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Abstract
We previously identified Mitsuaria sp. TWR114 and nonpathogenic Ralstonia sp. TCR112 as potential biocontrol agents to 
suppress tomato bacterial wilt caused by Ralstonia pseudosolanacearum. Because commercial biocontrol products require 
a practical cost-effective application method that maximizes their performance, we investigated whether the combined 
application of TWR114 and TCR112 enhances the biocontrol of bacterial wilt. In pot experiments, all the tested inoculum 
ratios (i.e., 1:1, 1:2, and 2:1) of the TWR114 + TCR112 treatment significantly suppressed the incidence of bacterial wilt, 
even at 28 days post-challenge inoculation (dpi) (13–47% wilt incidence), while 60% of plants treated with the individual 
isolates developed bacterial wilt within 10–12 dpi. The pathogen population in the rhizosphere and aboveground regions 
decreased considerably after the TWR114 + TCR112 treatment compared with that in the individual treatments. Moreover, 
the pathogen population in the aboveground parts of TWR114 + TCR112-treated plants had decreased to an undetectable 
level by 28 dpi. After inoculation with the pathogen, the expression of several tomato defense-related genes was higher in 
the TWR114 + TCR112-treated plants than in those treated with the individual isolates. Altogether, the results indicate 
that TWR114 and TCR112 applied together have a synergistic suppressive effect and that stronger defense priming might 
contribute to the improved biocontrol. The combination of both isolates may be a very promising approach for controlling 
tomato bacterial wilt in the future.

Keywords  Biological control · Combined application · Induced systemic resistance · Priming · Ralstonia 
pseudosolanacearum · Synergistic effect

Introduction

Bacterial wilt caused by the soil-borne pathogens Ralsto-
nia solanacearum (Yabuuchi et al. 1995), R. pseudosola-
nacearum and R. syzygii subsp. indonesiensis (Safni et al. 
2014) is ranked as the second most destructive bacterial dis-
ease of plants worldwide (Mansfield et al. 2012). Together, 
these pathogens infect more than 200 plant species among 

more than 50 different plant families, including important 
solanaceous crops such as tomato (Solanum lycopersicum 
L.), potato (S. tuberosum L.), tobacco (Nicotiana tabacum 
L.), eggplant (S. melongena L.), and Capsicum spp. Direct 
crop losses can reach up to 90% in tomato and potato and 
70% in tobacco (Elphinstone 2005). Pathogenic Ralstonia 
bacteria penetrate roots via natural openings and wounds, 
then move into the xylem vessels where they block the trans-
location of water, resulting in wilting and subsequently death 
of the plants (Álvarez et al. 2010).

Although bacterial wilt has been controlled using antag-
onistic bacteria (Boukaew et al. 2011; Chen et al. 2014; 
Xue et al. 2009; Yamamoto et al. 2015), most studies have 
involved a single biocontrol agent (BCA) in pots and/or field 
experiments. Yuliar and Toyota (2015) pointed out that the 
biocontrol effect of single BCAs can sometimes be low 
and/or short-lasting, thus requiring uneconomically high 
rates of inoculum or repeated applications in the field. They 
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considered that these points are the most important disad-
vantages of BCAs in controlling bacterial wilt. Therefore, 
more sophisticated methods are required to improve the bio-
control of wilt disease. The combined use of several BCAs 
to control plant diseases was proposed as an effective way 
to overcome some of these drawbacks (Spadaro and Gullino 
2005) and to exploit potential synergistic effects that may 
promote plant health (Sarma et al. 2015; Xu et al. 2011).

Many previous studies reported that the combined appli-
cation of multiple microbes enhance the biocontrol efficacy 
and reliability against bacterial wilt on tomato, tobacco, bell 
pepper (Capsicum annuum L.), and Coleus (Coleus fors-
kohlii Briq.) plants (Jetiyanon 2007; Jetiyanon and Kloep-
per 2002; Liu et al. 2013, 2014; Singh et al. 2013; Yuan 
et al. 2016). Such combinations have also provided broad-
spectrum protection against multiple pathogens (Domenech 
et al. 2006; Jetiyanon et al. 2003; Raupach and Kloepper 
1998) and improved the growth, yield, and quality of differ-
ent crops (Lucas et al. 2009; Santiago et al. 2017; Srivastava 
et al. 2010).

Recently, we identified Mitsuaria sp. TWR114 and non-
pathogenic Ralstonia sp. TCR112, originally isolated from 
Welsh onion (Allium fistulosum L.) and Chinese chives (A. 
tuberosum Rottler ex Spreng), respectively, as potential 
BCAs capable of suppressing tomato bacterial wilt (Marian 
et al. 2018). In a previous study, we reported that a sin-
gle application of these individual isolates effectively sup-
pressed bacterial wilt for up to 2 weeks in tomato plants in a 
glasshouse. Moreover, weekly drenching with each of these 
two isolates provided considerable protection of field-grown 
tomatoes against bacterial wilt. However, to commercialize 
our isolates as practical biocontrol products, we need a cost-
effective application method to maximize their biocontrol 
performance. Therefore, in the present study, we investigated 
whether the combined application of TWR114 and TCR112 
enhances the biocontrol effect against tomato bacterial wilt.

