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Abstract Pythium species causes seedling damping-off on
numerous plants, resulting in severe economic losses to
growers worldwide. The present study is to evaluate the
control of cucumber damping-off by biosurfactants pro-
duced by Bacillus mycoides. Experiment has demonstrated
the ability to produce biosurfactants by B. mycoides, as
well as the potential use as a biocontrol agent for con-
trolling cucumber seedling damping-off caused by Pythium
aphanidermatum. A B. mycoides strain isolated from rice
rhizosphere was capable of producing biosurfactants, one
of which was identified as a novel compound closely
resemble surfactin A based on HPLC coupling with elec-
trospray ionization-mass spectrometer analysis. The pres-
ence of yeast extract suppressed the accumulation of
biosurfactants, whereas peptone or glucose increased the
accumulation of biosurfactants. The addition of plant oils
into medium greatly reduced surface tension, but increased
the production of biosurfactants. Co-application of B.
mycoides culture with P. aphanidermatum suppressed the
release and caused lysis of Pythium zoospores. Application
of B. mycoides culture completely suppressed the forma-
tion of water-soaked lesions on cucumber leaves and
reduced Pythium damping-off by 35% in greenhouse. This
study provides valuable information in determining the
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importance and practicability of utilizing B. mycoides as a
biocontrol means in controlling plant diseases.
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Introduction

Pythium damping-off commonly occurring on nursery bed,
greenhouse flats, and fields is a very destructive soil-borne
disease. The genus Pythium belonging to oomycete con-
sists of more than 130 species that can infect a wide range
of plants, resulting in severe yield losses worldwide (Dick
1990). Similar to Phytophthora, Peronospraceae, and other
oomycetes, Pythium spp. produce asexual zoospores,
which account for the occurrence and spread of diseases.
Zoospores lacking cell wall are single-cell, motile, and
flagellate spores. Zoospores are produced and released
from sporangia or vesicles of plant pathogens upon expo-
sure to free water (rain, dew, or irrigation water) (Wright
et al. 2003). The infection and mortality rate of plants by
zoospore-producing pathogens are much greater in satu-
rated soils than unsaturated soils (Kuan and Erwin 1980;
Yanar et al. 1997). Zoospores are often attracted by com-
pounds produced by their host plants, swim toward to, and
become encysted around root rhizosphere, which are the
determinant step of diseases caused by oomycete patho-
gens (Raftoyannis and Dick 2006).

As with many plant diseases, application of pesticides is
often required to control Pythium damping-off in order to
maintain crop yields. However, the excessive and inap-
propriate use of chemicals has raised concerns about food
safety and environment. Developing and exploring the
potential use of rhizosphere-associated biological control
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agents, including Bacillus spp. and Pseudomonas spp., is a
promising strategy for controlling soil-borne diseases
(Chen et al. 2012; Foldes et al. 2000; Shafi et al. 2017,
Whipps 1997).

Many Bacillus spp. are capable of producing surface-
active compounds, collectively called biosurfactants. The
production of lipopeptides including surfactins, iturins,
fengycins by B. subtilis and B. amyloliqufaciens has been
demonstrated to be required for biocontrol because they
show strong toxic activities against a wide variety of plant
pathogens (Ongena and Jacques 2008). B. subtillus DFH08
producing fengycin and bacillomycin D has also been
reported to exhibit toxicity against Fusarium graminearum
(Ramarathnam et al. 2007). Analysis through matrix-as-
sisted laser desorption ionization—time of flight—mass
spectroscopy (MALDI-TOF-MS) confirmed the production
of fengycin and surfactin by three Bacillus spp., including
B. mycoides (Athukorala et al. 2009). Genes involved in the
biosynthesis of fengycin were identified by PCR using
gene-specific primers. Similar studies conducted by
Alvarez et al. (2012) also reported that lipopeptides (fen-
gycin and surfactin) produced by B. amyloliqufaciens were
toxic to the plant pathogen Sclerotinia sclerotiorum. Sur-
factin produced by B. subtilis has been shown to be a
powerful surface-active compound with foaming, emulsi-
fying, and dispersing properties and widely used in agri-
culture, petroleum industries, and oil recovery (Liu et al.
2015; Sachdev and Cameotra 2013).

