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Pseudomonas isolates from different crop plants were
screened for in vitro growth inhibition of Phytophthora
capsici and production of biosurfactant. Two in vivo
experiments were performed to determine the efficacy
of selected Pseudomonas strains against Phytophthora
blight of pepper by comparing two fungicide treatments
[acibenzolar-S-methyl (ASM) and ASM + mefenoxam].
Bacterial isolates were applied by soil drenching (1 x 10°
cells/ml), ASM (0.1 pg a.i./ml) and ASM + mefenoxam
(0.2 mg product/ml) were applied by foliar spraying,
and P. capsici inoculum was incorporated into the pot
soil three days after treatments. In the first experiment,
four Pseudomonas strains resulted in significant reduc-
tion from 48.4 to 61.3% in Phytophthora blight severity.
In the second experiment, bacterial treatments combin-
ing with olive oil (5 mL per plant) significantly enhanced
biological control activity, resulting in a reduction of
disease level ranging from 56.8 to 81.1%. ASM +
mefenoxam was the most effective treatment while ASM
alone was less effective in both bioassays. These results
indicate that our Pseudomonas fluorescens strains (6L.10,
6ba6é and 3ss9) that have biosurfactant-producing
abilities are effective against P capsici on pepper, and
enhanced disease suppression could be achieved when
they were used in combination with olive oil.

Keywords : biocontrol, biosurfactant, olive oil, Phytophthora
capsici, Pseudomonas

Turkey is the third-largest pepper producer in the world
and produces approximately 1.98 million metric tons of
chilies and peppers in an area of 99,000 hectares (FAO,
2010). Phytophthora blight of pepper, caused by Phytophthora
capsici (Leonian), is one of the most economically de-
structive soil-borne diseases of pepper (Capsicum annuum
L.) in nearly all of the world’s major pepper-growing
countries, including China (Ma et al., 2008), Mexico
(Robles-Yerena et al., 2010), Turkey (Akgiil and Mirik,
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2008), Spain (Silvar et al., 2006), the United States of
America (Hausbeck and Lamour, 2004) and Nigeria (Alegbejo
et al., 2006). Since it was first described in 1974 (Baris et
al., 1986), P capsici has been a major disease limiting
pepper fruit production in Turkey (Olmez, 2006).

There are numerous reports related to the suppression of
P, capsici on pepper plants using chemical (Hausbeck and
Lamour, 2004) and microbial (Kim et al., 2010) fungicides.
Biological control is a promising and sustainable approach
for the effective management of P. capsici due to problems
such as environmental or human health hazards (Hausbeck
and Lamour, 2004), phytotoxicity (Foster and Hausbeck,
2010) and fungicide resistance (Lamour and Hausbeck,
2001). Bacteria that have been used for this purpose include
Actinomyces spp. (Ezziyyani et al., 2007; Hee et al., 2006;
Lee and Hwang, 2002), Burkholderia cepacia (Ezziyyani et
al., 2004; Lee et al., 1999), Pseudomonas spp. (Jung and
Kim, 2004; Lee et al., 1999; Lee et al., 2003a, b, ¢), Serratia
marcescence (Okomoto et al., 1998), Serratia plymuthica
(Shen et al., 2005), rhizobacteria (Sang et al., 2008),
Bacillus spp. (Akgiil and Mirik, 2008; Aravind et al., 2009;
Chung et al., 2008; Dai and Guan, 1999; Guillén-Cruz et
al., 2006; Jiang et al., 2006; Jung and Kim, 2003; Jung and
Kim, 2005; Lee and Hwang, 2002; Qiu et al., 2004; Sid et
al., 2003; Zhang et al., 2010).

