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Abstract

Key message Activation of SA-dependent signaling
pathway and suppression of JA-dependent signaling
pathway seem to play key roles in B. thuringiensis-
induced resistance to R. solanacearum in tomato plants.
Abstract  Bacillus thuringiensis, a well-known and effec-
tive bio-insecticide, has attracted considerable attention as
a potential biological control agent for the suppression of
plant diseases. Treatment of tomato roots with a filter-
sterilized cell-free filtrate (CF) of B. thuringiensis sys-
temically suppresses bacterial wilt caused by Ralstonia
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solanacearum through systemic activation of the plant
defense system. Comparative analysis of the expression of
the Pathogenesis-Related 1(P6) gene, a marker for induced
resistance to pathogens, in various tissues of tomato plants
treated with CF on their roots suggested that the B. thur-
ingiensis-induced defense system was activated in the leaf,
stem, and main root tissues, but not in the lateral root tis-
sue. At the same time, the growth of R. solanacearum was
significantly suppressed in the CF-treated main roots but
not in the CF-treated lateral roots. This distinct activation
of the defense reaction and suppression of R. solanacearum
were reflected by the differences in the transcriptional
profiles of the main and lateral tissues in response to the
CF. In CF-treated main roots, but not CF-treated lateral
roots, the expression of several salicylic acid (SA)-
responsive defense-related genes was specifically induced,
whereas jasmonic acid (JA)-related gene expression was
either down-regulated or not induced in response to the CF.
On the other hand, genes encoding ethylene (ET)-related
proteins were induced equally in both the main and lateral
root tissues. Taken together, the co-activation of SA-
dependent signaling pathway with ET-dependent signaling
pathway and suppression of JA-dependent signaling path-
way may play key roles in B. thuringiensis-induced resis-
tance to R. solanacearum in tomato.

Keywords Bacillus thuringiensis - Bacterial wilt -
Biological control - Global gene expression - Induced
resistance

Abbreviations

CF Filter-sterilized cell-free filtrate
ET Ethylene

JA  Jasmonic acid

SA  Salicylic acid
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Introduction

Bacillus thuringiensis is an effective bio-insecticide, which
is highly toxic to insects but not to mammals, and is not
harmful to the environment (Roh et al. 2007; Schnepf et al.
1998). Recently, B. thuringiensis has attracted considerable
attention as a biological control agent against plant diseases
(Zhou et al. 2008). B. thuringiensis generally produces
several compounds including b-exotoxins, antibiotics,
degrading enzymes, bacteriocins, and a signal molecule
in the bacterial quorum-sensing system (Zhou et al.
2008). Such antimicrobial substances produced by
B. thuringiensis are thought to be major components of the
disease-suppressive  activity of B.  thuringiensis
against plant pathogens (Cherif et al. 2003, 2008; Dong
et al. 2002; Raddadi et al. 2009; Reyes-Ramirez et al.
2004).

However, there is recent evidence that supports the
ability of B. thuringiensis to activate the plant defense
system (Hyakumachi et al. 2013). Treatment of tomato
roots with the extracellular compounds which were
secreted by B. thuringiensis into the filter-sterilized cell-
free filtrate (CF) results in suppressing the growth of
Ralstonia solanacearum and development of wilt symp-
toms in tomato plants. In tomato plants treated with CF
on their roots, the expression of salicylic acid (SA)-
responsive Pathogenesis-Related 1(P6) [PR-1(P6)], a
typical marker gene for activation of the plant defense
system, is systemically induced. Therefore, the disease
suppressive activity of the CF seems to be conferred by
activation of the plant defense system, rather than by the
activity of antibacterial substances.

Systemic acquired resistance (SAR) and induced sys-
temic resistance (ISR) are two forms of induced resistance
against a broad range of pathogens in plants. It has been
well demonstrated that SA-dependent signaling pathway is
involved in SAR through induction of SA-responsive
acidic PR gene expression, whereas jasmonic acid (JA) and
ethylene (ET)-dependent signaling pathways are done to
ISR accompanying up-regulation of JA and ET-responsive
basic PR gene expression (Glazebrook 2001; Pieterse et al.
1998). Colonization of some root-colonizing rhizobacteria
(Pseudomonas spp. and Bacillus spp.) in plant roots trig-
gers a systemic plant resistance response known as ISR
(Pieterse et al. 2002; van Loon 2007). ISR elicited by
Pseudomonas spp. has been well characterized at the
molecular level (Haas and Défago 2005; Pieterse et al.
2002; van Loon 2007). In root-colonizing Bacillus spp.,
various strains of species B. amyloliquefaciens, B. subtilis,
B. pasteurii, B. cereus, B. pumilus, B. mycoides, and B.
sphaericus induce ISR and exhibit significant reduction in
the incidence or severity of various diseases on diverse
hosts (Choudhary and Johri 2009; Kloepper et al. 2004;
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Vallad and Goodman 2004; van Loon 2007). Thus, plants
seem to have the ability to acquire enhanced level of
resistance to pathogens after exposure to extracellular
compounds or biotic stimuli provided by some rhizobac-
teria (De Vleesschauwer and Hofte 2009).