The culture conditions, nutrient elements, and fermen-
tation processes used for the production of surfactin by B.
subtilis have been intensively studied and optimized
(Peypoux et al. 1999). Because different Bacillus spp.,
even different isolates of the same species could produce
different types of biosurfactants, the roles of these sec-
ondary metabolites produced by a newly isolated strain on
biocontrol for plant diseases shall be examined through
in vitro and in vivo trials.

Bacillus mycoides Fliigge is a gram-positive, saprophytic
bacterium that is capable of producing endospores and com-
monly present in soils and plant rhizosphere environment
(Buyer 1995; Lewis 1932). The biggest difference between B.
mycoides and other Bacillus spp. is the formation of charac-
teristic rhizoidal (root-like) colonies on nutrient agar plates
(Di Franco et al. 2002; Gause 1939). The spreading colonies
produced by B. mycoides resembling fungal filamentous
growth show a repeating spiral pattern with either clockwise
or counter clockwise curving. The direction of the curving
pattern is genetically regulated in B. mycoides (Di Franco et al.
2002). B. mycoides has been used as an eco-friendly agent to
solubilize brown coal and synthesize biodegradable plastics
and chemicals such as 2,4,6-trinitrotoluene (Lin et al. 2013;
Narayanan and Ramana 2012; Romanowska et al. 2015). In
agriculture, B. mycoides is often used as a biocontrol agent. B.
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mycoides has been reported to control tobacco brown spot
disease caused by Alternaria alternata (Fravel and Spurr
1977). Co-application of a B. mycoides B16 strain with a
Pichia guilermondii Y2 strain reduced the development of
strawberry gray mold disease caused by Botrytis cinerea
(Guetsky et al. 2001). Application of a B. mycoides Bac J
strain on sugar beet, presumably due to the induction of sys-
temic resistance, reduced Cercospora leaf spot incidence
caused by C. beticola by 38-91% in greenhouse and field
experiments (Bargabus et al. 2002).

Biological control using Bacillus spp. has been reported
with increasing success on the various vegetable crops and
diseases (Shafi et al. 2017). However, little is known about
biosurfactant compounds produced by B. mycoides and
their roles in biocontrol efficacy. The objectives of this
study are to examine whether or not B. mycoides isolated
from plant root rhizosphere in Taiwan will produce bio-
surfactants and to assess their antimicrobial activity against
Pythium aphanidermatum and control of cucumber seed-
ling damping-off in greenhouse.

Materials and methods
Bacterial cultures and growth conditions

Bacillus mycoides strains (BM02, CHR003, NP02, and
WT15) used in the current study were isolated from plant
rhizosphere in central or southern Taiwan (Table 1). Plant
roots and soils were collected and boiled in 100 ml water for
5 min. The resultant solutions, after a tenfold dilution, were
plated on nutrient agar (NA) (Difco, Sparks, MD, USA), and
the plates incubated at 30 °C for single-colony formation.
Bacterial strains were identified as B. mycoides based on
unique characteristics of filamentous and rhizoidal (root-like)
colonies formed on agar medium (Buyer 1995; Di Franco et al.
2002; Nicholson et al. 2000). Both BM02 and WT15 strains
produced bundle filaments by linking bacillary cells to form
counterclockwise curving, whereas CHRO003 and NP02
strains produced filamentous colonies with clockwise curving.
The identity of B. mycoides was further confirmed by
sequence analysis of the 16S ribosomal internal transcribed
spacers (ITS rDNA). Bacterial DNA fragment was amplified
with colony PCR as described by Fukui and Sawabe (2007)
using a PCR Master Mix Kit (GeneMark, Taichung, Taiwan).
Bacterial ITS rDNA was amplified by PCR with the primers
ITS-UIF (5-CTYAAAKRAATTGRCGGRRRSSCS-3') and
ITS-UIR  (5-CGGGCGGTGTGTRCAARRSSC-3’)  as
described by Rivas et al. (2004). PCR fragments were directly
sequenced. Sequences were searched against the databases at
the National Center for Biotechnology Information (NCBI)
using the BLAST network service to determine the similarity
of the amplified fragments. Sequence data reported in this
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;a?l:ii, lstu?;carggr?}?eriisglig?;zd Microorganisms Strain/isolate Plant rhizosphere Location
Bacillus mycoides BMO02 Tomato Taichung
CHRO003 Cowpea Taichung
NP02 Rice Pingtung
WTI15 Rice Kaohsiung
Pythium aphanidermatum Kpa 5 Cucumber Taichung
Potap1 Cucumber Miaoli
;iglificgiigic;lzzgflus Medium designation Medium composition (g/1) Biosurfactant® (mg/1)
mycoides strain NP0O2 grown in Peptone Yeast extract NaCl Glucose
different media
YPS 10 5 10 0 33,17 £253 ¢
YPSG-1 10 5 10 10 5847 £541b
YPSG-2 10 5 10 20 49.68 £ 3.56 be
YPSG-3 10 5 10 40 32.88 £2.87 ¢
PSG 15 0 10 10 7127 £ 193 a
YSG 0 15 10 10 26.36 £ 2.14 d

