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Bacterial wilt (Ralstonia solanacearum) of tomato, Lycopersicon esculentum, causes a considerable amount
of damage to tomato in Southern China. Biological control is one of the more promising approaches to
reduce the disease incidence and yield losses caused by this disease. Based on antagonistic activity
against R. solanacearum and three soil-borne fungal pathogens as well as biocontrol efficacy in the green-
house, two bacterial strains Xa6 (Acinetobacter sp.) and Xy3 (Enterobacter sp.) were selected out of four-
teen candidates as potential biocontrol agents. In order to find a suitable antagonist inoculation method,
we compared the methods of root-dipping with soil-drenching in the aspects including rhizocompetence,
biocontrol efficacy, and effect of promoting plant growth under greenhouse conditions. The drenching
treatment resulted in a higher biocontrol efficacy and plant-yield increase, and this method was also eas-
ier to operate in the field on a large scale. Field trials were conducted for further evaluation of these two
antagonistic strains. In both greenhouse and field experiments, the strain Xy3 had a better control effect
against bacterial wilt than Xa6 did, while Xa6 caused higher biomass or yield increases. As recorded on
the 75th day after treatment in two field experiments, biocontrol efficacy of Xy3 was about 65% in both
field trials, and the yield increases caused by Xa6 were 32.4 and 40.7%, respectively, in the two trials. This
is the first report of an Acinetobacter sp. strain used as a BCA against Ralstonia wilt of tomato.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

Bacterial wilt caused by Ralstonia solanacearum (Yabuuchi et al.,
1995) is one of the most devastating plant diseases worldwide. R.
solanacearum affects a wide range of plants in more than 50 fami-
lies (Hayward, 1995). In China, its hosts include economically
important crops such as potato (Solanum tuberossum L.), tomato
(Lycopersicon esculentum Miller), tobacco (Nicotiana tabacum L.),
eggplant (Solanum melongena L.), pepper (Capsicum annuum L.),
peanut (Arachis hypogaea L.) and ginger (Zingiber officinale Roscoe).
This disease has caused great losses in agriculture and horticulture
(Li et al., 2004; Liu et al., 2005).

Ralstonia wilt control approaches, including field sanitation,
crop rotation, and application of resistant varieties, have proven
limited success (Ciampi-Panno et al., 1989). Although using resis-
tant cultivars is an important part of the integrated disease man-
agement, breeding for disease resistance is a long-term task that
ll rights reserved.

as co-first authors.
is both expensive and difficult. In addition, disease resistance of a
cultivar is usually not stable and/or durable (Hayward, 1991;
Boucher et al., 1992). In specific regions, influence of environmen-
tal factors on host–pathogen interactions often restricts the
expression of disease resistance (Hayward, 1991). Applying chem-
ical pesticides is generally considered as the most effective and
fastest strategy for plant disease management, however, no effec-
tive chemical product is available for Ralstonia wilt. Although
streptomycin is regarded as a suitable bactericide to control the
disease, Chinese farmers are reluctant to use it because large dos-
ages are required for the expected effectiveness, probably due to
the bactericide resistance that developed during its repeated and
abusive use for last several decades in this country. Therefore,
more efforts need to be devoted to biological control with living
microbes.

Several living microbial products have been commercialized as
biological control agents (BCAs). Some of these products are a wet-
table powder of Bacillus subtilis (Cohn) Y1336, a water suspension
of Pseudomonas fluorescens (Migula), and a mixture of wettable
powder and granule of Paenibacillus polymyxa (Ash, Priest and Col-
lins) (Sun et al., 2004). However, living microbial BCAs have not
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been widely accepted as an alternative to antibiotics by farmers
since they are often regarded as not quite effective, and there is
no application method suitable for various BCAs and crop cultiva-
tion systems.

In our previous studies, 549 bacterial strains isolated from the
forest soil were screened for their in vitro antagonistic activities
against R. solanacearum and other biocontrol-related characteris-
tics (unpublished). Based on these results, we selected fourteen
strains for the study reported here. In this study, we employed
a new strategy to select adaptable and stable potential BCAs
from the fourteen strains based on their biocontrol efficacy, bio-
mass and yield increasing potential in the greenhouse and field.
We also compared two antagonists of highest biocontrol poten-
tial of the fourteen strains with two inoculation methods (soil-
drenching and root-dipping) for biocontrol efficacy and yield
increases.

