Biol Fertil Soils (2014) 50:961-971
DOI 10.1007/500374-014-0916-9

ORIGINAL PAPER

Effects of bio-organic fertilizer plus soil amendment
on the control of tobacco bacterial wilt and composition

of soil bacterial communities

Kai Wu - Saifei Yuan - Lili Wang - Junxiong Shi -
Jun Zhao - Biao Shen - Qirong Shen

Received: 18 November 2013 /Revised: 13 March 2014 / Accepted: 20 March 2014 /Published online: 15 April 2014

© Springer-Verlag Berlin Heidelberg 2014

Abstract Tobacco bacterial wilt (TBW) is caused by
Ralstonia solanacearum (R. solanacearum), a severe patho-
genic agent with a wide host range. In this study, lime+
ammonium bicarbonate (L+AB), organic fertilizer (OF),
bio-organic fertilizer (BOF), and integrated treatment (L+
AB+BOF) were assessed for the ability to control TBW and
to influence the composition of native soil bacterial commu-
nities. The results showed that disease incidence of L+AB+
BOF for two growth seasons in pot experiment was the
lowest, with only 15.56 and 11.11 % at seasons 1 and 2,
respectively. The integrated treatment could also significantly
suppress TBW in the field, with a disease incidence of only
14.27 % compared with 35.41, 50.03, and 31.32 % in L+AB,
OF, and BOF treatments, respectively. With application of the
integrated treatment in pot and field experiments, the abun-
dances of R. solanacearum were both significantly lower than
those with other treatments. Denaturing gradient gel electro-
phoresis (DGGE) patterns showed that application of BOF
significantly affected composition of bacterial communities of
rhizosphere. The analysis of 454 sequencing data showed that
application of integrated treatment recruited more beneficial
bacteria than other treatments, such as Bacillus, Paenibacillus,
Arthrobacter, and Streptomyces, while the abundance of
Ralstonia with the integrated treatment was decreased.
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Overall, these results suggested that application of integrated
agricultural management could effectively suppress bacterial
wilt by affecting the composition of bacterial community and
reducing the population of R. solanacearum.
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Introduction

Bacterial wilt is a serious crop disease caused by Ralstonia
solanacearum. This vascular pathogen can infect many eco-
nomically important crops, such as potato, tomato, banana,
and pepper plants, and causes large economic losses every
year (Hayward 1991). Resistant cultivars and chemical pesti-
cides are usually used to control bacterial wilt. However, most
resistant tobacco cultivars also have low product quality. Use
of chemical pesticides not only causes bacterial resistance but
is also harmful to the environment (Gamliel et al. 2000;
Goldman et al. 1994). There is no effective chemical available
to control bacterial wilt to date.

Currently, the bio-control of soil-borne disease using plant-
growth-promoting rhizobacteria (PGPR) is a promising re-
search area (Kloepper 1993). Both beneficial Bacillus (Guo
et al. 2004) and Pseudomonas (Vanitha et al. 2009) have been
widely used in the control of bacterial wilt. Guo et al. (2004)
found that the bio-control efficacy of bacterial wilt by benefi-
cial agents was inconsistent in different field trials and was
influenced by environmental conditions. Schonfeld et al.
(2003) found that application of compost could significantly
change the composition of rhizosphere microbial communi-
ties and reduce the populations of R. solanacearum. Soil pH
was considered to be the major factor for controlling soil-
borne plant pathogens (Niwa et al. 2007). Application of lime
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could reduce the severity of Fusarium wilt by elevating the
soil pH (Woltz and Engelhard 1973). Jayaraj and
Radhakrishnan (2008) also found that the suppression efficacy
of tomato damping-off could be enhanced with the application
of bio-control agents in solarized soils. Thus, integrated con-
trol approaches, including physiochemical suppressor and
bio-control agents, should be taken into consideration for
controlling soil-borne pathogens more effectively.

Several studies found that changes in the microbial com-
munity structure could affect the incidence of soil-borne wilt
(Bernard et al. 2012; Lang et al. 2011; Luo et al. 2010). The
microbial population and its composition were found to be
responsible for specific soil suppression of plant pathogens
(Weller et al. 2002). Xue et al. (2012) demonstrated that the
composition of microbial communities of rhizosphere soil
changed after inoculation of beneficial bacteria into soil, using
a denaturing gradient gel electrophoresis (DGGE) analysis.
Huang et al. (2012) found that bacillus-inoculated fertilizer
could increase the bacterial diversity and suppress
Rhizoctonia solani. However, only a few studies have focused
on relationships between composition of the microbial com-
munity and the suppression of R. solanacearum under the
influence of bio-organic fertilizer.