Materials and methods

Bacterial isolates, culture conditions, and inoculum 
preparation

The biocontrol bacteria TWR114 and TCR112 and the 
pathogen R. pseudosolanacearum isolate VT0801 were used 
throughout this study (Marian et al. 2018). The TWR114 
and TCR112 isolates were cultured in nutrient broth (Nissui 
Pharmaceutical, Tokyo, Japan). Isolate VT0801 was cultured 
in casamino acid–peptone–glucose broth (Hendrick and 
Sequeira 1984). All cultures were incubated at 30 °C for 24 h 
with shaking at 200 rpm. The cells of TWR114 and TCR112 
were harvested by centrifugation at 10,000 rpm for 10 min, 
washed twice and resuspended in sterile distilled water 

(SDW) to a final concentration of ca. 9 × 108 colony form-
ing unit (CFU)/ml. The cells of VT0801 was harvested as 
mentioned earlier, washed twice and resuspended in 10 mM 
MgCl2 to a final concentration of ca. 2 × 107 CFU/ml.

Growth conditions of tomato plants

Seeds of tomato (cv. Ponderosa, susceptible to bacterial wilt) 
were surface-sterilized with 70% (v/v) ethanol for 1 min, 
followed by 1% (v/v) sodium hypochlorite for 5 min and 
then thoroughly rinsed with SDW. After germination on a 
moist filter paper, the seeds were sown in plastic trays (Bee 
pot Y-49; Canelon Kaka, Japan) containing a commercial 
potting soil mix Saika Ichiban (Ibigawa Kogyo, Japan) and 
grown in a glasshouse (maintained at 30 °C, relative humid-
ity of 70%) until the seedlings reached the four-leaf stage. 
Tomato seedlings were then transplanted into vinyl pots 
(9 cm in diameter) comprising three layers: top and bot-
tom layers, each containing 150 g of commercial potting 
soil mix; and a middle layer, containing 20 g of river sand. 
For biocontrol experiments and bacterial enumeration, the 
tomato plants were grown in the same glasshouse. For the 
analysis of defense-related genes, the plants were grown in 
a chamber with a controlled environment (Biotron, standard 
model LH-241SP; Nippon Medical and Chemical Instru-
ments, Osaka, Japan) at 28 °C and a 12-h light/12-h dark 
cycle.

Evaluation of biocontrol effect of combined 
application of TWR114 and TCR112 in pot 
experiments

Effect of inoculum ratios

For the TWR114 + TCR112 treatment, cell suspensions of 
TWR114 and TCR112 (ca. 9 × 108 CFU/ml) were mixed 
thoroughly at ratios of 1:1, 1:2, and 2:1 (v/v), before the 
treatment of tomato plants by bottom watering (100 ml/pot). 
For individual treatments, a cell suspension of each isolate 
was applied (100 ml/pot) to obtain a final concentration of 
3 × 108 CFU/g wet soil. Control plants were treated with an 
equal volume of SDW without the bacteria. Three days after 
treatment (dat), all plants were challenged with 100 ml of a 
washed cell suspension of VT0801 to obtain a final concen-
tration of 7 × 106 CFU/g wet soil. The inoculated plants were 
maintained in the glasshouse for 28 days. Each treatment had 
five plants, and the experiment was repeated three times.

Effect of inoculum concentration

Plants were treated with the combination of TWR114 and 
TCR12 (100 ml/pot) at a ratio of 2:1 (v/v, selected from 
the above pot experiment) using the original inoculum 
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concentration (ca. 9 × 108 CFU/ml) or twofold (ca. 4.5 × 108 
CFU/ml) or tenfold (ca. 9 × 107 CFU/ml) dilutions of the 
original concentration. The plants treated with an equal 
volume of SDW were used as controls. At 3 dat, all plants 
were challenged with the pathogen as mentioned above. The 
inoculated plants were maintained in the same glasshouse 
for 28 days. Each treatment included five plants, and the 
experiments were repeated three times.

Disease assessment

The number of wilted plants was recorded daily, and dis-
ease incidence and the area under the disease progress curve 
(AUDPC) were calculated using the following formulas:

AUDPC = ∑ [0.5(xi+1 + xi)](ti+1 − ti), where xi+1 and xi 
are disease incidence at times ti+1 and ti, respectively, and 
ti+1 and ti are consecutive evaluation dates, with ti+1 and ti 
equal to 1.