2. Materials and methods

2.1. Bacterial strains and culture conditions

R. solanacearum strains Tm15 (Guo et al., 2004) and HN538
(Heuer et al., 2007) were isolated from the diseased tomato
plants. Ralstonia strains were grown 2–3 days on YPGA medium
(yeast extract 5 g, bacto-peptone 5 g, glucose 10 g, and agar 15 g
per l). All fourteen antagonistic bacterial strains were cultured
on Luria Bertani (LB) medium (Miller, 1992). In the greenhouse
experiments, the antagonistic strains with rifampicin-resistance
were selected on LB medium amended with rifampicin (50 mg/
L).

2.2. In vitro assay for antagonistic activity

The antagonistic activities of the fourteen selected strains
against four fungal pathogens (Pythium ultimum Trow, Rhizoctonia
solani Kühn, Fusarium oxysporum Schlecht, and Verticillium dahliae
Kleb) were tested with a dual-culture assay according to Berg
et al. (2001). The strains’ antagonism to R. solanacearum strains
Tm15 and HN538 was tested as follows: the stock solution of 2,
3, 5-triphenyl tetrazolium chloride (TZC) was added into 1 l of mol-
ten YPGA medium (650 �C), reaching 0.005% as the final concen-
tration in the medium; subsequently, 10 mL of the R.
solanacearum suspension at OD600 of 2.0 (about 2.0 � 108 CFU/
mL) was added into medium and poured into Petri Dishes. Each
of the four tested antagonistic strains was streaked onto the plates
containing R. solanacearum. These plates were incubated at 28 �C
for 2–4 days before the width of the clear halo surrounding the
bacterial streak was measured. All experiments were replicated
three times.

2.3. Evaluation of selected antagonistic strains in greenhouse

Cells of antagonistic strains were washed twice in sterile saline
(0.85% NaCl) and then resuspended in sterile saline. The cell sus-
pension was adjusted to an optical density of OD600 = 1.00 (approx-
imately equal to 1.0 � 109 cells/mL).

Tomato seedlings (cv. Shanghai 903) at the age of 30 days were
treated with antagonistic strains in one of the following two meth-
ods. In the drenching method, 20 mL suspension of antagonistic
strains was poured into each pot 3 days before transplanting. In
the root-dipping method, the seedling roots were soaked in sus-
pensions of antagonistic strains for about 15 min before the seed-
lings were transplanted into pots. Plants treated with sterile saline
served as controls for both treatments. The pots were placed in a
greenhouse maintained at 28 �C with relative humidity of 30%,
and a 12 h/12 h photoperiod.
In each of the greenhouse experiments, there were 24 plants in
each replication and three replications for each treatment. All
experiments were repeated three times.

2.3.1. Biocontrol Efficacy of selected antagonists against Ralstonia wilt
In preliminary experiments, two days after root-dipping inocu-

lation with the antagonists Xy3, Xa6, NJ07, or NJ218, 20 mL of R.
solanacearum strain HN538 suspension with about 1.0 � 107 CFU/
mL was drenched into each pot. Thirty days after treatment with
antagonists (28 days after pathogen inoculation), the disease index
was recorded based on a scale of 0–4 as described by Kempe and
Sequeira (1983). Due to their higher biocontrol efficacy against
Ralstonia wilt in the preliminary experiments, strains Xa6 and
Xy3 were selected for further evaluation in a separate experiment.
In this experiment, tomato plants were treated with either Xa6 or
Xy3 using either of the two inoculation methods.

Disease incidence and biocontrol efficiency were calculated as
follows:

Disease incidence = [
P

(The number of diseased plants in this
index � Disease index)/(Total number of plants investigated � The
highest disease index)] � 100%.

Biocontrol efficacy = [(Disease incidence of control � Disease
incidence of antagonist-treated group)/Disease incidence of
control] � 100%.

