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Abstract Biosurfactant-producing bacteria, isolate CT2,
was isolated from mangrove sediment in the south of
Thailand. The sequence of the 16S rRNA gene from isolate
CT2 showed 100 % similarity with Selenomonas rumin-
antium. The highest biosurfactant production (5.02 g/l) was
obtained when the cells were grown on minimal salt
medium containing 15 g/l molasses and 1 g/l commercial
monosodium glutamate supplemented with 1 g/l NaCl,
0.1 g/l leucine, 5 % (v/v) inoculum size at 30 °C and
150 rpm after 54 h of cultivation. The biosurfactant
obtained by extraction with ethyl acetate showed high
surface tension reduction (25.5 mN/m), a small CMC value
(8 mg/l), thermal and pH stability with respect to surface
tension reduction and emulsification activity and a high
level of salt tolerance. The biosurfactant obtained was
confirmed as a lipopeptide by using a biochemical test,
FT-IR, MNR and mass spectrometry. The crude biosur-
factant showed a broad spectrum of antimicrobial activity
and also had the ability to emulsify oil and enhance PAHs
solubility.
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Introduction

Biosurfactants are a structurally diverse group of surface-
active molecules synthesized by microorganisms (Nitschke
and Coast 2007). These amphiphilic compounds contain a
hydrophobic and a hydrophilic moiety, and have the ability
to reduce interfacial tension between different fluid phases.
Their uses and potential commercial applications have
been reported in several fields, and include microbial
enhanced oil recovery, bioremediation of pollutants, health
care and food processing (Nitschke and Pastore 2006).
Biosurfactants have gained attention because they exhibit
some advantages when compared with chemical surfac-
tants, such as biodegradability, low toxicity, ecological
acceptability and ability to be produced from renewable
cheaper substrates, the possibility of their production
through fermentation and specific activity at extreme
temperature, pH level and salinity (Kim et al. 2006).
Microbial surfactants exhibit high specificity and are con-
sequently suited to new applications as evidenced by
numerous reports published during the last decade on the
application of biosurfactants in various industrial sectors
(Banat et al. 2000; Singh and Cameotra 2004; Mulligan
2005, 2009; Brown 2010; Fathabad 2011) and in environ-
ment protection (Banat 1995; Das and Mukherjee 2007).
Mangrove ecosystems, which are important inter-tidal
estuarine wetlands along the coastlines of tropical and
subtropical regions, have been considered as significant
sinks for pollutions from freshwater discharges as well as
from contaminated tidal water (Holt et al. 1994; Bernard
et al. 1996; Reda and El-Nagar 2009). Diverse groups of
indigenous microorganisms capable of utilizing and
degrading contaminants such as hydrocarbons and PAHs
might have been present in the contaminated sediment
(Ke et al. 2003). The biodegradation is maximized when
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the water-insoluble substrate is dissolved or emulsified. In
these ways, biosurfactants are capable of increasing the
bioavailability of poorly soluble hydrocarbons. Biosurfac-
tants also increase water insoluble uptake of microorgan-
isms as well as increasing efficiency of bioremediation.
There have been many reports made on biosurfactants in
the last few decades (Gudina et al. 2010; Janek et al. 2010;
Burgos-Diaz et al. 2011). However, the reports on biosur-
factants produced by mangrove sediment microorganisms
have been limited to date (Saimmai et al. 2012a, 2012b,
2012d). The objective of the present study was to isolate
and characterize biosurfactants produced by bacteria iso-
lated from mangrove sediments and their evaluation for
prospective applications including antimicrobial activity,
microbial enhanced PAH solubility and oil removal.

Materials and methods
Microorganism isolation

One hundred gram of mangrove sediment from five dif-
ferent sites (each site yielded 10 samples) in southern of
Thailand were collected at a depth of 0-5 cm. The
enrichment and isolation of the biosurfactant producing
bacterial consortium was done by using used lubricating oil
(ULO) as the sole carbon and energy source. Initially, the
bacterial consortium was enriched by adding 1 g of soil
sample to 50 ml of minimal salt medium (MSM) in a
250 ml Erlenmeyer flask. The composition of MSM was
(g/1): K,HPO,, 0.8; KH,PO4, 0.2; CaCl,, 0.05; MgCl,, 0.5;
FeCl,, 0.01; (NH,4),SO4, 1.0; NaCl, 5.0; ULO, 10 (Saimmai
et al. 2012d). The flasks were incubated at 150 rpm and
30 °C for 5 days or until oil emulsion was observed.
Thereafter, 1 ml aliquot of the culture broth was transferred
to a fresh 50 ml MSM in a 250 ml flask and incubated
under the same conditions as described above. This pro-
cedure was repeated five times.

