3 system. These results indicated that Fandi3 system 
has a higher bacteria diversity and richness than Yunyan87 
system.

The result of PCoA (principal co-ordinates analysis) 
with the weighted UniFrac distance showed that PC1 
and PC2 explained 43.21% and 23.55% of the varia-
tions in the bacterial community variations, respectively 
(Fig. 1A). YY87 (YY87-45, YY87-75, YY87-105) and 

Table 1   The occurrence of 
tobacco bacterial wilt

All data are presented as the mean ± SE. The different lowercase letters in the same line indicate significant 
differences at p < 0.05 based on t test between Yunyan87 and Fandi3

Days post-trans-
plantation

Disease index Disease incidence (%)

YY87 FD3 YY87 FD3

45 days 28.33 ± 1.06a 8.11 ± 1.05b 52.00 ± 6.99a 21.00 ± 3.16b
75 days 32.33 ± 4.69a 13.33 ± 1.81b 73.00 ± 6.74a 28.00 ± 4.21b
105 days 52.11 ± 7.28a 16.22 ± 2.46b 93.00 ± 4.83a 35.00 ± 4.21b

Table 2   Soil chemical 
properties in two plantation 
systems at 45 days, 75 days, 
and 105 days post-transplanted, 
respectively

Soil chemical properties are presented as the mean ± SE. The different lowercase letters in the same column 
indicate significant differences at p < 0.05 based on t test between Yunyan87 and Fandi3

Treatment AN (mg/kg) AP (mg/kg) AK (mg/kg) pH OM (%)

YY87-45 146.56 ± 9.83a 82.28 ± 9.79b 437.07 ± 9.77b 5.23 ± 0.33b 4.48 ± 0.42a
FD3-45 142.22 ± 20.47a 114.44 ± 14.45a 702.02 ± 68.81a 5.93 ± 0.15a 1.92 ± 0.24b
YY87-75 146.82 ± 12.96a 72.64 ± 10.13b 368.65 ± 45.83b 5.45 ± 0.34b 4.06 ± 0.31a
FD3-75 141.75 ± 20.13a 95.98 ± 7.63a 685.48 ± 117.34a 5.78 ± 0.22a 1.89 ± 0.23b
YY87-105 150.48 ± 4.14a 66.27 ± 2.94b 436.36 ± 57.82b 5.44 ± 0.24b 3.01 ± 0.13a
FD3-105 144.27 ± 16.48a 101.69 ± 15.62a 655.24 ± 92.99a 5.98 ± 0.11a 1.74 ± 0.21b
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FD3 (FD3-45, FD3-75, FD3-105) treatments were sepa-
rated from each other at PC1 axis. Therefore, the results 
of the PCoA suggested that the structure of soil bacte-
rial community were different between Yunyan87 and 
Fandi3. The two-way PERMANOVA analysis showed 
that both growth stage (R2 = 0.196, p = 0.002) and culti-
var (R2 = 0.566, p = 0.001) had significant effects on the 
diversity of bacterial with cultivar playing a bigger role 
(Table S1).

A total of 59 bacterial phyla were identified from all 
soil samples. The top ten abundant bacterial phyla were 
selected to compare the changes of bacterial communi-
ties in rhizosphere soil between Yunyan87 and Fandi3 
systems (Fig. 1B). From 45 to 105 days post-transplan-
tation, Proteobacteria was dominant (31.61–58.81%), 
followed by Acidobacteria (8.40–21.63%), Actinobac-
teria (4.42–9.54%), Bacteroidetes (4.59–7.02%), Gem-
matimonadetes (3.92–8.29%), Chloroflexi (2.05–6.24%), 

Table 3   Alpha diversity index 
of bacteria and fungal of two 
plantation systems at 45 days, 
75 days, and 105 days post-
transplanted, respectively

Alpha diversity index of bacteria and fungal are presented as the mean ± SE. The different lowercase let-
ters in the same column indicate significant differences at p < 0.05 based on t test between Yunyan87 and 
Fandi3

