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Abstract

Rebuilding soil healthy microbiota is very important for preventing bacterial wilt. A 3-year-long field trial was conducted in
China as follows: T1 (conventional fertilization), T2 (T1 +1liming), T3 (T1 + bioorganic fertilizer), and T4 (T2 + bioorganic
fertilizer). Fluorescence quantitative PCR and high-throughput sequencing were employed to study the dynamics of Ralstonia
solanacearum population, microbial community, and network organizations between bacteria and quality-related variables.
After 3 years of bioremediation, the control efficacy of tobacco bacterial wilt reached 61.30% and the occurrence delayed by
approximately 40 days in T4, which had the highest tobacco yield and output value. The pathogen population of T4 remained
below 10° copies/g soil during the entire growth period. Role-shifts prevailed among the network members. Microbes were
unipathically associated with variables in T1 but multiplex in T4. In conclusion, soil bioremediation rebuilds a healthy soil
microbiota and forms a more interactive and relevant micro-system, thus effectively controlling tobacco bacterial wilt.

Key points

o This is the first time to effectively bio-control tobacco bacterial wilt in practical production in China, as well as to high-
efficiently use the organic waste, thus promoting the organic cycling of the environment.

e Soil bioremediation can effectively control soil-borne disease by rebuilding soil healthy microbiota and reducing abundance
of pathogenic bacteria, thereby to prevent the soil borne disease occurrence.

o After the soil remediated, microbes associated with soil and tobacco characteristics changed from unipathical to multiplex,
and the keystone species play different roles compared with the original soil, thus signifying the complexity of multi-species
interactions and achieving a closely relevant micro-system, which was ecologically meaningful to the environment.

Keywords Tobacco bacterial wilt - Integrated control measures - Microbial community structure - Functional genes -
Microbial networks
Introduction

Tobacco bacterial wilt, caused by Ralstonia solanacearum
E.F. Smith f. sp. nicotianae, is one of the most destructive
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land available for tobacco growing, and the breeding of
disease-resistant varieties often leads to low yield and
quality of tobacco leaves (Liu 2014). In addition, the
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application of traditional chemicals (bactericides) to
control bacterial wilt has been shown in some cases to
be minimally effective and at the same time has resulted
in a negative impact on the environment health risks
to tobacco consumers (Liu et al. 2013). More recently,
the Chinese government proposed a “double reduction
policy”; therefore, biocontrol and bioremediation have
been considered a promising management strategy (Zhang
et al. 2011; Wang et al. 2013a). At present, research on
the use of antagonistic bacteria to control bacterial wilt
is mainly confined to the laboratory, and poor control
effects have been examined in pot or field conditions in
practical production (Jiang et al. 2017).

Antagonistic bacteria rarely colonize the root after
soil application because native microbes aggressively
outcompete invasive microbes and the applied strains
are poorly adapted to the soil environment. Thus, it is
crucial for biocontrol to increase the colonization ability
of antagonistic bacteria. Bioorganic fertilizer, in which
antagonistic bacteria are secondarily fermented with
organic fertilizer, can control bacterial wilt by improv-
ing soil microbial ecology, suppressing pathogens and
increasing plant resistance (Abawi and Widmer 2000;
Li et al. 2009). Organic fertilizers are one of the most
effective soil amendments because they not only improve
soil quality, but also provide the antagonistic microbes
with nutrients, thus ensuring their survival and allowing
them to reach a population number sufficient to disease
control. Zhao et al. (2014b) found that Paenibacillus
polymyxa SQR21 enhanced bioorganic fertilizer (BIO),
decreased the population of Fusarium oxysporum in
soil rhizosphere, and effectively controlled watermelon
Fusarium wilt to a certain extent. Nevertheless, the agri-
cultural environments are variable and complex. Single
measure like microbial agent application and soil pH
regulation can only change a single element in a short
time among many pathogenic factors. Due to the unique
conditions of agricultural environments and the limita-
tion of single prevention technology, there is no single
measure for bioremediating severely diseased field soil
until now (Chen 2014). Wei et al. (2017) suggested that
a single biocontrol agent performed unstable under field
conditions. The integrated measures for biocontrol can
eliminate the cask effect caused by a single prevention
technology and become an effective approach to the pre-
vention of soil-borne disease (Wang et al. 2013b; Liu
et al. 2014).

In this field trial, integrated control measures includ-
ing soil pretreating with lime or application of bioorganic
fertilizer were applied in a severely tobacco bacterial
wilt—infected field for 3 years in Guizhou Province, South-
west China. We explored the effect and soil microbiota in the
rhizosphere soil. The most significant effect was observed
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after 3 years of bioremediation. The combined use of lime
and bio-organic fertilizer can obtain the best disease control
efficacy with the delayed occurrence simultaneously, as well
as the highest tobacco yield and output value. The results of
this research can lead to a better understanding of the bio-
control of tobacco bacterial wilt and provide a foundation
for effective biocontrol mechanisms.