One relevant innovation in this area was the potential of
biosurfactants for biological control of zoospore-producing
plant pathogens (Stanghellini and Miller, 1997). Since this
work, additional reports have appeared demonstrating the
possible use of biosurfactant-producing bacteria for the
control of P. capsici (Kim et al., 2000; Nielsen et al., 2006).
The genus Pseudomonas comprises important biocontrol
agents that are capable of using different substrates such
as glycerol, mannitol, fructose, glucose, n-paraffins, and
vegetable oils, to produce biosurfactants (Abouseoud et al.,
2008). Olive oil has been identified as a probable sub-
strate that would support selective growth of rhamnolipid-
producuing bacteria as well as enhance rhamnolipid
synthesis (Abouseoud et al., 2008; Stanghellini and Miller,
1997).

The objective of this study was to evaluate the effects of
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biosurfactant-producing Pseudomonas alone or in combi-
nation with olive oil on controlling Phytophthora blight of
pepper caused by P capsici.

Material and Methods

Bacterial isolates and preliminary screen. Pseudomonas
strains were isolated from roots of pepper, strawberry,
cabbage, cauliflower, broccoli, broad bean and radish fields
in the main cultivation areas of Aydin province of Turkey.
For bacterial isolations, plant roots were washed under
running tap water, and 3 g of roots from each plant were
blended in a stomacher (BagMixer®, Interscience) in 27 mL
of physiological saline (0.9% NaCl, pH 7.0) for 1 min.
Aliquots of suspensions were plated on King’s B medium
(King et al., 1954) and incubated at 25 °C for 48 h. Single
bacterial colonies were transferred to King’s B medium for
purity, and cultures were cryopreserved with 15% glycerol
at —80 °C.

Pseudomonads isolates were tested for their ability to
produce antifungal substances against P. capsici using a

isolates on King’s B medium. One 10 pL droplet of bacterial
suspension was applied to each of four points symmetri-
cally placed on sites at equal distances (2.5 cm) from the
center of each PDA plate. After 24 h of incubation at 24 °C,
a single 10 mm diameter mycelial disc was placed in the
center of the plate. As a control, a disc of P. capsici was
grown on a PDA plate. The diameter of each fungal colony
was measured along two perpendicular axes after a 10 day
incubation at 24 °C in darkness, and the percentage inhibi-
tion of mycelial growth was calculated.

Antagonistic Pseudomonads were later assayed for bio-
surfactant production with the mineral salt-CTAB-methyl-
ene blue agar plate method originally described by Sieg-
mund and Wagner (1991). Ten microliters of bacterial sus-
pension (10° cells/mL) was pipetted onto the center of one
square (1.5 x 1.5 cm) of the 4 x 4 grid drawn on the bottom
of the plate containing mineral salt-CTAB-methylene blue
agar. The plates were then incubated at 30 °C for 48 h.
Biosurfactant activity was evaluated by measuring the dia-
meters of the blue halos around the colonies after incubat-
ing the plates at 4 °C for 24 h. The Pseudomonas strains

selected in this work and relevant information on their
identities, based on fatty acid analysis (FAME) are listed in
Table 1.

dual-culture in vitro assay on potato dextrose agar (PDA)
plates. Standardized bacterial suspensions (3 x 10® cells/mL)
were prepared from overnight cultures of Pseudomonas

Table 1. In vitro antagonism against Phytophthora capsici and production of antifungal metabolites by Pseudomonas isolates from the
rhizospheres of different plants

Isolates  Species Origin inlll}qil;}ilggna sur?alc(;lntb solubilIi)zation° IC! HCN® S;ﬁg:{ phlD#  Protease”
6bab P, fluorescens Broad bean 100.0 a +++ + + ++ ++ + ++
6ba2 Pseudomonas sp. Broad bean 100.0 a +++ - + +++ ++ + ++
6ba3 Pseudomonas sp. Broad bean 904 b ++ ++ + ++ ++ + +
6t14 Pseudomonas sp. Radish 86.7 b ++ + +H + -+ + -
3559 P, fluorescens Strawberry 71.1 ¢ + + + -+ ++ + +
6L10 P, fluorescens Cabbage 578 d + ++ o ++ + ++
ke P, fluorescens Strawberry 56.7 d ++ ++ + -+ ++ + +
3k9 P, fluorescens Strawberry 518 e +++ + + -+ ++ + +
6L14 P, fluorescens Cabbage 506 e ++ + + -+ ++ + ++
mbyj P, fluorescens Strawberry 493 e ++ ++ + ++ ++ + +
3tg8 Pseudomonas sp. Strawberry 386 f ++ ++ ++ + ++ + -