Sediment enriched cultures were diluted in a sterile
0.85 % saline solution and plated on MSM agar using ULO
(1 %, w/v) as the carbon source for the isolation of
microorganisms. Morphologically distinct colonies were
re-isolated by transfer to ULO containing agar plates at
least three times to obtain pure cultures and were subse-
quently Gram-stained. Pure cultures were stored at —20 °C
in MSM mixed with sterile glycerol at a final concentration
of 30 %.

Screening of potential biosurfactant-producing strains
One hundred and sixty five isolates were streaked on MSM

agar containing 1 % (w/v) of ULO and incubated for
5 days at 30 °C. Subsequently one loop full of each isolate
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was transferred to test tubes containing 5 ml of Nutrient
broth (NB, Difco, MI, USA) and incubated at 150 rpm and
room temperature for 24 h. One hundred microlitters of
cell culture were transfer to 5 ml of MSM medium sup-
plemented with 1 % (w/v) of ULO and incubated in a
rotary shaker (Vision Scientific Co., Daejon, Korea) at
room temperature and 150 rpm for 5 days. The screening
of the biosurfactant-producing isolates was performed by
using the qualitative drop-collapsing test and measuring the
emulsification activity and the surface tension of culture
supernatant after oil removal by hexane extraction and
centrifugation at 8,500 rpm 4 °C for 15 min.

16S rRNA gene sequence analysis

Selected isolates were incubated for 48 h at 30 °C on MSM
agar supplemented with 1 % (w/v) of suitable carbon
source. For 16S rRNA gene amplification, selected bacte-
rial chromosomal DNA was isolated using the MagNA
Pure LC DNA isolation kit (Roche Applied Science,
Mannheim, Germany) in accord with the manufacture’s
instructions. The 16S rRNA gene was amplified using the
PCR method with 1U of Tag DNA polymerase (Bio-Lab
Ltd., Auckland, New Zealand) and universal bacterial
primers UFUL (GCCTAACACATGCAAGTCGA) and
URUL (CGTATTACCG CGGCTGCTGG) (Nilsson and
Strom 2002). These two primers were target at highly
conserved regions of the prokaryotic 16S rRNA gene
(Phalakornkule and Tanasupawat 2006) and gave a PCR
product of about 1,500 bps. The 16S rRNA gene was
sequenced by using the ABI Prism BigDye terminator kit
(Perkin-Elmer Applied Biosystems, Massachusetts, USA),
according to the manufacturer’s protocol, with UFUL as
the primer. The 1,500 bps 16S rRNA gene sequences
obtained were compared with the sequences of type strains
obtained from the GenBank database by using the Clu-
stalW program (Thompson et al. 1997). Sequence homol-
ogies were examined using BLAST version 2.2.12 of the
National Center for Biotechnology Information and a
consensus neighbor-joining tree was constructed using
Molecular Evolutionary Genetics Analysis (MEGA) Soft-
ware Version 4.0 (Tamura et al. 2007).

Optimization of biosurfactant production
by Selenomonas ruminantium CT2

The medium optimization was conducted in a series of
experiments changing one variable at a time, keeping the
other factors fixed at a specific set of conditions. Five
factors were chosen aiming at obtaining higher productiv-
ity of the biosurfactant: carbon sources (C); nitrogen source
(N); carbon/nitrogen (C/N) ratio; NaCl concentration and
addition of amino acids. The carbon sources used were
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glucose, glycerol, molasses, oleic acid, palm oil, soybean
oil, stearic acid, ULO or used vegetable oil (UVO) at a
concentration of 1 g/l. A medium with no carbon source
was used as the control assay. The nitrogen sources used
were beef extract, commercial monosodium glutamate
(CMSG), NaN03, (NH4)2$O4, NH4C1, NH4NO3, peptone
or yeast extract at a concentration of 1 g/l. A medium with
no nitrogen source was used as control assay. The C/N ratio
(with optimized nitrogen sources) was varied from 1 to 40
by keeping constant the nitrogen source concentration
(1 g/). To examine the effect of increased medium osmo-
larity on biosurfactant production, sodium chloride was
added to the medium at final concentrations of 0-3 %
(w/v). Different amino acids such as arginine, asparagine,
aspartic acid, glutamic acid, isoleucine, leucine, valine
were filtrated separately and then added to medium at final
concentrations of 0.1 % (w/v).

Recovery of biosurfactant

Four solvent systems were examined for biosurfactant
extraction (Saimmai et al. 2012a, 2012b, 2012c). These
were a mixture of chloroform:methanol (2:1), cold acetone,
dichloromethane and ethyl acetate were examined for
biosurfactant extraction. The method showing the highest
biosurfactant activity was used to recover biosurfactant
from S. ruminantium CT2.