Quantification of R. pseudosolanacearum

Tomato plants were treated with the combination of 
TWR114 and TCR112 at a ratio of 2:1 using the original 
inoculum concentration (ca. 9 × 108 CFU/ml), or with the 
individual isolates and then challenged with R. pseudosolan-
acearum VT0801 as described in the above pot experiments. 
The pathogen multiplication in the rhizosphere soil, crown 
(basal part of hypocotyl), mid-stem (immediately above the 
cotyledon), and upper stem (approximately 1 cm above the 
first true leaves) of plants without wilt symptoms was deter-
mined at 1, 3, 5, 7, and 28 days post-challenge inoculation 
(dpi). Samples were obtained from three plants that were 
treated with TWR114 + TCR112 and the individual isolates 
and an untreated control at each time point. The rhizosphere 
soils tightly attached to the roots were harvested and serially 
diluted with SDW. The aboveground samples (crowns, mid-
stems, and upper stems; each 2 cm long) of tomato plants 
were surface-sterilized with 100% ethanol and flamed for 5 s 
as described previously (Marian et al. 2018). The samples 
were then homogenized using a sterile mortar and pestle, 
and used to prepare serial dilutions in SDW. Dilutions of 
rhizosphere soil and tissue homogenates were spread onto 
triplicate plates of modified semi-selective medium South 
Africa (French et al. 1995). Typical colonies of R. pseudo-
solanacearum that appeared elevated and fluidal with a pink 
center were counted after incubation for 3 days at 30 °C. The 
experiment was repeated three times. The size of the bacte-
rial populations was expressed as log colony-forming units 

Disease incidence =(total number of diseased plants in the treatment∕total number of plants investigated)

× 100

per gram (wet mass) of soil (log CFU/g wet soil) or tissue 
(log CFU/g fresh tissue).

Quantification of TWR114 and TCR112 isolates

The populations of TWR114 and TCR112 in the rhizos-
phere and aboveground (crown, mid-stem, and upper stem) 
regions of tomato plants were also enumerated by spread-
ing the same dilutions of the rhizosphere soils and tissue 
homogenates used for the pathogen enumeration in triplicate 
onto isolation media that were optimized for each isolate, as 
described previously (Marian et al. 2018). These inoculated 
plates were incubated at 30 °C for 48 h, and the colonies 
were counted (Marian et al. 2018). The experiment was 

repeated three times.

In vitro compatibility test between TWR114 
and TCR112 isolates

Both biocontrol isolates were tested for their compatibility 
with each other using the agar well diffusion assay. Three 
milliliters of the TWR114 or TCR112 washed cell sus-
pension was added to 100 ml of molten King’s B agar and 
poured into square Petri dishes (100 × 100 mm). After agar 
solidification, 7 mm diameter wells were cut out using a 
sterile cork borer, and 70-µl of culture broth of TWR114 or 
TCR112 isolate was added to each well. The inhibition of 
TWR114 and TCR112 growth was assessed based on the 
production of a clear halo zone surrounding the wells. Three 
replicates were used for each bacterial isolate.

Analysis of tomato defense‑related gene expression 
using quantitative real‑time PCR

Tomato plants were treated with the 2:1 combination of 
TWR114 and TCR112 or TWR114 or TCR112 alone, 
then challenged with R. pseudosolanacearum VT0801 as 
described for the pot experiments. The main root (100 mg) 
was sampled from plants inoculated with the pathogen or 
none at 5 dat (2 dpi) and 7 dat (4 dpi) to analyze expres-
sion of PR-1a and GluA, GluB and Osmotin-like, Le4, and 
LoxD, which are related to the salicylic acid (SA), ethylene 
(ET), abscisic acid (ABA), and jasmonic acid (JA) signaling 
pathways, respectively.

RNA was extracted from samples that were powdered 
in liquid nitrogen as described previously by Suzuki et al. 
(2003) with slight modifications and extraction buffer (2% 
[w/v] of cetyltrimethylammonium bromide, 100 mM of 
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Tris–HCl [pH 6.8], 25 mM of EDTA [pH 8.0], 1.4 M of 
NaCl, and 5% [v/v] of 2-mercaptoethanol added just before 
use and heated at 65 °C for 10 min). The resulting upper 
aqueous phase from centrifugation was re-extracted with a 
chloroform–isoamyl alcohol mixture (24:1, v/v). The col-
lected supernatant was extracted with water-saturated phe-
nol, guanidium thiocyanate, sodium acetate (pH 4.0) and 
chloroform. The upper phase was precipitated with isopro-
panol. The precipitated RNA was collected, washed twice 
with 75% ethanol, air dried briefly and dissolved in RNase-
free water. RNA concentrations were measured with a Nano-
Vue Plus Spectrophotometer (GE Healthcare Life Sciences, 
UK).