Materials and methods

Development of disease-control bioorganic
fertilizer

The antagonistic strain LXS (Bacillus licheniformis) was
isolated from previously healthy tobacco rhizosphere soil
and stored in the China General Microbiological Culture
Collection Center as CGMCC No. 8266 (Li et al. 2017a,
b). The purified LXS5 strain was incubated in Luria—Bertani
medium at 28 °C, 170 rpm for approximately 36 h and sub-
sequently centrifuged at 8000 rpm X g at 4 °C for 10 min.
The precipitate was re-suspended in the same volume of
sterilized distilled water. And then the strain suspension
was secondary fermented with organic compost, consist-
ing of pig manure, rapeseed cake fertilizer, and vinasse
organic fertilizer (1:1:1 w/w/w). Nearly 5% (v/w) of the
strain LX5 culture was inoculated into organic fertilizer
and fermented at 40-45% moisture for approximately
7 days, during which time the fertilizer was turned over
three times per day (Wu et al. 2014).

Counts of strain LX5 were determined by real-time
PCR (Almeida et al. 2018) and repeated three times. After
solid fermentation, the population of strain LX5 reached
1.91 x 10° copies/g of fertilizer (Table S1). The bioorganic
fertilizer contained 33.8% organic matter, 4.30% amino
acids, 4.20% N, 2.26% P,0s, and 1.08% K,O.

Field trial design and soil properties

Tobacco seeds of Yunyan 85 (Nicotiana tabacum L.), a
variety susceptible to bacterial wilt, were used in the field
experiment. Tobacco in this field has been cultivated for
more than 10 consecutive years, and the bacterial wilt dis-
ease incidence was 100%.

A 3-year-long field trial was conducted in Changshun
(26.03°N, 106.45°E), Guizhou Province. This farmland
decided to no longer cultivate tobacco plants due to
the severe disease incidence. There were four treat-
ments used in the field trial. T1: 65 g of tobacco-spe-
cific chemical fertilizer (N:P,05:K,0=10:15:25) was
applied per plant; T2: soil was pretreated with 600 kg/
hm? of lime to adjust the pH value 20 days before
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transplanting, and then 65 g per plant of tobacco-spe-
cific chemical fertilizer (N:P,05:K,0=10:15:25) was
applied. T3: 54.5 g of tobacco-specific chemical ferti-
lizer and 15 g of bioorganic fertilizer were applied per
plant; T4: soil was pretreated with 600 kg/hm? of lime
to adjust the pH value 20 days before transplanting,
and then 54.5 g of tobacco-specific chemical fertilizer
and 15 g of bioorganic fertilizer were applied per plant.
The same nutrient elements were adjusted in all treat-
ments with the application of elemental fertilizers. Each
treatment had four blocks randomly arranged with 120
tobacco plants per replicate. The field covered an area
of 0.05 hm®.

The soil was classified as yellow soil, and the parent
materials were Triassic limestone and weathered sand
shale. The initial soil properties were pH 5.45 (1:1 soil
water ratio), 1.91 g-kg™! of total nitrogen, 0.10 g-kg~!
of total phosphorus, 1.69% of total potassium, and
30.28 g-kg™! of organic matter. The determination of soil
texture referred to soil agrochemical analysis (Bao 2000).
Soil organic matter, available nitrogen (mg-kg™"), availa-
ble phosphorus (mg-kg™!), available potassium (mg-kg™"),
pH, etc. were measured and analyzed after tobacco har-
vest and respectively used heating potassium dichromate
volumetric method, alkaline hydrolysis diffusion method,
HCL-H,SO, method, NH,OAc leaching flame photometry,
and soil:water =1:2.5.

Disease incidence and analysis of quality
characteristics

Observations of wilt incidence and severity were made every
10 days from 30 to 90 days after transplanting. Tobacco
leaves were collected when harvested to determine the
tobacco yield and the output value, which were calculated
after leaves had been flue-cured (Zhang et al. 2012).

The disease incidence index (DII) and the wilt control
efficacy were calculated according to the following equa-
tions (Liu 2012):

i=1

Disease incidence index (DII) = [Z (Si X Pi)/(n % Sn)] x 100

where 7 is the total number of tobacco plants in each treat-
ment, the disease severity S is expressed by a grading
method by dividing the onset into several levels from mild to
severe, Sn is the highest rating on the disease severity scale,
P; is the percentage of wilt incidence, and S, is the sever-
ity scale of the wilting symptoms used to evaluate disease
development on individual plants.

Control efficacy = [(CKpy — Tpy) / CKpy| % 100%

where CK py; is the disease incidence index of the control
treatment (Py) and T y; is the disease incidence index of the
individual treatment.

The pretreatment of tobacco leaves adopted the nor-
mal temperature extraction method of n-hexane (Li et al.
2016). The qualitative and quantitative analysis of nico-
tine, megastigmatrienone, solanone, and other substances
in leaf samples was measured by high-performance liquid
chromatography-gas chromatography-mass spectrometry.
HPLC conditions: the mobile phase was dichlorometh-
ane, the flow rate was 0.25 mL/min; the injection volume
of tobacco extract was 10 pL; the column temperature was
30 °C. LC-GC/MS interface conditions: The LC-GC inter-
face was On-column and retention gap technique, and the
pre-column was a deactivated elastic quartz capillary, with
size of 5 mx0.53 mm. The solvent evaporation temperature
was 40 °C, and the flow rate of helium gas (99.999% purity,
China) was 80 mL/min.