Stability of biosurfactant

Biosurfactant solutions at the CMC concentration in dis-
tilled water were prepared. To investigate the effects of pH,
sodium chloride (NaCl) concentrations and temperature on
biosurfactant activity, the biosurfactant solution was
adjusted with 1.0 N HCl or NaOH to obtain the pHs of
2.0-12.0. NaCl was added to the sample to obtain the final
concentrations of 1.0-11.0 % (w/v). For the thermal sta-
bility study, the biosurfactant solution was incubated at
4-80 °C for 24 h, 100 °C for 1 h and at 121 °C for 15 min
and cooled to 25 °C. The remaining activity was then
determined.

Chemical analysis of biosurfactant

Fourier transform infrared spectroscopy (FT-IR) of the
obtained biosurfactant was done on a Nexus-870 FT-IR
spectrometer (Thermo Electron Co., Yokohama, Japan) by
the KBr pellet method. The dried biosurfactant samples
(0.3-0.5 mg) were ground in about 80 mg of spectral grade
KBr (Merck, Darmstadt, Germany) and pressed into pellets
under about 6 t/cm” pressure with the help of a hydraulic
press (Specac, Orpington, Kent, UK). A 'H- and '*C-
nuclear magnetic resonance (NMR) spectrum was recorded

at 298 K on an AMX 300 NMR spectrometer (Bruker,
300 MHz). This was equipped with an Aspect 3,000
computer (Bruker) locked to the deuterium resonance of
solvent, CDCl;, without spinning. Data were recorded at
32 K (the number of data points per parts per million of
the plot). The electrospray ionization mass spectrometry
(ESI-MS) analysis of the biosurfactant was carried out in an
LCQTM quadrupole ion-trap mass spectrometer (Finnigan
MAT, San Jose, CA, USA). This utilizes ESI. The elec-
trospray source was operated at ionization source temper-
ature 80 °C, electrolyte voltage 200 V, and spray inlet
temperature 120 °C. The equipment was run in a positive
ion mode.

Application of the biosurfactant in used motor
lubricating oil (ULO) removal from contaminated sand

Biosurfactant suitability for enhanced oil removal was
investigated using 800.0 g of acid washed sand impreg-
nated with 50.0 ml of ULO. Fractions of 20.0 g of the
contaminated sand were transferred to 250 ml flasks which
were submitted to the following treatments: addition of
60.0 ml of distilled water (control); addition of 60.0 ml of
aqueous solution of SDS; Triton X-100; and biosurfactant
at the CMC level of each compound. The samples were
incubated on a rotary shaker at 200 rpm for 24 h at 30 °C
and centrifuged at 5,000 rpm for 20 min for separation of
the laundering solution and the sand. The amount of oil
residing in the sand after the treatment with the biosur-
factant was gravimetrically determined as the amount of
material extracted from the sand by hexane (Sobrinho et al.
2008).

PAHs solubilization asssy

A polyaromatic hydrocarbons (PAHs) solubilization assay
was done as described by Barkay et al. (1999). Briefly, 0.6 pg
of PAHs (anthracene, fluoranthene, fluorine, naphthalene,
phenanthrene or pyrene (from 0.6 mg/ml stock in acetone)
were distributed into glass test tubes (10 mm x 170 mm)
and kept open inside an operating chemical fume hood to
remove the solvent. Subsequently, 3.0 ml of assay buffer
(20 mM Tris—HCI, pH 7.0) and the biosurfactant at
increasing concentrations (0—50 mg/ml) obtained from the
bacterial strain were used in this study. Assay buffer con-
taining the biosurfactant, but no PAH, was used as a control.
Tubes were capped with plastic closures and incubated
overnight at 30 °C with shaking (200 rpm) taking place in
the dark. Samples were filtered through 1.2 pm filters
(Whatman, Springfield Mill, UK) and 2.0 ml of this filtrate
was extracted with equal volume of hexane. This emulsion
was centrifuged at 8,500 rpm for 10 min to separate the
aqueous and hexane phases. The concentration of PAH was
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measured spectrophotometrically (Libra S22; Biochrom,
Cambridge, UK) at specific wave length of each compound
(Barkay et al. 1999). From a calibration curve of individual
PAH (in hexane), the concentration of each PAH was
determined. Assay buffer with biosurfactant but without
PAH was extracted with hexane identically and served as
a blank.