Bacillus thuringiensis seems to be present in an extre-
mely large range of environments. It can be isolated from
both bulk and rhizosphere soil, insects, and stored-product
dust (Bernhard et al. 1997; Kaelin et al. 1994; Martin and
Travers 1989; Meadows et al. 1992) and is also distributed
inside various plant tissues in low abundance (Smith and
Couche 1991). B. thuringiensis belongs to the spore-
forming B. cereus group, which includes the mammalian
pathogens B. cereus and B. anthracis (Rasko et al. 2005).
B. thuringiensis can be distinguished from the other species
by its ability to produce insecticidal crystal proteins during
sporulation. Therefore, B. thuringiensis should probably be
differentially classified from plant root-colonizing Bacillus
spp. Hence, in contrast to ISR elicited by plant root-colo-
nizing Bacillus spp., signaling pathways regulating the
defense system induced by B. thuringiensis remain to be
investigated.

Ralstonia solanacearum causes bacterial wilt disease
resulting in severe losses of solanaceous crops. Because R.
solanacearum exists in a viable but non-culturable condi-
tion (VBNC) and survives in the soil for many years,
chemicals and crop rotation have a limited effect on the
control of this disease (Hayward 1991). The most effective
management method is to use bacterial wilt-resistant cul-
tivars onto which susceptible but high-quality cultivars are
grafted (Lee et al. 1998). Recently, transcriptome analysis
of the bacterial wilt-resistant cultivar inoculated with R.
solanacearum revealed that bacteria seem to be localized in
the primary xylem tissues due to coordinated activation of
several defense-related genes in the xylem and pith tissues
surrounding xylem vessels (Ishihara et al. 2012; Nakaho
1997; Nakaho et al. 2004). Some beneficial microorgan-
isms also have potential to control bacterial wilt disease in
tomato. The colonization of Pseudomonas fluorescence
FPT9601-T5, a commercial plant-promoting rhizobacteria
(PGPR) in Japan, suppresses bacterial wilt disease (Aino
et al. 1997). Transcript profiles of the leaves of FPT9601-
T5-colonized Arabidopsis thaliana indicate that FPT9601-
TS activates plant responses in a similar manner to other
known PGPR and rhizobia (Wang et al. 2005). Treatment
of tomato roots with non-pathogenic Pythium oligandrum
(PO), which is commercially available as Polygardron
(Polyversum) in the Slovak Republic (Brozova 2002; Butt
and Copping 2000), is also effective for controlling bac-
terial wilt in tomato through PO-induced resistance to R.
solanacearum (Hase et al. 2006, 2008; Takahashi and
Takenaka 2011). The systemic activation of the JA- and
ET-signaling pathways in this model was demonstrated by
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global gene expression analysis of PO-treated tomato roots
(Takahashi et al. 2006). Hence, transcriptome analysis of
tomato plants showing resistance to R. solanacearum
improved our understanding of the molecular events
underlying plant immune system activated by B. thuringi-
ensis. In the present study, to gain further insight into the
possible molecular mechanism underlying B. thuringiensis-
induced disease resistance in tomato, the global gene
expression profile and growth of R. solanacearum in the
CF-treated tomato roots were analyzed.

Materials and methods
Growth conditions of plants and bacteria

Solanum lycopersicum cv. ‘Oogata-fukuju’ plants were
grown in 9-cm pots containing quartz sand at 24 °C in a
growth chamber under continuous fluorescent light
(70 umol/mzls) and fertilized with 1,000-fold-diluted
Hyponex solution (Hyponex Japan) at 3-day intervals
(Takahashi et al. 2005). Bacillus thuringiensis serovar fu-
kuokaensis B88-82 was cultured in Nutrient Broth (NB)
medium (Nissui, Tokyo, Japan) without NaCl at 25 °C for
2 days. Ralstonia solanacearum isolate 8242R (race 1,
biovar 4), which was used for challenge inoculation, was
incubated at 30 °C in liquid CPG medium containing
0.001 % tetrazolium chloride and 50 pg/ml rifampicin for
48 h on a rotary shaker (Hendrick and Sequeira 1984).