* Treatments with the same letter are not significantly different (p < 0.05) based on Tukey’s studentized

range test

article have been deposited in the EMBL/GenBank Data
Libraries under accession number NR_036880.1. Bacterial
cells were washed off with sterile water from NA plates, and
their concentrations were adjusted to2 x 108 colony-forming
unit (cfu)/ml. For long-term storage, bacteria were placed in a
20% glycerol solution (Sigma-Aldrich, St. Louis, MO, USA)
and stored at —80 °C.

To prepare fresh bacterial cultures, 5 ml of B. mycoides
suspensions (2 x 108 cfu/ml) was added into a 500-ml
flask containing 100-mL YPS basal broth (5 g/l yeast
extract, 10 g/l peptone, and 10 g/l sodium chloride, pH 7.0)
and incubated at 30 °C for 12 h on a rotary shaker set at
200 rpm. For biosurfactant production, freshly prepared
cultures (10%, v/v) were added into YPS basal broth or
other media and incubated for additional 5 days. All media
used in the current study were modified from YPS by
altering the amount of peptone or yeast extract and by
adding various amount of glucose. Corn oil, peanut oil,
sunflower seed oil, and soybean oil were purchased from
local markets (Taichung, Taiwan) and added, each at 5 g/l,
into PSG medium containing no yeast extract (Table 2).
All media used in the present study were sterilized by
autoclaving (121 °C, 15 psi, and 15 min.).

Pythium cultures and growth conditions

Pythium aphanidermatum (Edson) Fitzp. isolates (Kpa 5
and Potapl) were single colony obtained from diseased
cucumber seedlings showing damping-off symptoms in
central Taiwan (Table 1). Pythium isolates were cultured

on V8 juice agar (each liter containing 100 ml V8 juice,
2 g CaCO;, and 20 g agar). For zoospore formation,
Pythium isolates were cultured on V8 agar plates under a
12-h light cycle at 30 °C for 3—4 days. Ten agar disks
(5 mm in dia.) covered with mycelium were cut, trans-
ferred to a petri dish (9 cm in dia.), flooded with sterile
water (20 ml), and incubated at room temperature
(~25 °C). Zoospores were released from sporangia after
incubating for 6 to 8 h, and the concentration was adjusted
to approximately 1 x 10° zoospores/ml. Release of zoos-
pores from sporangia was quantitatively assessed on sterile
96-well polystyrene culture plates. P. aphanidermatum
isolates were first cultured in 96-well plates for 3 days.
Mycelial sheets, after being rinsed 3 times with water, were
placed onto a petri dish (3 cm in dia.), covered with 2-ml
water, commercial surfactant, or B. mycoides suspension
culture, and incubated for 2-6 h at room temperature.
Release of zoospores was examined by placing 2 pl sus-
pensions under an optical microscope (40xs magnifica-
tion). Each treatment contained three replicates, and
experiment was repeated three times. Surfactin was pur-
chased from Wako Chemicals (Osaka, Japan).

Surface tension measurement

Surface tension of medium was determined by the Du
Noiiy ring method (Khoshdast et al. 2012) using a Du
Noiiy’s surface tensiometer (Ito Seisakusho 514-B, Tokyo,
Japan). Before measuring samples, platinum ring was
washed three times with de-ion water and ethanol and dried
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by passing it briefly through a flame. After cooling, the
platinum ring was placed back to the tensiometer and the
scale was adjusted to zero. Five-day-old cultures of B.
mycoides strains grown in YPS or other media were cen-
trifuged (Sigma Lab GmbH, Osterode am Harz, Germany)
at 12,000 rpm. The resultant supernatants (2 ml) were
placed on the sample station of the tensiometer, and surface
tension was measured.

