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Abstract Bacillus amyloliquefaciens strain WF02, isolated
from soil collected at Wufeng Mountain, Taiwan, has
siderophore-producing ability and in vitro antagonistic
activity against bacterial wilt pathogen. To determine the
impact of plant genotype on biocontrol effectiveness, we
treated soil with this strain before infecting susceptible
(L390) and moderately resistant (Micro-Tom) tomato cul-
tivars with Ralstonia solanacearum strain Pss4. We also
compared the efficacy of this strain with that of commercial
Bacillus subtilis strain Y1336. Strain WF02 provided
longer lasting protection against R. solanacearum than did
strain Y1336 and controlled the development of wilt in
both cultivars. To elucidate the genetic responses in these
plants under WF02 treatment, we analyzed the temporal
expression of defense-related genes in leaves. The salicylic
acid pathway-related genes phenylalanine ammonia-lyase
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and pathogenesis-related protein la were up-regulated in
both cultivars, whereas expression of the jasmonic acid
pathway-related gene lipoxygenase was only elevated in
the susceptible tomato cultivar (L390). These results sug-
gest that WF02 can provide protection against bacterial
wilt in tomato cultivars with different levels of disease
resistance via direct and indirect modes of action.

Keywords Biocontrol - Bacterial wilt - Bacillus
amyloliquefaciens -
plant resistance

Ralstonia solanacearum - Induced

Introduction

Bacterial wilt, a plant disease that occurs worldwide, is
caused by the soil-borne phytopathogenic bacterium Ral-
stonia solanacearum, which can infect over 200 host spe-
cies from 50 families, including several economically
important crops such as tomato, potato, eggplant, banana
and strawberry (Swanepoel 1992; Swanson et al. 2005).
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This pathogen generally enters a plant via root colonization
and then penetrates the xylem and systemically colonizes
the stem, causing wilt symptoms (Buddenhagen and Kel-
man 1964). Conventional methods used for controlling
bacterial wilt include chemical agents, resistant cultivars,
crop rotation and culture practices (French and De Lindo
1982; Ghareeb et al. 2011; Michel and Mew 1998).
Nonetheless, bacterial wilt is difficult to control because it
can persist in moist environments and in host plant debris
for long periods of time (Kulkarni and Patil 1982), and the
methods applied are limited by location and climate factors
(Vanitha et al. 2009). However, the use of beneficial
organisms as biocontrol agents can serve as an environ-
mentally friendly method of controlling this disease (Al-
moneafy et al. 2013; Lugtenberg and Kamilova 2009;
Yamamoto et al. 2014).

Biocontrol agents of plant diseases are most often
referred to as antagonists and include beneficial fungi and
bacteria, bacteriophages, and avirulent pathogens that
effectively suppress a wide spectrum of pathogens and
reduce disease severity in many types of plants (Jogaiah
et al. 2013; Ren et al. 2013; Vanitha et al. 2009; Yamamoto
et al. 2014). However, the efficacy of biocontrol agents is
usually influenced by the host plant genotype, and it is
generally difficult to obtain the same efficiency with the
same inoculant in different plant cultivars (Ryan et al.
2004).

The modes of action of biocontrol agents can be divided
into direct and indirect mechanisms (Compant et al. 2005).
Direct mechanisms include siderophore production, secre-
tion of antimicrobial compounds or lytic enzymes, and
detoxification (Compant et al. 2005). In contrast, indirect
mechanisms include suppression of plant disease by bio-
control agents via the induction of plant resistance rather
than direct inhibition of the pathogen. Systemic acquired
resistance (SAR) and induced systemic resistance (ISR) are
two forms of induced resistance that are differentiated
based on the nature of the elicitor and the regulatory
pathways involved (Doornbos et al. 2012; van Loon et al.
1998).

Potent bacterial biocontrol agents include Bacillus spp.,
especially strains of B. subtilis and Bacillus amylolique-
faciens. These strains have been demonstrated to be
effective for the biocontrol of bacterial wilt, Fusarium wilt,
Rhizoctonia root rot, Pythium root rot, and other diseases
(Chen et al. 2014; Gonzalez-Sanchez et al. 2013; Kim et al.
1997; Yamamoto et al. 2014). The biocontrol mechanisms
involved include the production of antibiotics, side-
rophores, and hydrogen cyanide; competition for nutrients
and space in the rhizosphere; induced resistance; and
inactivation of the pathogen’s enzymes (Choudhary and
Johri 2009; Haas and Defago 2005; Raddadi et al. 2007).
Furthermore,  Bacillus  spp. are  suitable for
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commercialization because they produce heat- and desic-
cation-resistant spores, which can be readily formulated
into stable products to provide protection from environ-
mental stresses (Perez-Garcia et al. 2011).

