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ABSTRACT: Biosurfactant-producing bacteria were isolated from hydrocarbon contaminated soils. The highest surface
and emulsification activities were achieved with a strain identified as Bacillus subtilis SE1. Optimal condition for
biosurfactant production of B. subtilis SE1 included supplementation of glucose and yeast extract (10 g/l each) in
the medium at 30 °C, initial pH 7.0 and no NaCl added, giving biosurfactant yield of 66.00±1.54 mg/l. Biosurfactant
produced by B. subtilis SE1 was characterised as lipopeptide and reduced the surface tension from 72.27±0.01 to
25.95±0.06 mN/m with a critical micelle concentration of 4.69±0.11 mg/l. In a biodegradation assay, the experiment
was conducted in 3 treatments for 7 days: gasoline-contaminated soil (T1); gasoline-contaminated soil with B. subtilis
SE1 bioaugmentation (T2); and gasoline-contaminated soil with addition of B. subtilis SE1 and nutrients (glucose
and yeast extract) (T3). The highest viable bacterial count (8.00±0.04 log CFU/g) and percent reduction of total
phenolic content (9.73±1.13%) were observed in T3, which were significantly (p < 0.05) higher than those of T1
(5.60±0.02 log CFU/g and 3.68±0.83%) and T2 (7.12±0.01 log CFU/g and 5.04±0.30%). These results reveal the
potential of biosurfactant-producing B. subtilis SE1 for use in bioremediation of hydrocarbon contaminated environment
in Thailand.
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INTRODUCTION

Petroleum and petrochemical products are one of
the most common hazardous chemicals involved
in environmental pollution. Gasoline is a refined
petrochemical product comprising a mixture of ben-
zene, toluene, ethylbenzene and xylene isomers,
compounds usually termed BTEX. These compounds
are thought to be one of the most prevalent con-
taminants in soils, drinking water and ground-
water through accidental spillages and leakages
in aboveground and underground storage tanks
and pipelines as well as improper waste disposal
practices [1]. Hydrocarbon spills directly damage
natural ecosystems, indirectly have an economic
impact [2, 3] and increase the presence of haz-
ardous chemicals which can bioaccumulate, bio-
magnify and eventually cause serious human health
effects [4]. The International Agency for Research
on Cancer (IARC) categorises gasoline as possibly
carcinogenic to humans (group 2B) [5]. Among the

compositions of gasoline, IARC classifies benzene as
group 1 (carcinogenic to humans), ethylbenzene as
group 2B and toluene and xylene as group 3 (not
classifiable as to its carcinogenicity to humans) [6].

Sustainable management is a challenging con-
cept circumscribing how intersection among soci-
ety, economy and environment can be connected
properly. Several techniques have been used to
clean up the environment from hazardous petro-
chemicals. Among all approaches applied, bioreme-
diation, a natural method whereby microorganisms
breakdown, reduce, eliminate or transform organic
molecules to benign compounds, is considered a
good strategy to remove hydrocarbon contaminants
and remediate the environment in a short period of
time because of its environmentally-friendly, cost-
effective and efficient technique [3]. However,
due to biodegradation being hampered by limited
bioavailability of hydrophobic pollutants, biosurfac-
tants are needed to be added into contaminated
ecosystems.
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Members of the Bacillus genus have consid-
erably gained attraction because of their ability
to secrete a broad spectrum of biologically ac-
tive molecules. Lipopeptides are among the most
commonly isolated and characterised biosurfactants
produced by Bacillus species. They are consid-
ered safe, ecologically-acceptable, biodegradable
and low toxic and represent higher selectivity than
chemically synthetic counterparts which are often
toxic, may leave undesirable residues and constitute
an additional source of contamination [7]. Some
lipopeptide biosurfactants show activity even at ex-
treme temperature, pH and salinity [8]. Despite
lipopeptides from Bacillus species found to substan-
tially enhance degradation efficiency of several hy-
drocarbons and petrochemical products, there are a
few studies reported specifically the role of lipopep-
tides on gasoline bioremediation, but most study
focused on degradation potential of its major aro-
matic volatile constitutes such as benzene, toluene,
and xylenes by Bacillus species [9]. Lipopeptides
have been reported to play a role in improving ac-
cessibility, mobility and bioavailability of the water
immiscible petrochemicals, thereby allowing them
to mix readily as emulsions in water leading to
enhanced bacterial growth and increased rate of
biodegradation [10]. Isolation and characterisa-
tion of lipopeptide-producing Bacillus to remediate
gasoline-contaminated environments have received
very little attention in Thailand.