*Mean percent inhibition (relative to the radius of hyphal growth of P. capsici in control) in dual culture assay; values followed by the same letter
are not significantly different, according to Tukey's HSD test at P = 0.05

®Biosurfactant production, according to Siegmund and Wagner (1991): (+++ >20 mm-wide blue zone; ++ 10-20 mm-wide blue zone; — absent)

¢ Inorganic phosphate solubilization, based on plate assay on TCP medium (De Freitas et al., 1997): (++ 10-20 mm-wide clear zone; + 5-10 mm-
wide clear zone; — absent)

4Indolic compounds (IC) production, assayed by the colorimetric method of Patten and Glick (2002): (++> 1 ug/mL; ++ 0.5-1 pg/mL, + 0.1—
0.5 pg/mL; — absent)

¢Hydrogen cyanide activity, based on color change of filter paper , according to Bakker and Schippers (1987) :(+++ strong; ++ moderate; + weak;
— absent)

fSiderophores, according to Schwyn and Neilands (1987): (+++>20 mm-wide orange zone; ++ 10-20 mm-wide orange zone; + 5—10 mm-wide
orange zone; — absent)

¢ Detection of the phlD gene (629-bp product) by PCR (McSpadden Gardener, 2001)

"Protease activity, determined by plate assay of Krachel et al. (2002): (+++ >10 mm-wide clear zone; ++ 5-10 mm-wide clear zone; + <5 mm-
wide clear zone, — absent)
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Mechanism of action of selected Pseudomonas strains.
Solubilization of inorganic phosphate. The ability of
selected Pseudomonas strains to solubilize tricalcium ortho-
phosphate (TCP) was tested on TCP medium (De Freitas et
al., 1997). Ten pL of bacterial suspension (10* cells/mL)
from each of 11 Pseudomonas isolates was dropped onto
the center of one square (1.5 x 1.5 cm) of the 4 x 4 grids
drawn on the bottoms of the plates containing TCP. After
incubation at 25 °C for 7 days, the presence of a clear zone
around the colony indicated phosphate-solubilizing activity
of the bacterial isolates, and the diameters of the clear halos
were measured in millimeters.

Production of indolic compounds. Production of indolic
compounds by bacteria was examined using a colorimetric
method described by Patten and Glick (2002). Pseudomonas
isolates was first cultured in 5 mL tryptic soy broth at 25 °C
overnight. To synchronize the cells of each isolate, two
consecutive 24 h transfers were made with 20 pL of
inoculum, and then 20 pL aliquots were transferred into 5
mL of DF salts minimal media (Dworkin and Foster, 1958),
supplemented with the following concentrations of L-
tryptophan 0, 0.1, 0.5, 1, 5, 10, 50 and 100 pg/mL. After
incubation for 42 h, the bacterial cells were then removed
from the culture medium by centrifugation at 5,500 g for 10
min. A 1 mL aliquot of each supernatant was mixed vigor-
ously with 4 mL of Salkowski’s reagent (Gordon and
Weber, 1951) and allowed to stand at room temperature for
20 min before the absorbance at 535 nm was measured. The
concentration of indolic compounds in each culture
medium was determined by comparison with a standard
curve.

Production of cyanide. Production of hydrogen cyanide
(HCN) was determined using a modification of the proce-
dure of Bakker and Schippers (1987). The Pseudomonas
isolates were grown in screw-cap test tubes containing 5
mL of King's B broth supplemented with 4.4 g/L of glycine,
with filter paper strips soaked in picric acid solution (0.5%
picric acid and 2.0% Na,CO,) placed in the cap of each
tube. The cap of the tubes were sealed with Parafilm® and
incubated in an orbital shaker at 20 °C for 96 h. Microbial
production of cyanide was determined by a color shift from
yellow to brown in the filter paper (Castric, 1975).
Reactions were scored as weak (yellow to light brown),
moderate (brown), or strong (reddish brown) for each of the
Pseudomonas strains.