Treatment with filter-sterilized cell-free filtrate (CF)
of B. thuringiensis

Cultures of B. thuringiensis adjusted to a final density of
1.8 x 10® cfu/ml were briefly centrifuged at 7,000 rpm for
10 min at 25 °C to pellet the bacterial cells. The superna-
tant was filtered through a nitrocellulose membrane
(0.22 um pore size, Merck Millipore, MA, USA) to pro-
duce the CF. The roots of two-week-old tomato plants were
carefully removed so as to minimize injury to the root
tissue. After rinsing the roots with distilled water (DW)
three times, the roots were dipped into 200 ml of CF. The
CF-treated plants were incubated in a growth chamber at
25 °C for 48 h under 14 h light (70 pmol/mz/s):l() h dark
conditions. The roots of control tomato plants were treated
with diluted NB liquid medium and grown under the same
conditions. For analyzing the response of tomato leaves
directly treated with the CF, the leaves of two-week-old
plants were sprayed with 10 ml of the CF or diluted NB
liquid medium and kept under the same growth conditions
for 48 h. After those treatments, total RNA was isolated
from main and lateral roots and stem tissues for analysis of
gene expression by northern hybridization, quantitative

RT-PCR with a set of defense gene primers (Online
Resource Table S1) or microarray method.

To analyze the time course of defense gene expression
in response to CF, after treatment with CF or diluted NB
liquid medium as a control for 48 h, the treated plant roots
were washed with DW three times, placed into 50-ml
Falcon tubes containing DW and then further incubated in
a growth chamber until 10 days after CF treatment. Total
RNA was isolated from main roots at 0, 2, 4, 8, and
10 days after CF treatment.

For assessment of bacterial wilt disease, the plants
which were treated with CF or diluted medium at their
roots for 48 h were used for inoculation with R. solana-
cearum as described below.

Inoculation with R. solanacearum

After treatment of tomato roots with the CF of B. thuringi-
ensis for 48 h, or diluted NB medium as the control, the roots
were rinsed with DW three times. The plants were cut so that
each retained 1 cm of root, and they were then transferred to
50 ml Falcon tubes containing a bacterial suspension of
1 x 107 cfu/ml of R. solanacearum. The inoculated plants
were further incubated at 30 °C in a growth chamber under
14 h light (70 umol/mz/s):lo h dark conditions. At 12 h
after inoculation, the inoculated plants were washed with
DW three times and then transferred to 50 ml Falcon tubes
containing DW. Plants were grown at the same growth
chamber and inspected daily for wilting symptoms. Disease
severity, based on foliar symptoms of wilting, was moni-
tored daily for 7 days after inoculation with the pathogen.

To measure the growth of bacteria in root and stem
tissues of CF-treated tomato and control, after further
washing the plants with DW three times, tissue segments of
main roots, lateral roots and stems were excised from five
inoculated plants, respectively, at 5 or 7 days after inocu-
lation. After measurement of fresh weight of each tissue
segment sample, the segments were ground with DW that
is tenfold weight of each segment sample. The original
homogenate and tenfold serial dilutions of the homogenate
were spread onto three plates of CPG agar medium con-
taining 50 pg/ml rifampicin. The colonies were counted
after 48 h of incubation at 30 °C. Measurement of bacterial
growth was repeated three successive trials, and the rep-
resentative was shown. Student’s ¢ test was used to deter-
mine significant difference in bacterial growth between CF
treatment and control (¢« = 0.05).

Detection of defense-related gene expression
by northern hybridization

A representative tomato plant used for RNA isolation is
shown in Fig. la, b. Total RNA was isolated from the leaf
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Fig. 1 Differential expression of the Pathogenesis-Related 1 [PR-
1(P6)] gene in leaf, stem, and root tissues of tomato plants (Solanum
lycopersicum cv. ‘Oogata-fukuju’) treated with filter-sterilized cell-
free filtrate (CF) of B. thuringiensis on their leaves or roots. a A
tomato plant used for RNA extraction. For northern hybridization
analysis, total RNA was isolated from leaf tissue (L1), two stem
sections [one 10 mm in length from near the root base (S1) and
another 10 mm in length located 50-60 mm above the root base
(S2)], and lateral root [10 mm section including root tip (R1)]. The
broken line shows an enlargement of b. A scale bar shows the length
in 2cm. b Main root used for RNA isolation for northern
hybridization analysis. Total RNA was isolated from main root
section [10 mm in length under the soil surface (R2)]. The scale bar
shows the length in 0.5 cm. ¢ Transcripts of tomato PR-1(P6) in the
leaf (L1), stem, (S1 and S2), and root (R1 and R2) tissues of tomato
plants treated with the CF of B. thuringiensis on their leaves or roots
were detected by northern hybridization (leaf and root). Tomato
plants treated with distilled NB medium on their roots were used as
controls (Cont). rRNA was used as an internal control for loading of
RNA samples

tissue (L1), two stem sections (S1: 10 mm in length from
near the root base, S2: 10 mm in length located 50-60 mm
above the root base), a lateral root section (R1: a 10-mm
section including root tip), and a main root section (R2:
10 mm in length from under the soil surface) of three
tomato plants treated with the CF, or three control plants,
using an RNeasy Plant Mini Kit (Qiagen, Hilden, Ger-
many). Transcripts of tomato PR-1(P6) were detected by
northern hybridization as described previously (Hyaku-
machi et al. 2013).