Treatment Bacterial Fungal

OTUs Chao1 shannon OTUs Chao1 shannon

YY87-45 3010 ± 84.51b 3496 ± 40.42b 8.89 ± 0.13b 505 ± 12.51b 544 ± 21.75a 4.02 ± 0.11b
FD3-45 3209 ± 78.63a 3653 ± 73.01a 9.19 ± 0.12a 568 ± 22.11a 567 ± 15.55a 4.59 ± 0.07a
YY87-75 3424 ± 21.25b 3793 ± 24.35b 9.55 ± 0.14a 670 ± 26.52b 744 ± 21.77b 5.94 ± 0.41b
FD3-75 3743 ± 35.25a 4304 ± 68.71a 9.81 ± 0.14a 759 ± 36.12a 838 ± 31.34a 6.73 ± 0.12a
YY87-105 3568 ± 59.45b 4229 ± 77.03b 9.11 ± 0.15a 461 ± 17.41b 497 ± 18.94b 4.71 ± 0.02b
FD3-105 3889 ± 53.16a 4633 ± 54.25a 9.42 ± 0.13a 499 ± 19.55a 560 ± 31.62a 5.23 ± 0.05a

Fig. 1   Soil bacterial community in Fandi3 and Yunyan87 at 45 days, 
75  days, and 105  days post-transplanted, respectively. A Principal 
coordinate analysis (PCoA) of soil bacterial community with per-
mutational MANOVA was conducted to analysis the bacterial com-

munity were significantly different between Fandi3 and Yunyan87. B 
The relative abundance of bacterial phyla in soil samples. C Hierar-
chical cluster analysis of predominant bacterial genera
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Verrucomicrobia (1.27–3.84%), Firmicutes (0.59–3.23%), 
Thaumarchaeota (0.36–8.07%), and Cyanobacteria 
(0.26–1.33%). The relative abundance of Chloroflexi and 
Firmicutes were lower in Fandi3 than Yunyan87. The 
result indicated that the soil bacterial community compo-
sition of Yunyan87 and Fandi3 were different.

The Heatmap analysis of the top 30 genera with hierar-
chical clusters was used to identify the different composi-
tion of bacterial community structure between Yunyan87 
and Fandi3 systems (Fig. 1C). Yunyan87 and Fandi3 sys-
tems were divided into two broad categories, suggesting 
there were distinction of bacterial community structure 
between Yunyan87 and Fandi3 systems. A statistical 
comparison of the top 30 abundant bacterial genera was 
conducted to better understand the difference of relative 
abundance at the genus level between susceptible and 
resistant tobacco varieties (Fig. 1C). Fourteen of the 30 
bacterial genera showed significantly different between 
the two varieties. The relative abundances of Massilia, 
Bryobacter, and Ralstonia in Fandi3 were significantly 
lower than that in Yunyan87. However, the relative abun-
dances of Ramlibacter, Paenibacillus, Novosphingobium, 
Rhodococcus, Haliangium, Sphingobium, Flavobacte-
rium, Sphingomonas, Granulicella, Solirubrobacter and 

Bacillus in Fandi3 were more abundant than that in Yun-
yan87 (Fig. 1C).

Fungal Diversity and Community Structure in Soil

All rhizosphere soil samples consist of 966,546 high-qual-
ity raw sequences for fungal. The difference of the OTUs 
number, Chao1 and Shannon index of fungal community 
between susceptible and resistant tobacco varieties were also 
analyzed (Table 3). The OTUs number, Chao1 and Shannon 
index in Fandi3 were also higher than those in Yunyan87, 
indicating Fandi3 system has a higher fungal diversity and 
richness than Yunyan87 system.

