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Abstract

Bacterial wilt, caused by Ralstonia solanacearum, occurs occasionally during tobacco planting and potentially brings huge
economic losses in affected areas. Soil microbes in different management stages play important roles in influencing bacterial
wilt incidence. Studies have focused on the impacts of species diversity and composition during cropping periods on disease
morbidity; however, the effects of the soil bacterial biomass, species diversity, species succession, and population interactions on
morbidity remain unclear during non-cropping periods. In this study, we explored the soil bacterial communities in the non-
cropping winter fallow (WF) and cropping late growing (LG) periods under consecutive monoculture systems using 16S
ribosomal RNA gene sequencing and qPCR and further analyzed their effects on tobacco bacterial wilt incidence. We found
that the bacterial communities in the WF period were significantly different from those in the LG period based on detrended
correspondence analysis and dissimilarity tests. Crop morbidity was significantly related to bacterial community structure and to
the presence of some genera during WF and LG periods. These genera, such as Arthrobacter, Pseudomonas, Acidobacteria GPG6,
and Pasteuria, may be potential biological control agents for bacterial wilt. Further analysis indicated that low soil bacterial
diversity during the WF period, decrease of bacterial interactions from the WF to LG periods, and low soil biomass during the LG
period all have the potential to increase morbidity. In conclusion, an increase of soil bacterial diversity and control of some
bacterial abundances in the WF period might be an effective approach in controlling bacterial wilt incidence.
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Introduction are as follows: (i) application of pesticides such as streptomy-
cin sulfate, (ii) soil removal and replacement, and (iii) crop

Bacterial wilt can infect many crops, such as tobacco and  rotation (Niu et al. 2017). However, the use of pesticides is

tomato, and therefore, causes huge economic losses. It is a
general response of morbidity to soil environments, including
soil type, nutrients, bacteria, and fungi (Kyselkova et al.
2009). The traditional approaches to control bacterial wilt
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damaging to the soil ecosystem and unhealthy for human, soil
removal and replacement is expensive, and it is difficult to
select crops for rotation with tobacco. In addition, disease
incidence is determined by many factors, e.g., disease resis-
tance ability of the plant, infection ability of the pathogen, soil
conditions, climate, and soil microbial communities (Schmidt
et al. 2014; Berkovitch 1996; Bramley et al. 1996; Franke-
Whittle et al. 2015). Factors such as infection ability of path-
ogen and climate are uncontrollable, whereas the soil micro-
bial community can be artificially controlled. Therefore, man-
agement of the soil microbial community is a good and op-
tional approach for biocontrol of plant diseases.

The cycle of annual crop agriculture includes both non-
cropping and cropping periods. The cropping periods include
planting, seedling, growing, and late growing (LG)/mature
periods. Soil microbial components and structure differ be-
tween these periods, because of the variation in type and
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quantity of root exudates from plants during different devel-
opmental periods (Zhan et al. 2005). The quantity of soil mi-
crobes is more abundant during the LG period than the plant-
ing period (Hu et al. 2004). However, during the non-cropping
winter fallow (WF) period, soil fertility recovers and the soil
microbial community changes accordingly. Many bacteria,
including pathogenic bacteria such as Ralstonia, are able to
survive and propagate in soils during the WF period (Huo
et al. 2007). Therefore, the impacts of soil microbial commu-
nity in the WF period on crops should not be neglected.

Soil microbial diversity plays an important role in plant
disease suppression. van Elsas and Salles (2012) reported a
decrease in the competitive ability of the invader (Escherichia
coli O157:H7) in species-rich bacterial communities, com-
pared with species-poor communities. This is reflected in the
amount of resources used and the rate of their consumption,
which may explain the negative correlation between the di-
versity of the soil microbiota and the survival of the invading
species, suggesting that microbial diversity can inhibit the
invasion of a bacterial pathogen on crops (van Elsas and
Salles 2012). Similar phenomenon was also discovered in
many other reports (Granér et al. 2003; Mengesha et al.
2017; van Elsas et al. 2002; Shiomi et al. 1999). For instance,
Mengesha et al. (2017) demonstrated that bacterial wilt of
potatoes grown under controlled conditions could be sup-
pressed by a non-aerated compost tea with a high microbial
diversity. However, these studies largely focused on the mi-
crobial community during the cropping period, while ignoring
the non-cropping fallow period.