Biolog, phospholipid fatty acid (PLFA) analysis, and PCR-
DGGE (Borrero et al. 2006; Insam 1997; Xue et al. 2012; Yao
and Wu 2010) are typically used to analyze microbial com-
munity structure in soil. However, more detailed taxonomic
information should be determined to identify the specific
microbial groups that respond to changes in environmental
factors. The application of bar-coded pyrosequencing
(Hartman et al. 2008; Qiu et al. 2012) allows the determination
of the variation of a large number of microbial groups in the
bio-control of soil-borne plant diseases.

We hypothesized that application of different treatments
could reduce the population of R. solanacearum and
change the composition of bacterial communities of the
rhizosphere soil with an increase of some beneficial bac-
teria in rhizosphere, resulting in decrease of disease inci-
dence of tobacco bacterial wilt. Therefore, the objectives
of this study were to examine the suppressive efficacy on
tobacco bacterial wilt and changing of the composition of
bacterial communities by integrated control measures.
Bacterial communities were analyzed by DGGE and high-
throughput 454 pyrosequencing.

Materials and methods
Bacterial strains
The tobacco bacterial wilt pathogen R. solanacearum

(GenBank accession number KC888020) was isolated from
diseased tobacco plants in Fuquan, Guizhou province, China.
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Its strong pathogenicity was confirmed with a pot experiment
in our laboratory.

Bacillus amyloliquefaciens SQY 162 (SQY162, CGMCC
accession no. 7500, China General Microbiology Culture
Collection Center) was isolated from the rhizosphere soil of
healthy tobacco surviving in a diseased field in Fuquan,
Guizhou province, China, according to its strong antagonistic
ability against the tobacco bacterial wilt pathogen
R. solanacearum in vitro (Wang et al. 2013). Briefly, the
isolates were spotted on nutrient medium with sterile tooth-
picks. After 24-h incubation at 30 °C, the plates were sprayed
with R. solanacearum (107 cfu/ml) and subsequently incubated
at 30 °C for an additional 24 h to observe the inhibition zones.

Organic fertilizer and bio-organic fertilizer

The organic fertilizer was composed of cattle manure compost
and amino acid fertilizer (1:1 w/w). Cattle manure compost,
containing 35 % organic matter, 2.51 % N, 2.4 % P,0s,
1.13 % K50, and 32.3 % water, was kindly supplied by
Jiangyin Lianye Organic Fertilizers Ltd., China. The amino
acid fertilizer, containing 44.2 % organic matter, 12.93 % total
amino acids, 4.4 % N, 3.5 % P,0s, 0.67 % K0, and 28.5 %
water, was supplied by Jiangsu Xintiandi Amino Acid
Fertilizers Ltd., China. The bio-organic fertilizer was pro-
duced as follows: nearly 10 % (v/w) SQY 162 culture
(107 cfu/ml) was inoculated into organic fertilizer and
fermented at 40-45 % moisture for 6 days, and the fertilizer
was turned over two times per day. After solid fermentation,
the number of antagonistic strain SQY 162 could reach to
2.5x107 cfu/g fertilizer. The population of the antagonistic
agent was measured with selective media as described below.

Pot design

To evaluate the bio-control efficacy of integrated measures,
pot experiments were conducted for two continuous growth
seasons in a greenhouse. Soil was used in the second growth
season after tobacco harvest in season 1. In each season, three
replicates were performed, and each replicate contained ten
tobacco plants.

Tobacco K326 seeds were sown in floating polystyrene
trays. After growth for 45 days, seedlings were transplanted
into the pots (7.5-kg soil). The pot treatments were designed as
follows: (1) L+AB, soil pretreated only with 100 g of lime and
50 g of ammonium bicarbonate in each pot (7.5-kg soil); (2)
OF, 100 g of organic fertilizer was supplied for each tobacco
plant; (3) BOF, 100 g of bio-organic fertilizer was used in each
tobacco plant; and (4) L+AB+BOF, soil was pretreated with
100 g of lime and 50 g of ammonium bicarbonate in each pot.
Then, 100 g of bio-organic fertilizers was supplied for each
tobacco plant. The same nutrient levels in all treatments were
adjusted by application of chemical fertilizers.
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Tobacco bacterial wilt disease incidence was recorded at the
harvest time of season 1 and season 2 by disease index (di)
according to the method of Scherf et al. (2010), where 0, no
wilting; 1, 1 to 25 % of leaves wilted; 2, 26 to 50 % of leaves
wilted; 3, 51 to 75 % of leaves wilted; and 4, 76 to 100 % of
leaves wilted or died. The DI was calculated as DI=[} (number
of diseased plants in this index*dfi) / (total number of plants
investigated x highest di)]* 100 %.