Five hundred nanograms of total RNA were used to 
synthesize the first-strand cDNA by ReverTra Ace qPCR 
RT Master Mix with a gDNA Remover (Toyobo, Osaka, 
Japan), following the manufacturer’s protocol. The reverse 
transcription products (10 µl) were diluted with an equal 
volume of RNase-free water (water deionized and steri-
lized; Nacalai Tesque, Kyoto, Japan) and used as templates 
for quantitative real-time PCR (qRT-PCR), performed 
using SYBR Premix Ex Taq II (Tli RNaseH Plus; Takara 
Bio, Otsu, Japan). The qRT-PCR reaction mixtures were 
prepared in a total volume of 10 µl containing 3 µl of 
RNase-free water, 5 µl of 2× SYBR Premix, 1 µl of the 
cDNA template, and 0.5 µl of 10 µM of each forward and 
reverse gene-specific primer (0.5 µM final concentration). 
The gene-specific primers used in this experiment are 
shown in Table 1. The reactions were performed with a 
LightCycler Nano Instrument (Roche Diagnostics, Man-
nheim, Germany) using an initial denaturation step of 
95 °C for 30 s, followed by 45 cycles of a three-step ampli-
fication profile of denaturation at 95 °C for 10 s, primer 

annealing at 60 °C for 10 s, and extension at 72 °C for 
60 s. The specific amplification was verified by melting 
curve analysis run from 60 to 97 °C at the end of each 
qRT-PCR. The housekeeping gene β-tubulin was used for 
normalization. The expression level of the target genes in 
different samples was calculated using the formula 2−ΔΔCT 
(Livak and Schmittgen 2001) and given as a value rela-
tive to the untreated control plants (not inoculated with 
the pathogen). The qRT-PCR experiment was conducted 
once with three biological replicates for each treatment 
and three technical repetitions for each replicate.

Statistical analyses

Differences among treatments in the biocontrol studies 
and analysis of defense gene expression were analyzed 
using Tukey’s multiple-comparison test (P < 0.05). Popu-
lation data for the pathogen and biocontrol bacteria were 
transformed into logarithmic values then analyzed using 
Tukey’s multiple-comparison test (P < 0.05) and Student 
t-test (P < 0.05), respectively. Throughout the bacterial 
population studies, the minimum detection limit was 2.5 
log CFU/g wet soil and 1.5 log CFU/g fresh tissue in the 
rhizosphere and aboveground regions, respectively. All 
analyses were performed using BellCurve for Excel (ver-
sion 2.13; Social Survey Research Information, Tokyo, 
Japan).

Table 1   Primers used in quantitative real-time PCR analysis of tomato defense-related gene expression

F forward primer, R reverse primer
a The genes monitored are markers for the salicylic acid (SA), ethylene (ET), abscisic acid (ABA) and jasmonic acid (JA) signaling pathways. 
β-Tubulin was used as a housekeeping gene (HK) for normalization

Target gene Pathwaya Primer sequence (5′–3′) References

PR-1a (pathogenesis-related protein-1a) SA F-TCT​TGT​GAG​GCC​CAA​AAT​TC
R-ATA​GTC​TGG​CCT​CTC​GGA​CA

Aimé et al. (2013)

GluA (acidic extracellular β-1,3-glucanase) SA F-GGT​CTC​AAC​CGC​GAC​ATA​TT
R-CAC​AAG​GGC​ATC​GAA​AAG​AT

Aimé et al. (2013)

GluB (basic intracellular β-1,3-glucanase) ET F-TCT​TGC​CCC​ATT​TCA​AGT​TC
R-TGC​ACG​TGT​ATC​CCT​CAA​AA

Aimé et al. (2013)

Osmotin-like ET F-TGT​ACC​ACG​TTT​GGA​GGA​CA
R-ACC​AGG​GCA​AGT​AAA​TGT​GC

Milling et al. (2011)

Le4 (desiccation protective protein) ABA F-ACT​CAA​GGC​ATG​GGT​ACT​GG
R-CCT​TCT​TTC​TCC​TCC​CAC​CT

Martínez-Medina et al. (2013)

LoxD (lipoxygenase D) JA F-CCT​GAA​ATC​TAT​GGC​CCT​CA
R-ATG​GGC​TTA​AGT​GTG​CCA​AC

Aimé et al. (2013)

β-Tubulin HK F-AAC​CTC​CAT​TCA​GGA​GAT​GTTT​
R-TCT​GCT​GTA​GCA​TCC​TGG​TATT​

Aimé et al. (2013)
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Results

Biocontrol effect of combined application 
of TWR114 and TCR112 in pot experiments

When different ratios of TWR114 + TCR112 were tested 
on plants in a glasshouse, all ratios (i.e., 1:1, 1:2, and 2:1) 

significantly suppressed the incidence of bacterial wilt even 
at 28 dpi (13–47% wilt incidence), whereas the incidence of 
bacterial wilt on plants treated with the individual isolates 
surpassed 60% within 10–12 dpi (Figs. 1, 2a). Among the 
three ratios, 2:1 was associated with the greatest reduction 
(93%) in AUDPC for wilt incidence (Fig. 2b).