Antimicrobial activity of surfactive compound

The extracted compound was tested for antimicrobial
activity using the agar well diffusion method and the area
of the inhibition zone was measured (Candan et al. 2003).
The active compound extracted was tested against patho-
genic bacteria including Bacillus cereus, Candida albicans,
Enterococcus faecium, Escherichia coli, Listeria mono-
cytogenes, Pseudomonas aeruginosa, Salmonella sp., Sal-
monella typhimurium, Staphylococcus Vibrio
cholerae and Vibrio vulnificus. All strains were obtained
from Songklanagarind Hospital, Prince of Songkla Uni-
versity, Thailand. The extract was weighed and dissolved
in distilled water at a concentration of 10 mg/ml and filter-
sterilized using a 0.2 pum membrane filter. Each tested
microorganism was grown in Brain Heart Infusion (BHI;
Hi-Media Laboratories, Mumbai, India) and diluted to a
concentration of 10° CFU/ml. Microbial suspensions were
overlaid onto the surface of BHI agar plates, which were
dried for 20 min at room temperature. The wells were cut
from the agar plates and 50 pl of extract solution were
added. The plates were incubated at 37 °C for 24 h. After
incubation, the clear zone was measured.

aureus,

Analytical methods

Biomass was determined as dry cell weight. At different
times of fermentation, samples were mixed in pre-weighted
tubes with chilled distilled water and centrifuged at
8,500 rpm for 30 min. The biomass obtained was dried
overnight at 105 °C and weighed.

Emulsification activity was performed according to Wu
et al. (2008). Thus 4 ml of hydrocarbon or oil was added to
4 ml of aqueous solution of culture supernatant in a screw
cap tube, and vortexed at high speed for 2 min. The
emulsion stability was determined after 24 h [E24 (%)] and
48 h [E48 (%)], and the E24 and E48 was calculated by
dividing the measured height of emulsion layer by the
mixtures’s total height and multiplying by 100.

The surface tension was measured using a Model 20
Tensiometer (Fisher Science Instrument Co., PA, USA) at
25 °C. Critical micelle concentration (CMC) was deter-
mined by plotting the surface tension versus concentration
of biosurfactant in the solution.
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All experiments were carried out at least in triplicate. Two
well-defined synthetic surfactants, Triton X-100 and SDS
were used as positive controls, while distilled water and
MSM medium were used as negative controls. Statistical
analysis was performed using the Statistical Package for
Social Science (SPSS 10.0, for Windows Inc., Chicago, IL).

Results and discussion
Isolation and identification of selected microorganisms

The isolation of a new biosurfactant-producing bacterium
was carried out from mangrove samples from southern
Thailand. From 45 samples, 165 bacterial isolates (94
Gram-negative bacilli, 63 Gram positive bacilli, five Gram-
positive cocci and three yeasts) were selected for study.
Among the isolated bacteria, strain CT2 was eventually
chosen for further work on the basis of its ability to grow in
a mineral medium and as it showed the highest reduction of
surface tension (17.6 mN/m). The bacterial identification
was performed based on the 16S rRNA gene sequence
analysis. Examination with two sets of primers for almost
fully and partial 16S rRNA sequence alignment revealed
that strain CT2 was closely related to the species in genus
Selenomonas, exhibiting the highest similarity (99 %) to
S. ruminantium GA129 (M62702). We thus tentatively
classified strain CT2 as S. ruminantium CT2 (Fig. 1). The
16S rRNA gene sequence of strain CT2 was submitted to
GenBank with an accession number AB685262.

Effect of carbon source on growth and biosurfactant
production

Literature revealed that the type and concentration of
carbon and nitrogen substrates markedly affected the
production yield of biosurfactant (Wu et al. 2008). In
light of this, this study started with the investigation of
carbon and nitrogen sources on biosurfactant production.
S. ruminantium CT2 was grown on each of 9 types of
carbon sources. As seen in Table 1, the type of carbon
source affected both the biosurfactant concentration and
E24. Molasses differed from the others in relation to the
biosurfactant concentration and E24, and was the most
appropriate carbon source. Surface tension reduction
reached 30.08 mN/m with a biosurfactant concentration of
0.52 g/l and E24 (%) about 50 % for both kerosene and
xylene. Table 1 also shows that there seems to be clear
trend between biomass and biosurfactant yields and
strongly dependent on the carbon source used. Although
vegetable oils or glucose have been frequently used as the
carbon substrates for biosurfactant production (Banat et al.
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Selenomonas ruminantium 2C4 (JQ674696)

Selenomonas ruminantium S211 (AB198441)

|Selenomonas ruminantium S1 (AB198424)

Selenomonas ruminantium S8 (AB198428)

| Selenomonas ruminantium GA129 (M62702)

Selenomonas ruminantium S166 (AB198436)

Selenomonas ruminantium S109 (AB198432)

Selenomonas ruminantium 2C1 (JQ674695)

Fig. 1 Phylogenetic tree of the strain CT 2 and closest NCBI
(BLASTnN) strains based on the 16S rRNA gene sequences (neighbor
joining tree method). The scale bar indicates 0.01 nucleotide

|n1

onas ri iumCT2 (AB )

Selenomonas ruminantium S210 (AB198440)

Selenomonas ruminantium S206 (AB198438)