After the LC transfer was over, the evaporation was
continued for 0.7 min. GC/MS conditions: the instru-
ment was Agilent 6890/5975 gas chromatography-mass
spectrometer (Agilent, USA). The separation column was
DB-5MS, with size of 30 m X 0.25 mm X 0.25 um. The
carrier gas was high-purity helium. The column flow rate
was 1.2 mL/min (constant flow mode). The temperature
program of the GC oven was as follows: 40 °C for 14 min,
then increased to 290 °C at 4 °C/min, and held for 5 min.
The GC/MS transfer line temperature was 280 °C, the MS
ion source was 230 °C, the quadrupole was 170 °C, and
the mass scanning range was 45-350 amu. Mass spec-
trometry identification was performed by parallel search
of NISTO8 and WILEY 6.0 spectral libraries. The internal
standard method was used for quantification, assuming a
relative correction factor of 1.

Sample collection and DNA extraction

Rhizosphere soil was collected 90 days after transplanting.
Tobacco plants were gently uprooted from the trays and
shaken gently to remove all but the most tightly adhered soil.
The soil was placed in 10 mL of sterile water and sonicated
for 15 min to facilitate soil release (Carlsen et al. 2012). The
DNA was extracted in triplicate using a Soil DNA Isolation
Kit (Omega Biotek, USA) and then diluted with distilled
sterile water to 1 ng pL~!. The quality and concentration of
extracted DNA were determined with a NanoVue spectro-
photometer (GE Life Sciences, USA).

Soil pathogen and antagonistic bacteria detection
Fluorescence real-time PCR assays to quantify DNA param-

eters of R. solanacearum and Bacillus licheniformis were
conducted using the primer pairs flicF-flicR and F1-R1,
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respectively, and amplified in a StepOne Plus Real-time PCR
System (ABI, USA). Real-time PCR amplification reac-
tions were carried out using the SYBR® Premix Ex Taq™
(TaKaRa Bio Technology Co., Ltd., Japan). The amplifica-
tion procedure followed that described by Liu et al. (2014)
and Li et al. (2013).

According to the real-time PCR results, the amplification
efficiencies of R. solanacearum and B. licheniformis were
91% and 100%, respectively. The standard curve of R. solan-
acearum was CR= —3.564C,R +38.744, while the standard
curve of B. licheniformis was C\B= —3.322C,B+37.209.
The counts of R. solanacearum and B. licheniformis were
calculated according to the C, value on the basis of the stand-
ard curve (Liu 2012).

Library construction and metagenomics sequencing

Soil DNA was fragmented to an average size of about
300 bp using Covaris M220 (Gene Company Limited,
China) for paired-end library construction. Paired-end
library was prepared by using TruSeq™ DNA Sample
Prep Kit (Illumina, San Diego, CA, USA). Adapters
containing the full complement of sequencing primer
hybridization sites were ligated to the Blunt-end frag-
ments. Paired-end sequencing was performed on Illu-
mina HiSeq4000 platform (Illumina Inc., San Diego,
CA, USA) at Majorbio Bio-Pharm Technology Co., Ltd.
(Shanghai, China) using HiSeq 3000/4000 PE Cluster
Kit and HiSeq 3000/4000 SBS Kits according to the
manufacturer’s instructions. All the raw metagenomics
datasets have been deposited into NCBI Sequence Read
Achieve database (PRINA897573).

Genome assembly, prediction, taxonomy,
and functional annotation

De bruijn-graph-based assembler SOAPdenovo (http://
soap.genomics.org.cn, Version 1.06) was employed
to assemble short reads. K-mers, varying from 1/3
to approximately 2/3 of reads length, were tested for
each sample. Scaffolds with a length over 500 bp were
retained for statistical tests; we evaluated the quality
and quantity of scaffolds generated by each assembly
and finally chose the best K-mer which yielded the
minimum scaffold number and the maximum value
of N50 and N90. Then, scaffolds with a length over
500 bp were extracted and broken into contigs without
gaps. Contigs were used for further gene prediction
and annotation.
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Open reading frames (ORFs) from each metagenomic
sample were predicted using MetaGene (http://metagene.
cb.k.u-tokyo.ac.jp/). The predicted ORFs with length being
or over 100 bp were retrieved and translated to amino acid
sequences using the NCBI translation table.

The a-diversity metrics (i.e., Chaol, Simpson’s, and
Shannon index) were calculated based on OTU numbers.
BLASTP (Version 2.2.28 +, http://blast.ncbi.nlm.nih.
gov/Blast.cgi) was employed for taxonomic annotations
by aligning non-redundant gene catalogs against NCBI NR
database with e-value cutoff of 1e™>. Each colored brand
represents the average value of each taxonomic abundance
according to the color scale. Cluster of orthologous groups
of proteins (COGQG) for the ORFs annotation was performed
using BLASTP against eggNOG database (v4.5) with an
e-value cutoff of 1e=>. The KEGG pathway annotation
was conducted using BLASTP search (Version 2.2.28 +)
against the Kyoto Encyclopedia of Genes and Genomes
database (http://www.genome.jp/keeg/) with an e-value
cutoff of 1e™>.

Network analysis

Network analysis was performed using the Molecular Eco-
logical Network Analyses Pipeline (http://ieg2.ou.edu/
MENA/main.cgi). More information on theories, algorithms,
pipeline structure, and procedures can be found in the refer-
ences (Zhou et al. 2011; Deng et al. 2012).

Data analysis

The data obtained were statistically analyzed using Micro-
soft Excel 2010, SPSS Base Ver. 13.0 (SPSS Inc., Chicago,
USA), and Design-Expert 8.0. The data were subjected to
a one-way ANOVA, and the means were tested with the
Duncan multiple range test at P <0.05.