Microarray analysis of tomato root tissues

To investigate changes in the gene expression pattern of
CF-treated main and lateral roots and diluted medium-
treated controls, global gene expression analysis using a
Tomato Gene Expression Microarray 4 x 44K (Agilent
Technologies, Santa Clara, CA, USA) composed of 43,000
non-redundant genes was conducted. Total RNA was iso-
lated from two sets of the main and lateral root samples
using an RNeasy Plant Mini Kit (Qiagen). Each sample
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was combined together the root tissues of three indepen-
dent tomato plants treated with CF or diluted NB medium
as a control. Isolated total RNA was amplified and labeled
using a Low Input Quick Amp Labeling (LIQAL) Kit
(Agilent Technologies). Cyanine 3 (Cy3)-labeled cRNA
was purified using RNeasy Mini Spin Column (Qiagen).
After fragmentation of 1,650 ng of Cy3-labeled cRNA, the
cRNA was applied to the Tomato Gene Expression
Microarray and incubated at 65 °C for 17 h. After the
hybridization, the array was washed with Agilent Washing
Buffer 1 at 25 °C for 1 min and then with Agilent Washing
Buffer 2 at 37 °C for 1 min. The probe array was scanned
at 5 pm resolution using an Agilent Technologies Micro-
array Scanner. One-color images of the scanned array were
extracted using Agilent Feature Extraction (FE) Software
10.7.3.1. Raw intensity values from each chip were nor-
malized to the 75th percentile of the measurements using
GeneSpring GX 9.0 Software. Relative changes in gene
expression levels were compared between the samples
treated with CF and diluted medium control. Genes up-
regulated greater than five-fold or down-regulated less than
1/5-fold relative to controls in either duplicate samples are
listed in Supplemental Table S2 and S3. Then, main-root-
specific up-regulated genes induced more than two-fold by
CF treatment relative to CF-treated lateral roots and main-
root-specific down-regulated genes suppressed less than
1/2-fold by CF treatment relative to CF-treated lateral roots
were shown by a heat map in Fig. 4. Annotations for each
gene product were obtained from the RefSeq, Unigene,
TIGR Plant Transcript Assemblies, and TIGR Gene Indices
databases. The results of this analysis were depicted as the
heat map using MultiExperiment Viewer (MeV) version
4.8.1 software (Saeed et al. 2003). The data discussed in
this publication were deposited in NCBIs Gene Expression
Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/).

Measurement of defense-related gene expression levels
by quantitative PCR

One microgram total RNA was reverse transcribed into
cDNA with random hexamer primers using a PrimeScript
RT Reagent Kit with gDNA Eraser (Takara-Bio, Shiga,
Japan) according to the instruction manual. Gene-specific
primers for quantitative RT-PCR are listed in Supplemental
Table S1. Quantitative RT-PCR amplification was per-
formed in triplicate 20 pl reactions containing template
cDNA (2 pl), 0.4 uM gene-specific primer set, 1 x ROX
Reference Dye and 1 x SYBR Premix Ex Taq 11 (Tli RNase
H Plus) (Takara-Bio). The reaction was run on a 7300 Fast
Real-Time PCR System (Applied Biosystems, Foster, CA,
USA) with the cycling program: 30 s at 95.0 °C, followed
by 40 cycles of 95.0 °C for 5 s and 60.0 °C for 31 s.
Fluorescence was measured at the end of each cycle. As a
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control, a reaction lacking template cDNA was carried out.
The absence of nonspecific products and primer dimers was
confirmed by analysis of melting curves of RT-PCR pro-
ducts. The number of cycles at the threshold level (C,) for
each gene was converted to values relative to those of the
tomato actin gene used as an internal standard for nor-
malization. Data are shown as fold change in defense gene
expression in CF-treated plants relative to diluted NB
medium-treated control plants. Each experiment of defense
gene expression was repeated three times. Data were sub-
jected to analysis of variance between CF treatment and
control were compared by Student’s ¢ test (« = 0.01).

