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ABSTRACT

Fifty-two strains of Pseudomonas solanacearum collected from six hosts in
different parts of Taiwan were assayed for bacteriocin activity using all of
the 52 strains as indicators. Each strain was found to produce bacteriocin
against at least one of the 52 indicator strains. The test strains varied
considerably in their spectra of bacteriocin activity, among them, 6 strains
isolated from bird-of-paradise inhibited the growth of a greatest number of P.
solanacearum strains. These 6 strains were selected for further study and an
avirulent strain was obtained from each of the 6 strains. The avirulent strains
retained their wide spectra of bacteriocin activity when tested against all of
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the 52 strains. Effect of the 6 avirulent bacteriocin-producing strains (ABPS)
on development of bacterial wilt of tomato was evaluated in the greenhouse.
Disease development was delayed or disease severity was rediiced when roots
of tomato seedlings were dipped in suspensions of ABPS (10° cfu/ml) prior to
transplanting in soil infested with virulent strain PS68 (a bacteriocin-sensitive
strain) of P. solanacearum. The level of disease control, however, varied with
the ABPS, of which, BP5A showed the best control. When an avirulent
bacteriocin-nonproducing strain (PS31A) selected from virulent strain PS31
was tested for control of the disease by the same root dip method, PS31A was
not able to suppress the disease. Although BP5A was effective in protecting
tomato seedlings from bacterial wilt, the protection did not persist to the
later stages of tomato growth. The population of BP5A on the roots declined
gradually after treatment.

(Key words: Pseudomonas solanacearum, bacteriocin production, tomato,

biocontrol)

INTRODUCTION

Bacterial wilt of tomato caused by
Pseudomonas solanacearum (Smith) Smith
is one of fthe most important bacterial
diseases in Taiwan. The disease has
often been the limiting factor in tomato
production in summer or warm Sseasons.
The disease is also of major economic
importance on several other solanaceous
crops'®, Breeding for disease resistance
is the main approach for controlling
bacterial wilt in Taiwan. During the past
10 years good progress has been made
in breeding tomato for resistance to the
diseaset1#19) However, highly resistant
cultivars have not yet been developed.
While breeding for resistance is the
most important method for bacterial wilt
control, other means of control may be
necessary and used with host resistance

in an integrated approach to disease
management.
The potential wuse of avirulent

bacteriocin-producing bacteria for control
of bacterial plant diseases has been

The successful control of
crops

suggested®,
crown gall disease of various
incited by Agrobacterium tumefaciens (
Smith & Townsend) Conn by preplanting
treatment with a nonpathogenic bacterio-
cin-producing strain 84 of A. radiobacter
(Beijerinck & van Delden) Conn is a
well-known examplet1®, Recently, Chen
et al® reported that tobacco seedlings
were protected from bacterial wilt by
immersion of roots of the seedlings into
cell suspensions of avirulent bacteriocin~
producing strain of P. solanacearum
before planting. The purposes of this
study were to determine whether strains
of P. solanacearum collected in Taiwan
are bacteriocinogenic and to evaluate the
avirulent bacteriocin-producing strains of
this bacterium for control of bacterial
wilt of tomato.

MATERIALS AND METHODS

Bacterial strains Strains of P.
solanacearum were obtained from the
stock culture collection maintained in the
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National Chung Hsing University. They
were isolated from various host plants in
different parts of Taiwan and maintained
in sterile distilled water in screw cap
tubes at room temperature. The sources
of the 52 strains tested for bacteriocin
production and sensitivity were as follows:
PS9, 11, 21, 27, 31, 38, 41, 50A, 50B,
64, 65, 66, 67, 68, 69, 73, 79 and 82
(from tomato collected in Taichung
area); PS44, 45, 48 and 51 (tobacco,
Taichung); PS60 and 98 (potato, Nantow);
PS61 (tomato, Nantou); PS63 (sweet

pepper, Nantou); PS70 (tomato, Changhua

); PS71 and 72 (tomato, Yunlin); PS75
(tomato, Tainan); PS76 and 77 (eggplant,
Pingtung); PS78 (tomato, Pingtung);
PS84 and 86 (sweet pepper, Taichung);