Although the importance of soil microorganisms in
crop production is well recognized, the relationship be-
tween crop morbidity and soil microbial community is
complex and remains unclear. On the one hand, plants
provide nutrients, such as root exudates or exfoliative root
cells for soil microorganism growth and development (Shi
et al. 2012). On the other hand, soil microorganisms can
either promote or are harmful to plant growth (Lugtenberg
and Kamilova 2009). Plant probiotic bacteria benefit
plants in many ways (Defoirdt et al. 2007; Kailasapathy
2002; Kesarcodi-Watson et al. 2008; Hai 2015). They can
(i) promote nutrient uptake of plants, through increasing
the availability of refractory mineral nutrients or enlarging
plant root surface area; (ii) remove the toxicity of H,S to
roots by sulfur oxidation; and (iii) synthesize and secrete
vitamin, amino acid, auxin, and growth stimulant sub-
stances (e.g., indole acetic acid and gibberellin), which
are helpful for plant growth. Furthermore, some microor-
ganisms can produce antibiotics to inhibit pathogenic bac-
terial growth and development. Although both fungi and
bacteria can be potential biological control agents
(BCAs), the majority of BCAs are bacteria (Pal and
Gardener 2006). It has been reported that Pseudomonas
fluorescens is a common antagonistic bacterium for many
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plant diseases, because of its ability to produce antibiotics
(Mazurier et al. 2009), hydrogen cyanide (Voisard et al.
1989), 2,4-diacetylphloroglucinol (Sharifi-Tehrani et al.
1998), and siderophores (Kloepper et al. 1980). Some
Bacillus strains can secrete certain antibiotics and antimi-
crobial proteins (Leifert et al. 1995), which can efficiently
inhibit various plant diseases, such as bacterial wilt
(Ahimou and Deleu 2000; Moyne et al. 2004). Bacillus
cereus UWS85 has shown a wide range of biological ef-
fects on plants, including alfalfa (Handelsman et al.
1990), tobacco (Handelsman et al. 1991), and cucumber
(Smith et al. 1993). Kloepper et al. (1999) suggested that
plant growth-promoting rhizobacteria, endophytic bacte-
ria, and the indigenous soil bacterial community could
also effectively decrease crop morbidity. However,
BCAs are not effective for all pathogens or plants; under
certain conditions, they are harmful to plants, as they can
become pathogens and compete with crop for water and
nutrients or produce toxic substances (Mazurier et al.
2009).

Bacterial wilt, caused by Ralstonia solanacearum, is dis-
tributed globally with a wide host range of 200 plant species,
such as tobacco, tomato, potato, peanut, pepper, and eggplant
(Mansfield et al. 2012). However, little is known about rela-
tionships between the soil bacterial community during the WF
period and bacterial wilt morbidity. Understanding the inter-
action between soil microorganisms during the WF period and
morbidity will provide better suggestions for agriculture man-
agement. According to the above reports, two hypotheses are
put forward in tobacco planting as follows: (i) soil bacterial
communities in the WF period, similar to those in the LG
period, might be closely related to morbidity of tobacco bac-
terial wilt, and (ii) some key genera of soil microbial commu-
nity might be potential biological control agents for bacterial
wilt. In the present study, to verify the hypotheses, we inves-
tigated the soil bacterial communities of consecutive mono-
culture in WF and LG periods with high-throughput sequenc-
ing technology and explored the effects of soil bacterial com-
munity during the WF and LG periods on bacterial wilt
disease.

Materials and methods
Field design and sampling

Soil samples were collected from four tobacco consecutive
monoculture experiment areas in a long-term ecological re-
search site located in Hunan, China (Table 1). The four areas
were continuously cultivated with tobacco for 1 year (N1),
4 years (N4), 5 years (N5), and 12 years (N12), respectively.
These four areas were randomly arranged in a complete block
design, and the plot size was about 80 m* (8 m x 10 m). The
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Table 1 Geographic information

of sites and soil type Parameters N1 N4 N5 N12

Site Qiangongping Daoer Township, Qiangongping Pailiao Township,
Township, Huayuan Township, Huayuan
Fenghuang County, County, Hunan Fenghuang County, County, Hunan
Hunan Province, Province, China Hunan Province, Province, China
China China

Longitude  109°29' 59" E 109°27' 5" E 109°30' 11" E 109° 34’ 36" E

Latitude 28°2'0" N 28°30' 57" N 28°2' 05" N 28°22"11"N

Altitude 479 497 479 766

(m)
Soil type Sand soil Sand soil Sand soil Loam soil

agricultural management practices and fertilization regimes
were similar in all four areas. The applied fertilizer consisted
of 50 kg/ha special basal fertilizer, 20 kg/ha special top dress-
ing, 15 kg/ha bio-organic fertilizer, and 5 kg/ha hole-applied
fertilizer. The ratio of N/P/K (N, P,Os, and K,O) applied was
1:1.2:2.43. The transplanted crop was irrigated with 300 kg/ha
water and 5 kg/ha hole-applied fertilizer. No pest or disease
controls were applied during the experiment.

Eight samples were collected from each area using a check-
erboard sampling method in the non-cropping WF period (at
the end of March) and cropping LG/mature period (at the end
of July), respectively. In the checkerboard sampling method,
each field was divided into eight areas (each 2 m x 5 m) and
the central point of each area was the sampling site. Only
topsoil samples (0-20 cm, 3 cm diameter) were obtained.
Soil samples were stored at — 80 °C for molecular analyses.
The morbidity of each area was determined according to the
disease symptoms described previously (Huo et al. 2007), and
the formula was as follows: Morbidity = N/N, x 100%, where
N; represents the number of tobacco plants with bacterial wilt
symptoms and N, represents the total number of tobacco
plants.