In a preliminary study, Bacillus strain WF02 was
selected for its high in vitro biocontrol efficacy against the
bacterial wilt pathogen (Huang et al., unpublished data). To
evaluate whether WF02 can be applied for protecting dif-
ferent plant genotypes from bacterial wilt disease, we used
this bacterium to soil-inoculate a susceptible (L390) and a
moderately resistant (Micro-Tom) tomato cultivar prior to
infection with R. solanacearum. In addition, to evaluate the
genetic responses of the different tomato cultivars, the
temporal expression of defense-related genes was analyzed
by real-time qPCR. A commercial B. subtilis strain, Y1336,
was also used in this study for comparison.

Materials and methods
Bacterial materials

Several soil samples were collected from Wufeng moun-
tain  (Taichung  county, Taiwan, 24°2'51.08"N,
120°42'48.57"E). To isolate Bacillus spp. strains, 5 g of
each sample was suspended in 45 ml distilled water and
heated to 60 °C for 30 min in a water bath. A 200-pl
sample of the soil suspension was spread on a Luria—Ber-
tani (Teitelbaum et al. 2007) agar plate for single-colony
isolation, and approximately 40 isolates were selected.
Strain WF02 was selected by in vitro screening for its high
biocontrol efficacy against the bacterial wilt pathogen
(Huang et al. unpublished data).

The commercial B. subtilis strain Y1336 (designated as
B.s) derived from BIOBAC® WP (Bion-Tech, Taiwan),
which is reported to be able to suppress bacterial wilt on
tomato plants (Yang et al. 2012), was used as a control
treatment. R. solanacearum Pss4 (race 1, biovar 3, desig-
nated as R.s), isolated from indigenous tomato, was pro-
vided by Dr. Chiu-Ping Cheng (Graduate Institute of Plant
Biology, National Taiwan University).

Morphological characterization of bacterial isolates

WFO02 and B. subtilis strain Y1336 (B.s) were cultured
overnight in Luria—Bertani (Teitelbaum et al. 2007) broth
at 28 °C and then subcultured as a 1 % bacterial suspen-
sion in LB broth for 4-5 h until the optical density (ODggg)
reached 1.0 (approximately 10® CFU/ml). The morphology
and Gram staining of vegetative cells was observed by
optical microscopy (BH-51, Olympus, Tokyo, Japan), and
single colonies were observed by stereomicroscopy (VEM-
100, Optima, Taipei, Taiwan). To confirm virulence, R.
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solanacearum Pss4 (R.s) was cultured on Kelman’s tetra-
zolium chloride (TZC) agar medium (Kelman 1954) at
28 °C (Wang et al. 2000), i.e., the colonies are fluidal,
irregular and creamy white with pink color at the center.
This pathogen was then transferred to Casamino acid-
Peptone-Glucose (CPG) medium (Granada and Sequeira
1983) and incubated for 48 h to prevent interference of the
color during turbidity measurement of the culture using
spectrophotometry. The bacterial cells were pelleted by
centrifugation and suspended in sterile distilled water to
adjust the number of cells in accordance with the require-
ment of each experiment described below.

Bacillus strain WF02 16S ribosomal RNA and gyrB
gene and phylogenetic analyses

Bacterial genomic DNA was isolated from liquid culture
using a Genomic DNA Mini Kit (Geneaid Biotech Ltd., Tai-
wan). 16S rDNA was amplified using the universal primers
27F  (AGAGTTTGATCCTGGCTCAG) and 1492R
(GGTTACCTTGTTACGACTT), and gyrB was amplified
with GyrB-280F (GAAGTCATCATGACCGTTCTGCA)
and 1730R (CCAAGACCTTTGTAACGCTG) (Eden et al.
1991; Yamada et al. 1999). The PCR products were purified
using a QIAquick PCR purification kit (QIAGEN, Chats-
worth, CA, USA) and sequenced by the Center for Biotech-
nology at National Taiwan University. The gene sequences
were compared to sequences in the GenBank database using
Basic Local Alignment Search Tool (BLAST) (Borneman and
Hartin 2000). Sequence alignment and analysis of gene sim-
ilarity were performed using the MUSCLE program (Hall
2013). Evolutionary distances were calculated, and phyloge-
netic trees were constructed using the neighbor-joining (NJ)
method (Saitou and Nei 1987). The topology of the trees was
evaluated by bootstrapping with 1000 resamplings (Felsen-
stein 1985). Phylogenetic trees were drawn using the MEGAG6
program (Hall 2013). The accession numbers for bacterial
strain WF02 generated in this study are AB918710 (16S
rDNA) and AB936835 (gyrB).