Several species of lipopeptide-producing Bacil-
lus have been widely isolated from a variety of
petroleum-polluted environments and confirmed for
their application potential in the bioremediation of
oil-contaminated sites and microbial enhanced oil
recovery process [8, 11]. In order to obtain high
production of surface active substances and pro-
mote the growth of Bacillus isolate, optimisation of
the important parameters e.g., carbon and nitrogen
sources, pH, temperature and salinity is substan-
tially needed. It is worth noting that type of growth-
limiting nutrients is considerably important for pro-
duction of bacterial bioactive molecules. Carbon
source has been proven to affect quantity, structure
and activity of biosurfactants [8, 12]. A similar
consequence was also reported when biosurfactant-
producing Bacillus spp. grew in different nitrogen
source, temperature, pH and salinity [8, 12–14].
Therefore, the purposes of this study were to (1) iso-
late biosurfactant-producing bacteria from petro-
chemical contaminated soils, (2) improve lipopep-
tide biosurfactant production of a Bacillus isolate
through optimisation of the carbon and nitrogen

sources in the culture medium together with envi-
ronmental factors and (3) evaluate the feasibility of
the lipopeptide-producing bacterium isolated for its
use in biodegradation of gasoline contaminated soil.

MATERIALS AND METHODS

Soil collection

Petroleum contaminated soils were collected from
various sites in Chon Buri province, Thailand:
Bang Sean Beach (SA), Naklue Pattaya Beach (SN),
Jomtein Pattaya Beach (SJ) and a local automo-
bile garage (SO). At each sampling site, samples
were collected at depth of 0–10 cm using a hand
trowel [15]. Samples were kept in an icebox and
transported to the laboratory for further analysis.

Isolation and enrichment of biosurfactant
producing bacteria

Oil degrading bacteria were isolated from sam-
ples using a spread plate method. All samples
(10 g) from several sites were 10-fold diluted
with 0.85% (w/v) NaCl solution, and 0.1 ml of
each dilution was plated onto Plate Count Agar
(Difco). All Petri dishes were incubated at 35 °C
for 24–48 h [15]. Moreover, an enrichment tech-
nique was used following a method of Howland and
Garfield [16]. Sealed bottle containing gasoline-
soaked soil samples (10.5 g) collected from a local
automobile garage was amended with 10 ml/kg fi-
nal concentration of gasoline and incubated at 35 °C
for 7 days prior to isolating the bacteria as described
above. This enriched soil sample was designated
as SE. All morphologically distinct colonies were
streaked on Trypticase Soy Agar (TSA; Difco) to
obtain pure cultures and then screened for biosur-
factant production.

Screening for biosurfactant producers

Bacterial isolates were cultured in 250 ml flasks
containing 50 ml medium broth composed of (g/l)
peptone (10), beef extract (10) and NaCl (5) in
a shaking incubator at 180 rpm, 30 °C for 72 h.
After centrifuging at 7713× g, 4 °C for 30 min, cell-
free supernatants were collected and subjected to
various screening assays to test for biosurfactant
production. Two preliminary screening techniques
including drop collapsing and oil displacement tests
were carried out using gasoline following published
methods [11]. Emulsification activity of the cell-
free supernatants was also measured according to
the method described by Cooper and Goldberg [17].
All screening tests were performed in 4 replicates.
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Sterile distilled water and 10 g/l sodium dodecyl
sulfate were used as negative and positive controls,
respectively.

Growth and biodegradation potential towards
gasoline of B. subtilis SE1

Growth and biodegradation potential of SE1
isolate were studied using Mineral Salt Medium
(MSM) following the method by Dagorn et al [18]
with some modifications. The MSM consisted
of (g/l) Na2HPO4 (3.6), (NH4)2SO4 (1.0),
KH2PO4 (1.0), MgSO4 (1.0), Fe(NH4)3(C6H5O7)2
(0.01) and CaCl2 ·2 H2O (0.1) and 10 ml of
trace element solution (mg/l): ZnSO4 ·7 H2O
(10.0); MnCl2 ·4 H2O (3.0); CoCl2 ·6 H2O (1.0);
NiCl2 ·6 H2O (2.0); Na2MoO4 ·2 H2O (3.0); H3BO3
(30.0) and CuSO4 ·2 H2O (1.0). A 24-h old SE1
culture grown in the medium broth was adjusted to
1.5 AU at 580 nm equivalent to 1010 CFU/ml of cell
concentration using a spectrophotometer. The SE1
suspension (10 ml) was loaded into a 180-ml bottle
with silicone rubber stoppers containing 89 ml of
MSM. The bottles with SE1 suspension were divided
to 2 batches: active and sterile (autoclaved SE1
culture) groups. A small volume (1 ml) of gasoline
was added into all serum bottles. Serum bottles
with the sterile medium instead of SE1 suspension
was considered background group. During a
35-d incubation at 30 °C, 200 rpm, cultivation
broth was collected to monitor the cell growth by
measuring OD580. After centrifuging at 8228× g,
4 °C for 5 min, an additional cell-free supernatant
was scanned at wavelength between 220 and
400 nm using a UV-visible spectrophotometer. All
experiments were achieved in triplicate.