DNA extraction

After mixing separately, four copies of 0.25 g soil from each
sample was used for DNA extraction using a PowerSoil DNA
Isolation Kit (Mo Bio, San Diego, USA) with freeze grinding
with a sodium dodecyl sulfate (SDS) lysis buffer, and then
four copies of extracted DNA were mixed together. Crude
DNA extracts were purified by electrophoresis on a 0.7%
agarose gel, followed by phenol extraction, according to the
manufacturer’s protocol. The DNA quality was assessed
based on the absorbance ratios of OD5g0/OD,go nm and
OD»60/OD,30 nm using a NanoDrop ND-1000 spectropho-
tometer (NanoDrop Technologies, Wilmington, USA), and
the DNA concentration was quantified using a PicoGreen
(Life Technologies, Grand Island, NY, USA) assay with a
FLUOstar Optima (BMG Labtech, Jena, Germany). The pu-
rified DNA was stored at — 80 °C for further analysis.

Amplification, 16S ribosomal RNA gene sequencing,
and data processing

Tagged PCR products were generated using primer pairs with
unique barcodes through PCR. The V4 region of the 16S ribo-
somal RNA (rRNA) genes was amplified with a primer pair.
The primer pair was 515F (5-GTGCCAGCMGCCGCGGT
AA-3") and 806R (5'-GGACTACHVGGGTWTCTAAT-3’)
combined with Illumina adapter sequences, a pad and a linker
of two bases, and barcodes on the reverse primers. The 50 uL
16S rRNA PCR amplification reaction mixtures included
0.5 uL of Taq DNA polymerase (TaKaRa, Tokyo, Japan),
5 uL of 10x PCR buffer, 1.5 pL of ANTP mix, 1.5 uL of
forward primers (10 uM), 1.5 uL of reverse primers
(10 uM), 1 pL of DNA extracts (20-30 ng/uL), and 39 puL
of double-distilled water (ddH,O). Samples were amplified
using the following program: denaturation at 94 °C for 1 min
and 30 cycles of 94 °C for 20 s, 53 °C for 25 s, and 68 °C for
45 s, with a final extension at 68 °C for 10 min. Positive PCR
products were confirmed by agarose gel electrophoresis and
recovered according to the instructions of the DNA gel extrac-
tion kit (Omega, Norcross, GA, USA). The concentration of
PCR products was quantified with a NanoDrop ND-1000 spec-
trophotometer (NanoDrop Technologies, Wilmington, USA).
Exactly 200 ng of the PCR products of each sample was
used to establish sample libraries. [llumina 2x 250-bp paired-
end sequencing was performed on a MiSeq machine
(Illumina, San Diego, CA) using a MiSeq 500-cycle kit (Wu
et al. 2015). The raw data of samples for MiSeq paired-end
sequencing were in FASTQ data format, and the adapters and
other Illumina-specific sequences from the read were cut and
removed. Sequences perfectly matching to barcodes were split
into sample libraries and then were trimmed using Btrim. The
quantity of reads joined together was counted based on for-
ward and reverse reads with at least 10-bp overlap and lower
than 5% mismatches through Flash (Edgar 2010). The joined
pairs were then handled with many steps, such as removal of
sequences less than 220 bp with ambiguous base “N” and an
average base quality score lower than 20. The trimmed se-
quences were chimera detected and removed using the
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UCHIME algorithm (Edgar et al. 2011). These processes were
conducted using the Quantitative Insights Into Microbial
Ecology (QIIME) pipeline (version 1.17). The remaining
and unique sequences were clustered at 97% similarity level
to generate operational taxonomic units (OTUs) by UPARSE
(version 7.1, http://drive5.com/uparse/), and taxonomic
assignment was conducted with a RDP classifier at a
minimum of 50% confidence (http://rdp.cme.msu.edu/). The
abovementioned steps were conducted through the in-lab
Galaxy pipeline platform. All the 16S rRNA gene sequences
were submitted to the Sequence Read Archive (SRA) of
NCBI, and the accession number is SUB3011624.

PCR primers and real-time quantitative PCR

According to the results of [llumina sequencing, five specific
primers (Supplemental Table S1) were used for real-time
gPCR, including 16S rRNA universal primer for bacteria,
primer for phylum Acidobacteria, and primers for genus
Acidobacteria GP2, Ralstonia, and Pseudomonas. The rea-
sons for the choice of these five specific primers and typical
taxa were as follows: 16S rRNA universal primer for bacteria
was used to the bacterial biomass per gram; generally, phylum
Acidobacteria and genus Acidobacteria GP2 were dominant
in soil, Ralstonia was the pathogen causing bacterial wilt in-
cidence, and Pseudomonas was one potential BCA for the
control of bacterial wilt. The primers were synthesized at
Shanghai Sangon Company (China). The ordinary PCR pro-
gram was as follows: step 1, 95 °C for 5 min; step 2, 30 cycles
of 30 s at 95 °C, 30 s at 55/59/62 °C, and 30 s at 72 °C; and
step 3, 72 °C for 10 min.