In vitro antagonism test

Antagonists were confirmed using the filter paper method
described by Nguyen and Ranamukhaarachchi (2010). The
ODgqo of the pathogen was adjusted to 0.3 (approximately
10® CFU/ml), and 100 pl of the suspension was spread onto
CPG agar medium. A 20-ul aliquot of Bacillus bacterial
suspension (approximately 10® CFU/ml) was added to a
sterile paper disk (8 mm diameter) on CPG medium con-
taining the dried pathogen suspension, and the diameter of
the inhibition zone was determined after incubating at
28 °C for 2 days. Antagonistic ability was measured by the

following formula: (diameter of inhibition zone — diame-
ter of bacterial colony)/diameter of bacterial colony.

Siderophore production

The siderophore-producing ability of the bacteria was
determined by the method proposed by Husen (2003). A
20-pl aliquot of bacterial suspension was added to a sterile
paper disk (8 mm diameter) on chrome azurol S (CAS)
agar medium (Munar-Vivas et al. 2010), and the diameters
of the orange zone and bacterial colony were recorded after
incubating at 28 °C for 7 days. Siderophore-producing
ability was measured by the following formula: (diameter
of orange hole — diameter of bacterial colony)/diameter of
bacterial colony.

Biofilm formation assay

An assay for biofilm adherence to an abiotic surface was
conducted with a modified crystal violet staining method,
as described by Zhao et al. (2015). The WF02 or B.s
bacterial suspension was adjusted to ODgoy = 0.01 in LB
broth; 100 pl of the bacterial culture was added to a
polystyrene 96-well plate and incubated at 28 °C. After
48 h, the culture was stained with 1 % crystal violet for
20 min and rinsed three times with water. The biofilm was
dissolved with EtOH/acetone (80:20), and the ODs5q value
was determined by spectrophotometry.

Tomato pot experiments to test the in vivo effect
of bacterial strain WF02 against R. solanacearum

Two tomato (Solanum lycopersicum) cultivars, cv. L390
(susceptible) and cv. Micro-Tom (moderately resistant),
were used as host plants. Seeds were surface-sterilized with
70 % ethanol for 30s followed by 1 % sodium
hypochlorite solution for 15 min. The seeds were then
washed three times with sterilized water for 1 min. After
growing in a seed tray (1 x 1 x 1.5 cm) for 5 days, the
tomato seedlings were transplanted into a 3-in. pot (one
seed per pot) containing 90 g of sterilized organic soil with
vermiculite (1:1). Cultivar L390 was incubated at 25 °C
with a 12-h light period (approximately 4000 lux) in a
growth chamber, as described by Chen et al. (2009b),
whereas Micro-Tom was grown in a 30 °C growth chamber
with a 12-h light period based on a preliminary test
showing that the infection rate was higher at 30 °C than at
25 °C (Huang et al., unpublished data).

The following treatments for the pot experiments were
used to determine the in vivo biocontrol efficacy of the
Bacillus strains: (1) control 1 (designated R.s), inoculation
of the pathogen (R. solanacearum Pss4) suspension only;
(2) control 2 (B.s), inoculation of the commercial inoculant
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(B. subtilis strain Y1336) only; (3) B.s 4+ R.s, treatment
with the B. subtilis Y1336 inoculant and the pathogen Pss4
suspension; (4) WF02 4+ R.s, treatment with the WF02
inoculant and the pathogen Pss4 suspension.

Initially, we pre-inoculated 5-week-old tomato seedlings
with the respective bacterial inoculants (B. subtilis Y1336
or WF02) by drenching each pot, as described by Ramesh
et al. (2009). The inoculation dosage was equivalent to 10
CFU/g soil. After 1 week, we poured the R. solanacearum
Pss4 suspension into the soil. In consideration of the dis-
ease progression, the dosage was equivalent to 107 and 10
CFU/g soil for susceptible cultivar L390 and the moder-
ately resistant cultivar Micro-Tom tomato, respectively.
These experiments were repeated at least three times, with
a sample size for each treatment of 8—10 plants.

Ralstonia solanacearum induced symptoms of wilting in
the leaves and stems of individual tomato plants, and these
symptoms were monitored for approximately 2 weeks after
R. solanacearum inoculation. Disease severity was scored
by a 5-level disease index (Wang et al. 2000), as follows:
0 = healthy; 1 = partial wilting of 1 lower Ileaf;
2 = wilting of 2-3 lower leaves and stems; 3 = wilting of
all but 2-3 upper leaves and stems; 4 = wilting of all
leaves and stems; 5 = plant death. The number of dead
plants was recorded at 14 days post-pathogen inoculation
(dpi). Disease severity was calculated by mortality ([the
number of dead plants/total number of plants] x 100 %)
and the area under the disease progress curve (AUDPC)
(Almoneafy et al. 2013; Wang et al. 2000). AUDPC was
calculated using the following formula:

2Yi + Y] /2 x Xz — X

where Y; = the percentage of disease incidence (%) at the
ith observation, with i = 1 being the first observation point
at time zero; X; = the time (days) at the ith observation.