HPLC and mass spectrometer analyses

Biosurfactants produced by B. mycoides strains were
purified via the salt-assisted homogeneous liquid-liquid
microextraction (SHLLME) method (Gupta et al. 2011).
Briefly, 5-day-old cultures of B. mycoides grown in YPS or
other media (1 ml) were centrifuged at 12,000 rpm, and
each supernatant was mixed with 300 pl of acetonitrile.
After adding 0.8 g of ammonium sulfate to each, samples
were centrifuged at 3200 rpm for 3 min. The organic
extracts (upper layer) were collected and analyzed by a
Model PU-980 high-performance liquid chromatography
(HPLC) (Jasco, Tokyo, Japan). Biosurfactants and surfactin
standard fractions A-F (Sigma-Aldrich) were separated in a
Hypersil BDS C18 column (Thermo Scientific, Sweden) at
30 °C using 3.8 mM trifluoroacetic acid and acetonitrile
(1:4) as a mobile phase with flow rate set at 1 ml/min.
Biosurfactants were detected by a UV detector (Jasco UV-
975) wavelength set at 205 nm. Quantification of biosur-
factants was made using a regression line generated from

the surfactin (fraction A) standard (Sigma-Aldrich). For
semi-preparative HPLC analysis, biosurfactants were sep-
arated using the above-mentioned procedure except flow
rate was set at 5 ml/min and analyzed by the electrospray
ionization (ESI)-mass spectrometer. The ESI-MS product-
ion spectra were acquired with LTQ linear ion trap tandem
mass spectrometer (Thermo Electron, San Jose, CA, USA).
The spectra of this library were recorded using normalized
collision energies. ESI-MS was performed using standard
parameters: spray voltage set at 4 kV, capillary tempera-
ture set at 300 °C, sheath gas flow rate set at five arbitrary
units in the full-scan mass spectra in the positive ion mode
as described (Tang et al. 2010).

Inoculation and disease control

Cucumber (Cucumis sativus cv. Pretty Swallow) seeds
were purchased from Known-You Seed Company (Kaoh-
siung, Taiwan). Seeds were antisepticised by soaking in
0.5% NaClO solution (Clorox, Oakland, CA, USA) for
30 min, rinsed three times with sterile H,O, immersed in
bacterial suspensions (5 x 10° cfu/ml) for 12 h, and
transferred to a petri dish. Seeds immersed in sterile water
were used as a control. After incubation at 30 °C for
2 days, treated seeds were placed in a Sondermischung
potting mix containing peat substrates (Gramoflor Gmbh &
Co. KG, Vechta, Germany) and maintained in a greenhouse
(30 =3 °C) located on the National Chung Hsing
University campus (Taichung, Taiwan). Two-week-old

Fig. 1 Severity of cucumber
seedling damping-off caused by
the isolates (Kpa 5 and Potapl) Il Kpa b
of Pythium aphanidermatum 70 F A* [ Potap 1
treated with water (CK) or
culture suspension prepared AB
from four different Bacillus 60 |- AB
mycoides isolates (BMO02,
NP02, CHRO003, and WT15) 3 50
7 days postinoculation. The < a a
asterisk indicates that the =
significance of treatments was Q

. . o 40|
determined by analysis of c ab
variance (ANOVA) and a B B
treatment mean & SD separated % 30 F
by Tukey’s test (p < 0.05) a) ab

20 b
10 |
0
CK BMO02 NP02 CHRO003 WT15
Isolates
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Fig. 2 Surface tension of PSG (peptone/sodium chloride/glucose)
amended with or without (CK) oils after culturing Bacillus mycoides
strain NP0O2 at 30 °C

cucumber seedlings were inoculated by placing 5 ml
zoospore suspensions (5 x 10* zoospores/ml) of P.
aphanidermatum into seedling rhizosphere. Each treatment
contained four replicates, and each replicate had five
seedlings. Experiments were conducted twice. The inocu-
lated cucumber plants were maintained in a greenhouse for
the development of Pythium damping-off. Disease inci-
dence was recorded 7 days after inoculation.