The ordinary PCR products were purified with gel extrac-
tion kit (Omega Biotech, Norcross, GA, USA), quantified
using the NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies, Wilmington, USA), and used to
construct standard curves. The copy number of the ordinary
PCR products were calculated as follows: Copy number
(copies/uL) = 6.02 x 10" x C / (M x W), where C represents
the concentration of ordinary PCR products (unit, ng/pL), M
represents the length of PCR products (unit, bp), and W rep-
resents the constant (660 Da/bp). The ordinary PCR products
were diluted serially from 10" to 10° copies/uL and amplified
with real-time qPCR to construct standard curves. The real-
time PCR was run with an iCycler iQ Real-Time PCR
Detection System (Bio-Rad Laboratories, Inc., Hercules,
USA). The reaction mixture contained 10 pL SYBR qPCR
mix (Toyobo Co., Ltd., Osaka, Japan), 0.4 uL forward/reverse
primer (10 mM), and 2 pL of template DNA, and ddH,O was
added to reach a total volume of 20 puL. The real-time PCR
program was as follows: step 1, 95 °C for 5 min; step 2,
40 cycles of 95 °C for 25 s, 55/59/62 °C for 25 s, and 72 °C
for 30 s; step 3, 55 °C for 1 min; and step 4, wherein the
temperature was increased in the steps of 0.5 °C from 55 to
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95 °C through 80 cycles. In step 4, melting curves for the
amplicons were measured while monitoring fluorescence.

The amplification efficiencies of all primers were between
90 and 110%, and the melting curves of five primers all
showed a single peak (Supplemental Fig. S1), suggesting that
the results were credible. The copies of each sample using 16S
rRNA universal primer represented the bacterial biomass per
gram. The following formula was used to calculate the relative
abundance of each genus/phylum: Relative abundance = C; /
Cy x 100, where C; represents the copies of the genus or phy-
lum and Cj represents the bacterial biomass.

Network construction and characterization

Random matrix theory (RMT)-based approaches were used
for network construction (Yin et al. 2015), hub, and connec-
tor OTU identification, and the topological property was
determined with an automatic threshold. To ensure correla-
tion reliability, OTUs presenting in at least six out of eight
replicates were used for network analysis. Various network
properties were characterized such as average degree, aver-
age path distance, average clustering coefficient, and modu-
larity index. The network modules were generated using
rapid greedy modularity optimization. The experimental data
used for constructing phylogenetic molecular ecological net-
works (pMENSs) based on 16S rRNA gene sequencing anal-
ysis, and Cytoscape 2.8.3 software was used to visualize the
network graphs (Zhou et al. 2010). The pMENs were con-
structed separately based on sequencing data of the eight
treatments to reveal the temporal and spatial difference of
network interactions.

Data analyses

The community diversity was assessed using the Shannon di-
versity index (H'). Differences in diversity and relative abun-
dances of bacterial composition based on Tukey’s test were
conducted by a one-way analysis of variance (ANOVA) and
response ratio (Deng et al. 2012a). Detrended correspondence
analysis (DCA) and dissimilarity tests were conducted to com-
pare different bacterial community structures. Analysis of sim-
ilarity (ANOSIM) of two groups was based on Bray—Curtis
distances. Pearson correlation tests, regression analysis, and
partial least squares path modeling (PLS-PM) were carried
out to explore relationships among species abundances, micro-
bial community structure, microbial diversity, and morbidity
(Barberan et al. 2014; Cui et al. 2016; Wagg et al. 2014). In
PLS-PM analysis, bacterial community structures were repre-
sented by the values of DCA1 and DCA2 (the first two axes)
after DCA. All analyses were performed using R v.2.6.1
(Supplemental methods) and STAMP v 2.1.3 (http://kiwi.cs.
dal.ca/Software/index.php/STAMP).
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Results
Morbidity and bacterial biomass

Morbidity of bacterial wilt was lowest in N1 (8.78%), highest
in N5 (80.45%), and medium degree in N4 (57.78%) and N12
(40.09%) (Fig. 1a). Bacterial biomass, quantified with real-
time qPCR, increased from the WF period to the LG period,
particularly in the N1 group (Fig. 1a). Morbidity showed a
significantly (p < 0.05) negative correlation with bacterial bio-
mass in the LG period (Fig. 1¢), whereas no significant corre-
lation was found in the WF period (Fig. 1b).

Overview of soil bacterial community compositions
in the WF and LG periods

More than 18,000 high-quality 16S rRNA sequences were ob-
tained for each sample. Rarefaction curves showed that the num-
bers of OTUs showed no clear increase with the increase of
sequencing depth (Supplemental Fig. S2). After clustering at
97% sequence identity, 19,422 OTUs were identified, out of
which, 171 OTUs were classified as Archaea. In the Archaea
domain, 86.40% of reads were unclassified genera of the phy-
Ium Crenarchaeota. In the bacteria domain, there were six dom-
inant phyla in the WF period and in the LG period
(Supplemental Fig. S3a) and they accounted for 72.40—
81.52% of total reads. Those phyla are Proteobacteria (23.97—
43.43%), Acidobacteria (10.23-23.24%), Actinobacteria (2.09—
9.15%), Chloroflexi (4.85-9.74%), Verrucomicrobia (2.83—
6.35%), and Planctomycetes (2.14-7.81%).

In addition, all OTUs were affiliated to 495 genera, and
the dominant genera (more than 1%) included
Acidobacteria GP6, Acidobacteria GP4, Dokdonella,
Spartobacteria genera incertae sedis, Pseudomonas,
Rhodanobacter, and Gemmatimonas (Fig. 2). Among
these, the percentage of total unclassified genera was
about 40% and the rare genera (less than 1%) occupied
about 20% in all treatment. Some genera showed no sig-
nificant differences among different sampling sites, for

example Pseudomonas in the WF period (Fig. 3b) and
Arthrobacter in the LG period (Fig. 3c). However, bacte-
rial composition differed substantially among different
groups. In the WF period, compared with the N4, N5, or
N12 group, the relative abundances of some genera in the
N1 group were significantly lower, e.g., Ralstonia
(Fig. 3a) and Arthrobacter (Fig. 3c), or significantly
higher, e.g., Acidobacteria GP6 (Fig. 3e) and Pasteuria
(Fig. 3f). Similar results were found in the LG period,
particularly that Spartobacteria genera incertae sedis rep-
resented a higher proportion of total genera in N1 than in
N4 (Fig. 3d).