According to PCoA analysis, PC1 and PC2 explained 
68.49% of the total fungal community (Fig. 2A). The fungal 
community of Yunyan87 and Fandi3 systems were separated 
from each other at PC1 axis, and different tobacco growth 
stages within one treatment showed close distances, indicat-
ing the fungal community between Yunyan87 and Fandi3 
systems was different. The two-way PERMANOVA analy-
sis showed that both growth stage (R2 = 0.211, p = 0.002) 
and cultivar (R2 = 0.319, p = 0.001) had significant effects 
on the diversity of fungal with cultivar playing a bigger role 
(Table S1).

Fig. 2   Soil fungal community in Fandi3 and Yunyan87 at 45  days, 
75  days, and 105  days post-transplanted, respectively. A Principal 
coordinate analysis (PCoA) of soil fungal community with permu-
tational MANOVA was conducted to analysis the fungal community 

were significantly different between Fandi3 and Yunyan87. B The 
relative abundance of fungal phyla in soil samples. C Hierarchical 
cluster analysis of predominant fungal genera
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10 main known fungal phyla were identified from all soil 
samples (Fig. 2B), including Ascomycota (6.19–75.45%), 
followed by Chytridiomycota (0.60–22.62%), Basidi-
omycota (2.07–9.66%), Mortierellomycota (1.93–5.66%), 
Olpidiomycota (0–3.79%), Rozellomycota (0.02–0.36%), 
Mucoromycota (0.04–0.28%), Glomeromycota (0.02–0.22%) 
and Monoblepharomycota (0–0.04%), Aphelidiomycota 
(0–0.02%). The relative abundance of Ascomycota decreased 
from 45 to 75 days post-transplantation, and increased from 
75 to 105 days post-transplantation. Additionally, Ascomy-
cota in Fandi3 system were abundant than that in Yunyan87 
system.

In the Heatmap for fungal community structures 
(Fig. 2C), two broad categories were divided, and same 
treatments in different period were clustered together, indi-
cating there were distinction of fungal community structure 
in different cultivars. Comparison of the relative abundances 
of the top 30 fungal genera showed significant variations 
between Yunyan87 and Fandi3 systems (Fig. 2C). The rela-
tive abundance of Fusarium in Fandi3 was lower than that in 
Yunyan87, whereas the relative abundances of Chaetomium, 
Conlarium, Cercophora, Aspergillus, and Trichoderma in 
Fandi3 system were more abundant than that in Yunyan87 
system.

The Abundance of R. solanacearum

The abundance of R. solanacearum in the rhizosphere soil of 
Yunyan87 and Fandi3 at different growth periods was ana-
lyzed by real-time PCR. The abundance of R. solanacearum 
increased from 45 to 105 days. The variation trend of the 
abundance of R. solanacearum in Yunyan87 and Fandi3 
was similar. However, the abundance of R. solanacearum 
in Yunyan87 was significantly higher than Fandi3 from 75 
to 105 days (Fig. 3).