The effect of B. mycoides culture on P. aphanidermatum
was also determined on detached cucumber leaves. The
first leaf of cucumber seedlings (2 week old) was harvested
and placed on a moist filter paper in a glass petri dish.
Zoospores of P. aphanidermatum (5 pl containing 250-300
zoospores) were mixed at equal ratio (1:1, v/v) with B.
mycoides strain NP02 grown in corn oil-amended PSG
broth and inoculated by dropping onto detached cucumber
leaves (4 spots per leaf). The experiment was used 3 leaves
per treatment and repeated two times. Zoospores mixed
with sterile water were inoculated as a control. The treated
leaves were kept in a growth chamber for 12-48 h with
12-h photoperiod at 30 °C for lesion development.

Statistical analysis

All experiments were conducted three times, and data were
analyzed using the SAS program (version 6.12). The sig-
nificance of treatments was determined by analysis of
variance (ANOVA) and treatment mean + SD separated
by Tukey’s test (p < 0.05).

Results

Bacillus mycoides reduces cucumber seedling
damping-off

Four bacterial strains, designated BM02, NP02, CHRO003,
and WTI5, were isolated from boiled samples (soils and
plant roots) collected from rhizosphere of tomato, cowpea,
or rice (Table 1). They were identified as B. mycoides
based on unique characteristics of filamentous and rhizoid
colonies formed on agar medium. Their identity was con-
firmed further based on ITS rDNA sequence, showing up to
99% identity to those of B. mycoides in the database.
Bacterial culture was tested for their ability to reduce
cucumber seedling damping-off caused by P. aphanider-
matum under greenhouse conditions. Zoospores prepared
from two different P. aphanidermatum strains (Kpa 5 and
Potapl) after being mixed with or without bacterial sus-
pensions were independently inoculated by draining spore
suspensions (5 ml) into each seedling. It was demonstrated
that co-inoculation of zoospores with bacterial suspension
culture prepared from BMO2 and NPO2 strains of B.
mycoides reduced damping-off incidence by 30-35%
(Fig. 1). However, compared to the water controls, co-
inoculation of zoospores with suspension culture prepared
from CHROO03 and WT15 strains did not reduce damping-
off incidence.

Production of biosurfactants by B. mycoides

It was observed that both BM02 and NPO2 isolates of B.
mycoides produced foaming bubbles cultured in nutrient
broth and a clear zone on blood-containing agar medium
(data not shown), indicative of the production of biosur-
factants. Surface tension of suspension culture prepared
from the NPO2 strain cultured in PSG broth gradually
reduced over time (Fig. 2), indicative of the production of
surface-active compounds. The addition of plant oil (coil
oil, peanut oil, sunflower oil, or soybean oil) reduced sur-
face tension drastically, confirming further the presence of
biosurfactants in the suspension culture of B. mycoides.
HPLC analysis of samples prepared from the NPO02
strain cultured in PSG broth identified a distinct peak with
a retention time of 14.58 min (Fig. 3). HPLC analysis of
commercially available surfactins (Sigma-Aldrich) identi-
fied five different peaks with the retention time of
12.04 min (fraction A), 16.18 min (fraction B), 17.59 min
(fraction C), 21.48 min (fraction D), and 21.99 min (frac-
tion E). HPLC analysis of samples prepared from the NP02
strain cultured in PSG broth amended with or without oils
revealed that plant oils, particularly corn oil and soybean
oil, increased the accumulation of biosurfactants by the
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Fig. 3 HPLC profiles of surfactin standard (a) and culture extracts prepared from Bacillus mycoides NP02 grown in PSG-C (peptone/sodium

chloride/glucose/corn oil) broth (b)

NPO2 strain of B. mycoides (Fig. 4). Time-course studies of
biosurfactant accumulation by the NP02 strain cultured in
PSG broth amended with 5 g/l corn oil revealed that B.
mycoides exponentially increased the production of bio-
surfactants 80 h after incubation (Fig. 5).