Fig. 1   Effects of applications of Mitsuaria sp. TWR114 and non-
pathogenic Ralstonia sp. TCR112 at different inoculum ratios on 
tomato bacterial wilt at 28  days post inoculation with Ralstonia 

pseudosolanacearum. a Untreated control. b TWR114. c TCR112. 
d TWR114 + TCR112 (ratio 1:1). e TWR114 + TCR112 (ratio 1:2). f 
TWR114 + TCR112 (ratio 2:1)

Fig. 2   Effect of inoculum ratios of the combined application of Mit-
suaria sp. TWR114 and nonpathogenic Ralstonia sp. TCR112 on 
incidence of bacterial wilt in tomato plants grown in a glasshouse. a 
Disease incidence over time after different treatments post inoculation 

with Ralstonia pseudosolanacearum. b Area under the disease pro-
gress curve (AUDPC). Bars represent mean ± standard error of three 
independent experiments. Different letters indicate significant differ-
ences among treatments according to Tukey’s test at P  <  0.05
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When this ratio was further evaluated in another pot 
experiment, all tested concentrations (i.e., original concen-
tration, twofold dilution, and tenfold dilution) of the 2:1 
TWR114 + TCR112 significantly reduced disease incidence, 
with the original concentration (ca. 9 × 108 CFU/ml) most 
effective, achieving the highest reduction (100%) in AUDPC 
(Fig. 3). Accordingly, the 2:1 TWR114 + TCR112 treatment 
at the original concentration was used throughout the fol-
lowing experiments.

Quantification of R. pseudosolanacearum

We monitored the pathogen population in symptomless 
plants treated with biocontrol bacteria and untreated control 
at 1, 3, 5, 7, and 28 dpi. At 28 dpi, all of the plants treated 
with TWR114 alone, and TCR112 alone and untreated con-
trol were completely wilted, and thus pathogen populations 
in these plants were not investigated. In the rhizosphere 
of tomato plants, the pathogen population was consider-
ably reduced by the TWR114 + TCR112 treatment and the 
individual treatments compared with that in the untreated 
control at 3 and 5 dpi (Fig. 4a). Subsequently, at 7 dpi, the 
pathogen population reached densities similar to those in 
the untreated control (ca. 7 log CFU/g wet soil). However, 
the pathogen population had greatly decreased to less than 4 

log CFU/g wet soil in the TWR114 + TCR112 treatment at 
28 dpi. The population densities in the aboveground regions 
of plants treated with TWR114 + TCR112 and individual 
isolates were significantly lower than in untreated plants at 
5 dpi (Fig. 4b–d). At 7 dpi, the populations in the individual 
treatments reached densities similar to that in the untreated 
control, whereas in the TWR114 + TCR112 treatment, the 
population density remained considerably lower than in the 
untreated control. In the TWR114 + TCR112 treatment, 
the pathogen population in the aboveground regions was 
reduced to an undetectable level (< 1.5 log CFU/g fresh tis-
sue) at 28 dpi.

Quantification of biocontrol isolates TWR114 
and TCR112

Both isolates were successfully recovered from all regions 
(rhizosphere, crown, mid-stem, and upper stem) of tomato 
plants in the TWR114 + TCR112 treatment and individual 
treatments during growth in the glasshouse, except at 28 dpi 
(31 dat), when TCR112 was not detected in the upper stem 
of TWR114 + TCR112-treated plants (Figs. 5, 6). Through-
out the experiment, the population of TWR114 and TCR112 
in all treatments was relatively stable in the rhizosphere 
(6.5–7.5 log CFU/g wet soil and 5.6–7.2 log CFU/g wet soil, 
respectively) and crown (3.0–4.7 log CFU/g fresh tissue and 
1.9–4.0 log CFU/g fresh tissue, respectively) (Fig. 5a, 5b, 6a, 
and 6b). In the mid-stem, TWR114 and TCR112 persisted 
at about 3 log CFU/g tissue until 7 dpi (10 dat) (Figs. 5c, 
6c). However, at 28 dpi (31 dat), population densities of 
TWR114 and TCR112 decreased to about 2 and 1 log CFU/g 
fresh tissue, respectively. Similarly, both isolates established 
populations of about 1 to 2 log CFU/g fresh tissue in the 
upper stem until 7 dpi (10 dat), then considerably decreased 
at 28 dpi (31 dat) (Figs. 5d, 6d). At most sampling times in 
all regions, the population size of the respective isolates in 
the TWR114 + TCR112 treatment did not differ significantly 
from that in the individual treatments (Figs. 5, 6).