Identification of biosurfactant-producing strain
and phylogenetic analysis

Of all isolates, SE1 strain was capable of employing
gasoline as sole carbon source and exhibited the
highest surface and emulsification activities towards
gasoline. Therefore, this strain was subjected to 16S
rRNA gene sequencing analysis for species identifi-
cation. Genomic DNA was extracted from purified
SE1 strain using a phenol-chloroform extraction
method [19]. The primers fd1: 5′ AGAGTTTGATC-
CTGGCT CAG 3′ and rP2: 5′ ACGGCTACCTTGT-
TACGACTT 3′ were used in this study. PCR reaction
was composed of 1X reaction buffer (10 mM Tris-
HCl pH 9.1, 50 mM KCl), 2.5 mM MgCl2, 100 µM
of each dNTPs, 0.64 µM of each primer, 1.25 U
Taq DNA Polymerase, 20 ng of DNA template and
DNAase-free water to produce a final volume of

50 µl. Amplification was performed in a PCR Ther-
mal cycler (Biometra T-Gradient) with the following
program: 95 °C for 5 min; 40 cycles of 95 °C for
1 min, 55 °C for 1 min and 72 °C for 1 min each,
and final elongation at 72 °C for 7 min. The se-
quence was compared to the 16S rRNA nucleotide
sequences at National Center for Biotechnology In-
formation (NCBI; www.ncbi.nlm.nih.gov) using the
blastn algorithm.

The 16S rRNA gene sequences of closely re-
lated strains were ClustalW aligned in Molecular
Evolutionary Genetics Analysis software (MEGA ver-
sion 7). Evolutionary distance was calculated with
the Tamura 3-parameter model. Neighbour-joining
analysis was constructed using the MEGA version 7,
and topology robustness was assessed via bootstrap
analysis of 1000 replicates.

Thin layer chromatography (TLC)

The cell-free supernatant was subjected to acid pre-
cipitation by adding 6 N HCl to a final pH 2.0
and allowing to settle at 4 °C overnight. The acid
precipitate was collected and dissolved in methanol.
Methanolic extract was spotted on a TLC plate (sil-
ica gel 60 plate; Merck KGaA). After transferring
into a chamber containing mobile phase of chlo-
roform:methanol:water (65:25:4), the developed
TLC plate was removed and allowed to air dry.
The TLC plate was sprayed with ninhydrin solution
(0.25% w/v in ethanol) for presence of peptide
moiety and treated with water to detect lipid moi-
ety [20].

Optimisation of physicochemical factors for
biosurfactant production of SE1 strain

Optimisation study was performed in a stepwise
fashion by changing one variable at a time and
keeping other factors fixed at a specific set of con-
ditions. The first factor studied was carbon source,
followed by nitrogen source, pH, temperature and
salinity, respectively. Biosurfactant production was
evaluated using MSM with different carbon and
nitrogen sources. Three carbon source (glucose,
glycerol and palm oil) treatments were analysed
at a final concentration of 10 g/l. Three nitrogen
sources: sodium nitrate, urea and yeast extract were
added to produce a final concentration of 10 g/l
in MSM medium, and glucose was used as sole
carbon source. To study pH effect on biosurfactant
production, pH of the MSM medium was adjusted
to 5, 6, 7, 8 and 9. The temperature effect was
assessed by incubating the culture at 25, 30, 37 and
45 °C. Finally, the MSM medium was prepared with
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supplementation of sodium chloride at 0, 10, 20, 30,
55, 100 and 150 g/l to study salinity impact.

Cultivation assays were carried out in 250 ml
flasks containing 50 ml of the different media. Each
flask was inoculated with 1% (v/v) of 24-h old SE1
culture. After agitation in an incubator shaker at
180 rpm for 3 days, cell suspensions were cen-
trifuged at 7713× g, 4 °C for 30 min. Afterwards,
cell-free supernatants were used to measure surface
activity using an oil displacement technique. At
the end of optimisation study, cell-free supernatant
collected from SE1 strain cultured at optimal con-
ditions was evaluated for its surface tension and
biosurfactant concentration. The optimisation assay
was done in three independent replicates.

Biosurfactant quantification

Lipopeptide was extracted from cell-free super-
natant using acid precipitation and dissolved in
methanol as mentioned previously. Lipopeptide
was analysed and quantified by reversed-phase
High Performance Liquid Chromatography (HPLC;
Shimadzu, Model Shimadzu LC-10) [21]. The
methanolic extract was characterised using an in-
ersil ODS-C18 column (5 µm, 250 mm×4.6 mm).
Surfactin solution (Sigma-Aldrich) was used as a
reference substance.