2.3.2. Colonization capacity of strains Xa6 and Xy3
Colonization capacity of both antagonists was tested in another

separate greenhouse experiment. Ten days after transplanting
upon treatment with either Xa6 or Xy3 using either of the two
inoculation methods, three rhizosphere samples from each treat-
ment were carefully collected from the experimental pots. Each
sample consisted of the whole root system with tightly adhering
soil of three individual plants. To harvest bacterial cells from the
rhizosphere soil and the rhizoplane, one gram of the root samples
was soaked in 9 mL of sterile saline with shaking at 200 rpm for
30 min. To determine the CFU counts of the antagonists, serial dilu-
tions of the cell suspension were made and plated on LB medium
supplemented with chloramphenicol (10 mg/L) and rifampicin
(50 mg/L). Cycloheximide (100 mg/L) was added to all plates,
including the control group, to prevent fungal growth. Three plates
were used for each dilution. The plates were incubated at 28 �C for
2 days before the number of colonies was counted.

2.3.3. Plant growth promotion by antagonistic strains Xa6 and Xy3
One month after treatment with the antagonistic strains with

either of the two methods, fresh weight of the whole plant was
measured, and biomass increase was calculated with the following
formula:

Biomass increase = [(Average fresh weights of plants treated
with antagonist � Average fresh weights of control plants)/Average
fresh weights of control plants] � 100%.

2.4. Field experiments

Field trials were conducted in Longyan (117�350 E, and 24�520

N), Fujian, China, and Huaian (119�050 E, and 33�300 N), Jiangsu,
China, in 2006. The two locations selected for field test of Xa6
and Xy3 are about 1000 Km apart in distance with very different
climatic conditions. In Longyan, it is warmer and more humid with
the mean annual temperature being between 18 and 20 �C and the
average yearly rainfall being between 1450 and 2200 mm; while in
Huaian, it is dryer and colder with the mean annual temperature
being around 14 �C and the average yearly rainfall being only about
940 mm.

The plots in all experiments were arranged randomly. Each plot
was 32 m2 (5.0 m � 6.4 m) with 150 tomato seedlings. There were
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four treatments including 2 controls, and each treatment had 4
replications. In each plot of treatment 1 and 2, 250 mL of antago-
nistic bacterial preparation of either Xa6 or Xy3 at the concentra-
tion of 1.0 � 109 CFU/mL was diluted at 1:100 with water and
drenched evenly into the soil. In Control 2, the same amount of
water was used instead of antagonistic bacterial suspensions. In
Control 1, streptomycin (200 ppm; each tomato plant received
approximately 300 mL) was applied once every 10 days for a total
of three times according to the instructions by the manufacturer
(North China Pharmaceutical Company Aino Co., Ltd.) when the
Ralstonia wilt symptoms appeared. The soil was raked and covered
with a plastic film immediately after application. Three days later,
40 day old tomato plants of CVs. Xia-Hong No.1 and Mao-Feng 802
were transplanted in the plots in Longyan and Huaian,
respectively.

In all experimental plots, the standard agronomic practices
were applied to culture the tomato plants without use of any other
pesticides. On the 75th day after inoculation with the antagonistic
bacteria, disease index and tomato yield were recorded. Biocontrol
Fig. 1. The width (mm) of the inhibition zones of the fourteen bacterial strains against 2
zones were clear halo surrounding the antagonistic bacteria. The antagonistic bacteria
tetrazolium chloride (TZC) and WA media with pathogen on them. The error bars above
efficacy was calculated as described in 2.3.1. The yield increase was
calculated in the following way:

Yield increase = [(Average yield of tomato treated with antago-
nist � Average yield of tomato in control group)/Average yield of
tomato in control plants] � 100.

2.5. Identification of biocontrol agents

Genomic DNA of both Xa6 and Xy3 was extracted using the
Mini BEST Bacterial Genomic DNA Extraction Kit (TaKaRa Biotech-
nology Co., Ltd.). The partial nucleotide sequence of the 16S rRNA
gene was amplified using PCR with the following primers: U8-27
(F): 50-AGAGTT TGATC (AC) TGGCTCAG-30, and L1494-1514 (R):
50-CTACGG (AG) TACCTTGTTACGAC-30. Amplification was per-
formed with a Peltier Thermal Cycler PTC-200 (Bio-Rad, Water-
town, MA, USA) using an initial denaturation step at 94 �C for
5 min, and subsequently 35 cycles of denaturing at 94 �C for
1 min, annealing at 56 �C for 2 min and extension at 72 �C for
2 min, followed by a final extension at 72 �C for 10 min. The PCR
Ralstonia strains (A) and four fungal pathogens on media (B and C). The inhibition
were streaked on YPGA media containing R. solanacearum and 2, 3, 5-triphenyl
the bars indicate standard deviations of the means.