In vitro compatibility between TWR114 and TCR112

TWR114 isolate exhibited antibacterial activity against the 
TCR112 isolate, as evidenced by the presence of an inhibi-
tion zone around the well in the agar well diffusion assay, 
whereas TCR112 isolate did not have any activity against 
TWR114, as indicated by the absence of any such inhibition 
zone (Fig. 7).

Induction of tomato defense‑related genes 
by TWR114 and TCR112 treatment

After TWR114 + TCR112 treatment and the treatments 
with each isolate individually, the expression of the six 

Fig. 3   Effect of inoculum concentration in the combined application 
at a ratio of 2:1 of Mitsuaria sp. TWR114 and nonpathogenic Ralsto-
nia sp. TCR112 on the incidence of tomato bacterial wilt expressed 
as area under the disease progress curve (AUDPC). Original concen-
tration: ca. 9 × 108 CFU/ml. Bars represent mean ± standard error of 
three independent experiments. Different letters indicate significant 
differences among treatments according to Tukey’s test at P < 0.05



148	 Journal of General Plant Pathology (2019) 85:142–154

1 3

defense-related genes in the tomato root was determined 
by qRT-PCR at 5 and 7 dat (2 and 4 dpi, respectively) 
in pathogen-uninoculated and -inoculated plants. In the 
absence of the pathogen, the expression of ABA- or ET-
responsive marker genes was slightly induced or not pre-
sent in bacterized plants regardless of the type of treatment, 
whereas the expression of SA- and JA-responsive genes 
was strongly induced by the individual treatments com-
pared with the TWR114 + TCR112 treatment (Fig. 8). In 
pathogen-inoculated plants, the expression of SA-respon-
sive marker genes PR-1a and GluA significantly increased 
in the TWR114 + TCR112 treatment compared with those 
in the individual treatments and pathogen-inoculated con-
trol at 2 dpi (Fig. 8a, b). The expression of ET-responsive 
genes GluB and Osmotin-like was considerably increased 
by TWR114 + TCR112 compared with that in the TWR114 
and TCR112 individual treatments and pathogen-inoculated 

control at 4 dpi (Fig.  8c, d). The expression of the 
ABA-responsive gene Le4 was strongly induced by the 
TWR114 + TCR112 treatment and the TWR114 treatment 
compared with that by the TCR112 treatment and pathogen-
inoculated control at 2 dpi (Fig. 8e). The JA-responsive gene 
LoxD was not induced by any of the treatments (Fig. 8f).

Discussion

To establish a cost-effective method for applying the isolates 
Mitsuaria sp. TWR114 and nonpathogenic Ralstonia sp. 
TCR112 to maximize biocontrol of tomato bacterial wilt, we 
tested combinations of TWR114 and TCR112. A combina-
tion of BCAs has improved biocontrol performance against 
several soil-borne diseases including bacterial wilt compared 
with either agent alone (Jetiyanon and Kloepper 2002; Liu 

Fig. 4   Population dynamics of Ralstonia pseudosolanacearum in 
tomato plants treated with the combination of Mitsuaria sp. TWR114 
and nonpathogenic Ralstonia sp. TCR112 or the individual isolates. a 
Rhizosphere soil. b Crown. c Mid-stem. d Upper stem. Bars represent 

the mean ± standard error of three independent experiments. Different 
letters represent significant differences among treatments according to 
Tukey’s test at P  < 0.05. NT not tested, ND not detected
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et al. 2014; Roberts et al. 2005), but not in other cases (Har-
vás et al. 1997; Myresiotis et al. 2012). Our results clearly 
demonstrated that TWR114 + TCR112 treatment can exert 
a synergistic suppressive effect on the biocontrol of wilt dis-
ease. A single application of TWR114 + TCR112 achieved a 
more intense, prolonged biocontrol effect, lasting for at least 
28 dpi, compared with less than 14 dpi with either TWR114 
or TCR112 alone (Figs. 1, 2). Based on this result, the use 
of TWR114 and TCR112 together will allow the drenching 
frequency and total dosage of the isolates to be reduced to 
at least one-fourth of the individual applications. Moreover, 
TWR114 + TCR112 treatment did not adversely affect the 
growth of pathogen-uninoculated tomato plants even after 
28 days (data not shown). Therefore, combined application 
of these two isolates should be cost-effective and practical.

Generally, biocontrol studies have tested multiple bac-
teria in a 1:1 mixture (Bardas et al. 2009; Jetiyanon and 
Kloepper 2002; Sundaramoorthy et al. 2012). Here, although 
the control by all TWR114 + TCR112 treatments was bet-
ter than after individual treatments, the efficacy of the 1:1 
TWR114 + TCR112 treatment was not the best; the 2:1 
ratio was superior (Figs. 1, 2). These results suggest that 
the TWR114 isolate in this bacterial consortium should 
be higher to maximize the control of tomato bacterial wilt. 