Detection of R. solanacearum Pss4 populations
in tomato-cultivated soils via most-probable-number
PCR

The most-probable-number PCR (MPN-PCR) method was
used to detect and enumerate R. solanacearum Pss4 in
rhizosphere soils (Fredslund et al. 2001; Svercel et al.
2010). Soil samples were collected from the 3-in. pots
cultivated with L390 at 0, 1, 5, 10 and 15 dpi and with
Micro-Tom at 0, 1, 7 and 14 dpi. Visible root fragments
were removed from the samples. Total genomic DNA was
extracted from 0.3 g of wet soil using the FASTDNA SPIN
kit for soil (MP Biomedicals, Irvine, CA, USA) following
the manufacturer’s instructions. The specific primers
AU759 (GTCGCCGTCAACTCACTTTCC) and AU750
(GTCGCCGTCAGCAATGCGGAATC) were used to
amplify 282 bp of the putative IpxC gene of R.
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solanacearum. Total genomic DNA was then diluted to
10 ng/pul, and tenfold serial dilutions of the DNA sample
were used as the MPN 3-tube dilution DNA templates
(Marian et al. 2012). MPN-PCR was carried out in a 20-pul
reaction mixture containing 10 pl 2 x Tag DNA poly-
merase master mix red (Ampliqon), 0.2 pl each primer, and
10 pl DNA template. Three replicates were used for each
diluted sample to calculate MPN according to the follow-
ing formula described by Thomas (1942):

ene = (320 /{2 < [ - o}

where Gj = the number of positive tubes in the jth dilution,
with j=1 being the first dilution of the sample;
T;M; = the mass (in g) of samples in all tubes; and (T; — G;)
M; = the mass (in g) of samples in all negative tubes.

Expression of plant defense-related genes

To analyze the expression of defense-related genes in the
host plants, 0.1 g of leaf tissue was collected from the third
true leaf from the top of each treated tomato plant at 0, 24,
48 and 72 h after pathogen inoculation. The samples were
homogenized in liquid nitrogen four times for 5 s each
using a tissue grinder (SH-100, Kurabo, Tokyo, Japan) at
6000 rpm. One milliliter of TriZol® (Invitrogen, Carls-
bad, CA, USA) was then added to each sample, and the
samples were stored at —80 °C until RNA extraction. Total
RNA was extracted using a Direct-zol™ RNA Mini Prep
kit (Zymo Research, Orange, CA, USA) following the
manufacturer’s protocol, and the RNA sample was eluted
in 50 ul of elution buffer. The TURBO DNA-free™ kit
(Invitrogen, Carlsbad, CA, USA) was used to eliminate
any DNA contamination. RNA concentrations were mea-
sured using a Nanodrop ND1000 (Thermo Scientific,
Wilmington, DE, USA) and quantified by RNA gel elec-
trophoresis with ImageJ software (Schneider et al. 2012).
The expression patterns of the plant defense genes
phenylalanine ammonia-lyase (PAL), pathogenesis-related
gene (PRIa), lipoxygenase (LOX), and allene oxide cyclase
(ACO), which are related to the SA, JA and ET signaling
pathways, were analyzed by real-time PCR. Reverse tran-
scription of 500 ng of total RNA was performed with
Superscript® III First-Strand Synthesis System (Invitro-
gen, Carlsbad, CA, USA) using oligo (dT),o primers.
Real-time PCR was performed by adding 5 pl SYBR green
mix (KAPA Biosystem, Woburn, MA, USA), 0.4 pl
specific primers (10 mM) (Table 1) and 10 ng cDNA as a
template in a total reaction volume of 10 pl. The program
was as follows: 95 °C for 10 min, followed by 45 cycles of
95 °C for 15 s and 60 °C for 60 s. The melting curve was
systematically checked at the end of each real-time PCR.
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Table 1 Primers used in the qPCR analysis of tomato defense-related genes

Primer name Sequence (5'-3') Target gene Pathway® References

PAL-F TTCGAGTTGCAGCCTAAGGAAGGA Phenylalanine ammonia-lyase SA Wu et al. (2012)

PAL-R ATAGCAGCAGCCTCAATCTGACCA Phenylalanine ammonia-lyase SA Wu et al. (2012)

PR1a-F GAGGGCAGCCGTGCAA Pathogenesis relative gene la SA Milling et al. (2011)
PRI1a-R CACATTTTTCCACCAACACATTG Pathogenesis relative gene la SA Milling et al. (2011)
LOX-F TTTCTGCGACTTGAGGTTCGG Lipoxygenase JA Vanitha and Umesha (2011)
LOX-R ATTAGTCTTTACCTTCTTGTCCAGT Lipoxygenase JA Vanitha and Umesha (2011)
ACO-F AGTGGCCTTCAACTCCTCAA ACC oxidase ET This study