Surface tension

Surface tension measurement of culture super-
natant was achieved following the Du Nouy Ring
method [22] using a digital surface tensiometer (Ky-
owa Interface Science, Model DY-300) at 25 °C. The
concentration at which micelles started to form was
expressed as critical micelle concentration (CMC)
value.

Bacterial dynamics and metabolite fate during
biodegradation in gasoline-contaminated soils

Soil microcosm experiment

The potential use of biosurfactant producing SE1
strain for biodegradation of gasoline was assessed
using artificially contaminated soil following Okoh
method [23] with some modifications. A loamy
sand soil was collected from Bang Sean Beach, Chon
Buri, Thailand. Soil sample (300 g) was artificially
amended with 1% (v/w) gasoline and thoroughly
mixed in a 500 ml Erlenmeyer flask. Biodegrada-
tion experiment was conducted in 3 different treat-
ments as follows: gasoline-contaminated soil (T1);
gasoline-contaminated soil with SE1 bioaugmen-
tation (T2); and gasoline-contaminated soil with

addition of SE1 and nutrients (glucose and yeast
extract (1% w/w each) (T3). Aliquot (1 ml) of
SE1 suspension (109 CFU/ml) grown in glucose/YE-
amended MSM medium was inoculated into the
soils of the 3 treatments. The experiment was
performed in triplicate. During static incubation
at 30 °C in the dark, soil samples were withdrawn
from each flask at 2 h, 3 and 7 day post-inoculation
for viable bacteria count and metabolite analysis.
Aliquots of appropriate dilutions were spread-plated
in triplicate onto Plate Count Agar for bacterial enu-
meration. After incubation at 30 °C for 24 h, all bac-
terial colonies grown on the medium were counted
and expressed as log colony forming unit/g. The
survival of SE1 strain was confirmed by biochemical
tests compared to original isolate and polymerase
chain reaction.

Determination of metabolites

The presence of phenolic intermediates in exper-
imentally contaminated soils was investigated us-
ing a modified Folin-Ciocalteu (FC) reaction [24].
Briefly, 0.1 ml of sample solution was mixed with
20% (w/v) Na2CO3 (1.5 ml), FC reagent (0.5 ml)
and distilled water (7.9 ml) in a volumetric flask.
After incubation in the dark for 3 h, reaction mix-
tures were measured at 765 nm using a spec-
trophotometer. Concentration of total phenolic
content was quantified as gallic acid equivalent
from the standard curve of gallic acid and calcu-
lated as percent reduction of total phenolic con-
tent (PRP), PRP value (%) = (PCi−PCx)/PCi×100,
where PCi = initial concentration of total phenolic
content and PCx = concentration of total phenolic
content at day x.

Statistical analysis

Data were expressed as mean±SD. Data were nor-
malised and transformed when needed. Differences
were determined using ANOVA, followed by Dun-
can’s multiple range test at a significant level of p <
0.05 [25]. All statistical analyses were performed
using SPSS version 19.0, Chicago, Illinois, USA.

RESULTS AND DISCUSSION

Biosurfactant producers and identification

Of all isolates screened, 2 isolates (SE1 and SN1)
were positive for drop collapsing test and repre-
sented the highest halo zone (ca. 33.7 mm) of oil
displacement activity (Table 1). A complementary
assessment of biosurfactant performed in this study
was measurement of emulsification activity. SE1
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Table 1 Emulsification activities of cell-free supernatants
obtained from some bacterial isolates from petroleum
contaminated soils in Chon Buri province, Thailand.

Bacterial
isolates

Drop
collapsing

test

Oil
displacement

(mm)

Emulsification
capacity
(% E24)

SA1 + 9.0±2.0 0.0±0.0
SO1 + 0.0±0.0 15.6±0.0
SO3 − 4.0±1.4 36.8±4.2
SE1 + 33.7±4.6 70.2±1.5
SE2 + 10.7±0.6 51.2±14.6
SE3 + 23.7±2.1 14.4±4.9
SN1 + 33.7±2.1 13.5±1.8
SJ1#1 + 13.3±2.1 63.2±6.0
SJ2#1 + 7.7±1.5 11.7±2.9
SJ2#2 − 5.7±0.6 10.9±4.7
SJ2#3 + 23.7±2.1 0.0±0.0

isolate showed the strongest emulsification activity
supported by its ability to emulsify gasoline with
E24 of 70.2±1.5% (Table 1). Our results claimed
that drop collapsing and oil displacement assays
were strongly recommended for primary screening
of biosurfactant producers. Similar results were
reported by Thavasi et al [26] who recommended
these 2 assays as reliable primary methods to screen
a number of potential biosurfactant producers.