Metabolomics Analysis

In order to explore how susceptible and resistant cultivars 
alters the soil microbiome, soil metabolites of Yunyan87 and 
Fandi3 at different tobacco growth periods were collected 
and analyzed by GC-TOF–MS. 5,893 and 4,497 features 
were detected from positive and negative modes, respec-
tively. A total of 606 metabolites were obtained and assigned 
to the Kyoto Encyclopedia of Genes and Genomes (KEGG) 
and the Human Metabolome Database (HMDB). PCA was 
applied to understand the clustering features of Yunyan87 
and Fandi3 metabolites at different tobacco growth peri-
ods. The first components (PC1) showed 36.29% difference 
in variation, and PC2 explained 20.25% of the variance 
(Fig. 4A). The metabolites of Yunyan87 and Fandi3 culti-
vars were separated from each other, indicating the overall 
exudation patterns from the roots of Yunyan87 were distinct 
from that of Fandi3. The two-way PERMANOVA analysis 
showed that growth stage (R2 = 0.037, p = 0.016) and cultivar 
(R2 = 0.642, p = 0.001) had significant effects on the diversity 
of metabolites with cultivar playing a bigger role. The 132 
of the 606 metabolites could be placed into broad categories 
in which there were their chemical nature, namely lipids and 
lipid-like molecules (LLMs, 33 compounds), organic oxygen 
compounds (OOCs, 25 compounds), organic acids and deriv-
atives (OADs, 24 compounds), benzenoids (15 compounds), 
organoheterocyclic compounds (ORCs, 10 compounds), 
phenylpropanoids and polyketides (PHPs, 8 compounds), 
organic nitrogen compounds (ONCs, 5 compounds), nucle-
osides (3 compounds), hydrocarbons (2 compounds), and 
others (7 compounds). After evaluating differences of these 
metabolites between two cultivars, it was found that LLMs, 
OADs, and benzenoids in Fandi3 were significantly lower 
than that in Yunyan87, while OOCs, ORCs, and ONCs in 
Fandi3 were significantly higher than that in Yunyan87 
(Fig. 4B). The Heatmap with hierarchical clusters demon-
strated that 30 metabolites exhibited significant variations 
between Yunyan87 and Fandi3 systems (Fig. 4C). Moreo-
ver, 7 of 30 metabolites (4-hydroxybenzaldehyde, vamillic 
aldehyde, benzoic acid, 3-hydroxy-4-methoxybenzoicacid, 
4-hydroxybenzyl alcohol, p-hydroxybenzoic acid, phthalic 
acid) showed higher abundance than that in Yuyan87, while 
the remaining (cerotinic acid, sedoheptulose, etc.) showed 
the converse tendency (Fig. 4C). These results indicated that 
root exudates in Fandi3 had an effect on the prevention of 
soil acidification and the incidence of TBW.

Relationships Among Disease Index, Microbial 
Community, Soil Physicochemical Properties 
and Metabolites

All the disease index, soil metabolites and soil physico-
chemical properties show significantly positive correlation 

Fig. 3   The absolute abundance of R. solanacearum in rhizosphere 
soil from Fandi3 and Yunyan87 at 45  days, 75  days, and 105  days 
post-transplanted, respectively. The different lowercase letters in the 
column indicate significant differences at p < 0.05 based on t test 
between Yunyan87 and Fandi3
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with bacterial and fungi diversity (Table S2). The RDA was 
used to investigate the special relationships among micro-
bial genera, soil physicochemical properties and metabo-
lites (Figs. 5, 6). The correlation analysis of 14 dominant 
bacterial genera, soil physicochemical factors, and metabo-
lites is shown in Fig. 5. It is clear that the bacterial com-
munity of Yunyan87 and Fandi3 cultivars were separated 
from each other. Additionally, the relative abundances of 
11 bacteria (Ramlibacter, Bacillus, Sphingomonas, Hali-
angium, Novosphingobium, Sphingobium, Paenibacillus, 
Rhodococcus, Granulicella, Flavobacterium and Soliru-
brobacter) in Fandi3 were positively correlated with pH, 
available potassium (AK), and available phosphorous (AP). 
While, the relative abundances of Massilia, Ralstonia, and 
Bryobacter in Yunyan87 were positively correlated with 
organic matter (OM), alkali-hydrolyzed nitrogen (AN), 
4-hydroxybenzyl alcohol, vamillic acid, 4-hydroxybenza-
ldehyde, benzoic acid, 3-hydroxy-4-methoxybenzoci acid, 
phthalic acid, and p-hydroxybenzoic (Fig. 5). For the fungi, 
the correlation analysis of 6 dominant fungal genera, soil 
physicochemical factors, and metabolites is shown in Fig. 6. 
In the first axis, Fusarium was related to OM, AK, phthalic 
acid, p-hydroxybenzoic, and 4-hydroxybenzaldehyde. The 

relative abundances of 4 fungi (Conlarium, Aspergillus, 
Trichoderma, and Cercophora) were positively correlated 
with AN, pH, and AP (Fig. 6).