Results and discussion

Induced systemic resistance in tomato plants treated
with filter-sterilized cell-free filtrate (CF) of B.
thuringiensis on their roots

When the main and lateral root tissues of tomato plants
shown in Fig. la, b were treated with CF of B. thurin-
giensis, the expression of PR-1(P6) encoding antimicro-
bial protein was induced in main root tissue, but not in
lateral root tissue (Fig. 1c). The induction of PR-1(P6)
was also observed in leaf and stem tissues of the tomato
plants treated with the CF on their roots. On the other
hand, as shown in Fig. Ic, in tomato plants whose leaves
were directly treated with the CF, PR-1(P6) expression
was locally induced in only leaf tissues, but not other
tissues. These results suggested that treatment of roots
with CF efficiently activates defense gene expression in
leaf, stem, and main root tissues, but not in the lateral
root tissue, whereas treatment of leaves with CF does not
activate it systemically. Leaves and roots are develop-
mentally distinct, but integrated as a structural element,
and have an integral role in plant defense. Recently, the
evidence that root-derived plant toxins, e.g., nicotine,
furocoumarins, and terpenoid aldehydes are implicated in
the leaf defense against pathogens, was presented (Erb
et al. 2009). Thus, perception of CF in tomato roots may
effectively trigger to transduce systemic defense signals to
activate defense system on aboveground part of tomato
plants thereby inducing PR-1(P6) in stems and leaves.
Furthermore, main and lateral roots reportedly respond to
plant hormones, nutrient composition, and environmental
stresses in a differential manner (Ivanchenko et al. 2008;
Jain et al. 2007; Malamy 2005; Tien et al. 1979).
Therefore, this differential induction of PR-I1(P6)
expression between the main and lateral root tissues
suggests that CF-treated main and lateral roots of tomato
plants may be differentially responsive to infection with
soil-borne pathogens.

To assess the susceptibility of main and lateral root tis-
sues of CF-treated tomato plants to inoculation with R.
solanacearum, the number of bacterial cells was compared
among stem, main, and lateral root tissues of tomato plants
treated with CF on their roots following inoculation with R.
solanacearum. At 5 days after inoculation, wilt symptoms
developed in control plants, but not in CF-treated plants
(Fig. 2a), and the growth of bacteria was significantly
suppressed in stem, main root, and lateral root tissues of CF-
treated plants (Fig. 2c). Bacterial wilt symptoms did not
appear on CF-treated plants even at 7 days after inoculation
(Fig. 2b). However, bacteria in CF-treated lateral root tissue
grew to similar extent as in lateral root tissue of control
plants at 7 days after inoculation, whereas the suppression
of bacterial growth continued in both stem and main root
tissues of CF-treated plants (Fig. 2d). In the assay for
antimicrobial activity against R. solanacearum 8242R, CF
of B. thuringiensis did not directly suppress their growth on
the medium (Online Resource Fig. S1), suggesting there is
less possibility that antimicrobial activity of CF is a major
factor for suppressing the growth of R. solanacearum. Thus,
CF treatment seems to activate the plant defense system in
stem and main root tissues, thereby suppressing the growth
of R. solanacearum in those tissues. On the other hand, in
the lateral root tissue, CF treatment apparently cannot
induce the defense system, or only partially induces it, and
allows R. solanacearum to grow.

In bacterial wilt-resistant tomato cultivars, R. solana-
cearum is localized in the primary xylem tissues by the
coordinated activation of several defense-related, hormone
signaling, and lignin biosynthesis genes in the xylem and
pith tissues surrounding xylem vessels (Ishihara et al.
2012). Thus, the restriction of bacterial growth to root tis-
sues through activation of the defense system seems to
effectively control bacterial wilt diseases caused by R. so-
lanacearum in tomato. Transcriptome analysis of CF-
induced resistance in tomato may be more broadly appli-
cable to address a common molecular mechanism shared by
B. thuringiensis-treated tomato and bacterial wilt-resistant
tomato cultivars for resistance to R. solanacearum.

This differential activation between main and lateral
root tissues of the plant defense system in response to the
CF of B. thuringiensis is intriguing. The CF seems to
contain the elicitor molecule(s) having the activity to
induce defense reaction in tomato as shown in Figs. 1 and
2. In addition, the CF may contain various factors produced
by B. thuringiensis, excluding the elicitor mole-
cule(s) inducing defense reactions in tomato. Such com-
pounds may alter plant gene expression which is not
directly associated with the activation of the plant defense
reaction by the CF. To better understand the molecular
events of plant defense reactions in response to the CF, it is
necessary to eliminate such unexpected gene expression
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Fig. 2 Bacterial growth in root and stem tissues of tomato plants and
wilt symptom development. Tomato plants were treated with the CF
(CF) or diluted medium control (Cont) on their roots. a, b Develop-
ment of wilt symptoms in CF-treated tomato plants and their control
at 5 or 7 days after inoculation with R. solanacearum (5 and 7 dpi).
The scale bar shows the length in 1 cm. ¢, d Growth of bacterial cells
in stem (S1 in Fig. la), main root, and lateral root tissues of CF-

induced by the concomitant compounds in the CF. Com-
parative analysis of global gene expression between CF-
treated main root tissue resistant to R. solanacearum and
CF-treated lateral root tissue susceptible to R. solanacea-
rum is an appropriate strategy to focus on the molecular
aspects of resistance specifically induced by the CF of B.
thuringiensis.