Production of siderophores. Pseudomonas strains were
grown on universal siderophore detection medium CAS
agar plates (Schwyn and Neilands, 1987). Droplets of 10
uL of bacterial suspensions (10° cells/mL) were spotted

onto CAS agar plates with 4 x 4 grid patterns. Siderophore
production was calculated as the diameter of the orange
halo around the colonies as measured after 72 h of
incubation at 25 °C.

Presence of phiD gene. The ability of the Pseudomonas
strains to produce antibiotics was analyzed by PCR am-
plification of a phlD-related gene using the primer pair
B2BF and BPR4 (McSpadden Gardener et al., 2001).
Template DNA was prepared by boiling 200 uL of bacterial
suspension in MilliQ water for 13 min followed by
immediate chilling on ice, and then centrifugation at 13,000
g for 3 min at 4 °C. Two microliters of the supernatants was
used directly in 20 uL. PCR mix. The generation of a 629 bp
product indicated the presence of the phlD gene.

Extracellular enzyme activities. The abilities of indivi-
dual Pseudomonas strains to produce extracellular lytic
enzymes, such as chitinase, protease and cellulase, were
determined by spot inoculation of 10 pl. of bacterial
suspension prepared from 24 h old nutrient agar cultures on
substrates containing appropriate media (Berg et al., 2000).
Chitinase activity was assayed by inoculating chitin-agar
plates. The clear halos, indicating enzymatic degradation of
chitin, were measured after five days of incubation at
30 °C. Screening for cellulase producers was done on
carboxymethylcellulose agar (Kasana et al., 2008). After
incubation at 28 °C for 48 h, the plates were flooded with
Gram’s iodine for 3 to 5 min, and they were observed for
zones of clearance around the colonies. Protease activity,
indicated by casein degradation, was determined from
clearing zones in skim milk agar after 5 days of incubation
at 20 °C (Krechel et al., 2002).

Greenhouse experiment. For greenhouse assays, Pseudo-
monas strains were applied as a soil drench. Bacterial
suspensions from 24 h old bacterial streak cultures adjusted
to 1 x 10° cfu/mL with sterilized distilled water were used
for inoculation. One highly virulent single-spore culture of
P capsici strain Pc-101 isolated from pepper plants in
Aydin province was used in all experiments. The fungus
was routinely stored as agar plugs in sterile distilled water
at room temperature and inoculum was prepared using a
method of Kurze et al. (2001). Eight, 6 mm-diameter
mycelial plugs from one-week-old cultures of P capsici
were used to inoculate a 250 mL mixture of wheat bran:
vermiculite (1:1) containing 30 g of soybean flour and 84
mL of distilled water. This mixture was incubated at 22 °C
for 28 days and incorporated into an autoclaved soil:sand:
peat (1:1:1) mixture at a final concentration of 1/100 (v/v).

Two experiments were performed to determine the effec-
tiveness of the selected Pseudomonas strains for sup-
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pression of Phytophthora blight of pepper with artificial
inoculation under controlled greenhouse conditions by
comparing the efficiency of acibenzolar-S-methyl (ASM)
(Bion® 50 WG, Syngenta Crop Protection Inc.) and aciben-
zolar-S-methyl (4%) + mefenoxam (40%) (Bion MX" 44
WG, Syngenta Crop Protection Inc.). Two-week-old pepper
(cv. California Wonder) seedlings were transplanted into 10
cm-diameter (500 ml) plastic pots containing 380 ml of
autoclaved soil:sand:peat (1:1:1) mixture. Plants were incu-
bated at 25+ 2 °C with a 14-h photoperiod and fertilized
once a week with liquid fertilizer (Sheffer 16-8-24 N-P-K
plus micronutrients).