The production of biosurfactants by the NP02 strain was
investigated further by culturing the NP0O2 strain in dif-
ferent media and analyzed by HPLC (Table 2). It was
demonstrated that B. mycoides cultured in YPS basal
medium without glucose accumulated biosurfactants,
reaching 33.17 mg/l. The addition of glucose at 10 or 20 g/
1 increased the production of biosurfactants; however, the
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addition of glucose at 40 g/l had no effects. The NP02
strain grown in the yeast extract-minus medium (PSG)
accumulated high amounts of biosurfactants reaching
71.27 mg/l. The YSG medium containing no peptone
slightly decreased the production of biosurfactants
(26.36 mg/l).

Suspension culture of Bacillus mycoides suppresses
the release of Pythium zoospores

Both P. aphanidermatum strains produced a large amount
of zoospores when they were incubated in sterile water
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Fig. 4 The accumulation of biosurfactant by Bacillus mycoides strain
NPO2 cultured in PSG (peptone/sodium chloride/glucose) amended
with oils for 120 h at 30 °C. PSG broth without oil was used as a
control (CK). Biosurfactants were detected by HPLC and quantified
using a regression line generated from the surfactin (fraction A)
standard (Sigma-Aldrich)
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Fig. 5 The accumulation of biosurfactants by Bacillus mycoides
strain NPO2 over time. Bacillus mycoides was cultured in PSG broth
amended with corn oil. Biosurfactants were detected by HPLC and
quantified using a regression line generated from a commercially
available surfactin

(Table 3). Addition of 5 g/l corn oil into water did not
impact zoospore production because oil stayed on the top
of water (data not shown). Pythium strains failed to release
zoospores after being treated with culture suspensions
prepared from the NPO2 strain grown in PSG medium
amended with 5 g/l corn oil (designated PSG-C) 5-6 h
after incubation (hai). It was observed that Pythium zoos-
pores treated with NPO2 culture suspensions became
encysted or directly germinated, but failed to produce
zoospores after being treated with PSG (without corn oil)
or PSG-C (with corn o0il) medium only (Table 3). Biosur-
factants (=50 ppm) effectively suppressed zoospore

production (Table 4). The commercially available surfactin
(Wako Chemicals) also suppressed zoospore production.

Biosurfactants produced by B. mycoides suppress
lesion formation on cucumber leaves

Inoculation of zoospore suspensions of P. aphaniermatum
onto detached cucumber leaves resulted in water-soaked
lesions 2 days postinoculation (dpi) (Fig. 6a). In contrast,
co-inoculation of zoospore suspensions with suspension
culture of B. mycoides NP02 grown in PSG medium
amended with 5 g/l corn oil (PSG-C) completely sup-
pressed lesion formation. Microscopy analysis revealed
that zoospores after being treated with suspension culture
of B. mycoides became stationary, producing balloon-like
cells which eventually disintegrated (Fig. 6b, far right).

Identification of biosurfactants by ESI-mass
spectrometer

To identify the major peak (retention time at 14.58 min)
obtained from HPLC (Fig. 3b), mass spectrometry was
utilized. ESI-MS analysis revealed that the peak identified
from the NPO2 strain of B. mycoides cultured in PSG broth
had mass spectra closely resembling those of surfactin A
(Fig. 7). Full-scan mass spectra of commercially available
surfactin A showed intense precursor ions [M + H]' at
m/z 1008 with several minor signals in the positive ion
mode. The sample prepared from B. mycoides culture also
had a distinctive intense precursor ions [M + H]" at m/z
1007.8 with numerous fragmentation routes in the mass
spectra. Of them, many showed similar m/z with those of
pure surfactin A.

Discussion

Significantly, the current study has demonstrated the ability
to produce antimicrobial biosurfactants by B. mycoides, as
well as the potential use as a biocontrol agent for con-
trolling plant diseases. The chemical properties and the
biological activities of biosurfactants produced by B.
mycoides were characterized to be inhibitory to damping-
off caused by Pythium spp.