Field design

A field experiment was conducted from May 6 to August 15,
2011, in Sansui, Guizhou province, China. The tobacco K326
seeds were sown in floating polystyrene trays. After growth
for nearly 2.5 months, seedlings were transplanted into the
field. Each treatment plot was approximately 39 m? (lengthx
width=13x3 m). Each treatment was replicated three times.
Each replicate had 60 tobacco plants that were randomly
distributed in the experiment field. Pits were dug in the field,
and the fertilizers were applied in each pit and then covered
with soil. After that, one tobacco seedling was transplanted
into each pit. Lime and ammonium bicarbonate were pur-
chased from a local agriculture materials company in Sansui.

The field treatments were designed as follows: (1) L+AB, soil
pretreated only with 750 kg/ha of lime and 325 kg/ha of ammo-
nium bicarbonate; (2) OF, 50 g of organic fertilizer was used for
each tobacco plant; (3) BOF, 50 g of bio-organic fertilizer was
used for each tobacco plant; and (4) L+AB+BOF, soil was
pretreated with 750 kg/ha of lime and 325 kg/ha of ammonium
bicarbonate. Then, 50 g of bio-organic fertilizer was supplied for
each tobacco plant. The same nutrient levels in all treatments
were adjusted by application of chemical fertilizers.

Disease incidence and agronomic characteristic analysis
in the field

The disease incidence of tobacco bacterial wilt was recorded
at the end of the experiment and was calculated as described
above in each replicate.

The plant height, stem perimeter, and maximal leaf area
were measured on July 15 when tobacco was at topping time.

Enumeration of R. solanacearum and antagonistic bacteria

Ten-gram rhizosphere soils from different treatments were
serial 10-fold diluted with sterile water. To measure the pop-
ulation of R. solanacearum in the rhizosphere soil, 0.1-ml
dilution was spread onto semi-selective medium from South
Africa (SMSA) medium. After 2-day incubation at 28 °C, the
typical colonies of R. solanacearum were then counted
(Elphinstone et al. 1996). The SMSA medium (1 1) is

composed of casamino acid 1 g, peptone 10 g, glycerol 5 ml,
agar 20 g, crystal violet 5 mg, polymyxin B sulfate 100 mg,
bacitracin 25 mg, chloromycetin 5 mg, penicillin 0.5 mg, and
cycloheximide 100 mg. The population of SQY 162 in the
rhizosphere soil was counted on nutrient medium supplemented
with polymyxin B (35 pg/ml), lincomycin (5 pg/ml), and cy-
cloheximide (50 pg/ml).

Sampling soil in the field and soil property analysis

Rhizosphere soils from three tobacco plants were collected
individually from each replicate in the field as described by
Smalla et al. (2001). Each rhizosphere sample per replicate
was collected from roots of three randomly selected plants.
The roots were shaken vigorously to separate soil not tightly
adhering to the roots. Then, soil still tightly adhering to the
roots was harvested as rhizosphere soil. Samples collected
were analyzed for their chemical and physical properties as
already described (Sun et al. 2011). Briefly, soil pH
(soil/water=1:2.5) was measured with a Sartorius PB-10 basic
pH meter. Total C and N were determined with an elemental
analyzer according to the manufacturer’s instructions
(Elementar vario EL III, Germany). Ammonium-N and
NOj; -N were determined using an AutoAnalyzer 3 (Bran+
Luebbe AutoAnalyzer 3, Germany). The available phosphate
(P) and potassium (K) were extracted with sodium bicarbonate
and ammonium acetate, respectively, and were measured
using the molybdenum blue method and flame photometry,
respectively.

Soil DNA extraction

Soil total DNA was extracted from 1 g of each sample col-
lected from the pots or field using the PowerSoil DNA
Isolation Kit (MOBIO Laboratories, Carlsbad, CA, USA)
according to the manufacturer’s instructions; 100 of extract
contained 25 ng DNA/ul as determined with a spectropho-
tometer (NanoDrop, ND2000, Thermo Scientific,
Wilmington, DE). The extracted DNA was then visualized
ona 1.0 % agarose gel electrophoresis (1x Tris-acetate-EDTA
buffer; 120 V; 45 min) stained with ethidium bromide (Ascher
etal. 2009) and DNA mass ladder mix (A-Hind 11l digest DNA
marker, 125~23,130 bp) for comparison.