However, the reason this specific ratio conferred the best 
biocontrol performance is still unclear. Similarly, Singh et al. 
(1999) showed that the combined application of Paenibacil-
lus sp. Pb300 and Streptomyces sp. 385 was more effective 
against Fusarium wilt of cucumber than their individual 
application and that 4:1 and 3:2 ratios suppressed disease 
better than 1:4 and 2:3.

We tested several inoculum concentrations of 
TWR114 + TCR112 treatment at a 2:1 ratio for their bio-
control ability in the glasshouse. Although the original con-
centration (ca. 9 × 108 CFU/ml) gave the best biocontrol, 
the two lower concentrations (i.e., two- and tenfold diluted 
concentrations) also significantly reduced wilt incidence in a 
dose-dependent manner (Fig. 3). Therefore, we will evaluate 
the effectiveness of these different treatments in the field.

Roberts et al. (2005) defined compatible microbes as 
microbes that, when combined, do not have diminished dis-
ease suppression or reduced persistence in planta relative to 
the same isolates applied individually. Moreover, compat-
ibility among BCAs in vitro is an important criterion for 
improved biocontrol (Dunne et al. 1998; Pierson and Weller 
1994; Roberts et al. 2005). We found that TWR114 has in 
vitro antibacterial activity against TCR112, indicating that 
TWR114 is incompatible with TCR112 in vitro (Fig. 7). 

Fig. 5   Population dynamics of Mitsuaria sp. TWR114 in tomato 
plants treated with the combination of TWR114 and nonpathogenic 
Ralstonia sp. TCR112 or with TWR114 alone. a Rhizosphere soil. b 
Crown. c Mid-stem. d Upper stem. Bars represent mean ± standard 

error of three independent experiments. An asterisk indicates signifi-
cant difference between the biocontrol bacterial treatments according 
to Student’s t-test at P < 0.05. NT not tested, ND not detected
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However, both isolates in the TWR114 + TCR112 treatment 
of plants established population densities at levels similar 
to those in the individual treatments (Figs. 5, 6). These data 
suggest that, although the combination of TWR114 and 
TCR112 was incompatible in vitro, it was not in planta. 
We previously found that TWR114 has antibacterial activ-
ity against the pathogenic Ralstonia (Marian et al. 2018) 
and thus assumed that TWR114 produces an antibacterial 
compound(s) that suppress Ralstonia species. However, 
in planta, TWR114 suppressed the population density of 

the pathogen only, while it did not affect that of TCR112 
(Figs. 4, 6), indicating that the TWR114 isolate suppressed 
pathogen multiplication in tomato rhizosphere perhaps not 
via antibiosis-mediated antagonism but via other mecha-
nisms such as competition for nutrients. Recently, Wu et al. 
(2017) showed that the competitive ability of BCAs to use 
certain components of tomato root exudates directly affected 
not only the population density of R. solanacearum but also 
its pathogenicity, thus efficiently suppressing the incidence 
of bacterial wilt.

Fig. 6   Population dynamics of nonpathogenic Ralstonia sp. TCR112 
in tomato plants treated with the combination of Mitsuaria sp. 
TWR114 and TCR112 or with TCR112 alone. a Rhizosphere soil. b 
Crown. c Mid-stem. d Upper stem. Bars represent the mean ± stand-

ard error of three independent experiments. An asterisk indicates sig-
nificant difference between the biocontrol bacterial treatments accord-
ing to Student’s t-test at P < 0.05. NT not tested, ND not detected

Fig. 7   Agar well diffusion assay 
to test in vitro compatibility 
between the biocontrol isolates 
Mitsuaria sp. TWR114 and 
nonpathogenic Ralstonia sp. 
TCR112. Antibacterial activ-
ity of (left) TWR114 against 
TCR112 and (right) TCR112 
against TWR114 after 48 h at 
30 °C
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The population of R. pseudosolanacearum in the rhizos-
phere and aboveground regions of tomato plant, particularly 
in the mid-stem and upper stem, was considerably decreased 
by the combined treatment of TWR114 and TCR112 
compared with the levels after the individual treatments 
(Fig. 4). Interestingly, although the pathogen population 
in the aboveground regions of TWR114 + TCR112-treated 
plants increased to 2.4–4.8 log CFU/g fresh tissue at 7 dpi, 
its population decreased to an undetectable level (< 1.5 log 
CFU/g fresh tissue) at 28 dpi (Fig. 4b–d). This decrease may 
have been due to the enhanced defense responses after the 
TWR114 + TCR112 treatment. It was previously suggested 
that the priming of defense responses by treatment with the 
rhizobacterium Pseudomonas putida can reduce the popu-
lation of R. solanacearum in root tissues of tomato plants 
(Ahn et al. 2011). Our results from the qRT-PCR analysis 
revealed that, after pathogen inoculation, the expression 
of several genes was induced by the TWR114 + TCR112 
treatment and the corresponding individual treatments. 
However, both types of treatments showed varying levels of 
expression, in which the expression of most of these genes 
was more strongly induced in tomato plants treated with 
TWR114 + TCR112 than in those treated with the individual 
isolates, indicating an enhanced priming effect (Fig. 8). The 
importance of host defense priming in the suppression of 
several diseases caused by soil-borne pathogens, including 
bacterial wilt, by the treatment with beneficial microbes or 
some chemical elements such as silicon has already been 
reported (Aimé et al. 2013; Ghareeb et al. 2011; Jogaiah 
et al. 2013; Niu et al. 2012). Additionally, the greater induc-
tion of some defense-related enzymes has been suggested as 
a mechanism responsible for the enhanced biocontrol effect 
achieved by the combination of BCAs against bacterial wilt 
on tomato (Jetiyanon 2007) and tobacco (Yuan et al. 2016) 
plants.