Growth and biodegradation potential towards
gasoline of B. subtilis SE1

Growth of bacteria in petroleum hydrocarbon
medium is an important criterion to determine
the biodegradation success of hydrophobic com-
pounds in polluted systems. Cell density of active
SE1 strain in gasoline-added MSM increased pro-
gressively from 0.34±0.01 to 0.47±0.01 during
first 14 days of incubation and thereafter rapidly
increased to 0.72±0.02 at 35-d post incubation
(Fig. 1a), indicating a bacterial growth. Multiple
peaks of a plenty of hydrocarbon substances in
gasoline were observed in MSM containing ster-
ile B. subtilis SE1 throughout a 35-d incubation
(Fig. 1b). In contrast, absorption peaks of spectro-
graphic compositions progressively decreased with
an increase in incubation period. There was only
one main component at approximately 262 nm
after 14-d post incubation (Fig. 1c) and the main
composition was absent at 35 days of incubation
(Fig. 1d). This indicated removal of gasoline by
biological activity. Our results were similar to a
study conducted by Liu et al [27]. They observed
that Bacillus isolates: Bacillus sp. L4, N3 and N6,

were efficient degraders of benzene, a major com-
ponent in gasoline, in the culture broth microcosm.
Likewise, B. subtilis strain MO5 had the degradation
potential of BTEX in liquid culture together with
the presence of oxygenase genes involved in BTEX
degradation [28]. Mukherjee and Bordoloi [9] also
reported that lipopeptide-producing B. subtilis DM-
04 was capable of employing BTX as sole carbon and
energy sources evidenced by an increased biomass
simultaneously with an increased degradation per-
centage of the aromatic substances. The growth
of SE1 strain in this study may be associated with
utilisation of hydrocarbon components in gasoline
supported by changing in absorption profile during
a 35-d incubation. Appearance and disappearance
of new absorption peaks detectable at wavelength
between 220 and 400 nm was possibly due to degra-
dation of the hydrocarbon compounds and/or for-
mation of metabolites in the culture broth through
functions of multiple enzymes e.g., benzene dioxy-
genase, toluene dioxygenase and xylene monoxy-
genase [28]. Expression of these oxidoreductase
enzymes in SE1 strain is under current investigation.

SE1 strain was a potential producer of surface-
active molecules and selected for further character-
isation and study. SE1 isolate was recovered from
gasoline-enriched soil sample due to its ability to
utilise the gasoline components. It is noted that dur-
ing enriching period, bacteria with active enzyme
systems for hydrocarbon metabolism can adapt to
grow with hydrophobic compounds as sole carbon
source [2]. The 16S rRNA sequence analysis re-
vealed that B. subtilis SE1 shared 99.93% homology
with B. subtilis subsp. subtilis NCIB3610T (acces-
sion no. ABQL01000001). The nucleotide sequence
of B. subtilis SE1 was deposited in the GenBank
database (accession no. MH700588). In Fig. 2,
B. subtilis SE1 was placed within the well-supported
clade composed of B. subtilis and B. tequilensis
reference sequences. Several authors confirm that
Bacillus have a promising potential for biosurfactant
production [2, 8, 11]. A member of B. subtilis group
was reported to synthesise biosurfactants with a
high emulsification index: viz. B. subtilis CN1 and
B. subtilis B30 [11, 29]. In accordance with Zhang
et al [8], biosurfactant produced by B. atrophaeus 5-
2a had a high emulsifying activity in range of 54.11–
61.81% when growing in the medium containing
different carbon sources (glucose, glycerol, starch,
sucrose, maltose and mannitol).
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Fig. 1 (a) Cell growth kinetics towards gasoline of B. subtilis SE1 in Mineral Salt Medium during a 35-day incubation
period, (b) absorption profile of gasoline biodegradation in the culture broth seeded with sterile B. subtilis SE1 at
35 days post-incubation and active B. subtilis SE1 at (c) 14 and (d) 35 days post-incubation.

Fig. 2 Neighbour-joining phylogenetic tree of 16S rRNA
gene sequences demonstrating the phylogenetic position
of B. subtilis SE1. Only bootstrap values ¾ 50 (1000
replicates) are displayed at the nodes. Scale-bar means
number of substitutions per nucleotide site. Number in
bracket indicates accession number.

Effect of carbon and nitrogen sources and envi-
ronmental factors on oil displacement activity

It is widely known that composition and yield of
biosurfactant produced by Bacillus species are de-
pendent primarily on sources of carbon and nitro-
gen, pH, temperature and salinity [8, 13, 14, 30]. In
this study, the diameter based on oil displacement

test of biosurfactant varied depending on the car-
bon source supplied. Supernatant from B. subtilis
SE1 grown in MSM containing glucose (10 g/l) as
carbon source produced the best oil displacement
activity of 7.33±0.29 cm/20 µl while glycerol gave
the least activity of 2.50±0.00 cm/20 µl (Fig. 3a).
Glucose was found to be the most preferred carbon
source for biosurfactant production of Bacillus iso-
lates [29, 31]. However, Bacillus strains were also
reported to effectively biosynthesise surface-active
molecules when growing in medium containing
glycerol or palm oil as a sole carbon source [8, 12].