DGGE analysis of the soil samples from pot experiments

DGGE profiles were generated using the DCode system (Bio-
Rad Laboratories, Hercules, CA, USA). The primers (338 F-
GC and 518R) targeted on V3 region of the 16S ribosome
RNA (rRNA) gene were used (Lopez et al. 2003). The PCR
products were loaded onto polyacrylamide gels containing
8 % (w/v) acrylamide in 1x Tris-acetate-EDTA (TAE) buffer
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and run on 45 to 65 % denaturant gradient gels at 200 V for
10 min and subsequently at 80 V for 16 h at 60 °C. All gels
were silver-stained. After air drying gels for 2 days according
to the procedure, gels were digitized for further analysis.

Shannon’s diversity index (H) was calculated using the
following equations previously described by Lang et al.
(2011): H==YPIn(P;)==>(n; / N)In(n; / N), where P; ex-
presses the proportional number in a specific group relative
to the total number, #; is the intensities of a band, and N is the
sum of all band intensities in the DGGE profile.

454 Pyrosequencing of the samples from field experiments

The procedure of PCR amplification before 454 pyrosequenc-
ing has been already described (Qiu et al. 2012). Briefly, a pair
of primers, 124-f (5"-yxx CACGGATCCGGACGGGTGAG
TAACACG-3') and 515-r (5" ATCGTATTACCGCGGC
TGCTGCTGGCA-3"), as described by Lane (1991), was used
for the amplification of bacterial 16S rRNA genes. Here,
“wxx” was designed as a bar-coded key for sample identifi-
cation. Then, PCR mixtures with an approximate size of
400 bp were purified using a PCR purification kit (Axygen
Bio, USA), and purified PCR products were sequenced by
Majorbio Biotech Co., Ltd. (Shanghai, China). Twelve thou-
sand sequences were read for each sample. The sequence data
generated by 454 pyrosequencing were deposited in the NCBI
Sequence Read Archive (SRA) database with accession num-
ber SRA072879. Sequence analysis was performed using
Mothur (ver. 1.25.1) as described by Schloss et al. (2009).
The unique sequences were aligned with the Silva 106 data-
base. The operational taxonomic units (OTUs) analyzed were
all classified at a dissimilarity of 0.03. Sequences that could
not be assigned to any division were labeled as unclassified.
Richness (Ace and Chao 1) and Shannon diversity indices
were generated. Finally, the heat map format was digitized
with Bray-Curtis indices in “R” (ver. 2.15.0; http:/www.r-
project.org/) with the Vegan package (http://vegan.r-forge.r-
project.org) to depict the similarity among the five treatments.

Data analysis

The data were analyzed with Microsoft Excel 2007 and SPSS
software (ver. 13.0; SPSS, Chicago, IL, USA). Duncan’s mul-
tiple tests were used with analysis of variance (ANOVA).
Principal component analysis was performed using SPSS.
Results

Pot experiment

As is shown in Fig. 1a, the isolate showed strong inhibitory
effects against the pathogen. The bio-control efficacy of TBW
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in pot experiments varied with treatment (Fig. 1b). The dis-
ease incidence of season 2 was significantly lower than that of
season | in each treatment. Application of BOF could signif-
icantly reduce the disease incidence by 45.79 and 53.73 % in
seasons 1 and 2, respectively, compared to OF treatment.
Disease incidences were both suppressed with application of
lime and ammonium bicarbonate by 32.62 and 36.59 % in
seasons 1 and 2, respectively, compared to OF treatment. The
results also showed that the disease incidence of L+ AB+BOF
for two growth seasons was the lowest, with only 15.56 and
11.11 % at seasons 1 and 2, respectively.

The number of the antagonistic strain SQY 162 in the
rhizosphere soil at seasons 1 and 2 in L+ AB+BOF treatment
increased by 66.06 and 142 % compared with BOF treatment,
indicating that soil pretreatment with lime and ammonium
bicarbonate increased SQY 162 colonization of the rhizo-
sphere soil (Fig. 1c¢).