Table 1
Efficacy of four antagonistic bacterial strains for biological control of Ralstonia
solanacearum on tomato after inoculation by root-dipping in greenhouse experiments.

Treatmentsa Disease
incidence (%)

Biocontrol
efficacy (%)

ANOVA results of
biocontrol efficacy

Xy3 36.4 ± 3.48bdc 55.2 ± 3.20aa F(3,8) = 66.789
Xa6 42.8 ± 2.60c 47.4 ± 2.60b
NJ07 47.7 ± 2.99c 41.3 ± 2.55c P < 0.0001
NJ218 62.9 ± 3.83b 22.7 ± 3.32d
Control 81.3 ± 2.60a —

a Plant roots were dipped into antagonist suspensions of Xa6, Xy3, NJ07 and
NJ218 at a concentration of 1.0 � 09 CFU/mL while control plantlets were dipped
into sterile 0.85% NaCl for the same length of time. A suspension of R. solanacearum
(20 mL, 1.0 � 107 CFU/mL) was watered into all treatments.

b Standard deviation of the means.
c Means followed by the same letter within a column are not significantly dif-

ferent as determined by the LSD test (P = 0.05). The data were expressed as the
average of three replications and three repetitions.

Table 3
Comparison of the root-colonization abilities of two antagonistic strains after
inoculation with two methods in greenhouse experiments.

Treatmentsa CFU/g rhizosphere sample ANOVA results of
colonization population

Drenching Xy3 (3.43 ± 0.43b) � 105bc F(3,8) = 76.629
Xa6 (6.05 ± 0.60) � 105a
Control 1 <102

Root-dipping Xa6 (1.17 ± 0.12) � 105d P < 0.0001
Xy3 (2.23 ± 0.38) � 105c
Control 2 <102

a Plant roots were treated with antagonist suspensions of Xa6 and Xy3 at a
concentration of 1.0 � 109 CFU/mL while control plantlets were dipped into sterile
0.85% NaCl for the same length of time.

b Standard deviation of the means.
c Means followed by the same letter within a column are not significantly dif-

ferent as determined by the LSD test (P = 0.05). The data were expressed as the
average of three replications and three repetitions.
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products were sequenced, and the 16S rRNA gene sequences were
subjected to blast search in NCBI Nucleotide Sequence Database.

2.6. Data analysis

Analysis of variance for biocontrol efficiency, biomass of tomato
plant, yield of tomato fruit and the population of antagonists was
performed using the SAS general linear model (GLM) procedure
(SAS Institute, Version 6, Cary, NC). Mean comparisons were con-
ducted using ANOVA test and a least significant difference (LSD)
test (P = 0.05). Standard deviations, ANOVA results and LSD results
were recorded.

3. Results

3.1. In vitro antagonistic activity of fourteen antagonists

Fourteen antagonist bacterial strains showed antagonistic activ-
ity against both strains (Tm15 and HN538) of the bacterial patho-
gen, R. solanacearum, (with over 1 cm of inhibition zone width),
and at least one of the four fungal pathogens of tomato except
for NJ08 (Fig. 1). Strains Xa6 and Xy3 had much stronger inhibition
to both R. solanacearum strains than other antagonists. In addition,
these antagonists inhibited the three fungal pathogens including R.
solani, F. oxysporum and V. dahliae. Among the other 12 antagonists,
strains ZB, NJ02, and NJ328 had broader inhibition spectra, and
NJ07 and NJ218 had a strong inhibition to Ralstonia strains while
NJ07 also had strong inhibition against three fungal pathogens.
Table 2
Efficacy of Strains Xa6 and Xy3 for biological control of Ralstonia solanacearum in
replicated greenhouse experiments.