In the first experiment, the six Pseudomonas strains
(6L 10, 6ba6, 3ss9, mbj, 6ba2 and 3k9) were selected from
11 biosurfactant-producing Pseudomonas isolates by com-
paring their biocontrol activities. Twenty-five milliliters of
bacterial suspension, prepared as described above, was ap-
plied by soil drench at the base of the stem of each pepper
plant immediately after transplanting. Chemicals were ap-
plied three weeks after transplanting by thoroughly spray-
ing pepper plants with 25 mL of a solution of acibenzolar-
S-methyl (0.1 pg a.i/mL) and acibenzolar-S-methyl + mefen-
oxam (0.2 mg product/mL) with the excess fungicide runn-
ing into the potting mix. Plants were also treated with 25
mL of sterile distilled water by soil drench for the untreated
control. After 3 days of chemical treatments, when the plants
were about 5-week-old, 4 mL of Phytophthora inoculum,
prepared as described above, was mixed homogeneously
with 20 mL of autoclaved soil:sand:peat (1:1:1) mixture,
and the resulting inoculum was mixed thoroughly and
carefully with the upper 1-2 cm of soil in each pot of all
treatment plots, avoiding injury to lateral roots of the plants.
The pots were watered immediately after oomycete inocula-
tion. Three weeks after pathogen inoculation, the severity of
symptoms was assessed in terms of the mean disease severity
index (DSI) of plants with a scale where 0 = healthy plant; 1
= older leaves wilted, with brownish lesions beginning to
appear on stems with slight stunting; 2 = all leaves wilted
except top two or three, with 50% stunting; 3 = all leaves
wilted and turned light tan, with 51 to 80% stunting; and 4
= leaves defoliated and whole stem turned dark brown and
withered, with severe stunting (dead plant). Reduced DSI
compared to untreated control plants was used as an indi-
cator of biological or chemical control efficacy.

In the second experiment, four Pseudomonas strains
(6L10, 6ba6, 3ss9 and mbj) that caused a significant re-
duction in Phytophthora blight severity in the first experi-
ment were applied for alone and in combination with olive
oil by following the same procedure as in the first experi-
ment. The treatments consisted of four bacterial inocula-
tions with and without olive oil, ASM and ASM +
mefenoxam, olive oil and uninoculated control. In the case

of olive oil, 5 mL was applied by soil drench at the base of
the stem of each pepper plant and then bacterial inoculum
was applied as described above. The second experiment
was evaluated in the same manner as in the first.

Experimental design and data analysis. /n vifro tests
including inhibition of mycelial growth of P capsici,
production of biosurfactants, indolic compounds, HCN,
siderophore, extracellular enzyme activities and phosphate
solubilization of bacteria were performed in a completely
randomized design with 3 replicates. The pot experiments
were established in a randomized complete block design
with three replicates. Each treatment has ten pots in each
replicate block. All the tests and in vivo experiments were
repeated at least once. Data were subjected to analysis of
variance with the general linear models procedure of JMP
statistical software (Mac version 9.0.2, SAS Institute Inc.,
Cary, NC, USA). Mean separations were determined by
Tukey's HSD (honestly significant difference) test at P =
0.05.

Results

Primary screen and in vitro biocontrol activities. From
the one hundred one isolates obtained from the roots of
different plants, only twenty four Pseudomonas isolates
showed significant inhibition of vegetative growth of P
capsici in vitro. Fifteen of these isolates had significantly
higher activity, with more than 50% inhibition on PDA
plates while the remaining isolates had between 3.6% and
49.3% inhibition. Of the 24 Pseudomonas isolates, eleven
produced biosurfactants on CTAB-methylene blue indicator
plates containing glycerol as the carbon source (Table 1).
Among the 11 isolates with biosurfactant-producing ability,
strains 6ba6, 6ba2, 3ss9, 61.10 and 3k9 showed high pro-
duction of biosurfactants, while the other six strains (6ba3,
6t14, ke, 6L14, mbj and 3tg8) demonstrated low bio-
surfactant production. Fatty acid methyl esters (FAME)
analysis identified strains as Pseudomonas fluorescens
(6bab, 3ss9, 61,10, ke, 3k9, 61.14 and mbj) and Pseudomonas
sp. (6ba2, 6ba3, 6t14 and 3tg8) with a similarity index of
0.80 or higher (Table 1).