Although the SA-dependent signaling pathway is 
involved in systemic acquired resistance and the JA- and 
ET-dependent signaling pathways are involved in the 
induction of systemic resistance (ISR) (Pieterse et  al. 

2009), recent evidence also suggests the partial involve-
ment of an SA-dependent pathway during ISR in some 
cases (Niu et al. 2011). These signaling pathways do not 
work independently but instead influence one another 
through a complex network of synergistic and antagonis-
tic interactions (Glazebrook 2005). Several studies have 
indicated that SA, JA, ET, and ABA signaling pathways 
are involved in the BCA-mediated ISR against bacterial 
wilt (Chen et al. 2009; Feng et al. 2012; Hase et al. 2006, 
2008; Takahashi et al. 2014). In this study, the treatments 
with TWR114 or TCR112 alone resulted in priming for the 
enhanced expression of the ET-responsive marker genes 
GluB (coding a basic intracellular β-1,3-glucanase) and 
Osmotin-like, but only the TWR114 treatment boosted 
the expression of the ABA-regulated gene Le4 (coding 
a desiccation protective protein), suggesting that these 
two isolates might activate different signaling pathways. 
Interestingly, the expression of ET- and ABA-responsive 
marker genes was significantly more pronounced after 
the TWR114 + TCR112 treatment, and the expression 
of SA-regulated genes PR-1a and GluA (coding patho-
genesis-related protein-1a and acidic extracellular β-1,3-
glucanase, respectively) was primed only by this treat-
ment (Fig. 8). Based on these findings, we propose that 
the TWR114 + TCR112-mediated ISR in tomato plants 
against the necrotrophic pathogen R. pseudosolanacearum 
may be due to the enhanced priming of SA-, ET-, and 
ABA-dependent defense responses. Recently, Alizadeh 
et al. (2013) showed that the combined application of 
Trichoderma harzianum and Pseudomonas sp. provided 
better disease suppression than their individual applica-
tions against Fusarium wilt of cucumber, mainly due to 
priming of both SA- and JA-dependent defense responses 
after pathogen inoculation. Further studies should thus 
aim at better understanding the involvement of the SA-, 
ET-, and ABA-dependent signaling pathways in the 
TWR114 + TCR112-mediated ISR by using tomato mutant 
lines impaired in the synthesis of these key defense-related 
hormones.

In conclusion, the findings from the present study 
clearly demonstrate that the combination of the biocontrol 
isolates Mitsuaria sp. TWR114 and nonpathogenic Ral-
stonia sp. TCR112 exerts a synergistic suppressive effect, 
resulting in enhanced biocontrol efficacy against tomato 
bacterial wilt. We established a cost-effective method 
for applying our isolates, which may support their future 
development and commercialization as new biocontrol 
products for controlling tomato bacterial wilt. More stud-
ies are still necessary to evaluate the effectiveness of the 
TWR114 + TCR112 treatment in the field.
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Fig. 8   Expression of defense-related genes in tomato plants treated 
with the combination of Mitsuaria sp. TWR114 and nonpathogenic 
Ralstonia sp. TCR112, the individual isolates, or no treatment, then 
inoculated without or with Ralstonia pseudosolanacearum at 5 and 
7 days after treatment (dat) (2 and 4 days post-challenge inoculation 
[dpi], respectively). a PR-1a. b GluA. c GluB. d Osmotin-like. e Le4. 
f LoxD. The housekeeping gene β-tubulin was used for normaliza-
tion. The expression level of the target genes in different samples was 
calculated using the formula 2− ΔΔCT (Livak and Schmittgen 2001), 
given as a value relative to the untreated control plants (not inocu-
lated with the pathogen). Bars represent the mean ± standard error of 
three biological replicates per treatment with three technical repeti-
tions for each sample. Different lowercase and uppercase letters indi-
cate significant differences between treatments according to Tukey’s 
test at P < 0.05
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