Discussion

Rhizosphere is a special micro-ecosystem of plant micro-
organism interactions. Rhizosphere microbial community 
plays an important role in inhibiting soil-borne diseases 
and promoting plant growth. Plant roots release a variety 
of compounds into the surrounding soil. The composition 
of rhizosphere soil metabolites is affected by the plant spe-
cies and genotypes (Siciliano et al., 1998; Sun et al., 2013). 
Rhizosphere soil metabolites create unique environments 
for rhizosphere microorganisms. In this study, rhizosphere 
microbial community and metabolites of susceptible cultivar 
Yunyan87 and resistant cultivar Fandi3 were observed. We 
found that there were significant differences in the rhizos-
phere microbial community and metabolites between Yun-
yan87 and Fandi3.

Changes in the rhizosphere microbial commu-
nity structure are closely related to factors such as soil 

Fig. 4   Principal component analysis (PCA) of root exudates of 
Fandi3 and Yunyan87 at 45 days, 75  days and 105  days post-trans-
planted, respectively (A). The permutational MANOVA analysis was 
conducted to evaluate the difference of metabolites between Fandi3 
and Yunyan87. Cumulative peak area of compound categories (B). 
Heatmap analysis (left) and VIP score plot (right) of root exudates 

changes of Fandi3 and Yunyan87 (C). Statistical analysis is by t test 
(*p < 0.05, **p < 0.01, ***p < 0.001). ONCs organic nitrogen com-
pounds, PHPs phenylpropanoids and polyketides, ORCS organohet-
erocyclic compounds, OADs organic acids and derivatives, OOCs 
organic oxygen compounds, LLMs lipids and lipid-like molecules
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physicochemical properties, plant species, and genotypes. 
Some studies have shown that rhizosphere microbial com-
munity structure in natural systems responds to plant spe-
cies and genotype (An et al., 2011; Sun et al., 2013). In 
this study, resistant cultivar Fandi3 showed a higher micro-
bial diversity and richness than that of susceptible cultivar 
Yunyan87 (Table 3). Diverse microbial community is less 
vulnerable to pathogens than simple microbial community 
(van Elsas et al., 2012). Therefore, Fandi3 is more resist-
ant to pathogens than Yunyan87. The PCoA results suggest 
that there are differences in the rhizosphere microbial com-
munity structure between Yunyan87 and Fandi3 cultivars 
(Figs. 1A, 2A). Cultivar had significant effects on the diver-
sity of microbial community (Table S1). Similar to previous 
study, plant genotype had a significant impact on the soil 

microbial community composition (Yao & Wu, 2010). It 
was also testified by the Heatmap, showing the difference 
of microbial community structure between Yunyan87 and 
Fandi3. Moreover, the genera Ramlibacter, Paenibacillus, 
Novosphingobium, Rhodococcus, Haliangium, Sphingob-
ium, Flavobacterium, Sphingomonas, Granulicella, Soliru-
brobacter, Bacillus, Chaetomium, Conlarium, Cercophora, 
Aspergillus, and Trichoderma were more abundant in the 
Fandi3 (Figs. 1C, 2C). Most of these genera were reported 
to be beneficial microorganisms, which are beneficial to soil 
nutrient cycling, promote plants growth, and protect plants 
from pathogens (Badri et al., 2009; Pattee, 1969; Raza et al., 
2016; Silva et al., 2019). The genus Bacillus is a beneficial 
bacteria in the soil, which can participates in many processes 
in the soil (Yang et al., 2011). Some Bacillus species can 