The population of R. solanacearum was calculated at the
harvest time of seasons 1 and 2 with selection medium as
described above. The population of R. solanacearum in each
treatment at season 2 significantly decreased compared to that
at season 1 (Fig. 1d). The populations of R. solanacearum in
the OF treatment for two growth seasons were the highest,
with 7.15 and 6.78 log cfu/g dry weight (log cfu/g dw) soils at
seasons 1 and 2, respectively. There were no significant dif-
ferences between the numbers of R. solanacearum in BOF
and L+AB treatments for the two tobacco growth seasons.
The numbers of R. solanacearum in the L+ AB+BOF treat-
ment for the two growth seasons were the lowest, with only
5.92 and 5.38 log cfu/g dw soil at seasons 1 and 2,
respectively.

Bacterial diversity of soil samples from each treatment at
the harvest time of season 2 was investigated by DGGE
(Fig. Sla), whose bands were statistically analyzed by
Shannon’s diversity index (H). The bacterial diversity (H) of
the BOF treatment was 3.269 (Fig. Slc), which was the
highest value compared to that of the other three treatment
values. The unweighted pair group method with arithmetic
mean (UPGMA) dendrogram (Fig. S1b) also showed that
samples from BOF were clearly distinguishable than those
of the other three treatments.

Field experiment

The disease incidence was recorded when the experiment
ended. The incidence of bacterial wilt was 35.41, 50.03, and
31.32 % in the L+AB, OF, and BOF treatments, respectively,
but it was only 14.27 % in L+ AB+BOF treatment (Fig. 2a).
Therefore, the “integrated treatment,” which included pre-
treatment with lime and ammonium bicarbonate and then
application of bio-organic fertilizer, was most effective in
controlling tobacco bacterial wilt among these four
treatments.
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Fig. 1 Inhibitory effects of antagonistic strain SQY 162 on the pathogen
in vitro and the suppression of tobacco bacterial wilt in pot experiments
for two growth seasons. Inhibitory effect of SQY 162 on the pathogen
was determined in vitro (a), disease incidence (b), and abundance of SQY
162 (c¢) and R. solanacearum (d) at the harvest time of seasons 1 and 2.
The means and standard errors are also shown. Different letters above

After soil pretreatment with lime and ammonium bicarbon-
ate in the field, the population of R. solanacearum decreased
to 3.48 log cfu/g dw soil, which is lower than that of the
untreated soil (4.18 log cfu/g dw soil). Furthermore, at the
end of the experiment, the abundance of R. solanacearum was
still lower in the L+AB and L+AB+BOF treatments than that
of the BOF treatment with decreases of 50.00 and 63.04 %
(Fig. 2b). Application of BOF could also reduce the popula-
tion of R. solanacearum by 39.07 % compared to the OF
treatment. Furthermore, the abundance of SQY 162 in L+
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each bar refer to the Duncan’s test, p<0.05. L+AB (soil pretreated with
100 g of lime and 50 g of ammonium bicarbonate in each pot), OF (soil
amended with organic fertilizers), BOF (soil amended with bio-organic
fertilizers), L+ AB+BOF (soil pretreated with 100 g of lime and 50 g of
ammonium bicarbonate in each pot and then amended with bio-organic
fertilizers)

Season |

AB+BOF treatment was higher than that in BOF treatment,
resulting in higher suppression efficacies of bacterial wilt. The
number of the antagonistic strain SQY 162 in the rhizosphere
soil in L+AB+BOF treatment (5.57 log cfu/g dw soil) in-
creased by 85 % compared with that in BOF treatment (5.29
log cfu/g dw soil).

The tobacco agronomic characteristics at 70 days after
transplanting are listed in Table S1. The three agronomic
characteristics in BOF and L+AB+BOF treatments were
significantly higher than those in L+AB and OF treatments,
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Fig. 2 Effects of agronomic a 0

measures on the suppression of
tobacco bacterial wilt in the field.
Disease incidence (a) and
abundance of R. solanacearum
(b) at harvest time. The means
and standard errors are also
shown. Different letters above
each bar refer to the Duncan’s
test, p<0.05. L+AB (soil
pretreated with 750 kg/ha of lime
and 325 kg/ha of ammonium
bicarbonate), OF (soil amended
with organic fertilizers), BOF
(soil amended with bio-organic
fertilizers), L+ AB+BOF (soil
pretreated with 750 kg/ha of lime
and 325 kg/ha of ammonium
bicarbonate and then amended
with bio-organic fertilizers)

40 -

20

Disease incidence (%)
1

10 4

_|g-

— o

—|n

L+AB OF BOF L+AB+BOF

7.0
a

g 6.8 b
S —’V
S
=)
§ 2 6.6
S _g be
oo
~
‘S
= % 6.4 4 c
S o
s2
==
=%
OO.‘ 6.2

6.0 T T T T

L+AB OF BOF L+AB+BOF

indicating that strain SQY 162 could promote tobacco growth
to increase the yields in the field. In addition, the
characteristics of tobacco in the L+AB+BOF treatment
were the highest, suggesting that integrated management
may be better than only the application of BOF treat-
ment under field conditions.