0.01

substitutions per nucleotide position. The numbers at node show the
bootstrap values obtained with 1,000 resampling analyses. The
GenBank accession numbers are reported in parenthesis

Table 1 Effect of carbon

Carbon source Dry cell Surface tension  Biosurfactant®  Emulsification activity® (%)
source on growth and " L a .
K R (1 %, wiv) weight” (g/1) reduction (g/)
biosurfactant production (mN/m) Kerosene Xylene
by S. ruminantium CT2, which
were Fqltlvated in 250 ml flask No carbon 0.06 + 0.01 0 0 0 0
containing 50 ml of MSM at source
30 °C in a shaking incubator at
150 rpm for 48 h (nitrogen Glucose 4.05 £ 0.20 20.51 £ 2.27 0.21 £ 0.24 41.81 £545 4633 £4.20
source: 1 % (NH4),SO,) Glycerol 395+ 092 26.03 £5.53 0.49 £+ 0.18 48.71 £5.50  50.45 £ 5.80
Molasses 4.54 £ 1.62 30.08 £ 2.57 0.52 £ 0.03 50.51 £4.75 5241 £ 3.10
Oleic acid 2.48 + 0.63 8.35 £ 2.67 0.19 £+ 0.06 15.44 £ 4.08 13.52 £ 3.76
Palm oil 3.72 £ 0.63 9.25 £ 1.58 0.21 £+ 0.08 14.62 £ 2.85 12.02 £+ 2.45
Soybean oil 3.54 + 041 6.23 + 0.87 0.13 £ 0.03 13.58 £ 5.83 10.48 £ 2.00
Stearic acid 1.04 + 0.12 3.23 +0.36 0.25 £ 0.15 14.60 £ 242 978 £ 2.5
Used lubricating  0.40 £ 0.09 17.6 + 2.52 0.20 £ 0.06 2441 £550 1531 + 3.00
oil
a 1
Values are given as Used vegetable 0.61 £0.02 1561 + 2.05 0.25 + 0.04 15.08 &+ 2.8 0

mean £ SD from triplicate
determinations

oil

2010), S. ruminantium CT2 attained a lower biosurfactant
yield from palm oil, soybean oil and glucose than that
from molasses and glycerol (Table 1). Direct use of fatty
acids (i.e., oleic acid and stearic acid) as the carbon source
did not improve biosurfactant production, suggesting that
hydrolysis of the oils was not a bottle-neck in the process.
Moreover, ULO and UVO were also inefficient in cell
growth and biosurfactant production, resulting in a low
biosurfactant yield of only 0.20 g/l and 0.25 g/l, respec-
tively probably due to its poor biodegradability (Chay-
abutra et al. 2001) or toxic to bacterial cell (Li and Chen
2009).

Effect of nitrogen source on growth and biosurfactant
production

After examining the most commonly used organic and
inorganic nitrogen sources reported in the literature (Wei
et al. 2005), it was found that the type of nitrogen source
affected growth and biosurfactant production of S. rumin-
antium CT2 (Table 2). The highest biomass was obtained
when yeast extract was used. However, commercial mono-
sodium glutamate (CMSG) exhibited the highest surface
tension reduction and biosurfactant yield (33.49 mN/m and
1.60 g/l, respectively). This yield was nearly threefolds

@ Springer



92

World J Microbiol Biotechnol (2013) 29:87-102

Table 2 Effect of nitrogen source on growth and biosurfactant production by S. ruminantium CT2, which were cultivated in 250 ml flask
containing 50 ml of MSM at 30 °C in a shaking incubator at 150 rpm for 48 h (carbon source: 1 % molasses)

Nitrogen source (1 %, w/v) Dry cell weight® Surface tension Biosurfactant® Emulsification activity® (%)
(g/h) reduction® (mN/m) (g

Kerosene Xylene
No nitrogen source 0.21 £ 0.03 245 £ 0.56 0.05 £ 0.00 4.52 +£ 047 582+ 1.28
Beef extract 5.59 £ 1.50 12.75 £ 2.56 0.25 £ 0.02 17.72 £ 3.07 20.52 £+ 2.87
Commercial monosodium 5.02 &+ 1.00 33.49 £+ 2.08 1.60 & 0.13 52.74 + 2.78 54.80 & 3.08

glutamate

NaNO; 4.12 £ 0.58 31.23 £ 3.50 0.50 &+ 0.05 20.35 + 5.47 37.05 £+ 2.09
(NH,),SO,4 452+ 145 29.00 £+ 3.04 0.52 + 0.04 50.50 + 5.00 52.54 + 6.80
NH,ClI 3.61 £0.82 2270 £ 2.82 0.24 £ 0.06 22.51 + 445 25.51 £ 5.00
NH4NO; 3.05 £ 0.81 1041 £ 3.67 0.14 £ 0.04 15.51 £ 5.60 25.61 & 3.60
Peptone 6.84 £ 1.01 20.05 £2.35 0.23 + 0.02 11.68 &+ 3.73 16.68 & 3.53
Yeast extract 6.91 + 0.71 24.50 £+ 2.02 0.25 + 0.03 14.01 £+ 0.90 18.31 & 2.60