Results
Physicochemical properties of tobacco leaf and soil

After harvest, the soil physi-chemical properties were
improved neither by lime nor single bioorganic ferti-
lizer (Table S2), but by the integrated employment of
both. The effect on pH adjustment from lime was obvi-
ously efficient. However, due to its violent reaction, it
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will damage the ecological environment of the soil to
a certain extent. The contents of nitrogen, phosphorus,
and potassium, especially ammonium nitrogen, were
decreased with different gradients. In T2 treatment, the
ammonia nitrogen content reduced by 17.6%, 29.4%, and
31.2% compared with T1, T3, and T4, respectively, since
alkaline environment was very unfriendly to ammonia
nitrogen. The nutrient contents from T4 treatment were
significantly higher than T1 treatment, except for total
nitrogen, indicating that the integrated application of
lime and bioorganic fertilizer ameliorated soil physi-
chemical properties efficiently.

The contents of leaf nicotine and total nitrogen in T1
were higher than those in T4 treatment (Table S3), while
the total sugar, reducing sugar, potassium, megastigmatrien-
one, solanone, and norsolandione were significantly lower
in T1 than those in T4 treatment. Single adjusted rise in
pH brought insignificant changes in leaf quality. Compared
with control, the nicotine and total nitrogen reduced 5.71%
and 8.37%, and total sugar, potassium, megastigmatrien-
one, solanone, and norsolandione increased 7.02%, 15.00%,
3.87%, 11.47%, and 8.48%, respectively.

Tobacco bacterial wilt control efficacy using
the integrated measures

In 2017, even though the integrated control measures
were applied to the soil, tobacco bacterial wilt spread
extensively across the entire field 53 days after trans-
planting. Thus, differences in control efficacy among
treatments were not significant (Table 1). At the end
of the 2018 tobacco growing period, the wilt incidence
was 100% in T1, whereas in T4, it was significantly
lower than that of control (Fig. S1). Across the entire
2018 growing period, the control efficacy of T4 was
significantly higher (P <0.05) than that of T2 and T3;
90 days after transplanting, the control efficacy of T4
had increased by 78.1% and 18.2% compared with T2
and T3, respectively. In 2019, the occurrence of tobacco
bacterial wilt in T3 and T4 was delayed by approxi-
mately 40 days compared with the control. Sixty days
after transplanting, the control efficacy in T4 was sig-
nificantly higher than that of T2 and T3; 90 days after
transplanting, it was 6.26- and 1.99-fold as high as in T2
and T3, respectively.

Table 1 The effect of integrated control measures on the control efficacy of tobacco bacterial wilt

Year Treatment Control efficiency in field experiments (%)
30 days 40 days 50 days 60 days 70 days 80 days 90 days
2017 T1 - - - - - - -
T2 3.1+0.8¢c Oc 0b Oa Oa Oa Oa
T3 5.1+1.9b 2.1+0.5b 0b Oa Oa 0Oa Oa
T4 9.2+3.9a 42+1.2a 09+0.2a Oa Oa Oa 0Oa
2018 T1 - - - - - - -
T2 56.3+5.4b 54.2+2.7b 53.1+6.2c 50.3+5.1¢c 46.2+2.2¢ 40.3+0.8¢c 40.2+1.7¢
T3 70.6+7.1a 72.1+4.9a 70.3+2.0b 68.5+3.7b 63.2+1.7b 60.7+1.7b 60.6+5.3b
T4 76.5+4.2a 77.3+6.2a 75.0+1.2a 73.8+1.8a 73.9+3.82a 71.6+4.3a 71.6+1.5a
2019 T1 - - - - - - -
T2 67.4+5.6b 73.2+3.7b 70.3+2.1c 70.9+3.7b 68.5+4.4b 11.1+1.4c 9.8+4.2¢c
T3 100a 100a 95.7+1.8a 68.5+5.3a 68.3+2.9b 37.5+4.1b 30.8+2.2b
T4 100a 100a 82.7+2.5b 87.6+6.1a 85.2+7.7a 83.4+5.7a 61.3+7.3a

Values in the same column followed by different letters are significantly different at P <0.05

Table 2 Tobacco yields and

. Treatment Tobacco yield (kg hm™2) Tobacco output value (Yuan hm™2)
output values for the different
treatments 2017 2018 2019 2017 2018 2019
T1 0 358.52d 579.14c 0 5905.01d 4808.46¢c
T2 0 823.27c 618.28¢c 0 11,015.47¢ 5227.83¢c
T3 0 1178.49b 853.76b 0 15,478.76b 11,438.39b
T4 0 1328.81a 1241.95a 0 20,319.54a 19,203.27a

Values in the same column followed by different letters are significantly different at P <0.05
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—+—Rs-Tl  —8—RsT2 —4—RsT3 —%—RsT4 Table 3 Alpha diversity index of soil microbiota in different treat-
coeees ANt-T1  eeedlbees ANt-T2  +evheeer Ant-T3 -+ Ant-T4 ments

g_z | Year 2017 Treatments  Chaol Shannon Simpson
§ 7§ I Tl 4517.33+70.68a  6.62+0.15c  0.99+0.01b
22 7| ™ 437533+5832b  6.54+0.10c  0.99+0.00ab
g -_.i 6'2 | T3 4474.67+76.17ab 6.85+0.07b 0.99 +0.00ab
B2 sl T4 4431.67+19.40ab  7.18+0.02a  1.000.00a
£
é;g) 4; Values in the same column followed by different letters are signifi-
E 4l cantly different at P <0.05
35+
3
Sr tobacco yield and output value, whereas these values were
85 significantly higher in T3 than in T1 and T2, the latter two
é 7? of which had similar values for these parameters.
$2 6s) A dynamic change in pathogen and antagonist
£, 6f counts
25 55t
zz £ st After 1 year of remediation (2017) and 30 days after trans-
g asr planting, the soil pathogen population in all treatments
3‘: remained high at a level above 107 copies/g of soil (Fig. 1),
3 while the counts of antagonistic bacteria in T2, T3, and T4
9. decreased sharply over the course of the growing period,
85 | falling eventually to 10* copies/g soil.