In general, organic substrates (e.g., yeast ex-
tract, beef extract, tryptone and peptone) and in-
organic compounds (e.g., urea, ammonium sulfate,
ammonium chloride, sodium nitrate and ammo-
nium acetate) can be used for biosurfactant pro-
duction. The best nitrogen source for lipopeptide
SE1 production was yeast extract (10 g/l), showing
oil displacement activity of 7.30±0.40 cm/20 µl
(Fig. 3b). Parthipan et al [30] observed that
maximum production of biosurfactant produced by
B. subtilis A1 was achieved in a scenario where
the medium contained yeast extract. In our study,
a significant (p < 0.05) increase in oil displace-
ment activity of 6.00±0.00 cm/20 µl was also

www.scienceasia.org

http://www.scienceasia.org/
www.scienceasia.org


ScienceAsia 46 (2020) 201

Fig. 3 Oil displacement activity of lipopeptide biosurfactant produced by B. subtilis SE1 grown in the medium containing
different (a) carbon and (b) nitrogen sources. Letters indicate significant difference (p < 0.05) among treatments.

observed when urea was included in the MSM,
compared to sodium nitrate (4.67±0.29 cm/20 µl;
Fig. 3b). These results corroborated with the study
by Zhang et al [8] reporting the biggest diameter
of oil displacement produced from a lipopeptide
biosurfactant when B. atrophaeus 5-2a cultured in
the medium supplied with urea as nitrogen source.
Ghribi and Ellouze-Chaabouni [31] also reported
that the amount of biosurfactant produced by B. sub-
tilis SPB1 was greater when urea was supplied in
growth medium. B. subtilis SE1 utilising urea in
preference to sodium nitrate may be explained by
the metabolism activity. Urea is not involved directly
in protein synthesis, but it can be cleaved by enzy-
matic activity to liberate ammonium, which is more
available for biosynthesis [13]. Davis et al [32]
revealed that biosurfactant producing B. subtilis
ATCC 21332 utilised nitrate when ammonium was
depleted in the medium.

Surface activity of biosurfactant from strain
SE1 grown in different pH medium was illustrated
in Fig. 4a. Culturing B. subtilis SE1 in MSM at
pH 7.0 was the best condition for biosurfactant
production due to displaying oil displacement ac-
tivity of 11.77±0.70 cm/20 µl. When B. subtilis
SE1 grew under alkaline condition at pH 8.0 and
9.0, the activity significantly (p < 0.05) reduced to
5.90±0.53 and 4.53±0.06 cm/20 µl, respectively
(Fig. 4a). Several authors have exhibited that Bacil-
lus spp. well proliferate and produce surface-active
molecules at broad pH range (4–10), but pH 7.0 was
an optimal incubation condition for biosurfactant
production [13, 20, 30].

The maximum oil displacement activity of
12.37±0.32 cm/20 µl was reached when B. subtilis
SE1 inoculated MSM was incubated at 30 °C. Incu-
bation of B. subtilis SE1 at 25 and 37 °C produced
significant reduction in oil displacement activity

of 7.23±0.25 and 6.00±0.30 cm/20 µl, respec-
tively. When the culture was incubated at 45 °C,
the subsequent activity was extremely reduced to
3.30±0.00 cm/20 µl (Fig. 4b). Our results were
similar to other studies reporting 30 °C as the best
temperature for production of biosurfactants with
high surface and emulsification activities of Bacillus
isolates [13, 20]. In addition, Bacillus strains were
reported to have optimal temperature in the ranges
of 25–45 °C for biosurfactant production dependent
on their species, habitats and environments [14,
30, 33]. Ohno et al [33] suggested that enzymes
associated with metabolic pathway of biosurfac-
tant synthesis were affected by the temperatures.
In addition, they postulated temperature effect on
lipopeptide activity through synthetic pathways of
fatty-acid side chain at a lipid bilayer membrane
of cells. The fatty acid composition of plasma
membranes is normally altered following the tem-
perature growth to maintain membrane integrity at
a particular temperature.

Similar to the pH and temperature, salinity
plays a key role in biosurfactant production. In
this study, the greatest oil displacement activity
of 12.83±0.76 cm/20 µl was achieved in MSM
without NaCl addition (Fig. 4c). The activity was
significantly (p < 0.05) decreased with increase
in NaCl concentration. Growth and biosurfactant
production of Bacillus strains in saline environment
are variable. According to Tabatabaee et al [34],
production of surface-active compounds of Bacillus
sp. was optimal at NaCl concentration ranging from
1–5%. Jha et al [14] isolated B. subtilis R1 from
a petroleum-contaminated desert site and observed
high salt tolerance of lipopeptide production up to
7% salt.