Mechanism of action of selected Pseudomonas strains.
Of the 11 Pseudomonas isolates assessed for inorganic
phosphate solubilization, only 10 solubilized Ca;(PO,), in
the qualitative P-solubilization plate method, and 11
isolates produced indolic compounds from L-tryptophan in
vitro. Among the 11 strains of Pseudomonas tested for
HCN production, only strains 6ba2, 3ss9, 6L.10, ke, 3k9,
6L.14 and mbj showed high production of HCN. The other
four strains (6ba6, 6ba3, 6t14, 3tg8) produced less HCN.
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Table 2. Effects of fungicide sprays applied to the foliage and bacterial isolates applied as a soil drench separately or in combination with

olive oil on Phytophthora blight of pepper

1* Experiment

2" Experiment

Treatments
Mean DSI* Percent control® Mean DSI* Percent control”

Acibenzolar-S-methyl + mefenoxam 0.0a 100.0 0.0a 100.0
Acibenzolar-S-methyl 21c 323 2.6d 29.7
6L10 12b 61.3 1.6¢ 56.8
6ba6 1.2b 61.3 1.5¢ 59.5
3ss9 1.6b 484 2.0cd 459
mbj 19¢ 38.7 2.6d 29.7
6ba6+Olive oil 0.7b 81.1
6L10+Olive oil 0.8b 78.4
3s5s9+0live oil 09b 75.7
mbj+Olive oil 1.6¢ 56.8
6ba2 22¢ 29.0
3k9 22¢ 29.0
Olive oil 23d 37.8
Untreated control 3.1d 3.7e

*In each column, the mean DSI (disease severity index) values that are followed by the same letter are not significantly different according to

Tukey’s HSD test at the P = 0.05 level

®Data represent percent control of Phytophthora blight by treatments (relative to untreated control).

All isolates produced siderophores on CAS medium, and
the capacity for siderophore production was found to be
highly dependent on the antagonistic potential of each
Pseudomonas isolate as in Table 1. Maximum siderophore
production was recorded in Pseudomonas isolates 6ba0,
6ba2, 6ba3 and 6t14. Eleven isolates produced a 629-bp
DNA product in a PCR-based assay using a primer set that
amplifies the phlD gene, which encodes the antifungal
agents. Of the eleven isolates, four of which had strong
protease activity (6ba6, 6ba2, 61.10 and 61.14), and 5 of
which had weak protease activity (6ba3, 3ss9, ke, 3k9 and
mbj) while the remaining two (6t14 and 3tg8) exhibited no
protease activity in an in vitro plate assay. None of the
biosurfactant producing Pseudomonas isolates showed
cellulase or chitinase activity in vitro.

The five high biosurfactant-producing strains (6ba6, 6ba2,
3ss9, 6L.10 and 3k9) and mbj were selected for evaluation
of biocontrol activity in the greenhouse.

Greenhouse experiment. Pepper plants in the first and
second experiments began showing symptoms of infection,
including wilt, stunting and lesions at the bases of the
stems, seven days after inoculation with P. capsici. In both
experiments, all treatment groups (ASM, ASM + mefen-
oxam, and all tested bacterial isolates with and without
olive oil) significantly reduced disease severity compared
to the untreated control (Table 2). When analyzing the
results obtained in both experiments, it was found that the
most effective treatment for inhibiting the development of

lesions on pepper plants inoculated with P capsici was
foliar spraying of ASM + mefenoxam at 0.2 mg product/
ml.