Treatmentsa Disease
incidence (%)

Biocontrol
efficacy (%)

ANOVA results of
biocontrol efficacy

Drenching Xa6 40.1 ± 1.29bbcc 50.2 ± 0.62c F(3,8) = 22.841
Xy3 32.7 ± 2.70d 59.5 ± 1.99a
Control 1 80.6 ± 2.82a —

Root-dipping Xa6 42.6 ± 2.44b 47.5 ± 2.17c P = 0.0003
Xy3 36.5 ± 2.54cd 55.0 ± 2.41b
Control 2 81.0 ± 1.35a —

a Plants were inoculated with antagonist suspensions of Xa6 and Xy3 at a con-
centration of 1.0 � 109 CFU/mL while control plantlets were treated with sterile
0.85% NaCl for the same length of time. A suspension of R. solanacearum (20 mL,
1.0 � 107 CFU/mL) was watered into all treatments.

b Standard deviation of the means.
c Means followed by the same letter within a column are not significantly

different as determined by the LSD test (P = 0.05). The data were expressed as the
average of three replications and three repetitions.
Thus, these 4 strains (Xa6, Xy3, NJ07, and NJ218) were selected
for the greenhouse experiments to test their biocontrol efficiency
in pots.

3.2. Antagonistic activity in greenhouse

3.2.1. Biocontrol efficiency of selected strains against Ralstonia wilt
With root-dipping inoculation method, biocontrol efficiency of

Xy3 reached 55.2% which was the best of the four selected bacterial
strains (Table 1). Xa6 showed the second best biocontrol efficiency
of 47.4%. We chose these two strains for further experiments due
to their best performance in biocontrol efficiency.

In another separate experiment comparing the effects of appli-
cation methods on biocontrol efficiency of antagonists, the biocon-
trol efficacy of Xy3 was also significantly greater than that of Xa6
no matter what kind of inoculation methods was used (Table 2).
The biocontrol efficacy of Xy3 against Ralstonia wilt by soil-
drenching was significantly higher (P = 0.05) than that with the
root-dipping method.

3.2.2. Colonization capacity of strains Xa6 and Xy3
The results of experiments determining the colonization capac-

ity of tomato roots by Xa6 and Xy3 applied with different inocula-
tion methods are shown in Table 3. With drenching method, Xa6
had 6.05 � 105 CFU/g rhizosphere sample, which was about two
times that of Xy3 (3.43 � 105 CFU/g rhizosphere sample). The dif-
ference between colonization capacities of roots by two antago-
nists is significant. The rhizocompetence of Xa6 and Xy3 with the
drenching method was 5 and 1.5 times higher than that with
Table 4
Biomass increases of tomato plants inoculated with strains Xa6 and Xy3 and grown in
the greenhouse.

Treatmentsa Fresh
weight (g)

Biomass
increase (%)

ANOVA results of
biomass increase

Drenching Xa6 29.0 ± 2.00bcc 25.6 ± 2.38a F(3,8) = 3.007
Xy3 28.4 ± 1.88c 23.0 ± 3.63ab
Control 1 23.1 ± 1.28a —

Root-dipping Xa6 27.2 ± 1.84bc 18.6 ± 2.45bc P = 0.0947
Xy3 26.5 ± 0.87c 16.0 ± 2.21c
Control 2 22.9 ± 1.44a —

a Plants were inoculated with antagonist suspensions of Xa6 and Xy3 at a con-
centration of 1.0 � 109 CFU/mL while control plantlets were treated with sterile
0.85% NaCl for the same length of time.

b Standard deviation of the means.
c Means followed by the same letter within a column are not significantly dif-

ferent as determined by the LSD test (P = 0.05). The data were expressed as the
average of three replications and three repetitions.



Table 5
The efficacy of treatments containing Xa6 and Xy3 for the control of tomato bacterial wilt and on increasing the yields in field tests conducted at Huaian, Jiangsu, China.

Treatments a Disease incidence
(%)

ANOVA results of disease
incidence

Biocontrol efficacy
(%)

Yield of each plot
(kg)

ANOVA results of
yield

Yield increase (%)

Xa6 20.8 ± 4.13bcc F(3,12) = 82.123 58.4 131 ± 5.72c F(3,12) = 41.362 40.7
Xy3 16.7 ± 2.63c 66.6 120 ± 6.73b 28.9
Control 1 29.2 ± 3.22b P < 0.0001 41.6 118.3 ± 3.52b P < 0.0001 21.3
Control 2 50.0 ± 2.91a — 93.1 ± 2.98a —

a Plants were treated with antagonist suspensions of Xa6 and Xy3 at a concentration of 1.0 � 109 CFU/mL while control 1 was treated with streptomycin, and control 2 was
treated with water at the same time.

b Standard deviation of the means.
c Means followed by the same letter within a column are not significantly different as determined by the LSD test (P = 0.05). The data were expressed as the average of four

replications.
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root-dipping, respectively. These results indicated that inoculation
by the root-dipping method caused significantly less colonization
of the antagonistic strains.