ACO-R CGAGTCCCATCTGTTTGTGC ACC oxidase ET This study

Actin-F TCAGCAACTGGGATGATATG Actin HK Milling et al. (2011)
Actin-R TTAGGGTTGAGAGGTGCTTC Actin HK Milling et al. (2011)

? Gene representative of the signaling pathway: SA salicylic acid, JA jasmonic acid, ET ethylene, HK housekeeping gene for normalization

Fig. 1 Phylogenetic trees based A
on either the a 16S rRNA gene
sequence or b gyrB gene
sequence showing the
relationships between WF02
and Bacillus species using the
neighbor-joining method. The
accession numbers for the
sequences are given in
parentheses after the strain
names. Numbers at the nodes
are the bootstrap values. The

Bacillus mojavensis ifo 15718 (JN585825.1)
Brevibacterium halotolerans DSM 8802 (AM747812.1)
Bacillus subtilis DSM10 (JQ424889.1)

Bacillus subtilis subsp. spizizenii (AF074970.1)

Bacillus vallismortis (AB021198.1)

04| || Bacillus amyloliquetaciens NBRC 15535 (AB325583.1)
WEF02

Bacillus licheniformis strain ATCC 14580 (GQ911552.1)
98L Bacillus sonorensis strain NRRL B-23154 (NR 025130.1)

92

scale bars indicate the numbers
of substitutions per nucleotide
position, which were a 0.05 and
b 0.1. The corresponding
sequence of Pseudomonas
fluorescens was used as an
outgroup to root the 16S rDNA
or gyrB tree

Bacillus safensis strain FO-036b (AF234854.2)
92 || Bacillus aerophilus 28K (AJ831844.2)
3 Bacillus altitudinis 41KF2b (AJ831842.1)

95 Bacillus pumilus strain ATCC 7061 (GQ911554.1)
9
Bacillus stratosphericus 41KF2a (AJ831841.2)

0.05

Pseudomonas fluorescens (D84013.1)

Bacillus acrophilus MCCC 1A08371 (JX680218.1)
99V Bacillus altitudinis (HQ597038.1)
2 Bacillus pumilus strain AF35 (JQ183054.1)
9 Bacillus stratosphericus MCCC 1A00008 (JX499918.1)

’7_‘: Bacillus licheniformis DSM 13 (AE017333.1)
99

Bacillus sonorensis BCRC 17416 (DQ309300.1)

9 | Bacillus amyloliquefaciens BCRC 14193(DQ309309.1)
WF02
Bacillus mojavensis strain 15531 (KF224961.1)
Bacillus subtilis (HQ844069.1)

9
84
93 Bacillus vallismortis strain BCRC 17183 (DQ309298.1)

0.1

Pseudomonas fluorescens VUN 10011 (AY642283.1)
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Fig. 2 Morphology of strain WF02 and Bacillus subtilis strain Y1336
(B.s). a WF02, b Y1336. The left panel shows the bright-field image
under optical microscopy after Gram staining. The right panel shows
a colony of the respective strain under stereomicroscopy

The relative expression levels of target gene transcripts
were quantified using the Delta Delta CT (AACT) method
according to the following equation (Milling et al. 2011):

AACT = [(CT(target, treated) — CT(ref, treated)]
—|[CT(target gene, untreated sample)
— CT(ref gene, untreated)]

where CT (target, untreated) is the CT value of gene of
interest in the untreated sample (i.e., the control sample
without treating with any inoculant B.s/WF02 or pathogen
R.s), CT (ref gene, untreated) is the CT value of the
housekeeping gene Actin (BT013524) in the untreated
sample, CT (target, treated) is the CT value of gene of
interest in respective treated sample (R.s, B.s 4+ R.s, or
WEFO02 + R.s), and CT (ref, treated) is the CT value of the
housekeeping gene Actin (BT013524) in the treated sample.

We calculated the ratio of the respective target gene in
the treated samples relative to the untreated sample using
HAACT

Three biological replicates were included in each treat-
ment, and each experiment was repeated at least three times.
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Statistical analysis

The in vivo biocontrol activity experiment and the in vitro
bioassay experiments were analyzed by Fisher’s least sig-
nificant difference (LSD) multiple comparisons analysis at
a significance level of P = 0.05. Statistical analysis for the
quantification of bacteria was performed with one-way
ANOVA, and the means were subjected to Duncan’s
multiple range tests at a significance level of P = 0.05.