Pearson correlation tests (Supplemental Table S2) showed
that in the WF period, abundances of Acidobacteria,
Crenarchaeota, and OD1 were significantly negatively corre-
lated to morbidity (p < 0.05). In contrast, abundances of
Actinobacteria, Chlamydiae, and Euryarchaeota were signif-
icantly positively correlated to morbidity (p < 0.05). Inthe LG
period, abundances of phyla Acidobacteria, BRCI,
Euryarchaeota, and WS3 had significantly negative relation-
ships with morbidity (p < 0.05), and abundances of phyla
Actinobacteria, Chlorobi, Gemmatimonadetes, ODI, and
Proteobacteria showed significantly positive correlation to
morbidity (p < 0.05).

Further Pearson correlation and linear regression analyses
(Supplemental Table S4, Fig. 3) showed that 37 genera (e.g.,
Acidobacteria GP6) in the WF period and 59 genera (e.g.,
Pasteuria) in the LG period were significantly negatively cor-
related to morbidity (p < 0.05). Moreover, 19 genera (e.g.,
Arthrobacter) in the WF period and 45 genera (e.g.,
Gemmatimonas) in the LG period significantly increased mor-
bidity (p < 0.05; Supplemental Table S4). Ralstonia (r = 0.338,
p = 0.059, under Pearson correlation test, Supplemental
Table S4; R = 0.148, p = 0.017, under linear regression anal-
ysis, Fig. 3a) in the WF period showed a marginally significant-
ly weak and positive relationship with morbidity.

Real-time qPCR was performed to verify the accuracy
of 16S rRNA gene sequencing (Fig. 4). The 16S rRNA
sequencing approach provided a higher abundance of
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letters A and B indicate the significance level of difference (p < 0.05)
among different sampling sites in the LG period. Eight replicates are used
in this regression analysis
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Comparison of bacterial communities in the WF
and LG periods

The DCA analysis (Fig. 5a) showed that samples in the WF
period were segregated from those samples in the LG period,
and similarity analysis (ANOSIM, Fig. 5b) showed that the
distances between groups were significantly larger than those
within the groups (R = 0.223 and p = 0.001). Similar results
were obtained by dissimilarity tests (Supplemental Table S3),
suggesting that temporal difference in the bacterial communi-
ty occurred. The Shannon diversity was significantly different
(p < 0.05) between the WF period (6.679 for N1, 6.446 for N4,
and 6.636 for N12) and the LG period (6.896 for N1, 5.861 for
N4, and 6.099 for N12), whereas no significant difference
(p > 0.05) between the two periods was found in N5
(Fig. 5c). Linear regression and polynomial regression analy-
ses were conducted to test the interaction between soil bacte-
rial community and crop morbidity. The results showed that
higher bacterial diversity in the WF period could inhibit crop
morbidity. However, with the increasing bacterial diversity in

the LG period, crop morbidity decreased initially and then
increased.

The goodness-of-fit value of PLS-PM (Fig. 5d) was 0.662,
which is greater than 0.35, indicating that the results were
reliable. Results showed that bacterial community structure
in the WF period significantly affected bacterial community
structure in the LG period (» = 0.573, p = 0.011). Morbidity
was significantly influenced by bacterial community structure
in the WF period ( = 0.626, p = 0.007) and showed a close
correlation with bacterial community structure in the LG pe-
riod (» = 0.979, p < 0.001).

Bacterial community shift from the WF period
to the LG period

Successions of bacterial communities from the WF period to
the LG period in different sampling sites were shown in detail
at both phylum and genus levels. At the phylum level, 6 phyla
(e.g., Actinobacteria) were significantly (p < 0.05) different
between the two periods in the N1 group, 8 phyla (e.g.,
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Fig. 5 a The ordination plots of all samples for the community structure
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by regression analysis. d The relationship among bacterial community
structure in the WF and LG periods and morbidity by partial least squares
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Proteobacteria) in the N4 group, 7 phyla (e.g., Chloroflexi) in
the N5 group, and 15 phyla (e.g., Acidobacteria) in the N12
group (Supplemental Fig. S3).

At the genus level, 107 genera were significantly (p < 0.05)
different between the two periods in the N1 group
(Supplemental Fig. S4), 135 genera differed in the N4 group
(Supplemental Fig. S5), 108 genera differed in the N5 group
(Supplemental Fig. S6), and 132 genera differed in the N12
group (Supplemental Fig. S7). Nineteen genera, e.g.,
Dokdonella and Massilia, were significantly (p < 0.05) differ-
ent in all sampling sites, whereas 248 genera, e.g.,
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are represented by the top two axes (DCA1 and DCA2) of DCA, and
the bold solid line and *p < 0.05 show the relation was significant;
lowercase letters a and b indicate the significance level of difference
(p < 0.05) among different sampling sites in the WF period; uppercase
letters A and B indicate the significance level of difference (p < 0.05)
among different sampling sites in the LG period. Eight replicates are used
in regression analysis

Acidobacteria GP2 and Lysobacter, showed no significant
differences.