Four bacterial strains, designated BMO02, NP02,
CHRO003, and WTI15, were collected from plant rhizo-
spheres after being heated at 100 °C for 5 min. The bac-
teria formed filamentous and rhizoid colonies on nutrient
agar medium and were identified as B. mycoides based on
sequence analysis of ITS rDNA. Greenhouse trials have
demonstrated that two of the isolates (BM02 and NP02)
were capable of reducing cucumber seedling damping-off
caused by P. aphanidermarum. BM02 and NP02 grown in
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Table 3 Suppression of zoospore release from sporangia of Pythium aphanidermatum by Bacillus mycoides strain NPO2 grown on PSG medium

amended with corn oil (PSG-C)

Treatment® Number of zoospores per 2 pl

P. aphanidermatum Kpa 5

P. aphanidermatum Potapl

2 h° 5h 6h 2h 5h 6h
NPO2 liquid 11.0 £ 0.58 0 0 13.0 £+ 1.58 0 0
Medium only 13.0 £ 3.0 11.0 £ 0.82 ¢ 10.0 £ 1.0 10.8 + 0.73 -
Water control 113 + 0.33 117.0 + 7.06 156.2 + 2.59 12.8 &+ 0.37 1144 + 0.93 135.2 + 0.97

% Bacillus mycoides NPO2 was cultured in PSG-C broth (peptone/sodium chloride/glucose/corn oil) for 5 days at 30 °C

® Hour (h) after sporangia was treated

¢ Zoospores were encysted and germinated in medium

Table 4 Comparison of zoospores released from sporangia of
Pythium aphanidermatum affected by biosurfactant fraction extracted
from the culture of Bacillus mycoides strain NPO2 and pure surfactin
(Wako)

Treatment (ppm) Number of zoospores per 2 pl

Kpa 5 strain Potap1 strain

NPO2 biosurfactant

200 00+£0 00+0

100 0.8 £0.2 22+02
50 5.1 +0.6 10.5 £ 0.6
0 123.2 £ 5.1 156.1 £ 2.0

Surfactin (Wako)

1000 00+£0 00+0

750 0.2 £ 0.1 0.2 £ 0.1
500 1.7+ 0.2 1.3+04
250 5.6 £0.1 39 +0.1
200 6.8 +0.2 5.1 +£0.1
125 99+ 04 7.7 £ 0.5
100 13.6 £ 0.4 12.0 + 0.7
50 212 £ 0.7 214+ 03
0 432 +25 569 £ 1.9

nutrient broth produced foaming bubbles, suggestive of the
production of surface-active materials (biosurfactants).
Surface tension of culture filtrates prepared from the NP02
strain gradually decreased in a span of 120 h. The addition
of plant oil into medium greatly reduced surface tension,
but increased the accumulation of biosurfactants as asses-
sed by HPLC analysis.

It is hypothesized that biosurfactants produced by B.
mycoides play a role in the reduction of Pythium damping-
off. Nutritional parameters influencing the accumulation of
biosurfactants were also investigated. It was found that the
composition of the medium can impact the amount of
biosurfactants produced by B. mycoides. The presence of
yeast extract appears to suppress the accumulation of bio-
surfactants, whereas peptone is required for the
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accumulation of biosurfactants. Glucose was found to
promote the production of biosurfactants at the concen-
trations ranging from 10 to 20 g/l, consistent with the
finding by Najafi et al. (2010). Interestingly, B. subtillis
grown in a minimal medium produces a higher amount of
surfactin than grown in a nutrient medium (Peypoux et al.
1999).

It was found that PSG-C medium (PSG amended with
corn oil) alone induced sporangium become enclosed and/
or directly germinated on agar medium. However, PSG-C
alone failed to suppress water-soaked lesion formation
caused by P. aphanidermarum. The results demonstrate
further that biosurfactants produced by B. mycoides play a
pivotal role in the reduction of damping-off on cucumber
seedling. The addition of plant oils has also been reported
to increase the production of rhamnolipid by Pseudomonas
SWP-4 and surfactin by Bacillus sp. (Lan et al. 2015;
Makkar et al. 2011).

The chemical properties and the biological activities of
biosurfactants produced by B. mycoides were characterized
to be inhibitory to Pythium sp., an oomycete plant pathogen
that causes yield losses in numerous economically impor-
tant plants. It was demonstrated that biosurfactants pro-
duced by B. mycoides suppressed the release and lysis of
Pythium zoospores and reduced damping-off incidence.
Pythium sporangium is unable to release zoospores after
being treated with suspension culture of B. mycoides.
Similarly, sporangium treated with commercially available
surfactin fails to release zoospores. Microscopy observa-
tion reveals that zoospores become disintegrated upon
exposure to suspension culture of B. mycoides. B.
mycoides-derived  biosurfactants apparently suppress
zoospore release at lower concentration than pure surfactin,
indicating the presence of unknown substances other than
surfactin in the suspension culture. Mass spectrometric
analysis of lipopeptide biosurfactants prepared from 54
different Bacillus strains identified three major categories:
kurstakins  (850-950 m/z), surfactins and iturins
(1000-1100 m/z), and fengycins, polymyxins, and
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Fig. 6 a Development of
water-soaked lesions on
detached cucumber leaves
inoculated with Pythium
aphanidermatum zoospores
mixed with PSG-C medium
(check) or culture suspension of
Bacillus mycoides strain NP02
grown in PSG-C for 4 days.