The soil properties of the different treatments are summa-
rized in Table S2. The soil to which lime was applied (L+AB
and L+AB+BOF) had a higher pH than that of the OF- or
BOF-treated soil. All soils that received the lime and ammo-
nium bicarbonate and bio-organic fertilizer had a significant
higher amount of available K than those of the other three
treatments. There were significant differences in the C/N
ratios among treatments, but little difference in total C or total
N was observed.
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Bacterial diversity in differently treated soils

The bacterial community composition of soil as deter-
mined by pyrosequencing analysis is summarized in
Table 1. The number of detected OTUs showed the
following trend: L+AB+BOF>L+AB>BOF>OF. The
number of OTUs of the L+AB+BOF rhizosphere soil
increased by 6.33, 22.52, and 18.52 % compared to that
of L+AB, OF, and BOF rhizosphere soils. The bacterial
communities of L+AB+BOF-treated rhizosphere soil
were more diverse than those of the other treated soils.
Both the average values of abundance-based coverage
estimator (ACE) and Chao 1 reflected the same trend as
the OTUs. The heat map (Fig. S2) showed that the
samples from BOF and L+AB+BOF treatments were
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Table 1 The diversity index of soil microbial communities of four treatments in the field experiments as determined by 454 pyrosequencing

OTU Shannon Ace Chao 1
L+AB 1264.5+10.6, ab 4.66+0.02, b 4169.5+382.2, ab 2769.4+218.2, ab
OF 1097.0+66.5, ¢ 4.58+0.05, ¢ 3147.9+1.8, ¢ 2192.0+7.8, ¢
BOF 1134.5+74.2, be 4.69+0.03, ab 3664.0+277.6,b 2322.3+315.2, be
L+AB+BOF 1344.0+91.9, a 4.744+0.05, a 5032.4+647.8, a 3032.2+227.5,a

Each experiment was replicated three times. Different letters after the values refer to Duncan’s test p<0.05

L+ AB soil treated with 750 kg/ha of lime and 325 kg/ha of ammonium bicarbonate, OF soil amended with organic fertilizers, BOF soil amended with
bio-organic fertilizers, L+ AB+ BOF soil pretreated with 750 kg/ha of lime and 325 kg/ha of ammonium bicarbonate and then amended with bio-organic

fertilizers, OTU operational taxonomic unit

clearly distinguishable than those of the L+AB or OF
treatment, which was mainly due to the application of
bio-organic fertilizer.

Bacterial diversity at the phylum and family levels

The pyrosequencing results showed that there was no difference
in phylum diversity, but the relative abundance of each phylum
did differ in all the treated soils. The majority of bacteria from
the four samples were classified as Acidobacteria,
Actinobacteria, Bacteroidetes, and Proteobacteria.
Actinobacteria and Proteobacteria were the dominant bacterial
phyla in all treated soils (Fig. 3). Reads detected as
Bacteroidetes were significantly lower in the L+AB+BOF
treatment than in L+AB, OF, and BOF treatments. On the other
hand, the reads of Firmicutes, which were lower in the total
reads, increased with the BOF and L+AB+BOF treatments
compared to those with the L+AB or OF treatment.

The lower family taxonomic analysis demonstrated that
Streptomycetaceae was the most dominant family with the
L+AB, OF, BOF, and L+AB+BOF treatments (Fig. 4). The

100 4
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T™7
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Fig.3 Bacterial community structure of the four treated rhizosphere soils
at the phylum level. Others and unclassified: others contain the phyla
representing <1 % of the total reads; unclassified means all of the
unclassified reads. L+AB (soil pretreated with 750 kg/ha of lime and
325 kg/ha of ammonium bicarbonate), OF (soil amended with organic
fertilizers), BOF (soil amended with bio-organic fertilizers), L+AB+
BOF (soil pretreated with 750 kg/ha of lime and 325 kg/ha of ammonium
bicarbonate and then amended with bio-organic fertilizers)

abundances of the family in BOF and L+AB+BOF treat-
ments were significantly higher than those in L+AB or OF
treatment.