* Values are given as means £ SD from triplicate determinations

when compared with using (NH4),SO,4 as the nitrogen
source. Moreover, using CMSG as the organic nitrogen
source not only increased in biosurfactant yield but also
improved in biomass and E24 toward xylene as 5.02 g/l and
54.80 %, respectively.

Effect of C:N ratio on growth and biosurfactant
production

The C:N ratio was also known as a vital factor influencing
the performance of biosurfactant production (Santos et al.
2002). As indicated in Table 3, the best biosurfactant
activity in surface tension reduction and yield (45.3 mN/m
and 2.46 g/1) occurred at a C:N ratio of 15. This yield was
about 1.5 folds of that obtained from control (C:N ratio at
1:1). The productivity of biosurfactant tended to decrease
as the C:N ratio increased from 20 to 40, especially for C:N
ratio >25. Some reports mentioned that biosurfactant pro-
duction is more efficient under nitrogen-limiting conditions
(Benincasa et al. 2002). The results show that a possible
inhibitory effect on the bacterial metabolism may occur

due to a likely deficiency in nutrient transport. That is,
nitrate first undergoes dissimilatory nitrate reduction to
ammonium and then is assimilated by glutamine-glutamate
metabolism. It is likely that assimilation of nitrate as
nitrogen source is so low, leading to a simulated nitrogen-
limiting condition (Barber and Stuckey 2000).

Effect of NaCl concentration on growth
and biosurfactant production

The kinetics of biosurfactant included the biosurfactant
yield, E24 and surface tension reduction decreases by
S. ruminantium CT2 was performed at various NaCl con-
centrations (Fig. 2a). There was no production in the
absence of added NaCl. The production increased with salt
concentration up to 2.0 %, and then decreased again at
2.5 % NaCl. Thus, at 2.0 % NaCl S. ruminantium CT2
exhibited the highest surface tension reduction and bisurf-
actant yield of 45.2 mN/m and 3.19 g/1, respectively. This
result clearly indicates that production of biosurfactants is
salt dependent.

Table 3 Effect of C:N ratio on

th and bi factant C:Nratio  Dry cell weight"  Surface tension Biosurfactant”  Emulsification activity” (%)

grow .an rosurtac .an . (g/) reduction® (mN/m) (g

production by S. ruminantium Kerosene Xylene

CT2, which were cultivated in

250 ml flask containing 50 ml Control  5.02 + 1.03 33.50 + 3.00 160 £0.35 5200+ 505 54.00 + 436

of N{)SM at 3105(°)C in af Shilgﬂ;lg 5 5.16 + 0.92 35.30 + 4.00 1734036 61424580 6841 + 620

incubator at 150 rpm for 10 5.18 + 0.23 39.09 + 2.28 192 £ 039 6072 +586 66.64 + 4.38
15 544 +0.92 45.03 £ 2.22 246 £053  60.01 £2.18  65.70 + 3.60
20 545 +0.52 44.11 £ 2.70 231 + 041 59.95 + 6.16  65.64 % 2.07
25 5.49 + 0.64 34.35 4 2.56 1.55 £ 0.51 5256 +3.05  55.62 & 5.20

® Values are given as 30 5.68 £ 0.43 32.59 + 3.28 101 £0.05 5042 +£870 5550 % 4.70

means + SD from triplicate 40 5.66 & 0.55 31.15 + 5.25 1.04 £ 013 4158 £4.02  46.58 + 3.83

determinations
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Fig. 2 Effect of NaCl (a)
concentrations (a) and addition
of amino acids (b) on growth

and biosurfactant production by 70 -+

3 %EA with xylene [ Surface tension Reduction (mN/m)

== Dry cell weight (g/l) == Biosurfactant (g/l)

7

Dry cell weight (g/1), Biosurfactant (g/1)

S. ruminantium CT2, which »é?
were cultivated in 250 ml flask >~
containing 50 ml MSM in a RS 60 ¢
shaking incubator at 150 rpm ‘E =
and 30 °C for 48 h. Bars S = 50+
indicate that standard deviation g *g
from triplicate determinations T g ol
=g
[=ER =]
Z é 30
5
S g
] 20 +
£ =
=
©n
10 +
0 s }

0.0 0.5

(b)

3 %EA with xylene

70 +
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Emulsification activity (%)

10

Surface tension reduction (mN/m)