3.2.3. Plant growth promotion by strains Xa6 and Xy3
With soil-drenching or root-dipping inoculation methods,

biomass of tomato plants treated with Xa6 increased by 25.6%
and 18.6%, respectively, while that with Xy3 increased by
23.0% and 16.0%, respectively (Table 4). The results of this
experiment indicated that tomato plants significantly grew bet-
ter when the antagonistic bacterial suspension was applied with
soil-drenching method than that with root-dipping before
transplanting.

Obviously, the antagonist application methods also affected
plant growth promotion by Xa6 and Xy3 under greenhouse condi-
tions. Based on these results, we chose soil-drenching as the appli-
cation method to test the antagonists in field experiments
described below.

3.3. Biocontrol efficacy of Xa6 and Xy3 in Field trials

In field trials in Huaian, the biocontrol efficacy on the 75th day
after the application of Xa6 and Xy3 were 58.4 and 66.6%, respec-
tively, while the control efficacy with streptomycin was 41.6%. The
disease incidences of plants after treatment with the potential bio-
control agents were significantly lower than that of control 2 (in-
fected with pathogen only) and control 1 (treated with
streptomycin) at P < 0.05. The average yield increase with the inoc-
ulation of Xa6 (40.7%) was significantly higher than that of Xy3
(28.9%) (Table 5).

In field trials in Longyan, the biocontrol efficacy of Xy3 (64.8%)
was also greater than that of Xa6 and streptomycin (57.2 and
56.0%, respectively) (Table 6). However, the tomato yield increase
of the Xy3 treatment was only 22.9%, and that of Xa6 treatment
was 32.4% (Table 6). In this field experiment, significant differences
were only found between control 2 (infected with pathogen only)
and other treatments.
Table 6
The efficacy of treatments containing strains Xa6 and Xy3 treatments for the control of tom
China.

Treatmentsa Disease incidence (%) ANOVA results of disease incidence Biocont

Xa6 11.47 ± 8.96babc F(3,12) = 2.166 57.2
Xy3 9.43 ± 8.18b 64.8
Control 1 11.81 ± 9.30ab P = 0.1451 56.0
Control 2 26.82 ± 18.36a —

a Plants were treated with antagonist suspensions of Xa6 and Xy3 at a concentration of
treated with water at the same time.

b Standard deviation of the means.
c Means followed by the same letter within a column are not significantly different as d

replications.
3.4. Classification of antagonists

Sequences of 1488 bp of nearly whole 16S rRNA gene revealed
that strain Xa6 belongs to Acinetobacter sp. (accession number:
EU887288). The sequence of 1207 bp of 16S rRNA gene of Xy3
showed 100% similarity to that of Enterobacter sp. strain sa (acces-
sion number: EF030721).

4. Discussion

Biological control by using plant-associated microorganisms
(Bargabus et al., 2003; Tjamos et al., 2005) is an efficient approach
for disease management, and is regarded as friendly to the envi-
ronment. The first step leading to successful biological control of
plant diseases is to screen potential effective BCAs. A common
screening strategy was used to select potential BCAs according to
their antagonistic activity against pathogen on plates (Ahmed Idris
et al., 2007). Although a large proportion of bacterial strains show
antagonistic activity to target pathogens on plates, only about 1% of
these control diseases in greenhouse tests, and even fewer could
provide good biocontrol efficacy in field tests (Yang et al., 2008).

A major factor reducing inhibitory effects in the field may be
that several distinct pathogens co-exist in the same field, while a
potential antagonist is only capable of inhibiting a specific patho-
gen under greenhouse conditions and incapable of controlling
the other diseases in the field. Therefore, when choosing potential
BCAs against bacterial wilt of tomato, we included not only two
strains of R. solanacearum but also four other fungal pathogens of
tomato as the targets of the BCAs. Using this strategy, we identified
strains Xa6 and Xy3 as potential BCAs because of their significant
antagonism to the two Ralstonia strains and three of the four fungal
pathogens. The results of the greenhouse and field experiments
suggest that this BCA selection strategy for controlling tomato
Ralstonia wilt was effective.