Populations of microorganisms
log(cfu g''dry soil)
(=)}

35
3 - PPTY Ll poseereeees L TP A eeene A L _TTTees Peeee P " -
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Time (d)

Fig. 1 Populations of pathogens and antagonistic bacteria in the soil
by year. Note: Rs-T1, tobacco bacterial wilt (Ralstonia solanacearum
(Rs)) in treatment T1; Rs-T2, Rs in treatment T2; Rs-T3, Rs in treat-
ment T3; Rs-T4, Rs in treatment T4; Ant-T1, antagonistic bacteria in
treatment T1; Ant-T2, antagonistic bacteria in treatment T2; Ant-T3,
antagonistic bacteria in treatment T3; and Ant-T4, antagonistic bacte-
ria in treatment T4

Tobacco yield and output value

Due to the outbreak of tobacco bacterial wilt 60 days after
transplanting in 2017, the yields of all treatments were zero
(Table 2). In 2018, the tobacco yield and the output value
of T4 significantly increased compared with each treatment;
in T4, yields were 2.71-, 0.61-, and 0.13-fold and output
values were 2.44-, 1.62-, and 0.87-fold higher than those of
T1, T2, and T3, respectively. In 2019, T4 had the highest
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In 2018, after 2 years of remediation, although the popu-
lations of soil pathogens in the treatments amended with
bioorganic fertilizer had gradually increased, the counts
of antagonistic bacteria in the treatments were higher than
those of the pathogens during the initial 70 days after trans-
planting; notably, the pathogen count reached 10’ copies/g
of soil 30 days after transplanting. Furthermore, 80 days
after transplanting, there were no significant differences in
the counts of pathogen and antagonistic bacteria between the
T3 and the T4 treatments, whereas the population of patho-
gens was 1.49-fold as high as the population of antagonistic
bacteria in T2.

In 2019, all treatments showed a gradual increasing trend
in pathogen populations. Fifty days after transplanting, the
pathogen population in T1 had sharply increased, while the
pathogen population in T2 did not increase until 70 days
after transplanting. The population of pathogens in the T4
treatment always remained below 10° copies/g of soil. How-
ever, the pathogen counts in the other treatments increased
beyond 107 copies/g of soil 90 days after transplanting and
afterwards for the duration of the experiment. The antago-
nistic bacterial counts showed a gradual downward trend
during the entire tobacco growing period. Moreover, the
pathogen and the antagonistic bacteria counts intersected
in T2 at 72 days, while they intersected in T3 at 78 days.
However, in T4, 90 days after transplanting, the antagonistic
bacteria population was still higher than the pathogen popu-
lation, reaching 1.23 x 10 copies/g of soil. The antagonistic
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Fig.2 Difference of bacterial community structure composition in
rhizosphere soil under different treatments. a Species abundance clus-
ter map. Color scale represents the minimum to maximum range of
relative abundance of species to be mapped onto the—1 to 1 input
range of the color scale; b LEfSe analysis to explore the difference

bacteria count changed from a sharp decrease to a gradual
decline over.

Bacterial community structure in the rhizosphere
soil

We compared the a-diversity of microbiota between treat-
ments using the Chaol, Shannon, and Simpson indexes
(Table 3). The Chaol index was highest in T1 treatment,
indicating that after soil bioremediation, the total number
of microbial species in the soil is relatively reduced. It was
found that Shannon and Simpson indexes showed significant
difference among treatments. The T4 sample had a signifi-
cantly (P <0.05) higher a-diversity.

The relative abundance of the top thirty-five soil micro-
organisms in different treatments was clustered after high-
throughput sequencing. As shown in Fig. 2, the dominant
taxa significantly differed in the soil community in each
treatment. In T1, six taxa—Planctomyces, Sphingobium,
Rhodanobacter, Gemmata, Candidatus_Nitrososphaera, and
Stenotrophomonas—were relatively abundant and therefore
the dominant taxa. The genera Chitinophaga, Niastella, and
Methylotenera were notably less abundant in T1 in relation
to the other treatments. The taxa Nitrospira and Novosphin-
gobium were notably more abundant in T4, while the genus
Phenylobacterium was the least abundant among all treat-
ments. In the T4 treatment, Nitrospira and Novosphingobium
were the most dominant flora, and the dominant genera were
significantly higher in the other treatments. The distribution
of all the taxa was quite similar, suggesting that the over-
all bacterial community maintained a consistent balance.
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Similar patterns of bacterial community structure were

Fig.3 Venn diagram of genus abundance in soil of different field
treatments. Note: T1, conventional fertilization; T2, conventional
fertilization + liming; T3, conventional fertilization + bioorganic ferti-
lizer; T4, conventional fertilization + liming + bioorganic fertilizer

observed within the T2 and the T4 treatments. However, no
single taxon was dominant across all samples. The genus
Sphingobacterium showed a similar community structure
in the T1 and the T4 treatments, whereas other taxa showed
the opposite patterns from these two treatments. Likewise,
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the taxa in the T2 and the T3 treatments differed from those
of T1.