[ Surface tension reduction (mN/m)

1.0 1.5 2.0 2.5 3.0
NaCl concentration (%, w/v)

== Dry cell weight (g/l) ——  Biosurfactant (g/l)

7

Dry cell weight (g/1), Biosurfactant (g/l)

Control

Effect of different amino acids on growth
and biosurfactant production

The effect of various amino acids was examined to opti-
mize the biosurfactant production by S. ruminantium CT?2.
MSM supplemented with 0.1 % (w/v) leucine showed a
considerable increase in the biosurfactant production by
more than one and half folds (4.8 g/l) compared with the
control without amino acid (Fig. 2b). In fact, the increased
production of biosurfactant by S. ruminantium CT2 may
take place as a result of the direct uptake of amino acid as
precursors for the surfactant biosynthesis, thus improving
the biosurfactant yield. In a previous report, Lotfabad et al.
(2009) and Abdel-Mawgoud et al. (2008) showed that
some of amino acids are excellent substrates as nitrogen

Arginine  Asparagine Aspartic acid Glutamic acid Isoleucine Leucine

Valine

Type of amino acids

sources for the production of glycolipid and surfactin by
P. aeruginosa MRO1 and Bacillus subtilis BSS, respectively.

Time course of growth and biosurfactant production

The results in Fig. 3a showed that biosurfactant production
started early in the exponential phase and the production
kinetics paralleled the biomass kinetics up to 2 days of
incubation. On the basis of these facts, it could be concluded
that biosurfactant production is growth associated. It was
found that the maximum level of cell biomass was obtained
after 48 h of incubation. However, maximum biosurfactant
concentration was obtained 6 h later (5.02 g/), that is after
54 h of incubation. After those periods, a sharp reduction
in either biomass or biosurfactant production levels was
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observed. Growth-associated production of biosurfactant
has been reported for Aeromonas sp. (llori et al. 2005),
B. subtilis (Abdel-Mawgoud et al. 2008) and Pseudomonas
sp. (Obayori et al. 2009). Tabatabaee et al. (2005) also
documented that a biosurfactant synthesized by a strain of
Bacillus sp. was a primary metabolite produced during
cellular biomass formation. From the result obtained, it can
be seen that a cultivation time of 54 h gave the highest
biosurfactant yield.

Recovery of biosurfactant

The ability of various solvent systems to recover surface-
active components from the culture supernatant of
S. ruminantium CT?2 after 54 h of cultivation was examined.
The use of ethyl acetate resulted in a greater activity of
crude extract when compared with systems based on
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Wavenumber (cm'')

mixtures of chloroform and methanol, cold acetone or
dichloromethane (data not shown). It was also reported
previously that the extraction of bioproducts with consider-
ably high polarity by ethyl acetate solvent is rather efficient
(Chen and Juang 2008). Because the recovery and concen-
tration of biosurfactants from fermentation broth largely
determines the production cost, ethyl acetate is a better
choice than the highly toxic chloro-organic compounds.

Chemical characterization of the biosurfactant

The FT-IR spectrum of biosurfactant from S. ruminantium
CT2 showed strong absorption bands, indicating presence
of peptides at 3,310 cm™"' resulting from N—H stretching
mode (Fig. 3b). At 1,650 cm_l, the stretching mode of a
CO-N bond was observed, and at 1,540 cm™~! the defor-
mation mode of the NH bond combined with C-N
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stretching mode occurred. The presence of an aliphatic
chain was indicated by the C-H stretching modes at
2,970-2,854 cm™' and 1,450-1,380 cm™'. These results
strongly indicate that the biosurfactant contains aliphatic
and peptide-like moieties. The band at 1,730 cm™' was due
to lactone carbonyl absorption.

To further confirm the results of this study, an NMR
analysis was performed (Fig. 4a, b). The result obtained
from 'H-NMR clearly indicated that the molecule being
studied is a lipopeptide. The spectrum confirms the pres-
ence of a long aliphatic chain (CH, at 1.55-1.25 ppm) and
a peptide backbone (NH at 8.00-7.24 ppm and CH at
4.8-4.2 ppm) (Fig. 4a). A resonance at 4.7 ppm indicates
the presence of an ester group which may be a part of
lactone ring. Most of the seven backbone-amine (-NH)
groups are in the region from 8.3 to 7.3 ppm downfield
from tetramethylsilane. «-Hs (alpha hydrogens) of the
amino acids come into resonance from 5.3 to 4.3 ppm. 'H-
NMR analysis of the compound showed a doublet at
0 = 0.859 ppm for the (CHj3),-CH group, indicating ter-
minal branching in the fatty acid component. Owing to the
presence of CH at 1.2 ppm, the ratio of the methylene and
terminal groups could not be resolved (Fig. 4a). The '*C-
NMR spectrum was strongly signals at 14.0, 22.98-37.68,
171.4 and 174.2 ppm from methyl, methlene, ester and
carboxyl group, respectively (Fig. 4b). The present of
NMR spectrograms of purified biosurfactant are similar to
the surfactin, a member of lipopeptide type biosurfactant
(Tang et al. 2007).