PS88 and 85 (tomato, Hsinchu); PS90
(tomato, Kaohsiung); PS91  (sweet
pepper, Kaohsiung); PS92 (potato,

Taichung); PS94, 95 and 96 (eggplant,
tomato and sweet pepper, respectively,
Taipei); BP1, 2, 3, 4, 5, 6 and 8 (bird-
of-paradise, Nantou), PS99 (eggplant,
Changhua), and T145 (tobacco, Chiayi).
Before being used in each experiment,
the stock cultures were streaked on
Kelman’s TZC agar platest® and incubated
for 48 hr at 30C. A single fludal colony
from each strain was then transferred to
YDC agar®, incubated for 18-24 hr at
30C and used as the inoculum.
Bacterioncin production and detection
The 52 strains of P. solanacearum were
assayed on CPG agar medium'® for
bacteriocin production by the method of
Vidaver et al‘®® using all of the 52
strains as indicators. The surface of
each CPG agar plate was spot-inoculated
with 10 different test strains. The in-
oculated plates were incubated for 36

hr at 30C and used as master plates.
Colonies on the master plates were then
replica plated to fresh CPG plates and
incubated further for 48 hr at 30C. The
plates were inverted and exposed to
vapor from 3 ml chloroform for 1 hr to
kill the bacterial cells. Residual chloroform
vapors were removed by placing the
plates with lids off in a laminar flow for
30-60 min. Each plate was then overlaid
with 4 ml molten (45C) CPG soft agart®
containing 0.2 ml (107 colony forming
units (cfu)/ml) of an indicator strain.
After incubation for 24 hr at 30C,
inhibition zones were observed and
recorded.

Selection of avirulent strains from
bacteriocin-producing strains Avirulent
strains were selected from virulent strains
of P. solanacearum showing broadspec-
trum of bacteriocin activity according to
the procedure of Kelman and Hruschka‘®,
The strains were cultured in TYG broth
 for 5-10 days at room temperature.
The bacterial cells were then removed
from surface layer of the broth, streaked
on the TZC plates, and incubated for 48
hr at 30C. Appearance of small butyrous
colonies was considered as formed by
avirulent cellst®. A single butyrous
colony was selected for each strain and
purified by repeated platings on TZC
medium. The aivurlent strains thus obt-
ains were maintained in sterile distilled
water in screw cap tubes at room
temperature.

Pathogenicity tests were made on
tomato seedlings grown in pots by stem-
inoculation(™ with the avirulent strains
to confirm their avirulence on tomato.
The production of bacteriocin by the

avirulent strains was also tested against
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all indicator strains by the method descr-
ibed above.
Disease control experiments with
avirulent bacteriocin-producing strains
(ABPS) Effect of ABPS on bacterial
wilt development was evaluated  in a
Tomato  (Lycopersicon
esculentum Mill, “Shuang Hsi”) plants
were grown in clay pots containing sandy
loam soil, one plant per pot. When the
seedlings reached 15-18 cm high, they
were removed from pots and roots were
washed free of soils. Roots were then
immersed in a water suspension of ABPS
(109 cfu/ml) for 30 min and transplanted
to 13-cm clay pots containing soils
infested with 1.1x108 cfu/g dry soil of a
virulent bacteriocin-sensitive strain PS68
of P. solanacearum. Roots
treated with sterile distilled water were
served as controls. At 5-day intervals for
30 days after transplanting, the disease
using the

greenhouse(?,

similarly

development was recorded
disease index described previously(™.
Each treatment consisted of 5 plants and
the experiment was repeated twice.
Multiplication of ABPS on tomato
roots Tomato plants grown in pots in a
greenhouse were removed and washed
free of soils. Roots of the plants were
dipped in a water suspension (2x10° cfu
/ml) of ABPS (BP5A) for 30 min prior
to transplanting in pots containing soils.
The treated plants were returned to the
greenhouse. Immediately and 5-day
intervals for 30 days after treatment,
three plants were removed for each
determination. The roots were washed
thoroughly with running water and
rinsed with sterile distilled water thrice.
The roots were blotted with tissue
papers, excised, weighed and then ground