In addition, pathogen of the genus Ralstonia was sup-
pressed in T4 and T2 compared with T1. Some of the func-
tional bacteria varied in their distribution among treatments.
For example, the genus Nitrospira, considered a nitrifier,
was much more abundant in T4 than in T1.

LEfSe analysis showed that in phylum, the abundance
of the bacterial phylum Proteobacteria was significantly
higher in T1 than in T4 treatment, and the abundance of
the Xanthomonadales in the bacterial phylum Proteobacte-
ria was extremely high in T1. In bacterial class, the abun-
dance of Actinobacteria and Ktedonobacteria in T1 was
also significantly higher than in T4. In contrast, the phylum
abundance of Rokubacteria and Tectomicrobia was sig-
nificantly higher in T4 than in T1, and the class abundance
of Chloroflexi in T4 was also significantly higher in T4,
compared with T1. It is worth noting that in the bacterial
phylum Acidobacteria, the abundance of Acidobacteria and
Blastocatellia in T4 was significantly higher than that of
T1, while the abundance of bacteria Acidobacteriia in T4
was significantly lower than that of T1.

After the integrated biocontrol of the tobacco bacterial
wilt, the number of observed OTUs was lower in T2, T3,
and T4 than that in T1 (Fig. 3). The unique OTU number
was 2.1 times in T4 of that in T1. The unique OTU number
accounted for 1.27%, 0.37%, 1.70%, and 2.82% for T1, T2,
T3, and T4 of the total bacterial communities, respectively.

The cluster of orthologous groups of proteins (COG) was
employed to annotate the genomes of soil microorganisms.

The T1 treatment and T4 treatment shared some typically
bacterial proteins, such as nucleotide transport and metabo-
lism (Fig. 4). However, there were many differences in car-
bohydrate transport and metabolism, signal transduction
mechanisms, and transcription between T1 and T4 treat-
ment. In particular, the abundance of energy production
and conversion, replication, recombination and repair, and
cell wall/membrane/envelope biogenesis were significantly
high in T1 treatment, compared with T4 treatment. Among
all these differentially predicted genes, 8 gene abundances
of T4 treatment including signal transduction mechanisms
were increased while 14 gene abundances were decreased,
compared with those of T1 treatment.

Principal coordinates analysis (PCoA) is a statistical
procedure that uses non-binding data dimensionality
reduction analysis method, which presents the visual
coordinates of the similarity or difference of the study
data. PCoA clearly presented the community composition
variation among treatments (Fig. 5). The first and second
principal components explained 70.72% of the total
bacterial community variation among individual samples.
Concomitantly, based on the analysis of B-diversity,
among the treatments, T3 and T4 shared a similar bacterial
assemblage and thus are grouped in the same area. The
OTUs shifted greatly between T2, T3, and T4 along the
first and second principal component axes. Moreover, T1
was isolated from the T2 treatment along the first principal
component axis, while T1 was isolated from T3 and T4
treatments along the second principal component axis,
indicating that the bacterial community structure of T1
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Fig.5 Principal component
analysis (PCA) of beta diversity
based on classification of the
OTUs at a dissimilarity level

of 0.03 for individual samples
relative to the field treatments.
Note: T1, conventional fertiliza-
tion; T2, conventional fertiliza-
tion +liming; T3, conventional
fertilization + bioorganic
fertilizer; T4, conventional fer-
tilization 4 liming + bioorganic
fertilizer
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33 genera positively correlated and 6 genera negatively cor-
related. However, in T1 treatment, 13 genera positively cor-
related with TN, while 85 negatively correlated with TN.
These data suggested that the node composition of two net-
works was not similar. The module-trait relationship analy-
sis indicated that the genera in T1 treatment were highly
correlated with TN, while the genera in T4 treatment were
evenly correlated with soil physicochemical properties.
Soil bioremediation enhanced the connection between soil
microorganisms and environmental factors, thus forming
a more interactive and relevant micro-system. Besides, R.
solanacearum was positively correlated with total potas-
sium (AK) and NO;-N in T1 treatment while R. solan-
acearum was negatively correlated with AK and NO;-N in
T4 treatment.

The microbial genera related to tobacco leaf quality
indicators in the T4 treatment were 1.34% higher than
that in the control soil (Fig. 6b). In control treatment, it
was a positive correlation between R. solanacearum and
nicotine, total nitrogen (LTN), solanone, solanedione (Ns),
and disease index (DI). The correlation coefficients were
0.7109, 0.4890, 0.9932, 0.7392, and 0.9764, respectively.
While R. solanacearum and total sugar (TS), reducing
sugar (RS), potassium (LK), megastigmatrienone (Meg),
tobacco yield (Y), and tobacco output value (V) had a neg-
ative correlation. The correlation coefficients were — 0.63
90, -0.5291,-0.9350,-0.7641,—0.9471, and — 0.9342,
respectively. In addition, the significant positive correla-
tion (P <0.01) between the microorganisms in the control
soil and the tobacco leaf quality factors was greater than
the significant negative correlation (P <0.01), while the
significant negative correlation between the microorgan-
isms in the treated soil and the tobacco leaf quality fac-
tors was much greater than the significant positive cor-
relation, indicating that treatment T4 reduced the effect
of soil microorganisms on tobacco leaf quality. Tobacco
leaf quality was more likely to remain stable after soil
microbial improvement. Compared with the control soil,
the significant correlation between soil microorganisms
and tobacco solanone in the treated soil was enhanced with
19.3%.