Fig. 5   Redundancy analysis 
(RDA) of 14 dominant bacte-
rial genera and soil proper-
ties changes (A). RDA of 14 
dominant bacterial genera and 
metabolites changes (B). The 
soil properties and metabolites 
are indicated with arrows, 
including soil pH, avail-
able nitrogen (AN), available 
phosphorous (AP), available 
potassium (AK), organic matter 
(OM), 4-hydroxybenzaldehyde, 
3-hydroxy-4-methoxyben-
zoicacid, vamillic aldehyde, 
benzoic acid, 1, 4-discarboxy-
benzene, p-hydroxybenzoic acid 
and phthalic acid
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produce volatile organic compounds which can inhibit the 
growth of R. solanacearum (Raza et al., 2016). Some Bacil-
lus species can fix nitrogen and increase the tolerance of 
plants to diseases (Awasthi et al., 2011). There were also 
some Bacillus species can kill harmful bacteria, arthropods 
or nematodes in rhizosphere soil (Huang et al., 2005; Kay-
alvizhi & Gunasekaran, 2010; Kramarz et al., 2007). The 
genera Rhodococcus and Bacillus were reported as phos-
phate solubilizing bacteria, which can promote phosphorus 
cycling in rhizosphere soil (Chen et al., 2006). The genera 
Granulicella and Solirubrobacter were found to use dif-
ferent substances as carbon sources and participate in car-
bon cycling in the soil (Mannisto et al., 2012; Sakai et al., 
2014). It has been well documented that the genera Pae-
nibacillus, Novosphingobium, Haliangium, Sphingobium, 

Sphingomonas, Flavobacterium, Bacillus, Aspergillus and 
Trichoderma as antagonistic microorganisms can directly 
interact with plant roots to produce bioactive substances, 
promote plant growth and resist biotic and abiotic stresses, 
so as to inhibit pathogenic bacteria (Badri et al., 2009; Pat-
tee, 1969; Ramesh et al., 2009; Raza et al., 2016; Silva et al., 
2019; Xue et al., 2013). In addition, the abundances of path-
ogens Massilia, Bryobacter, Ralstonia, and Fusarium were 
significant lower in Fandi3 than Yunyan87 (Figs. 1C, 2C). 
The abundances of beneficial bacteria were higher in Fandi3, 
while pathogens were lower, indicating that resistant cultivar 
Fandi3 could promote the growth of beneficial bacteria and 
inhibit the growth of pathogens. More and more evidences 
show that root exudates play an important role in plant dis-
ease resistance. The root exudates of resistant cultivar had 

Fig. 6   Redundancy analysis 
(RDA) of 6 dominant fun-
gal genera and soil proper-
ties changes (A). RDA of 6 
dominant fungal genera and 
metabolites changes (B). The 
soil properties and metabolites 
are indicated with arrows, 
including soil pH, avail-
able nitrogen (AN), available 
phosphorous (AP), available 
potassium (AK), organic matter 
(OM), 4-hydroxybenzaldehyde, 
3-hydroxy-4-methoxyben-
zoicacid, vamillic aldehyde, 
benzoic acid, 1,4-discarboxy-
benzene, p-hydroxybenzoic acid 
and phthalic acid
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inhibitory activity against pathogens, while the exudates of 
susceptible cultivar had promoting effects on pathogens (Wu 
et al., 2006; Zhang et al., 2020).