b Formation of a balloon-like
swelling cell and lysis of a
zoospore after treating with
biosurfactants extracted from
suspension culture of Bacillus
mycoides NPO2 grown in PSG-
C

Control

A

1004 1008.30

Relative Abundance
(o)
T

994,30

1 1030.50

1062.36

119229 114430

980.28

888.33 929.19 b

Ty Terepreny
900 1000
m/z

O—Hpwrrprmeresy

L naad o]
1100 1200

1007.8

Relative Abundance
[}
o

885.6 1929.8

uluhy

N
=}

TSI

-
[

-
Jm?x‘ L

L

Lot

©
g-
(&)

900

1000
m/z

1100 1200

Fig. 7 ESI mass spectra of standard surfactin A (left panel) and fractions prepared from suspension culture of Bacillus mycoides strain NP02

grown in PSG-C for 5 days

bacitracins (1450-1550 m/z) (Price et al. 2007). In the
present study, ESI-mass spectrometer analysis reveals that
ionized B. mycoides-derived biosurfactants have masses
ranging from 800 to 1200 m/z. The results indicate the
presence of different types of biosurfactants, likely
including kurstakins, surfactins, and iturins in the

suspension culture of B. mycoides. The true natures of
these surfactants require further investigation. However,
comparison of ESI-mass profiles reveals close similarity
between surfactin A and B. mycoides-derived biosurfac-
tants. Oils have been suggested to serve as aggregators that
bind surfactin, kurstakins, iturin, and fengycin and form a
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complex, enhancing, or suppressing the toxicity of bio-
surfactants depending on the type of biosurfactants and oils
used (Boyette et al. 2007; Jee et al. 2009). However, in the
present study, the addition of corn oil, peanut oil, sunflower
seed oil, or soybean oil during bacterial growth, all
increases the accumulation of biosurfactants by B.
mycoides.

Bacillus mycoides strains have been known for their
ability to promote plant growth and induce defense resis-
tance (Bargabus et al. 2002). However, it remains uncertain
that B. mycoides is capable of producing toxic secondary
metabolites and their roles in biocontrol. B. mycoides
produces barely detectable biosurfactants grown in nutrient
medium. In the present study, we have streamlined the
production of biosurfactants by adding plant oils into
medium used to culture B. mycoides. The addition of corn
oil, soybean oil, or peanut oil increases biosurfactant
accumulation substantially, and the addition of sunflower
oil is less effective. Most importantly, co-inoculation of P.
aphanidermarum with suspension culture prepared from B.
mycoides grown in an oil-containing medium completely
suppresses the development of water-soaked lesions on
cucumber leaves. This suppression is very likely due to the
toxic effect of biosurfactants that directly cause zoospore
lysis. Massetolide, a cyclic lipopeptide biosurfactant pro-
duced by Pseudomonas fluorescens SSO1, has been repor-
ted to suppress oomycete pathogens in a similar manner
(De Souza et al. 2003; Raaijmakers et al. 2010). Biological
control using synthetic surfactants has been proposed to a
wide range of economically important zoosporic plant
pathogens in the hydroponic system (Stanghellini and
Miller 1997). Application of two lipopeptides, mycosub-
tilin and surfactin, has been shown to successfully control
downy mildew on lettuce (Deravel et al. 2014). Biosur-
factants, due to their ability to reduce surface tension, may
damage the permeability of the plasma membrane and
result in a cell leakage and rapid lysis of zoospores as
observed in the present study.

In conclusion, the results derived from the current study
provide valuable information in determining the impor-
tance and practicability of utilizing B. mycoides as a bio-
control means in controlling plant diseases.
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