Specific changes in gene expression in CF-treated main
root tissue

All data of microarray analysis of global gene expression
of CF-treated main and lateral root tissues compared with
that of the corresponding tissues treated with diluted
medium as a control have been deposited in NCBIs Gene
Expression Omnibus and are accessible through GEO
Series accession number GSE50402. 166 genes in CF-
treated main root tissue and 661 genes in CF-treated lateral
root tissue were up-regulated more than five-fold (Fig. 3a).
The expression of 82 genes among these up-regulated
genes was coordinately regulated in both CF-treated main
and lateral root tissues. On the other hand, 84 genes of the
166 up-regulated genes were uniquely induced in CF-
treated main root tissue and might be directly associated
with the mechanism of resistance to R. solanacearum
(Fig. 3a).
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treated tomato plants and their control at 5 or 7 days after inoculation
with R. solanacearum. The mean and standard deviation (SD) values
of bacterial cell counts were calculated in each experiment. An
asterisk (*) indicates a statistically significant difference of bacterial
growth between CF treatment and control (Student’s ¢ test, o = 0.05,
n=2>5)

Compared with diluted medium-treated controls, 224
genes in CF-treated main root tissue and 453 genes in CF-
treated lateral root tissue were down-regulated less than
1/5-fold (Fig. 3b). Among these down-regulated genes, 98
genes were coordinately regulated in both CF-treated main
and lateral root tissues, and 126 of 224 down-regulated
genes were uniquely suppressed in CF-treated main root
tissue and could also be directly associated with resistance
to R. solanacearum (Fig. 3b).

In CF-treated lateral root tissues, total 661 and 453
genes were up- and down-regulated, respectively, whereas
total 166 and 224 genes were done in CF-treated main root
tissues (Fig. 3). Increased number of up-and down-regu-
lated genes in CF-treated lateral roots relative to CF-treated
main roots indicates that lateral roots seems to be more
sensitive to CF than main roots, which may be concerned
with differential responsiveness of main and lateral roots to
CF.

To further characterize the main-root-specific gene
expression profile during CF-induced resistance, the
expression levels of 84 and 126 genes, which were spe-
cifically up- or down-regulated in CF-treated main roots
relative to the diluted medium-treated main roots as a
control, were compared with those of the corresponding
genes in CF-treated lateral roots. As shown in Fig. 4 and
Online Resource Table S2, the expression of 33 of 84 genes
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a Mainroot Lateral root
>5-fold: >5-fold:
166 genes 661 genes

b  Main root

<1/5-fold:
224 genes

Lateral root

<1/5-fold:
453 genes

Fig. 3 Venn diagram of up- and down-regulated genes in CF-treated
tomato roots. Numbers of genes up-regulated more than five-fold
(a) and down-regulated less than 1/5-fold (b) at main and lateral root
tissues treated with the CF, respectively, were shown. Up-regulated
(n = 166) and down-regulated (n = 224) genes in the main root are
presented with black circles. Up-regulated (n = 661) and down-
regulated (n = 453) genes in the lateral root are indicated by gray
circles. Main-root-specific up- or down-regulated genes, lateral-root-
specific up- or down-regulated genes and coordinately up- or down-
regulated genes in the main and lateral roots are indicated in circles

up-regulated in CF-treated main roots were induced more
than two-fold relative to those in CF-treated lateral roots.
These 33 genes included genes encoding pathogenesis-
related (PR) proteins PR-2, PR-1b1(p14), PR-1(P6), P4,
PR-4, PR-P69E, PR-P69G, and [-1,3-glucanase which
have antimicrobial activity (Fig. 4). Specific induction of
P4 and PR-2 in CF-treated main roots was also confirmed
by analysis of the relative level of their transcripts with
quantitative RT-PCR (Fig. 5). Because these genes are SA-
inducible (Danhash et al. 1993; van Kan et al. 1992),
SA-mediated signaling pathways appear to be activated in
CF-treated main roots. Interestingly, the expression of an
IAA-responsive SAUR gene and [AAIl which encodes
transcriptional repressors of auxin-regulated genes
(Audran-Delalande et al. 2012; Chapman and Estelle 2009;
Reed 2001), was also induced in CF-treated main roots
(Fig. 4). Since recent evidence suggests that auxin signal-
ing and SA signaling are negatively cross-talked during
plant defense (Kazan and Manners 2009), up-regulation of
the expression of genes encoding transcriptional repressors
of auxin-regulated genes in CF-treated main roots seems to

be consistent with the mutually antagonistic manner
underlying auxin and SA signalings.