with 10 m] sterile distilled water in motars.
Samples (0.1 ml) of appropriate dilutions
of the macerated suspensions were spread
on a selective medium modified from
that of Granada and Sequeira®. The
modified medium contained TZC medium
supplemented with"5 ppm crystal violet,
100 ppm polymyxin B sulfate, 20 ppm
tyrothricin, 5 ppm chloromycetin, and 5
ppm cycloheximide. After 48 hr incubation
at 30C, colonies were counted, and the
number of colony forming units per g
wet root was calculated. Multiplication of
a virulent strain PS68 on the root was
similarly determined.

RESULTS

Bacteriocin-producing strains The
52 strains of P. solanacearum tested were
found to produce bacteriocinis .on CPG
medium when all of the strains were used
as indicator strains (Fig. 1). However,
bacteriocins produced by different strains
differed considerably in their spectrum of
inhibitory activity; bacteriocins produced
by some strains (e. g. PS21, PS51, PS67,
PS68, PS70, PS71, PS91) were active
against only one or a few indicator
strains, while those produced by others
(e. g. PS38, PS98, BP1, BP2, BP3,
BP4, BP5, BP6, BP8) inhibited the
growth of most of the indicators. All
strains from bird-of-paradise (BP strains)
were notably to have a broad spectrum
of inhibitory activity and were selected
for further study. To determine whether
the inhibition zones observed on the
plates were due to activity of phages,
spot tests were carried outt®, Agar
blocks (0.5%x0.5 cm? each) were picked
out from the inhibition zones on CPG
agar produced by the BP strains (BP2,
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Fig. 1. Bacteriocins production by 52 strains of Pseudomonas solancearum on CPG

agar medium using each of the 52 strains as an indicator. Squares
dots indicate presence of inhibition zones, and squares without
indicate absence of inhibition zones.

with black
black dots

Fig. 2. Inhibition zones on a lawn of an indicator strain PS68 of Pseudomonas
solanacearum caused by bacteriocin(s) produced by virulent (BP3) and

avirulent (BP5A) strains of the same bacterium.
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4, 5, 6 and 8) and added each to 9 ml bacterial cells.

CPG broth, after thoroughly mixing, a Bacteriocin activity of ABPS An
series of 10-fold dilutions was made and avirulent strain was selected from each
spotted on CPG plates previously seeded of six virulent BP strains (BP2, BP3,
with a sensitive indicator strain PS68. BP4, BP5, BP6, BP8) which have
Plates were incubated for 24-48 hr at bacteriocin activity against the greatest
30C and observed for plague formation. number of indicator strains. The six
The results showed that no discrete avirulent strains were designated BP2A,
plaques were formed for 10-'-10-% BP3A, BP4A, BP5A, BP6A, and BPSA.
dilutions tested. Similarly, when BP These avirulent strains were unable to
strains were grown in CPG broth for 48 induce any visible symptoms when
hr, and culture filtrates assayed on CPG inoculated into tomato seedlings. The
plates, no individual plaques were obse- avirulent strains still produced bacteriocin
rved for all 10-fold series dilutions on activity (Fig. 2) and retained their wide
the indicator lawns of a sensitive strain spectrum of inhibitory activity when
PS68. The results suggest that the tested on all 52 virulent strains (Table 1
inhibition zones observed in this study ). The avirulent strains inhibited the
were probably due to bacteriocins rather growth of 73-90% of the total strains
than bacteriophages released from the tested.

Table 1. Sensitivity of virulent strains of Pseudomonas solanacearwm from various
hosts collected from Taiwan to avirulent bacteriocin-producing strains
(ABPS) of the bacterium

No. of bacteriocin-sensitive strains isolated from

Percentage

ABPSY  Tomato Tobacco Potato Sweet Eggplant Bird-of- Total
pepper paradise of total

@8 (5 €)) ®) 4 @ (62)
BP2A 25 5 2 5 4 6 47 90%
BP3A 23 4 2 4 4 5 42 81%
BP4A 19 4 2 5 4 4 38 73%
BP5A 20 3 3 5 4 3 38 73%
BP6A 21 5 3 5 4 2 44 85%
BP8A 22 5 3 1 4 5 40 77%

1) The avirulent strains were selected from virulent strains of P. solanacearum isolated
from bird-of-paradise.