The bacteria belonging to Alphaproteobacteria repre-
sented 50.28, 53.95, 67.38, and 69.19 % of the
Proteobacteria in the L+AB-, OF- BOF-, and L+AB+
BOF-treated soils, respectively (Fig. 5). The percentages
of Proteobacteria present as Gammaproteobacteria were
7.5, 8.1, 17.1, and 20.2 % in the BOF, L+AB+BOF,
L+AB, and OF rhizosphere soils, respectively. There
were no significant differences in the bacterial numbers
of Betaproteobacteria among four treatments. Both
Bradyrhizobiaceae and Rhizobiaceae families were the
dominant ones in all treatments. The relative abun-
dances of Alcaligenaceae in Betaproteobacteria and
Xanthomonadaceae in Gammaproteobacteria were lower
in the BOF- and L+AB-treated rhizosphere soils than the
respective ones of the OF or L+AB+BOF treatment.

Bacterial diversity at the genus level

At the genus level, Streptomyces was the most abundant,
comprising 6.76, 5.06, 12.18, and 13.25 % of the bacterial
population in the L+AB-, OF-, BOF-, and L+AB+BOF-
treated rhizosphere soils, respectively (Fig. 6). The relative
abundance of Bacillus with the L+AB+BOF treatment
(0.472 %) was significantly higher than that of the L+
AB-treated (0.179 %), OF-treated (0.196 %), and BOF-
treated (0.166 %) soils. The relative abundance of
Paenibacillus in the L+AB+BOF treatment (0.039 %)
was also significantly higher than that in L+AB
(0.018 %), OF (0.030 %), and BOF (0.019 %) treatments.
Arthrobacter of the Micrococcaceae family represented
7.68 % of the total reads in the L+AB-+BOF-treated
rhizosphere soil, while it was 4.2, 0.8, and 4.8 % in the
L+AB-, OF-, and BOF-treated rhizosphere soils, respec-
tively. There were no significant differences among the
relative abundances of Pseudomonas of the different treat-
ed rhizosphere soils. Furthermore, Ralstonia comprised
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Fig. 4 Percentages of Actinobacteria families. Others and unclassified:
others contain the families representing <1 % of the total reads; unclas-
sified means all of the unclassified reads. L+AB (soil pretreated with
750 kg/ha of lime and 325 kg/ha of ammonium bicarbonate), OF (soil
amended with organic fertilizers), BOF (soil amended with bio-organic
fertilizers), L+ AB+BOF (soil pretreated with 750 kg/ha of lime and
325 kg/ha of ammonium bicarbonate and then amended with bio-organic
fertilizers)

0.61 % of the population of the L+AB+BOF-treated
rhizosphere soil, and this was significantly lower than that
of the L+AB-treated (1.8 %), OF-treated (1.8 %), and
BOF-treated (1.2 %) rhizosphere soils, indicating that in-
tegrated management could significantly reduce the abun-
dance of the pathogen.

Discussion

A strong antagonistic activity in vitro by beneficial agents
seems to result in high potential suppression efficacy of bac-
terial diseases in the field (Xue et al. 2012). Strains which
strongly colonized the rhizosphere soil in pot and field
experiments could efficiently reduce the bacterial dis-

100
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70 ¥ Burkholderiaceae
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T
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Fig. 5 Percentages of Proteobacteria families. Others and unclassified:
others contain the families representing <1 % of the total reads; unclas-
sified means all of the unclassified reads. L+AB (soil pretreated with
750 kg/ha of lime and 325 kg/ha of ammonium bicarbonate), OF (soil
amended with organic fertilizers), BOF (soil amended with bio-organic
fertilizers), L+ AB+BOF (soil pretreated with 750 kg/ha of lime and
325 kg/ha of ammonium bicarbonate and then amended with bio-organic
fertilizers)
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eases with a directly defense niche formed against path-
ogen agents (Yuan et al. 2014). The antagonistic strain
SQY 162, applied with organic fertilizer, could colonize
the rhizosphere soil and significantly suppress TBW in
pot and field experiments. This result indicated that bio-
organic fertilizer was a good alternative for controlling
soil-borne pathogens. A positive correlation between the
population of R. solanacearum and disease incidence
was observed (#=0.919, p<0.001) confirming what re-
ported by Wei et al. (2011). Furthermore, the integrated
treatment (L+AB+BOF) significantly suppressed the
population of R. solanacearum in pot and field experi-
ments. Thus, it was not surprising that the disease
incidences of the integrated treatments were the lowest
compared to those of the other treatments, indicating
that integrated agriculture management was a more ef-
fective way to suppress the TBW. Additionally, the plant
biomass increased due to the plant-growth-promoting effects
and strong colonization ability of SQY 162 and the successful
bio-control of the pathogen.