Of the 126 genes whose expression was down-regulated
in CF-treated main roots, there were 32 genes whose
expression was suppressed less than 1/2-fold relative to the
CF-treated lateral roots (Fig. 4 and Online Resource Table
S3). These 32 genes included genes encoding proteinase
inhibitors II (PI-II) and CEVI57 (PI-CEVI57) (Fig. 4 and
Online Resource Table S3). Quantitative analysis of the
levels of PI-II and PI-CEVI57 transcripts suggested that
their expression was suppressed in CF-treated main roots,
but not in CF-treated lateral roots (Fig. 5). The expression
of PI genes in tomato is responsive to jasmonic acid (JA)
(Gadea et al. 1996); thus the JA signaling pathway seems to
be suppressed in main root tissue in response to CF
treatment.

Coordinate changes in gene expression in CF-treated
main and lateral root tissues

Annotation of 82 genes up-regulated in both main and
lateral roots of CF-treated plants suggests that the expres-
sion of genes encoding ethylene (ET)-responsive tran-
scription factors and genes related to ethylene synthesis
were coordinately induced (Online Resource Table S2).
This result indicates that the ET-mediated signaling path-
way seems to be activated in main and lateral root tissues
by treatment with the CF. Up-regulation of genes encoding
auxin-responsive  transcription  factors,  glutathione
S-transferases (GSTs), and mitochondrial small heat shock
protein was also observed in CF-treated main and lateral
root tissues (Online Resource Table S2). Induction of
auxin-responsive transcription factors may result from the
cross-talk with activation of SA signaling pathway in
response to CF. GSTs have been well documented to be
involved in diverse aspects of biotic and abiotic stresses,
especially detoxification processes (Dixon et al. 2002).
Accumulation of small heat shock proteins is induced by
oxidative stress and adaptive response (Banzet et al. 1998).
Thus, up-regulation of those gene expressions seems to be
associated with CF-activated defense reaction.

On the other hand, among 98 genes coordinately down-
regulated in CF-treated main and lateral root tissues, the
expression of genes encoding enzymes involved in JA
biosynthesis, and a gene encoding 2-oxoglutarate (20G)-
Fe(Il) oxygenase-like protein decreased reproducibly in
both main and lateral root tissues of CF-treated plants
(Online Resource Table S3). The decreased level of tran-
scripts related to JA biosynthesis appears to be linked with
specific down-regulation of JA-responsive genes in CF-
treated main roots. 20G-Fe(II) oxygenases have also been
identified as catalyzing steps in the biosynthesis of plant
signaling molecules including ethylene and the gibberellins
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Fig. 4 Main-root-specific genes Fold ratio
up- or down-regulated by CF
treatment. Main-root-specific
up-regulated genes (n = 33) 0.0 1.0
that were induced more than
two-fold by CF treatment
relative to CF-treated lateral
roots are shown in the upper
portion of the heat map. Main-
root-specific down-regulated
genes (n = 32) suppressed less
than 1/2-fold by CF treatment
relative to CF-treated lateral
roots are shown in the lower
portion of the heat map. Gene
expression fold ratio is shown as
a matrix with rows representing
genes and columns representing
the two sets of the main and
lateral root tissues (Main 1,
Main 2, Lateral 1, and Lateral 2)
on the heat map [up-regulated
(red), down-regulated (green),
and no change (black)].
Corresponding gene products
are listed (color figure online)

Repression

Main 2
Lateral 1

e

c
®
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(Prescott and Lloyd 2000; van Damme et al. 2008).
Therefore, down-regulation of those gene expressions may
be involved in CF-induced resistance to pathogens.

Time course of P4 and PR-2 gene expression
in CF-treated main and lateral root tissues

The expression of various defense genes leads to the pro-

duction of defensive compounds, such as pathogenesis-
related (PR) proteins and enzymes involved in the
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biosynthesis of protective secondary metabolites. In addi-
tion to PR-1(P6), tomato P4 encoding tobacco PR-1a-like
protein having antimicrobial activity and PR-2 encoding
B-1,3-glucanase which can inhibit pathogen growth are
also known to be marker genes for enhanced resistance
(van Kan et al. 1992). As shown in Fig. 4 and Online
Resource Table S2, the expression of P4 and PR-2 in main
roots is clearly up-regulated at 2 days after CF treatment.
The level of P4 and PR-2 was monitored at 0, 2, 4, 6, 8, and
10 days after treatment with CF. Induction of PR-2
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Fig. 5 Quantitative analysis of 12
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expression continued until 10 days after CF treatment
(Fig. 6a). The expression ratio of P4 also increased at 2, 4,
and 6 days after CF treatment (Fig. 6b). These results
suggest that the change in gene expression observed at
2 days after CF treatment as shown in Figs. 1c and 4
continues at the point in time when the suppression of
bacterial wilt disease was observed, as shown in Fig. 2.