Results

Identification and characterization of bacterial
strain WF02

For phylogenetic assignment, the 16S rRNA sequence of
the WF02 isolate was determined. This bacterium was
identified as a Bacillus sp. by BLAST searching the 16S
rRNA sequence against the GenBank database, and it was
found to cluster with such bacteria as B. amyloliquefaciens,
B. subtilis, and B. vallismortis in the 16S rRNA phyloge-
netic tree (Fig. la). The housekeeping gene gyrB of
Bacillus spp. was used to discriminate the phylogenetic
relationship among members of the genus Bacillus (Wang
et al. 2007). As shown in Fig. 1b, strain WF02 clustered
closely with B. amyloliquefaciens strain BCRC14193
(100 % gyrB gene sequence similarity). The cellular and
colony morphologies of the WF02 isolate were observed by
optical microscopy, and the results are shown in Fig. 2. We
used the commercial inoculant B. subtilis strain Y1336
(B.s) as a reference for comparative analyses in this study.
The cells of both strains are gram positive, motile, and rod-
shaped, approximately 2.0 pm in length. Colonies of WF02
developing on LB agar under aerobic growth conditions are
white to cream-colored, with a convex elevation, an
undulate margin and are mucoid in appearance, as typical
morphological characteristics of B. amyloliquefaciens. In
contrast, colonies of Y1336 are cream-light yellow in
color, with a concave elevation, an undulate margin and are
mucoid in appearance.

In vitro assays for antagonism, siderophore
production, and biofilm formation

Dual-culture assays were performed to confirm the in vitro
antagonistic effect of WF02 against the growth of R.
solanacearum Pss4 (R.s). We determined the inhibition
zone and found that WF02 grew vigorously, inhibiting the
growth of R.s after 24 h of incubation (Fig. 3a). There was
no significant difference between WF02 and the commer-
cial B. subtilis strain Y1336 (B.s) in this regard.
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Fig. 3 In vitro antagonistic A
activity, siderophore-producing

ability and colonization test of

strain WF02 and B. subtilis

strain Y1336 (B.s). a The

antagonistic activity of the

bacteria was evaluated against

R. solanacearum Pss4 (R.s) by

applying the dual culture 1cm
method using CPG agar. b The
siderophore-producing ability of 1.20 c 4.0
the.: bacteria was determu%ed. £ 1.00- S 351
using CAS agar. ¢ Quantitative = S 301
spectrophotometric analysis of £ 0.801 'g = ’
the biofilm synthesized using e aﬁ 2.51
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> 051
0.00 0.0 -
C
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0.200 -
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a 1
g 9-100
0.050 -
0.000
B.s WF02

In addition, we conducted a blue agar CAS assay to
verify the siderophore-producing ability of WF02. After
several days of incubation, the blue color of the CAS
medium disappeared, and a bright orange halo formed
around the paper disc (Fig. 3b). This result suggests that
WFO2 can synthesize siderophores to chelate ferric ions,
and this ability was similar to that of B.s.

We used a crystal violet staining assay to assess the
ability of the two Bacillus strains (WF02 and B.s) to form
biofilm on an abiotic surface. As shown in Fig. 3c, these
two Bacillus strains exhibited similar capacities for biofilm
adherence to a polystyrene surface.

Strain WF02 reduced the severity of bacterial wilt
disease

To evaluate whether WF02 can be applied for protecting
different plant genotypes from bacterial wilt disease, we
used this bacterium to soil-inoculate a susceptible
(L390) and a moderately resistant (Micro-Tom) tomato
cultivar prior to infection with R. solanacearum. In a
preliminary test, we evaluated the infection rate of R.s in
different resistant tomato cultivars. The R.s pathogen did

not cause any disease symptom when the moderately
resistant Micro-Tom plants were grown at 25 °C, but it
did result in disease development at 30 °C (data not
shown). Conversely, at 30 °C, all of the L390 plants
were dead within a very short time period after inocu-
lation of the R.s pathogen; the suitable cultivation tem-
perature was 25 °C. Accordingly, we cultivated L390
and Micro-Tom under different temperatures (25 and
30 °C, respectively), though it is unclear whether the
colonization ability of the inoculants varies at different
temperatures.

The disease severity of bacterial wilt can be determined
by indices such as mortality and AUDPC (Almoneafy et al.
2013). When treating moderately resistant Micro-Tom with
B.s in a pot before R. solanacearum Pss4 (R.s) infection
(B.s + R.s), mortality was significantly reduced compared
to that of the pathogen control (R.s) (from 16 to 4 %);
although no statistical significant difference was found, the
AUDPC was also lower than that for R.s (Fig. 4a). How-
ever, when we substituted WF02 for the B.s inoculant
(WF02 + R.s), both mortality (from 16 to 3 %) and the
AUDPC (233-92) were strikingly lower than in the R.s
control treatment.
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Fig. 4 Biocontrol activities of
strain WF02 and B. subtilis
strain Y1336 (B.s) against R.
solanacearum in a moderately
resistant Micro-Tom and

b susceptible L390 tomato
cultivars. The disease severity
of bacterial wilt can be
determined by mortality and the
area under the disease progress
curve (AUDPC). The data are
presented as the mean £+ SE.
Locations marked with different
letters (a, b) are significantly
different by Fisher’s least
significant difference (LSD)
multiple comparisons analysis
(P < 0.05). R.s indicates the R.
solanacearum treatment, B.s or
WF02 + R.s indicates treatment
with B. subtilis Y1336 or WF02
before R. solanacearum
inoculation