Activities of biosurfactants produced by dif-
ferent bacteria are generally influenced by sub-
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Fig. 4 Oil displacement activity of lipopeptide biosurfactant produced by B. subtilis SE1 grown in the medium at
different (a) pH, (b) temperature and (c) salinity. Letters indicate significant difference (p < 0.05) among treatments.

strates and physicochemical factors. Optimal en-
vironmental conditions for lipopeptide production
of B. subtilis SE1 were growth in the medium
with glucose and yeast extract (10 g/l) supple-
mented, at 30 °C, initial pH 7.0 and no NaCl addi-
tion. At an optimal growth condition, lipopeptide
biosurfactant produced by B. subtilis SE1 reached
a maximum concentration of 66.00±1.54 mg/l.
The SE1 lipopeptide concentration in this study
was comparatively lower than some previously re-
ported values of B. atrophaeus 5-2a (0.77 g/l),
B. velezensis KLP2016 (2.5 g/l) and B. subtilis B30
(0.3–0.5 g/l) [8, 20, 29]. It is worth noting that
nutritional factors, particularly trace elements, play
an important role in improving biosurfactant pro-
duction because the elements are co-factors of en-
zymes responsible for the synthesis of biosurfac-
tants. Gudiña et al [35] demonstrated that addition
of metals (iron, manganese and magnesium) at
optimal concentrations into culture broth resulted
in a substantially increased production of biosurfac-
tant biosynthesised by B. subtilis #573 from about
1.3 up to 4.8 g/l. The close correlation between
growth phases of the culture and biosurfactant pro-
ductions has been reported in several lipopeptide-
producing strains during the culture incubation.
Rahman et al [36] observed that iturin A production
by B. subtilis RB14 ceased on the fourth day of incu-
bation when the nutrients were depleted and almost
entire cells became spores. However, after germina-
tion of the spores through heat-activation and nu-
trient supplementation, the induced spores became
metabolically active vegetative state, and the total
production of iturin A was markedly increased up
to 4000 g/l at the end of fermentation. Therefore,
an additional investigation related to enhancement
of SE1 lipopeptide biosurfactant production should
be further established. Lipopeptide SE1 showed a
great reduction in surface tension from 72.27±0.01
to 25.95±0.06 mN/m with increase in biosurfac-
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Fig. 5 layer chromatography profile of crude lipopeptide
biosurfactant from B. subtilis SE1 sprayed with ninhydrin
solution. Blue-purple spots indicated the presence of
peptide moiety.

tant concentration up to CMC of 4.69±0.11 mg/l.
Similarly, other authors reported that Bacillus spp.
are one of the most effective biosurfactant producers
because their active substances reduce surface ten-
sion and have CMC values within our range [8, 14].

Initial structural characterisation

The TLC plate containing crude lipopeptide pre-
pared from B. subtilis SE1 showed 2 compounds
with Rf values of 0.39 and 0.45, respectively (Fig. 5)
when ninhydrin reagent was sprayed, indicating
presence of peptide/amino acid residues. There
was only 1 white band with Rf values of 0.83
observed when sprayed with water, confirming the
presence of lipid moiety. These results confirmed
the lipopeptide nature of biosurfactant produced by
B. subtilis SE1. Similar results for other lipopep-
tide biosynthesised by Bacillus strains have been
reported [8, 14, 20].
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Fig. 6 HPLC profile of a reference surfactin at
100 mg/ml (a) and lipopeptide produced by B. subtilis
SE1 (b) using an inersil ODS-C18 column.

Methanolic extract of biosurfactant produced
by B. subtilis SE1 was compared to a commercially
available surfactin using analytical reverse-phase
HPLC. Patterns exhibited that lipopeptide SE1 was
a complex mixture containing 6 components similar
to those found in commercial surfactin (Fig. 6a).
Four major compositions of lipopeptide SE1 were
observed at retention time of 7.073, 9.939, 12.082
and 14.779 min, and there were 2 minor compo-
nents at retention time of 5.822 and 18.350 min
(Fig. 6b). However, the component found in sur-
factin at retention time of 12.697 min was absent in
lipopeptide SE1. Therefore, it was postulated that
lipopeptide had most components similar to those
found in surfactin, albeit different proportions. Fur-
ther study for detailed structures and isoforms of
lipopeptide SE1 is needed to ascertain this point.