Signaling pathways conferring CF-induced resistance
to R. solanacearum

In tomato plants challenge-inoculated with R. solanacearum
after pretreatment with CF on their roots, the growth of R.
solanacearum in the stem and main root tissues was sup-
pressed and the induction of defense-related gene expression
in CF-treated roots was observed. The gene expression
profile specific to the CF-treated main root tissue indicates
that the SA-dependent signaling pathway is activated and
that the JA-dependent signaling pathway seems to be sup-
pressed. SA, JA, and ET are involved to different extents in
defense responses against a broad range of pathogens
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(Durrant and Dong 2004; Glazebrook 2001; Pieterse et al.
2002). SA signaling is mainly associated with systemic
acquired resistance (SAR) that is induced in plant cultivars
carrying particular resistance (R) genes upon infection with
necrotizing pathogens carrying the corresponding avirulence
(Avr) genes (Durrant and Dong 2004). On the other hand, the
JA/ET-dependent signaling pathways primarily mediate ISR
elicited by plant growth-promoting rhizobacteria (PGPR)
(Pieterse et al. 1998; Thomma et al. 1998; Ton et al. 2002)
although recent evidence also indicates partial involvement
of SA-dependent signaling during ISR in some cases (Niu
etal. 2011). In general, the SA-dependent signaling pathway
interacts antagonistically with the JA-dependent signaling
pathway (Glazebrook 2001, 2005; Niki et al. 1998; Takah-
ashi et al. 2004) although basal resistance against certain
pathogen is controlled by the combined actions of SA, JA,
and ET-dependent signaling pathways (Xu et al. 1994). The
activation of SA signaling and suppression of JA signaling in
CF-treated main roots are consistent with antagonistic
interactions between these signaling pathways observed in
several other examples of induced resistance.
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Fig. 6 Time course of P4 and PR-2 expression in CF-treated main
root by quantitative RT-PCR. a Relative amounts of P4 and PR-2
transcripts in CF-treated main root (CF) and diluted NB medium-
treated control (C) were measured at 0, 2, 4, 8, and 10 days after CF
treatment by quantitative RT-PCR. The amount of each transcript is
shown relative to the amount of tomato actin gene transcript used as
an internal standard for normalization. The mean and SD values of

With regard to the ET-dependent signaling pathway, the
expression of ET-related genes is clearly induced in CF-
treated main and lateral root tissues (Online Resource
Table S2). The activation of the ET-dependent signaling
pathway seems insufficient to induce resistance to R. so-
lanacearum, as the bacterial growth was not significantly
suppressed in CF-treated lateral roots (Fig. 2). However,
the activation of ET signaling by CF treatment in combi-
nation with the activation of SA signaling may induce
effective resistance to R. solanacearum. Taken together,
the co-activation of SA-dependent signaling and ET-
dependent signaling, with suppression of JA-dependent
signaling, may play key roles for B. thuringiensis-induced
resistance to R. solanacearum in tomato plants.

The B. thuringiensis is a well-known insecticide. At the
same time, it can be useful as a microbial biocontrol agent

@ Springer

.
i

|
4]
2 * PR-2
© 3.0 p
o
S * %
3
2 20} " t3
| =
(=]
R
w
Q
g 1.0
»
Q
Q
2
% o L. M
o CFC CFC CFC CFC CFC CFC
0 2 4 6 8 10
days after treatment
[ =4
o
2 £ 1600
@5 _l_ PR-2
- O
& g 1200 f
e
L
6 800}
S E
€8 400!
o £
Su
c O 0 = ==
=
oL 2 4 6 8 10

days after treatment

transcript level were calculated in each experiment. An asterisk (*)
indicates a statistically significant difference of gene expression
between CF treatment and control (Student’s ¢ test, & = 0.01, n = 3).
b Change fold of P4 and PR-2 gene expression in CF-treated main
roots (CF) relative to diluted NB medium-treated control (C) at 2, 4,
8, and 10 days after CF treatment was shown. The mean and SD
values of transcript level were calculated in each experiment

to suppress plant diseases. Thus, B. thuringiensis has
potential as a bifunctional biopesticide to control a broad
range of insects and pathogens for plant protection. The
transcriptome analysis of tomato roots in response to the
CF of B. thuringiensis presented here provides clues to the
molecular events induced by the CF of B. thuringiensis. To
further understand the mechanism of B. thuringiensis-
induced resistance to R. solanacearum, it will be important
to identify the specific substances present in the CF that can
induce resistance to R. solanacearum in tomato. Interest-
ingly, volatile compounds and lipopeptides produced by
Bacillus spp. have been identified as elicitors in ISR (Ryu
et al. 2004). Therefore, the characterization of the sub-
stances able to induce disease resistance will provide new
insights for further evaluation of the practicality of B.
thuringiensis as an effective biocontrol agent.
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