The relationship between the succession of genera abun-
dances from the WF period to the LG period (the relative
abundances of one genus minus the relative abundance of
the same genus in the WF period) and crop morbidity is shown
in Supplemental Table S4. A total of 56 genera, such as
Acidobacteria GP16 (r =—0.425), WS3 genera incertae sedis
(r=—0.477), Arthrobacter (r = —0.431), and Massilia (r = —
0.427), showed negative correlations with morbidity, and 61
genera, such as Acidobacteria GP15 (r = 0.451) and SR/
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genera incertae sedis (r = 0.431), showed positive correla-
tions with morbidity (Supplemental Table S4).

Change of network interactions from the WF period
to the LG period at different sampling sites

To discern the ecological network structure in microbial com-
munities, microbial population data were analyzed using the
RMT-based network approach. Eight networks were con-
structed based on the 16S rRNA gene sequencing data of four
sites in the WF and LG periods, respectively. Major topolog-
ical properties of the empirical MENs of microbial communi-
ties in the eight groups are shown in Table 2. With the same
threshold (0.930), their correlation values were more than
0.800, indicating that the degree of distributions in both the
constructed molecular ecological networks fits the power law
model well. There were more nodes and links in N1 (1228
nodes and 2258 links in WF; 1339 nodes and 2387 links in
LG) and N5 (1044 nodes and 6483 links in WF; 1099 nodes
and 2867 links in LG) than in N12 (846 nodes and 2337 links
in WF; 808 nodes and 1535 links in LG) and N4 (668 nodes
and 1180 links in WF; 403 nodes and 561 links in LG). Nodes
represented OTUs, and links represented possible ecological
interactions among OTUs. The number of nodes and links
represented the complexity of the interactions among bacteria.
Crop morbidity showed no significant correlation with the
number of nodes or links in the WF and LG periods
(p > 0.05; data not shown). However, the decreased ratio of
bacterial interaction (change of links) from the WF period to
the LG period was higher, and crop morbidity was also higher;
on the contrary, the decreased ratio was lower, and the crop
morbidity was also lower (Fig. 6).

Subnetwork interactions of Ralstonia were constructed.
Ralstonia was found only in N5 WF, N4 LG, and N5 LG
networks with high morbidity. In these networks, Ralstonia
was positively correlated with Massilia and six unclassified
genera and negatively correlated with Leptolinea,
Armatimonas/Armatimonadetes GPI1, Sphingomonas,

Acidobacteria GP6, and two unclassified genera (Fig. 7).
Subnetworks of Pasteuria, a genus negatively correlated to
morbidity, were constructed. The partial network interactions
of Pasteuria with the highest connections indicated that most
nodes and links were in N1, followed by N12, and the least
were in N5 (Supplemental Fig. S8).

Discussion

The interaction between the soil bacterial community and crop
morbidity is an important topic in microbial ecology and bio-
control of crop disease. Previous studies have mainly focused
on the impacts of species diversity and composition during the
cropping period on disease morbidity (Mengesha et al. 2017).
However, the species diversity and composition during the
non-cropping (WF) period, as well as the soil bacterial bio-
mass, species succession, and population interactions, are also
closely associated with crop disease. Our research showed that
the soil bacterial community, including soil bacterial biomass,
community structure, diversity, and population interactions in
the WF period, similar to those in the LG period, played a
critical role in tobacco bacterial wilt incidence; furthermore,
it was found that some key genera might be potential biolog-
ical agents for bacterial wilt.

Soil bacterial communities in the WF period, similar
to those in the LG period, were closely related
to morbidity of tobacco bacterial wilt

It is reported that the soil bacterial community is not only
spatially (Fierer and Jackson 2006) variable, but it is also
temporally variable (Garrido et al. 2008), similar to the results
of our research that bacterial communities in the WF period
were significantly different from those in the LG period
(Fig. 5a, b). For instance, in the sites with relatively high
morbidity (N4, N5, and N12), the relative abundances of the
genera Pseudomonas, Arthrobacter, and Pasteuria were

Table 2  Topological properties of the empirical pMENs of soil bacterial communities in eight groups
Community No. of Similarity ~ Total ~ Total R*of Average Average clustering Average path Module Modularity
original threshold  nodes links power degree coefficient (avgCC) distance (GD)
OTUs law (avgK)
N1 WF 5152 0.930 1228 2258 0.947 3.678 0.174 8.794 111 0.818
N1 LG 5316 0.930 1339 2387 0912 3.565 0.183 11.512 117 0.826
N4 WF 3906 0.930 668 1180 0.931 3.533 0.172 7.674 73 0.775
N4 LG 2992 0.930 403 561 0.878 2.784 0.197 7.828 66 0.808
N5 WF 4778 0.930 1044 6483 0.826 12.42 0.281 4.12 56 0.492
N5 LG 4620 0.930 1099 2867 0.831 5.217 0.209 5.769 95 0.631
N12 WF 5525 0.930 846 2337 0.883 5.525 0.205 6.529 64 0.616
N12 LG 4093 0.930 808 1535 0.888 3.8 0.187 7.176 79 0.772
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Fig. 6 The relationship between succession of bacterial interaction from
the WF to LG periods and morbidity. The ratio of decreased links in
network interactions is used to represent the succession of bacterial
interaction. The ratio is calculated as follows: Links in the WF
period — links in the LG period) / links in the WF period

significantly higher in the WF period, whereas the relative
abundance of genus Ralstonia was significantly higher in the
LG period (Fig. 3). However, the soil bacterial communities in
the WF period were important for the formation of those in the
LG period (Fig. 5d). Therefore, soil bacterial communities in
the WF and LG periods should show similar relationships
with morbidity of tobacco bacterial wilt.