Alteromonas had a significant correlation with both
nicotine and tobacco output value. Genus such as Cynara,
Anditaea, Parvimonas, Trichosporon, Mycosphaerella,
Acidiphilium, Jeotgalibaca, Gilvimarinus, and other micro-
organisms had significant correlations with leaf yield and
total sugar content of tobacco leaves. However, in the con-
trol treatment, tobacco leaf quality and soil microorganisms
were independent and uncorrelated with each other. As for
Nitrospira, a microbial genus with high abundance in T4
treatment, it had positively correlation with total soil phos-
phorus, which was proved to impact the aroma of tobacco
leaves. The dominant microorganisms from LEfSe analysis
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had a significant positive correlation with the quality char-
acteristics of tobacco leaves and physicochemical proper-
ties of soil. For instance, Rokubacteria had a significantly
positive regulation with leaf solanedione and soil NH,*-N.
Likewise, Acidobacteriales positively regulated leaf nicotine
and potassium content.

Furthermore, the relationship between the microorgan-
isms in the control soil and the tobacco or soil varieties was
one-to-one association, while the correlation between the
microorganisms in the treated soil and the environmental
factors was cross-interacting. The Symbiobacterium, Bur-
kholderia, Chelatococcus, Pontibacillus, and Caldicellu-
losirup were considered as the potential keystone taxa in
regulating soil characteristics, since these genera were the
shared nodes in the co-occurrence networks. Likewise, the
Alteromonas, Anditalea, Cynara, etc. were considered as the
potential keystone taxa in regulating leaf quality character-
istics. A comprehensive view of the network between soil
microbes and physicochemical traits or tobacco leaf quality
traits suggested that after soil bioremediation, microorgan-
isms had a strong regulatory effect on the quality of soil and
tobacco leaves.

Discussion

Suppress the population of pathogen to control
tobacco bacterial wilt

The control efficacy in the treatments increased initially
and then decreased during the tobacco growing season.
Soil bioremediation measures suppressed and delayed the
outbreak of the tobacco bacterial wilt in the preliminary
growing stage. The onset of tobacco bacterial wilt in this
trial was delayed by 30 days (the second year) and 40 days
(the third year) with the integrated control measures treat-
ment. In comparison, the control efficacy early in the grow-
ing season in T3 and T4 was higher in 2019 than in 2018.
Moreover, early in the growing season, the control efficacy
in these treatments in 2019 was higher than that in 2018,
while the control efficacy in these treatments late in the
growing season in 2019 was lower than that in 2018. This
difference in 2018 occurred because of high temperature
(> 30 °C) and high humidity (> 80%) at 30 days after trans-
planting, which was the same time the tobacco bacterial wilt
occurred. During that time, the pathogen population counts
of the T3 and the T4 treatments showed a gradual increas-
ing trend, whereas the counts of antagonistic microorgan-
isms were significantly higher than the pathogen counts
70 days after transplanting; at 90 days after transplanting,
the pathogen population failed to reach 107 copies/g of soil
(Liu et al. 2014). As a consequence, the control efficacy
was greater than 60%. However, there was continuous hot
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and wet weather 70 days after transplanting in 2019, when
the antagonist microorganism counts in T3 and T4 treat-
ments decreased to a level equal to or less than the pathogen
counts, which were 107 copies/g of soil. Under these condi-
tions, tobacco bacterial wilt spread in the field. Therefore, in
2019, the control efficacy in T3 and T4 was relatively high
early in the growing season and declined late in the growing
season. The combination application of bioorganic fertilizer
and agronomic measures has a unique advantage that the
pathogen population on the root surface and in the rhizos-
phere was suppressed to less than 107 copies/g, which is the
tipping point of pathogens inducing wilt disease. Keeping
the pathogen population below the number of critical point
is one of the most crucial goals of biocontrol (Zhao et al.
2011).

The soil bioremediation, consisting of liming and bioor-
ganic fertilizer, has effectively controlled various soil-borne
diseases (Trillas. et al. 2006). In this trial, compared with the
T1 treatment (CK), the control efficacies of the bacterial wilt
in the T4 treatment (integrated control measures) reached
75.2% (the second year) and 61.3% (the third year). On one
hand, soil pH correction through liming to neutralize the
acidity to levels amenable for plant growth is an important
agricultural practice for improved productivity. On the other
hand, bioorganic fertilizer, the antagonistic bacteria added
with a nutrient carrier, consequently prevents R. solan-
acearum from colonizing root niches in the early stage of the
tobacco growing season (El-Abyad et al. 1993). However, a
limited effect on efficiently controlling tobacco bacterial wilt
has been achieved either by single liming or by bioorganic
fertilizer application. The integration of liming and bioor-
ganic fertilizer in tobacco production not only improves soil
texture, thus facilitating deep rooting and enhancing stress
resistance (Jiang et al. 2017), but also decreases the patho-
gen population (Wang et al. 2013b).