In the first experiment, the six biosurfactant producing
bacterial isolates applied by soil drenching significantly (P
< 0.05) reduced disease severity of Phytophthora blight on
pepper compared to the untreated control (Table 2). Among
these six isolates, isolates 61.10, 6ba6 and 3ss9 provided
significant control of the disease, by 61.3, 61.3 and 48.4%,
respectively. The other three isolates (mbj, 6ba2 and 3k9),
including foliar application of ASM, were less effective,
with the control ranging from 29 to 38.7%. Foliar appli-
cations of ASM at 0.2 mg a.i./mL were phytotoxic, causing
the edges of leaves to curl up. Pseudomonas isolates 6110,
6ba6, 3ss9 and mbj were selected as potentially effective
antagonists for the second greenhouse experiment.

In the second experiment, Pseudomonas isolates 6110,
6bab, 3ss9 and mbj were evaluated separately or in com-
bination with olive oil for efficacy against P. capsici under
greenhouse conditions. When compared with the untreated
control, the treatments of the four bacterial isolates applied
as a soil drench or in combination with olive oil signifi-
cantly reduced the severity of the disease. However, the
treatments with individual bacterial isolates combined with
olive oil consistently resulted in significantly (P > 0.05)
lower disease severity than the same isolates applied alone.
Among the treatments that included olive oil, isolates 6ba6,
6L10 and 3ss9, and to a lesser extent mbyj, significantly
reduced disease severity by 81.1, 78.4, 75.7, and 56.8%,
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respectively (Table 2). The same bacterial isolates applied
without olive oil, as well as the treatment with olive oil
alone, also had a significant but smaller effect on disease
reduction compared to the untreated control. Similarly, foliar
application of ASM (0.2 mg a.i./mL) was less effective,
with control efficiencies of 29.7%, but the same phyto-
toxicity symptoms recurred in the second experiment.

Discussion

Efficient control of plant pathogens in agricultural systems
by any chemical or biological agent depends mainly on the
mode-of-action by which the agent causes permanent or
temporary damage to the life cycle of the pathogen. Con-
sidering the disease cycle of P. capsici, dormant oospores
germinate during wet conditions to produce lemon-shaped
sporangia, which may germinate directly or release swimm-
ing zoospores, and the infection and subsequent sporulation
on host tissue provide the greatest opportunity for host
infection and disease development in the field (Hausbeck
and Lamour, 2004).

Our experiments on suppression of Phytophthora blight
disease of pepper showed that foliar application of aciben-
zolar-S-methyl + mefenoxam (0.2 g product/ml) gave the
highest disease suppression, 100%. Mefenoxam, an active
isomer of metalaxyl, has historically been used to control P.
capsici on pepper plants (Foster and Hausbeck, 2010;
Matheron and Porchas, 2000). A very high efficiency of
ASM + mefenoxam applications in our greenhouse studies
could also be attributed to the presence of acibenzolar-S-
methyl in the product that we used (Gorlach et al., 1996;
Matheron and Porchas, 2002).

Biosurfactants are surface-active substances produced by
variety of microorganisms. Production of biosurfactants is a
common feature in bacteria, including many plant bene-
ficial and plant pathogenic Pseudomonas spp., which pro-
duce primarily cyclic lipopeptide- and rhamnolipid-type
biosurfactants (D’aes et al.,, 2010). Kim et al. (2000)
confirmed that rhamnolipid B, isolated from Pseudomonas
aeruginosa strain BS, inhibits zoospore germination and
hyphal growth of P capsici. The efficacy of rhamnolipid B
against Phytophthora blight was similar to that of metalaxyl
on pepper plants when treated just before inoculation with
P capsici under greenhouse conditions. The results from
our study indicated that biosurfactant-producing Pseudo-
monas isolates applied as a soil drench significantly re-
duced disease severity of Phytophthora blight on pepper
plants under greenhouse conditions and that olive oil
combinations of Pseudomonas isolates applied as a soil
drench much more increased the efficacy of disease control
against P. capsici. Three out of six biosurfactant-producing
Pseudomonas isolates, 6ba6, 61.10 and 3ss9, consistently

provided effective control of Phytophthora blight in both
greenhouse tests. These three biosurfactant producers, identi-
fied as Pseudomonas fluorescens, are equipped with addi-
tional biocontrol mechanisms, such as production of HCN,
indolic compounds, siderophore, extracellular protease and
presence of antibiotic production gene (Table 1).