The inconsistent biocontrol efficacy of BCAs was presumably
also caused by their uneven rhizocompetence. Several studies have
showed that rhizocompetence is a crucial factor determining the
ato bacterial wilt and for increasing yields in field tests conducted at Longyan, Fujian,

rol efficacy (%) Yield (kg/plot) ANOVA results of yield Yield increase (%)

131.09 ± 17.99b F(3,12) = 1.563 32.4
121.65 ± 22.18b 22.9
130.48 ± 29.92b P = 0.2494 31.8

98.99 ± 24.37a —

1.0 � 109 CFU/mL while control 1 was treated with streptomycin, and control 2 was

etermined by the LSD test (P = 0.05). The data were expressed as the average of four
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success of BCAs (Dashti et al., 2000; Kamilova et al., 2005). Thus,
another key step in our strategy for screening potential BCAs was
to assess the colonization capacity of strains Xa6 and Xy3. We
found that both Xa6 and Xy3 demonstrated a significant level of
rhizocompetence (P105 CFU/g of a rhizosphere sample) on the
10th day after the treatment.

A suitable field application method is needed once a good po-
tential BCA is identified through this screening procedure. Thus,
we employed two application methods to evaluate the rhizocom-
petence, biocontrol efficicacy and plant growth promotion. The
results indicated that the specificity of an application method
had a significant impact on the colonization of a BCA onto the
roots of tomato plants. Götz et al. (2006) found that antagonistic
bacteria Pseudomonas putida (Migula) PRD16 and Enterobacter
cowanii (Inoue et al.) PRF116 colonized tomato roots more
effectively following root-dipping than with seed inoculation. In
our study, soil-drenching, a simpler inoculation method, was
compared to the root-dipping method. Our results showed that
soil-drenching led to a much higher levels of colonization than
root-dipping.

Dipping the seedling roots into a bacterial suspension might
slightly or even severely injure the root system. These injuries
may give both of the pathogen and BCA an opportunity for colo-
nization, and the serious injury may inhibit plant growth; which
might explain why both biomass increase and biocontrol efficacy
in the plants inoculated by root-dipping were lower than the
counterparts inoculated with the soil-drenching method (Tables
4 and 5). Therefore, we concluded that a suitable application
method for potential BCAs resulted in good rhizocompetence
which contributed to good biocontrol efficiency and plant growth
promotion.

Moreover, both potential BCAs (Xa6 and Xy3) showed higher
biocontrol efficacy in the field trials than those in the greenhouse
experiments despite of the fact that we investigated the disease
incidence on the 75th day after the treatment in the field and on
the 30th day after treatment in the greenhouse. Similarly, Jiang
et al. (2006) found the effectiveness of BF mixture (a mixture of
Bacillus strains BB11 and FH17) against Phytophthora blight on
pepper reached 70% in the field but only about 60% in the green-
house, and Larena et al. (2003) observed that the mixture of the
conidia and production substrate (a mixture of peat) of Penicillium
oxalicum (Currie and Thom) reduced Fusarium wilt of tomato by
72% in the field (naturally infested soils), while the reduction
was only 28% under greenhouse conditions (artificial inoculation).
The uneven biocontrol efficacy of the same BCA shown in the two
conditions might result from more fertilizer in the field than in
potting soil in the greenhouse, and the nutrients from the fertilizer
could enhance the multiplication and colonization of a BCA in the
plant rhizosphere. In addition, the two strains, Xa6 and Xy3,
showed similar high biocontrol efficacy in both fields in two loca-
tions with different climates. This indicated that performance of
the two strains in biocontrol efficiency is similar under various
environmental conditions.

So far, the potential BCAs against Ralstonia wilt include aviru-
lent mutants of R. solanacearum (Trigalet and Trigalet-Demery,
1990); genetically engineered antagonistic bacteria (Kang et al.,
1995); arbuscular mycorrhizal (AM) fungus Glomus versiforme
(Zhu et al., 2004); and some naturally antagonistic rhizobacteria,
such as Bacillus spp. (Silveira et al., 1995), Pseudomonas spp. (Le-
messa and Zeller, 2007), and Streptomyces spp. (El albyad et al.,
1996) etc. The present study is the first report of using an Acineto-
bacter sp. (Xa6) as a potential BCA for Ralstonia wilt of tomato
though applying an Acinetobacter strain to control the plant fungal
pathogen - Botrytis cinerea Pers has been documented (Trotel-Aziz
et al., 2008).
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