Spence et al. (2014) reported that the soil bacterial commu-
nity during the growing period was significantly related to rice
blast infection. Moreover, Fu et al. (2017) reported that the

consecutive application of biofertilizer affected the soil micro-
bial community and could suppress banana Fusarium wilt
disease during the cropping period. Consistent results were
obtained in the present study. We found that the structure of
bacterial community in the LG period significantly affected
morbidity, so did that in the WF period (Fig. 5d).
Interestingly, we also found that the high soil bacterial
diversity in the non-cropping WF period, similar to that in
the LG period, had a weak but significant relationship with
bacterial wilt morbidity. It has been previously reported that
crop diversity could also suppress the density of individual
species, and the transmission of many infectious agents is
inhibited (Lacroix et al. 2013; Johnson et al. 2012), which
has been applied to factual farming, e.g., rotation cropping
and intercropping. Many studies were focused on the soil
microbial diversity—pathogen interaction. Microbial diversity
was also found to be inversely correlated with the
invasibility of the wheat rhizosphere by Pseudomonas
aeruginosa (Matos et al. 2005) and also affected the ability
of R. solanacearum to induce wilting disease in tomato
(Yoshiko et al. 2006). van Elsas and Salles (2012) found a
negative correlation between the diversity of the soil micro-
biota and the survival of the invading E. coli. Therefore, soil
bacterial diversity can exert a positive effect on the decline
of this plant pathogen, which is consistent with our result.
Because several functions of the soil microbial community
are a key to soil functioning (van Elsas et al. 1997), the

Fig. 7 Network interactions of
Ralstonia at different sampling
sites. Each node signified an
OTU. The Ralstonia nodes were
found only in networks of N5
WF, N4 LG, and N5 LG. Only
this Ralstonia node and its nearest
neighbors are shown. A red line
represents a positive interaction
between two individual nodes
(OTUs), and a blue line represents
a negative interaction. Purple
circles represent Proteobacteria,
yellow circles represent
Chloroflexi, green circles
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considerable functional redundancy has been thought to
overwhelm any type of diversity—function relationship
(Franklin and Mills 2006). Communities with high diversity
may thus consist of a variety of species that have wide and
complementary functions. Thus, a greater variety of poten-
tial BCAs in the WF period is of benefit to the control of
plant pathogens. However, the relationship between morbid-
ity and soil bacterial diversity in the LG period was not
consistent with the positive correlation. This may be because
the soil bacterial community in the LG period was not the
cause, but the result of interactions between the pathogen
and crop.

Compared with the site with low morbidity (N1), biomass
was low in other sites during the LG period, whereas biomass
showed no significant differences during the WF period. This
might be because climate was the key factor to influence mi-
crobe growth during the WF period. However, during the LG
period, more pathogens competed with indigenous bacteria
for nutrients (e.g., soil carbon, nitrogen, mineral elements,
and water) and thus impaired their growth, resulting in lower
biomass in soil. Besides, lower biomass might be a cause that
fewer antibiotics or exudates were produced to resist the path-
ogen, leading to higher morbidity.

Bacterial community succession from the WF period to
LG period might be closely related to interactions be-
tween bacterial communities and pathogens. Therefore,
we further explored the soil bacterial interactions during
the WF to LG periods using the RMT, which is powerful
for identifying molecule ecological networks in microbial
communities and has previously been employed to ana-
lyze the co-occurrence/interaction among different micro-
bial populations (Zhou et al. 2010; Deng et al. 2012a, b).
Results showed that the change of bacterial interactions
(the number of decreased links in network; Table 2,
Fig. 6) was positively correlated with morbidity. This sug-
gested that the decreased interaction of the bacterial com-
munity might prompt pathogen growth. Pathogens should
compete with other microorganisms for nutrients. The
close interactions among microorganisms were decreased,
meaning that the ability of the plant to resist the pathogen
was weakened, resulting in high morbidity and yield loss.

Some key genera might be potential biological agents
for bacterial wilt

It is commonly accepted that the soil microbiome is im-
portant in crop production, and many studies have been
conducted to assess microorganisms for the biocontrol of
plant disease (Silo-Suh et al. 1994). Using statistical anal-
ysis, the key genera which may be closely related to crop
disease can be found (Franke-Whittle et al. 2015; She
et al. 2016; Yang et al. 2016). However, it is unreasonable
if we just determined the relationships between morbidity

and genera (the 16S rRNA sequencing data of the soil
bacterial community) in the LG period. That is, to find
the potential BCAs, it is necessary to compare the rela-
tionships between morbidity and genera/genera succes-
sion in different periods. In the present study, 104 genera,
e.g., Acidobacteria GP6 and Pasteuria, during the LG
period were closely correlated with tobacco bacterial wilt
incidence (Figs. 5c¢ and 3e, f), and 56 genera, such as
Arthrobacter, Massilia, and Acidobacteria GP6, were also
significantly correlated with morbidity (Supplemental
Table S4). Besides, it was found that morbidity was cor-
related with successions of 117 genera from the WF to LG
periods (Supplemental Table S4). Therefore, statistically
meaningful specific bioassays should be conducted to
evaluate the potential use of biocontrol strains.