P fluorescens has been reported to produce a diverse
array of antibiotics (phenazines, pyrrolnitrin, pyoluteorin
and 2,4-diacetylphloroglucinol), which are largely respon-
sible for the biocontrol effectiveness of this bacterium (Cui
and Harling, 2006). All effective strains in our study have
the phlD gene for the production of antibiotics. The anti-
biotic 2,4-DAPG, a broad-spectrum antibiotic produced by
Pseudomonas biocontrol strains, has a widespread effect on
a variety of root and seedling diseases (De Souza et al.,
2003). Hydrogen cyanide (HCN), a volatile antibiotic pro-
duced by many antagonistic P. fluorescens strains, parti-
cularly those that produce 2,4-DAPG, has been recognized
as a significant factor in the control of many soil-borne
fungal pathogens (Haas and Keel, 2003). As shown in Table
1, our most effective Pseudomonas fluorescens strains are
found to secrete fluorescent, yellow-green, water soluble
siderophores. Since their first demonstration by Kloepper et
al. (1980) as a mechanism of biological control, siderophores
have been clearly evidenced in the control of Pythium and
Fusarium species, and have also been known to induce
systemic resistance in plants (Van Loon et al., 1998).

Although individual biocontrol strains are equipped with
multiple biocontrol mechanisms, further efforts are often
required to enhance practical acceptance of biological di-
sease control and to replace environmentally hazardous
alternatives. One recent approach for enhancement of bio-
control efficacy is to combine the bacterial isolates selected
for controlling P. capsici (Kim et al., 2008a; Zhang et al.,
2010). Yet another strategy to boost biocontrol efficiency
and consistency is the use of specific nutrient sources as
amendments to biocontrol agents. Control of Phytophthora
blight of pepper was enhanced by the addition of organic
materials to the soil (Nam et al., 1988), the use of the
biocontrol agents with other materials (Lee et al., 1999), the
addition of chitin to the soil (Chae et al., 2006) and the
addition of L-arabinose and D(+)-glucose to antagonistic
bacterial (Chryseobacterium strain KJ1RS) suspensions
(Kim et al., 2008b). Likewise, Jiang et al. (2006) showed
that use of a mixture of two Bacillus strains with rape seed
residue and compost before application provided better
control of Phytophthora blight of bell pepper and also
greater yield increases than all other methods under field
conditions.

In the present study, we clearly demonstrated that amend-
ment of the soil with olive oil significantly increased the
efficacy of biocontrol activity of biosurfactant-producing
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antagonistic Pseudomonas strains against P. capsici, sug-
gesting that olive oil could be applied to enhance their
biocontrol efficacy. Although olive oil is one of the best
carbon sources for surfactant synthesis (Abouseoud et al.,
2008; Stanghellini and Miller, 1997), the price and avail-
ability of olive oil could be a limiting factor for its wide-
spread practical application. However, Turkey is one of the
five most important olive- and olive oil-producing countries
in the world, and tons of olive oil processing waste are
discharged during olive oil extraction. Thus, olive oil mill
effluent could be a good potential substrate for biosurfactant-
producing bacteria (Mercade et al., 1993; Mercade and
Manresa, 1994), as previously demonstrated for weed control
in Turkey (Boz et al., 2003). The efficacy of our Pseudo-
monas strains (when introduced either alone or in combi-
nation with olive oil or olive oil processing waste) for the
suppression of Phytophthora blight of pepper and for yield
enhancement under field conditions are worthy of further
investigation.
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