Bacterial dynamics and metabolite fate during
biodegradation in gasoline-contaminant soils

Bioaugmentation and biostimulation are environ-
mentally friendly treatment technologies to enhance
biodegradation of contaminated soil. There were
significant increases in viable bacterial count in
gasoline contaminated soil after a 7-day incuba-
tion with an associated increase in PRP value. In
gasoline contaminated soil without SE1 addition
(T1), viable bacterial count was relatively constant
in the range of 5.56–5.60 log CFU/g and was
significantly lower than (p < 0.05) that observed
in SE1 bioaugmented soil (Fig. 7). In gasoline
contaminated soil with SE1 bioaugmentation (T2),
viable bacterial count increased significantly (p <
0.05) from 6.10±0.01 log CFU/g at the begin-
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Fig. 7 Soil bacterial growth (bars) and percent reduction
of total phenolic content (lines) in gasoline contaminated
soil during a 7-day incubation. Letters indicate significant
difference (p < 0.05) among treatments. Lines with
roman numerals within same sampling period indicate
significant difference (p < 0.05) among treatments.

ning of experiment to 7.12±0.05 log CFU/g at
7 days post-incubation. Simultaneously, PRP value
in T2 increased to 5.04±0.30%, which was sig-
nificantly different (p < 0.05) compared to that
of T1 (3.68±0.83%) at 7 days post-incubation
(Fig. 7). This indicated that addition of SE1 in
gasoline treated soil promoted the growth of bac-
terial consortium and PRP value. In general, co-
existence of surface and emulsification activities of
biosurfactant produced by bacteria facilitates hydro-
carbon release and micellar solubilisation, which
eventually enhances biodegradation kinetics dra-
matically [8, 10, 11]. The biosurfactant released
by B. subtilis SE1 may have increased hydrocarbon
mobility and bioavailability by increasing the sur-
face area of insoluble hydrophobic substrates and
enhancing contact between seeded or indigenous
bacteria and water-insoluble hydrocarbon, thereby
increasing bacterial growth and rate of bioremedi-
ation [10]. Mukherjee and Bordoloi [9] revealed
83% reduction of BTX contaminated in soil within
90 days of treatment with bacterial consortium con-
taining B. subtilis DM-04 and Pseudomonas aerugi-
nosa M and NM strains. Mangwani et al [24] also
demonstrated an increase in phenolic intermediates
during degradation of polycyclic aromatic hydro-
carbons by Stenotrophomonas acidaminiphila strain
NCW-702.

Although addition of B. subtilis SE1 alone aided
bacterial growth and PRP value, combined B. subtilis
SE1 and nutrients was strongly effective to accel-
erate bacterial access to the hydrocarbon and rate
of biodegradation in gasoline contaminated soil. In
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our study, the highest viable bacterial count and PRP
value of 8.00±0.04 log CFU/g and 9.73±1.13%
were seen in gasoline treated soil simultaneously
bioaugmented with SE1 and the nutrients (T3) at
day 7 of incubation, which were significantly (p <
0.05) higher than those of T1 and T2 (Fig. 7).
Supplementation of nutrients (glucose and yeast ex-
tract) may raise bioavailability and decrease surface
resistance of hydrophobic substances through stim-
ulation of B. subtilis SE1 growth and biosurfactant
production as observed in optimisation experiment.
Effect of nutrient supplementation on petroleum
biodegradation varies widely and has been reported
to both stimulate and inhibit hydrocarbon degra-
dation dependent upon specific environmental con-
ditions, chemical property of biosurfactant and its
interaction with soil microorganisms. In a 12 week
laboratory study on degradation of diesel oil in
the light (C12−C23) and heavy (C23−C40) range
by Bento et al [37], a reduction of 72% in the
light fraction was produced using a combination
technique between biostimulation and bioaugmen-
tation. Abdulsalam and Omale [38] demonstrated
that addition of nutrients only offered a lower
degradation efficiency of used motor oil contami-
nated in soil, compared to administration of both
nutrients and bacteria consortium during a 45-day
incubation. Evaluation of biodegradation potential
towards gasoline contaminated in soil environment
of the SE1 strain using gas chromatography analysis
should be further performed to ensure its biodegra-
dation activity.

CONCLUSION

B. subtilis SE1 isolated from enriched petroleum-
polluted soil was found to utilise gasoline as sole
carbon source and produce lipopeptide biosurfac-
tant. Lipopeptide production of B. subtilis SE1 was
carried out in mineral salt medium with glucose
and yeast extract (10 g/l each) supplement at 30 °C,
initial pH 7.0 and no NaCl added. SE1 lipopeptide
reduced the surface tension from 72.27±0.01 to
25.95±0.06 mN/m with a critical micelle concen-
tration of 4.69±0.11 mg/l. In a biodegradation
study, addition of the SE1 strain simultaneously with
glucose and yeast extract supplement in gasoline-
contaminated soils resulted in a significantly (p <
0.05) increased viable bacterial count and PRP
value during a 7-d incubation. This study suggests
that lipopeptide-producing B. subtilis SE1 is a good
candidate for application in the bioremediation of
gasoline contaminated sites in Thailand. Future
study focused on replacement of expensive nutri-

ent sources in the culture media by cheaper agro-
industrial wastes, by-products and other substances
for SE1 lipopeptide production is required to reduce
its production cost and increase its commercial com-
petitiveness.
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