In pot experiments using the susceptible cultivar L.390, the
WFO02 + R.s treatment showed relatively low values of mor-
tality (18 %) and AUDPC (174) in comparison with the R.s
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treatment (42 % and 284, respectively), although there was no
statistically significant difference (Fig. 4b). Conversely, the
B.s + R.s treatment failed to reduce the disease severity.
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over time. Soil samples were collected at 1, 7 and 14 dpi for pot
experiments using Micro-Tom (a) and at 1, 5, 10 and 15 dpi for
experiments using L390 (b). The data are presented as the
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inoculation

Populations of R. solanacearum over time in tomato-
cultivated soils

We used MPN-PCR to enumerate the remaining popula-
tions of R. solanacearum Pss4 over time in post-harvested
soils. In the pot experiments with moderately resistant
Micro-Tom (Fig. 5a), the population of R. solanacearum
(R.s) was significantly decreased at 7 dpi under pretreat-
ment with either the B.s or the WFO02 isolate. In contrast,
B.s was not able to suppress R. solanacearum at day 14
after pathogen Akilainoculation.

In the pot experiments with the susceptible plant L390
(Fig. 5b), the population of R.s in the WF02 + R.s treat-
ment was significantly decreased during the experimental
period, except at 5 dpi. Conversely, the population of R.s in
the B.s 4+ R.s treatment was lower than that of the R.s
control treatment only at 1 dpi.

Expression of tomato defense-related genes

PGPR can up-regulate defense-related enzymes in plants to
increase plant defense capacity against disease. However, it
is known that some pathogens produce effectors that are
able to suppress plant immune responses (Hemetsberger
et al. 2012; Jing et al. 2016). Accordingly, we sought to
clarify whether pre-treatment with the inoculant still could
induce the corresponding expression of plant defense-re-
lated genes after pathogen treatment. To elucidate the
signaling pathways of PGPR-associated plant defenses, we
determined the temporal expression patterns of the
defense-related genes PAL, PRIa, LOX, and ACO in the
leaves of the two tomato cultivars. Because the expression
of most PGPR-related defense genes is induced at early
stages after pathogen infection (Tan et al. 2013), we
monitored changes within 3 dpi. In the B.s 4 R.s treatment
with moderately resistant Micro-Tom, the relative expres-
sion levels of PAL and PRIa (SA signaling pathway) were
induced by approximately three- and tenfold at 1 dpi,
respectively (Fig. 6a, b). In the WF02 + R.s treatment
with Micro-Tom, although there was no apparent elevation
of PAL transcripts (Fig. 6a), PRIa gene expression was
significantly increased by over 20-fold at 1 dpi (Fig. 6b). In
contrast, the LOX and ACO genes (JA and ET signaling
pathways, respectively) were not significantly activated
(less than twofold) in Micro-Tom under either of the above
treatment conditions (Fig. 6¢c, d).

In the experiments using the susceptible tomato L390,
only the LOX gene was significantly induced (approxi-
mately tenfold) following B.s + R.s treatment at 0 and 2
dpi (Fig. 6¢), whereas the other genes were expressed at
very low levels. In the case of the WF02 + R.s treatment,
PAL and LOX were elevated dramatically (approximately
7- and 40-fold, respectively) at 3 dpi, though PRI/a and
ACO levels were not significantly enhanced (Fig. 6b, d).

Discussion

Bacterial wilt is usually the most damaging crop disease in
Taiwan, and a high incidence of this disease in tomato is
caused by R. solanacearum. We selected the bacterial
strain WF02 from nearly 40 isolates because it exhibited
effective suppression of the tomato bacterial wilt pathogen
in preliminary experiments (Huang et al., unpublished
data). Strain WF02 was identified as B. amyloliquefaciens
by molecular phylogenetic analyses and morphological
tests (Figs. 1, 2). Several strains of this species have been
successfully employed in the management of pests and
diseases, including bacterial wilt (Chen et al. 2009a; Ryu
et al. 2004; Yamamoto et al. 2014; Zhao et al. 2013).
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defense-related genes (PAL, PRla, LOX, and ACO) involved in the