Improve soil microbial community structure
and function to remediate soil

The efficient achievements of disease control mainly depend
on the microbial community structure. Different patterns of
community structure were observed between control soil
and bioremediated soil in our study. In particular, high
relative abundances of Ralstonia, Candidatus_Solibactor,
Stenotrophomonas, and etc. were observed in control, while
Chitinophaga, Nitrospira, etc. were richer in T4. With a bac-
terial wilt disease incidence of 100% in the field, the abun-
dance of Ralstonia is highest in control among treatments.
Ralstonia is the pathogen that caused Solanaceae crop’s bac-
terial wilt. After soil remediation, the improvement of soil
microbial community structure, especially the abundance
of Ralstonia, was significantly reduced, so that the domi-
nant position of pathogenic bacteria was reduced, and the

pathogen population was less than the tipping point induc-
ing wilt disease (Li et al. 2017a, b). Candidatus_Solibactor
belongs to Acidobacteria, which is sensitive to soil pH and
was negatively correlated with soil pH (Rousk et al. 2010).
Elevated pH is detrimental to the survival of Ralstonia in
the soil (Gu et al. 2016). Thus, the disease index was signifi-
cantly reduced. Chitinophaga are strongly chitinolytic and
can decompose fungal cell walls, thus considered as antago-
nistic bacteria to fungal pathogens. Besides, Nitrospira is
a kind of nitrite-oxidizing bacteria, and are members of a
distinct phylum, not closely related to other nitrifiers (Frank
Maixner et al. 2008). Besides, via the nutrient competition,
diverse beneficial communities have significantly stronger
ability to resist the invasion of pathogenic bacteria (Liu et al.
2023). Therefore, we hypothesize that various microbial
community structures reflect different soil environmental
situations. These results were consistent with other studies
performed by Brockett et al. (2012), who demonstrated that
both structure and enzyme activities of soil microbial com-
munities significantly separated along the regional climate
gradient, despite high local variation.

According to the COG results of soil microorganism before
and after bioremediation, energy production and conversion,
replication, recombination and repair, and cell wall/membrane/
envelope biogenesis, most of which belonged to the quorum
sensing genes, were all related to plant defense against
pathogenic bacteria (Dang et al. 2020). After bioremediation,
the soil has reduced energy or function to defend against
pathogenic bacteria, indicating that the soil is transitioning
from an unhealthy or sub-healthy state to a healthy state.

Correlation of soil microflora and character indexes

In this study, we demonstrated that the genera were highly
correlated with total nitrogen in control, while the genera
were evenly correlated with soil physicochemical properties
in T4 treatment. If the microorganisms are closely related
to a single physicochemical trait, then the micro-ecosystem
will be affected by this physicochemical trait and have poor
stability (Liu et al. 2021). Otherwise, if the microorganisms
are associated with a variety of physical and chemical
traits, forming an association network, then the microbial
ecosystem will not be fragile and keep stable (Wang et al.
2017). Our results were similar with some reports that
showed several soil properties such as soil available P,
available K, and TN and the C/N ratio were significantly
correlated with abundant phyla (Zhao et al. 2014a). This
finding may be a good explanation for soil microbial
balance, which was also proved by other research that the
application of integrated bioorganic fertilizers effectively
improved the soil microbial balance and restored the
soil ecosystem, resulting in a complex and healthy soil
microbial system (Liu et al. 2013). As such, we hypothesize
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that soil well-structured bacterial community can improve
physical-chemical properties. These findings support
the previously tested measures for controlling soil-borne
diseases (Zhang et al. 2008).

In our study, we found that the bacterial communities of
the T3 and the T4 treatments were clustered together based
on the principal component analysis, indicating a similar
soil microbial structure and functional diversity. In contrast,
the T1 treatment was separated from the T4 treatment in the
PCA, indicating distinct bacterial communities. These results
were consistent with other studies performed by Zhang
et al. (2008) and Lang et al. (2012). Most of the variation
that determine the community group can be explained
by the interactions among soil properties, such as total
nitrogen, total phosphorus, total potassium, and available
nitrogen and organic matters. As previously reported, when
the soil properties, the microorganism ecology, and the
microorganism activity are improved, the soil microbial
structure and functional diversity support healthier plants
(Zhang et al. 2012; Luo et al. 2015). As for the interactions
of species in the co-occurrence networks, we were able to
find that the microbiomes in T4 were associated with large
number of nodes and edges compared to that in T1 treatment,
indicating that the soil was transitioned from diseased soil
to healthy soil (Wei et al. 2019). After the soil remediated,
the keystone species play different roles compared with the
original soil, thus signifying the complexity of multi-species
interactions and achieving a closely relevant micro-system,
which was ecologically meaningful to the environment
(Wang et al. 2017). The linked members in a module were
functionally associated taxa that work together to achieve a
distinct function or an ecological process. In this research,
the integrated control measures, comprising a combination
of bioorganic fertilizer application and liming, not only can
effectively control tobacco bacterial wilt and significantly
improve the flue-cured tobacco yield and output value but can
also in general assist in recovering the microbial community,
representing a promising application whose utility might
be extended to other crops. It is a breakthrough that role-
shifts prevailed among the network members. Microbes
were unipathically associated with variables in control but
multiplex in bioremediated soil. These measures can act to
transform a wilt-inducing soil to a healthy and fertile soil,
thus efficiently enabling the biocontrol of tobacco bacterial
wilt in severely affected fields.
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