The interaction between plant root exudates, soil and 
microbes can significantly change soil physicochemical 
properties, which in turn alter the microbial community in 
the rhizosphere (Haichar et al., 2014; Huang et al., 2014; 
Nihorimbere et al., 2011). Our study showed that the con-
tents of AP, AK, and pH in the rhizosphere soil of resist-
ant cultivar Fandi3 were higher than those of susceptible 
cultivar Yunyan87 (Table 2). The content of OM in the 
rhizosphere soil of Fandi3 was lower than that of Yunyan87 
(Table 2). One possible explanation is that root exudates 
change soil physicochemical properties and microbial com-
munity. Studies have shown that phosphorus can increase 
the soil microbial diversity, and the increased phosphorus 
supply significantly decreased the relative density of R. Sola-
nacearum (Leff et al., 2015; Yang et al., 2018). Soil pH has 
been reported as an environmental factor can regulate the 
soil microbial community, and the increased pH is important 
for inhibiting R. Solanacearum (Chen et al., 2020). Root 
exudates play an important role in regulating the interactions 
between microorganisms and plants (Huang et al., 2014; Wu 
et al., 2015). In current study, the Heatmap showed that there 
were significant differences in metabolites between Yun-
yan87 and Fandi3 cultivars. Metabolites 4-hydroxybenzalde-
hyde, 3-hydroxy-4-methoxybenzoic acid, vamillic aldehyde, 
benzoic acid, 4-hydroxybenzyl alcohol, p-hydroxybenzoic 
acid and phthalic acid were found notably high in Yunyan87 
(Fig. 4). This similar to previous research which indicated 
that the content of oxalic acids in root exudates of suscep-
tible cultivar was significantly higher than that of resistant 
cultivar (Wu et al., 2015). Additionally, organic acids could 
significantly increase the recruitment of R. solanacearum to 
tobacco root (Wu et al., 2015). As an important component 
of root exudates, organic acids can stimulate the growth of 
pathogenic microorganisms and aggravate the occurrence of 
soil-borne diseases (Haichar et al., 2014; Li et al., 2017; Liu 
et al., 2015). Previous studies have been shown that organic 
acids benzoic acid and p-hydroxybenzoic acid from tobacco 
root exudates can inhibit the growth of pant and simulate the 
growth of R. solanacearum (Li et al., 2017; Liu et al., 2015; 
Wu & Wang, 2006). Hasegawa et al. (2019) showed several 
aromatic acids secreted by plants are chemoattractants of 
R. solanacearum. The susceptibility of Yunyan87 may be 
related to the organic acids exuded by roots to attract R. 
solanacearum.

After RDA, the relationships among microbial genera, 
soil physicochemical properties and metabolites showed that 
pH, AK, AP, OM, AN, 4-hydroxybenzyl alcohol, vamillic 
acid, 4-hydroxybenzaldehyde, benzoic acid, 3-hydroxy-
4-methoxybenzoci acid, phthalic acid and p-hydroxyben-
zoic acid played major roles in the shaping of soil microbial 

community (Figs. 5, 6). In accordance with other studies, 
soil physicochemical properties and metabolites were cor-
related with microbial abundance (Song et al., 2020; Wang 
et al., 2017). Besides, the distribution of changed some ben-
eficial microbial were positively correlated with pH, AK, 
and AP. Some pathogens were positively correlated with 
OM, AN, and some organic acids (Figs. 5, 6). In accordance 
with other researches, plant root exudates could change soil 
physicochemical properties, provide necessary metabolites 
for rhizosphere bacteria to recruit beneficial bacteria, and 
inhibit the accumulation of certain pathogens in plant roots 
(Sun et al., 2013; Yuan et al., 2018; Zhalnina et al., 2018).

The present study showed a range of correlations between 
disease index, microbial community, soil physicochemical 
properties and metabolites. We conducted PLSPM analyses 
(Fig. 7) to profile the complex relationship between rhizos-
phere microecosystem and disease index. Soil properties had 
strong effect on bacteria diversity (positively, 0.7424) and 
disease index (negatively, − 0.4857). Additionally, soil prop-
erties can also affect metabolites indirectly through bacteria 
diversity (positively, 0.8344).

Conclusion

Our findings indicate that there were significant differ-
ences in rhizosphere microbial community and metabolites 
between Yunyan87 and Fandi3 cultivars. The rhizosphere 
microbial community of resistant cultivar Fandi3 was signif-
icantly higher than that of Yunyan87. Additionally, the root 
exudates of Fandi3 were distinct from those of Yunyan87. 

Fig. 7   Partial least squares path modeling (PLSPM). Red lines repre-
sent positive effect and blue lines represent negative effects. Numbers 
in the PLSPM model are the ‘total effects’ values. DI disease index
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These results indicated that tobacco cultivars had a sig-
nificant impact on the rhizosphere microecosystem, which 
might be the reason for the differences in tobacco resistance 
to TBW.
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