2) Numbers in parentheses indicate the number of strains from each host tested for
bacteriocin sensitivity.

Effect of ABPS on bacterial wilt was reduced on tomato plants treated
development of tomato  Symptom ex- with ABPS. The level of disease control,
pression was delayed or disease severity however, varied with ABPS (Fig. 3 and
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Fig. 3. Development of bacterial wilt of tomato plants treated with avirulent
bacteriocin-producing strains (ABPS) of Pseudomonas Solanacearum.
Roots of tomato seedlings were dipped in a water suspension (10° cfu
/ml) of ABPS (BP2A, BP3A, BP4A, BP5A, BP6A, or BP8A) or water
(CK) for 30 min prior to transplanting in soil infested with virulent
strain PS68 of P. solanacearum (1.1x10° cfu/g dry soil).

Fig. 4. Control of bacterial wilt of tomato by avirulent bacteriocin-producing strains
(ABPS) of Pseudomonas solanacearum. Roots of tomato seedlings were
immersed in ABPS (BP2A, BP3A, BP5A, BP6A or BP8A) suspension (10°
cfu/ml) or water (CK) for 30 min before planting to soils infested with
virulent strain PS68 (1.1x108 cfu/g dry soil) of the same bacterium.
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4). Among the six ABPS tested, BP5A
was the most effective and BP2A was
the least effective in reduction of disease
severity. Although tomato plants treated
with BP5A were protected from bacterial
wilt for 30 days, wiltings on the treated
plants developed gradually after 30 days
(data not shown).

When roots of tomato seedlings were

dipped in different concentrations (107,
108, or 10° cfu/ml) of ABPS (BP4A,
BP5A, or BP6A) for 30 min before
planting to soils infested with various
densities (1.4x10%, 1.4x107, or 1.4x108
cfu/g dry soil) of virulent strain PS8,
the level of disease protection with ABPS
was only slightly affected by concentrat-
ions of ABPS and PS68 tested (Fig. 5).
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Fig. 5. Effect of concentration of avirulent bacteriocin-producing strains (ABPS) of

Pseudomonas solanacearum on control of bacterial wilt of tomato. Roots of
tomato seedings were dipped in 107 (A. D. G.), 108 (B. E. H.) or 10° cfu/m!
(C. F. 1.) of ABPS (BP4A, BP5A or BP6A) suspension or water (CK) prior
to transplanting in soils infested with 1.4x10% (A, B, C), 1.4x107 (D. E.
F.) or 1.4x108 cfu/g dry soil (G. H. 1) of virulent strain PS68 of P.

solanacearum,
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Comparison of disease protection
by avirulent bacteriocin-producing and
avirulent bacteriocin-nonproducing st-
rains An avirulent strain PS31A was
selected from virulent strain PS31. PS31A
did not produce against
virulent strain PS68 and was served as
an avirulent

bacteriocin

bacteriocin-nonproducing
with  avirulent
stran BP5A for

strain to compare

bacteriocin-producing

Table 2.

disease protection. Tomato seedlings were
treated with PS31A or BP5A (109 cfu/ml)
and planted to PS68-infested soils (1.4x
10¢ cfu/g dry soil). The result showed
that both initially
protected tomato from bacterial wilt. At
21 days after planting, however, PS31A-
treated plants wilted completely, while
BP5A-treated plants were only slightly
diseased (Table 2).

avirulent strains

Protection of tomato plants from bacterial wilt by avirulent

bacteriocin-producing strain (BP5A) or avirulent bacteriocin-
nonproducing strain (PS31A) of Pseudomonas solanacearum

Disease index® at days after transplanting

Treatment with?