Pal and Gardener (2006) reported that some bacteria,
such as Bacillus, Agrobacterium, Arthrobacter,
Pseudomonas, Erwinia, Flavobacterium, Pasteuria,
Rhizobium, and Xanthomonas, were employed as poten-
tial BCAs against plant pathogens. In this study,
Agrobacterium and Erwinia were not detected in soil sam-
ples. Pearson correlation analysis showed that Bacillus
(0-0.26%), Flavobacterium (0.005-6.86%), Rhizobium
(0.03-1.18%), and Xanthomonas (0—0.08%) had no sig-
nificant relationship with bacterial wilt morbidity in both
the WF and LG periods (Supplemental Table S4).
Arthrobacter (0.02-4.97%) and Pseudomonas (0.03—
18.13%) were positively correlated with morbidity; how-
ever, the succession of relative abundance from the WF to
LG periods was negatively correlated with morbidity
(Supplemental Table S4), suggesting that an increase of
these genera from the WF to LG periods might control or
inhibit bacterial wilt incidence. Pasteuria (0-1.73%) had
a negative relationship with morbidity in both the WF and
LG periods (Supplemental Table S4). These analyses in-
ferred that Arthrobacter, Pasteuria, and Pseudomonas
might be potential BCAs for controlling bacterial wilt.

We also found some other genera closely correlated with
morbidity, e.g., Acidobacteria GP4, Acidobacteria GP6,
Acidobacteria GP16, Lysobacter, Massilia, and
Spartobacteria genera incertae sedis. Even though our study
provided no evidence directly demonstrating that they were
potential BCAs, previous studies have already suggested their
potential role in the biocontrol of plant pathogens. For exam-
ple, some previous reports (Franke-Whittle et al. 2015; She
et al. 2016; Yang et al. 2016) found that Acidobacteria GP4,
Acidobacteria GP6, and Acidobacteria GP16 decreased mor-
bidity. Although no evidence relating these subgroups of phy-
lum Acidobacteria to crop disease or disease suppression ex-
ists in previous research, Yin et al. (2013) suggested
Acidobacteria may act as probiotic bacteria and can promote
plant growth. It was also reported that Acidobacteria were
preponderant in soil (Liu et al. 2016) and higher abundances
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of the three subgroups were often found in disease-
suppressive soils, rather than in disease-conducive soils
(Shen et al. 2015; Yin et al. 2013). Ward et al. (2009) reported
that polyketide synthase and macrolide glycosylation genes,
known for their roles in the synthesis of antibacterial com-
pounds, were found in three genomes of phylum
Acidobacteria, which can provide insight into the functions
of Acidobacteria in soil. It has also been reported that
Lysobacter enzymogenes C3 secreted an antifungal compound
(dihydromaltophilin), and this strain could effectively protect
crops from fungal disease (Lou et al. 2011). Ji et al. (2008)
reported that Lysobacter antibioticus 13-1 could significantly
inhibit the growth of various phytopathogenic bacteria and
fungi, especially the bacterial blight pathogen Xanthomonas
oryzae pv. oryzae, and their research suggested that antibiotics
produced by strain 13-1 might be involved in the biological
control of rice bacterial blight. These antibiotics might also be
effective for controlling tobacco bacterial wilt disease.

Some genera during the WF, or the LG, period, or the
succession process, showed similar relationships with morbid-
ity; however, some showed different relationships. Due to the
complex interactions among pathogens, soil bacterial commu-
nity, plants, soil nutrients, and climate, some of the correla-
tions of the bacterial community with morbidity might be the
results rather than the cause of plant disease. For example,
some of the bacterial genera exploit the dying plants as sap-
rophytes, which can also explain the positive correlation. In
other words, it is possible that the correlations may be stochas-
tic (Zhou et al. 2014). Therefore, we were unable to confirm
whether these genera were potential BCAs, or whether they
were of benefit to R. solanacearum growth; however, these
abundant relationships provide a reference for further re-
search. The primary challenge is to isolate the pure cultures
of these bacteria to test their functions of biological control.

In conclusion, the soil bacterial community was obviously
different between the WF and LG periods and there was an
obvious relationship between tobacco bacterial wilt disease
and soil bacterial community in the WF and LG periods.
Although studies have mainly focused on the effects on the
crop yield, the effects of pathogens on soil indigenous bacte-
rial community (including biomass, bacterial interaction, bac-
terial diversity, and composition) might determine the soil
quality for further planting, because of the close correlation
between the soil microbial community and crop morbidity in
different periods. Therefore, to control or decrease plant dis-
ease incidence, the improvement of the soil microbial com-
munity, such as increase of microbial diversity and abun-
dances of potential BCAs, should not be ignored.
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