The bacterial diversity and the number of bacterial
ribotypes in the soil can be improved significantly with
long-term manure application (Parham et al. 2003; Sun et al.
2004). With manipulation of rhizosphere microbial commu-
nity, suppression of specific soil-borne pathogens can be
enhanced (Chaparro et al. 2012; Larkin and Honeycutt 2006;
Mazzola 2007; Qiu et al. 2012). The PCR-DGGE patterns
showed that the bacterial diversity increased in the BOF
treatment compared with respect to that in other treatments
after two continuous growth seasons, in agreement with a
previous report (Wang et al. 2013). The UPGMA dendrogram
also showed that application of BOF could significantly affect
the composition of bacterial community in the rhizosphere soil
after two continuous growth seasons. These results basically
matched with those of the analysis of 454 sequencing data in
the field.

Analysis of the microbial taxonomic distribution
showed that Actinobacteria (r=—0.728) and Proteobacteria
(r=0.753) were associated with disease incidence. Both
Actinobacteria and Micrococcaceae exhibited more abun-
dance in the L+AB+BOF-treated rhizosphere soil than in
the other treated rhizosphere soils. Arthrobacter, some of
which have been identified as antagonistic agents against
Ralstonia (Huang et al. 2011), was detected as a dominant
genus in this study, and the relative abundance was the
highest in the integrated management. The results showed
that the abundance of Arthrobacter (r=—0.994, p<0.001)
was negatively associated with disease incidence.
Additionally, application of bio-organic fertilizers enhanced
the abundance of Streptomyces, which can produce antibi-
otics to control the diseases of tomato (El-Abyad et al.
1993). Bottomley et al. (2006) suggested that a high-
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quality soil exhibited higher bacterial and Actinomycetes
diversity than a low-quality soil. Firmicutes, Bacillus, and
Paenibacillus, which are involved both in suppressing
plant pathogens and promoting plant growth (Algam
et al. 2010; Aliye et al. 2008), were significantly enriched
following treatments with L+AB+BOF compared with
other treatments. However, the number of Pseudomonas
showed no significant difference among the treatments.
Xue et al. (2012) demonstrated that inoculation of
Serratia XY21 into the soil to suppress tomato bacterial
wilt could significantly affect the abundance of
Pseudomonas, but not that of Bacillus. These results
may be explained by different plants and different bio-
control agents with different effects on different microbial
species.

Among Proteobacteria, the abundance of Betaproteobacteria
was the same among the four treatments, confirming a previous
report (Schonfeld et al. 2003). Mendes et al. (2011)
suggested that Xanthomonadales, a family of
Gammaproteobacteria, was more abundant in soil sup-
pressive against a fungal pathogen than in a
nonsuppressive soil. Furthermore, the relative abundance
of Xanthomonadaceae was also significantly higher in
soil treated with L+AB+BOF than in soil treated with
other amendments. These results showed that

pretreated with 750 kg/ha of lime and 325 kg/ha of ammonium bicarbon-
ate), OF (soil amended with organic fertilizers), BOF (soil amended with
bio-organic fertilizers), L+ AB+BOF (soil pretreated with 750 kg/ha of
lime and 325 kg/ha of ammonium bicarbonate and then amended with
bio-organic fertilizers)

Xanthomonadaceae might also play an important role
in the control of bacterial pathogen. These results sug-
gested that beneficial microbes could be enriched with
the amendment of chemicals followed by application of
BOF fortified with the antagonist. This was in agree-
ment with recent findings that decoupling of root—
microbiome associations followed by antagonist inocu-
lation can improve rhizosphere soil suppressiveness to
cucumber Fusarium wilt (Qiu et al. 2014). Thus, with
the health rhizosphere niche formed, it was not surpris-
ing to find that the abundance of the pathogen species
(Ralstonia) with the integrated treatment was lower than
that with other amendments, resulting in a lower disease
incidence of bacterial wilt.

In conclusion, our results demonstrated that an integrated
agricultural management (the pretreatment of lime+ammoni-
um bicarbonate and then application of BOF) was more
effective in suppressing tobacco bacterial wilt than in the
single treatment of acid soils. Specific beneficial bacterial
groups were enriched, while the abundance of Ralstonia was
decreased as it was the suppression of tobacco bacterial wilt.
The integrated management probably favored the synergistic
action of microbial consortia to suppress bacterial wilt; re-
search is, however, needed to better understand the relative
mechanisms.
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