13 17 21
BP5A 1 2 2
PS31A 1 2.8 5
Water (CK) 5 5 5

1) Roots of tomato plants were dipped in water suspension (10° cfu/ml) of BP5A or
PS3 1A, or in water only for 30 min prior to transplanting in soils infested with
virulent strain PS68 of P. solanacearum (1.4x10¢ cfu/g dry soil).

2) Disease index: 0-5 (no symptoms-plant dead).
10
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Fig. 6.

Populations changes of avirulent bacteriocin-producing strain BP5A or virulent

strain PS68 of Pseudomonas solanacearum on or in roots of tomato plants.
Roots were dipped in suspension of BP5A (2x10° cfu/ml) or PS68 (1.3x10°
cfu/ml) for 30 min before planting to the steam-treated soils.
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Multiplication of BP5A and PS68
on roots Colonization of tomato roots
by BP5A and PS68 is illustrated in Fig. 6.
Population of BP5A slightly increased
to -4.9x10% cfu/g wet root at 5 days
after transplanting, then decreased sharply
to 2.5x10% cfu/g wet root by 15 days,
and remained more or less constant
thereafter. For virulent strain PS68, the
population increased gradually after
planting and reached 3.5x10° cfu/g wet
root at 15 days. Determination of the
population was terminated after 15 days,
because of the plants entirely wilted.

DISCUSSION

Bacteriocin production appears to be
widespread in strains of P. solanacearum.
Cuppels*® reported that 48 strains of the
bacterium from different hosts and reg-
ions of the world were bacteriocinogenic
for one or more of the 53 indicator
strains. Chen et al‘® tested 149 strains
and found 121 strains had bacteriocin
activity against 22 indicator strains. The
results of the present investigation also
revealed that 52 strains of P. solanacearum
collected from Taiwan produced bacter-
iocins when all of the 52 strains were
used as indicators. Bacteriocin-producing
strains, however, differed greatly in their
spectrum of inhibitory activity. In our
study, notably, all strains from bird-of-
paradise were found to have inhibitory
activity against a greatest number of P.
solanacearum strains. Sensitvity patterns
suggest that different bacteriocins might
be produced by P. solanacearum. kHowever,
a more detail study is required to reveal
the nature of the bacteriocins produced.
A nonsedimentable bacteriocin produced
by avirulent P. solanacearum Bl has

recently been isolated and characterized
33,

Avirulent bacteriocin-producing strains
(ABPS) have been used or tested for
control of bacterial plant diseasest!®, In
this study, we demonstrated that prepl-
anting treatment of tomato roots with
ABPS derived from BP strains . of P.
solanaceayum protected the plants from
bacterial wilt. Similar results were also
obtained by Chen et al in the control of
bacterial wilt of tobacco with ABPS®,
Therefore, ABPS appear to have the
potential for use as biological control
agents in control of bacterial wilt
disease. The control mechanism was not
determined in the present investigation.
The data of the experiment on avirulent
bacteriocin-nonproducing strain (PS31A)
suggest that control is probably not due
to a simple physical blocking of infection
sites, since PS31A was not effective
as ABPS (BP5A). However, not all
ABPS were effective in disease control,
even the most effective one, BP5A, did
not protect tomato plants from bacterial
wilt at later stages of tomato growth.
The reasons for the different control
efficacy observed among ABPS are not
certain. There is possibility that some
ABPS may not produce or produce
insufficient amount of bacteriocins on
the roots to combat the pathogen. Since
effective biological control agents must
be able to colonize the root systems, the
difference in their colonization ability
may also account for the different ef-
ficacy of ABPS to control the disease.
Population assays indicated that BP5A
did not multiply on the treated tomato
roots. The inability to multiply and
colonize the new growths of the root
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system may be one of the reasons for
the failure of protection by BP5A at later
stages of plant development. Therefore,
further selection of specific ABPS which
establish and multiply
profusely on root systems is essenfial if
effective and lasting control is to be
achieved. The biocontrol agents should
also produce sufficiently high concent-
rations of bacteriocins on the treated

can readily

plants and are effective against [most
strains of the pathogen existing in the
control areas concerned.
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