Biocontrol efficacy is largely influenced by the host
plant genotype, and it is often difficult to obtain the same
efficiency with a given biocontrol agent in different plant
cultivars (Ryan et al. 2004). The commercial B. subtilis
strain Y1336 (B.s) was used in this study, and this strain is
reported to be capable of suppressing bacterial wilt on
tomato plants (Yang et al. 2012). B.s could indeed reduce
the mortality due to bacterial wilt in a moderately resis-
tant tomato cultivar (Micro-Tom), it failed to suppress
disease development in a susceptible cultivar (L390)
(Fig. 4). In contrast, the WF02 isolate was able to sup-
press the disease severity to some extent in both cultivars
more effectively than B.s. In Taiwan, most of the popular
commercial tomato varieties valued for their flavor are
susceptible cultivars, and only a few have moderate
resistance against bacterial wilt (Chen et al. 2014).
Accordingly, our results suggest that strain WF02 can
serve as a potential biological agent to provide
stable protection against R. solanacearum in agricultural
applications.
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SA, JA and ET signaling pathways were analyzed for each treatment
(B.s or WF02) by qPCR. The data are the mean + SE of relative gene
expression normalized to the control treatment (deionized/distilled
water-treated plants, i.e., no inoculation with pathogen or inoculant)
from three independent experiments

In general, the biocontrol efficacy of PGPR against soil-
borne pathogens is related to their antagonistic effects, root
colonizing ability, and activation of host systemic resis-
tance (Ji et al. 2008). As shown in Fig. 3, there was no
significant difference between WF02 and B.s with regard to
either in vitro antagonistic activity or siderophore produc-
tion. It has been reported that biofilm formation promotes
cell colonization efficiency and also enhances the local
concentration of antibiotics surrounding the roots (Pieterse
et al. 2014). We also evaluated the colonization ability of
WFO02 and B.s using the crystal violet staining method. As
shown in Fig. 3c, both Bacillus strains exhibited a similar
capacity to form biofilm in a 96-well plate, suggesting no
significant difference in either the potential antagonistic
effect or the colonizing ability between WF02 and B.s.
Nonetheless, similar in vitro features between these two
bacterial strains are not necessarily associated with their
in vivo efficacy.

Plant immunity is usually accompanied by salicylic acid
(SA), jasmonic acid (JA) and ethylene (ET) signaling
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(Choudhary and Johri 2009; Vanitha and Umesha 2011).
SA accumulation is related to the systemic acquired
resistance (SAR) induced by pathogen infection, and JA
and ET are involved in induced systemic resistance (ISR)
due to the effects of PGPR (van Loon et al. 1998). The
expression of plant defense-related genes usually occurs
quickly after PGPR application. We drenched the rhizo-
sphere soil of tomato plants (Micro-Tom or L.390) with the
bacterial inoculant (B.s or WF02) and confirmed that not
only JA/ET-related genes (LOX and ACO, respectively)
but also an SA-related gene (PAL) were induced dramati-
cally within 24 h in a preliminary test, (data not shown).
This is consistent with a previous study using Bacillus-
based biological control agents (Tan et al. 2013). In our
study, we pre-treated with bacterial inoculant 7 days prior
to plant pathogen infection, and we noticed that some plant
immune-associated genes were still stimulated after treat-
ing with R.s. The SA-related genes PAL and PRIa were
found to be activated by R.s treatment in both cultivars
(Fig. S1), and their expression was enhanced in the pres-
ence of either B.s or WF02 (Fig. 6a, b, S1). These results
suggest that soil application of either of these two Bacillus
strains (B.s or WF02) can have additive or synergistic
effects on plant systemic resistance to wilt disease in
moderately resistant and susceptible tomato plants.
Intriguingly, we observed extraordinarily high levels of
LOX (JA) expression in both the moderately resistant
tomato cultivar (Micro-Tom) under B.s + R.s treatment
and the susceptible tomato cultivar (L390) under
WFO02 + R.s treatment. Because this signaling pathway
does not operate independently, it remains to be investi-
gated whether this remarkable increase in gene expression
was due to different responses of the different plants or
contributes to the prominent biological control activity
observed.

Taken together, our results show that B. amyloliquefa-
ciens strain WF02 can provide longer lasting protection
against R. solanacearum than the commercial B. subtilis
strain Y1336 and suppress the development of tomato wilt
in either moderately resistant or susceptible tomato culti-
vars. This bacterium can secrete siderophore proteins to
chelate ferric ions or synthesize antibiotics to suppress
pathogen populations. The results of our in vitro antago-
nistic assay revealed the total production of antibacterial
metabolites; therefore, the main antibiotic produced by
WEFO2 needs to be studied in more detail to determine the
relative role of the effective compound in the biocontrol
activity of this strain. WF02 can protect plants from disease
by inducing systemic immunity, including SAR and ISR.
Furthermore, this bacterium is able to form endospores in
response to harsh environments. These features indicate
that strain WF02 has the potential to serve as an elite

biological control agent for commercial purposes, and this
should be verified in field trials.
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