Analysis of the intact molecules with LCQ-MS revealed
four molecular ion peaks with molecular masses [M+ H] of
990, 1,004, 1,018 and 1,032, respectively (Fig. 5a). The
spectra clearly indicate the presence of higher and lower ho-
mologus of surfactants for the difference between prominent
M, peaks being around 14, corresponding to a difference in
the number of methylene groups (CH,). The overall chemical
determination of biosurfactant from S. ruminantium CT2 was
very similar with cyclic lipopeptides produced by bacilli like
surfactin (produced by B. subtilis), the most effective bio-
surfactant discovered so far (Roongsawang et al. 2002; Joshi
etal. 2008). To our best knowledge, this is the first report of the
production of a lipopeptide biosurfactant by S. ruminantium.

Hydrocarbon specificity for emulsification activity
and emulsification index

To determine hydrocarbon specificity for emulsification
activity (E24) and emulsification index (E48), a wide range
of pure and mixed substrates were investigated. According
to Fig. 5b, emulsions can be formed and stabled with a
wide range of hydrophobic compounds, an important
property for applications of biosurfactant. Olive oil, soy-
bean oil and toluene were good substrates for E24 and E48

by the crude biosurfactant from S. ruminantium CT2,
showing no significant differences. Hexane, kerosene and
motor oil also formed stable emulsions. Hexadecane, ULO
and xylene resulted in poor emulsification, probably due to
the inability of the biosurfactant to stabilize the micro-
scopic droplets of these compounds. The structure of ULO
is consisted of the mixture of paraffin, naphthalene and
aromatic hydrocarbon. Thus, it was difficult to emulsify by
crude biosurfactat (Muthusamy et al. 2008). The ability of
crude biosurfactant from S. ruminantium CT2 to emulsify
various hydrophobic substrates indicates that it has a good
potential for applications in microbial enhanced oil
removal, as cleaning and emulsifying agent in food
industry and also for bioremediation.

Surface tension and critical micelle concentration
(CMO)

The relationship between surface tension and concentration
of the isolated biosurfactant solution was determined by a
De Noiiy ring tensiometer (Fig. 6a). The biosurfactant pro-
duced exhibited excellent surface tension reducing activity.
The surface tension of water of 72 mN/m decreased to
25.5 mN/m by increasing the solution concentration up to
8 mg/l. Further increase in the concentration of the biosur-
factant solution did not reduce the surface tension of water,
indicating that the CMC was reached at this concentration.
The biosurfactant from S. ruminantium CT2 showed a lower
minimum surface tension and CMC value than that of
the biosurfactant from B. subtilis (26.7 mN/m, 10 mg/l)
(Ghojavand et al. 2008), from Lactobacillus paracasei
(41.8 mN/m, 2.5 mg/ml) (Gudifia et al. 2010) and from
P. aeruginosa Bs20 (29.5 mN/m, 13.4 mg/l) (Abdel-Maw-
goud et al. 2009).

Effect of temperature, pH and salinity on biosurfactant
stability

The results obtained from thermal stability analysis of
biosurfactant over a wide range of temperature (4-121 °C)
revealed that the biosurfactant from S. ruminantium CT2
was thermostable (Fig. 6b). Temperature up to 100 °C (or
its autoclaving at 121 °C) caused no effect on the biosur-
factant performance and its emulsification capacity. Such
extreme Brevibacterium aureum MSA13, Bacillus spp. and
B. subtilis EG1, respectively. It was found that only 5 % of
E24 becomes lost, when the biosurfactant was stored at
4 °C. The surface tension reduction and E24 were rela-
tively stable at the temperatures used (ST = 25.5 mN/m,
E24 ~ 65 and 69 against kerosene and xylene, respec-
tively). This suggests that the biosurfactant isolated may be
used in microbial enhanced oil removal processes where
high temperatures prevail.
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Fig. 4 'H- (a) and '*C- (b) nuclear magnetic resonance spectrum of the biosurfactant produced by S. ruminantium CT2

As can be seen in Fig. 6c, the activity of biosurfactant
and its emulsification ability was also affected by the pH.
When the pH was acidic and set to 2, 3 and 4, the bio-
surfactant activities were 65, 63 and 50 mN/m, respec-
tively. Correspondingly, the emulsification ability was
limited to the acidic to neutral pH and emulsification index
up to 45, 47 and 50 %, respectively were obtained. The
optimum pH for both parameters namely biosurfactant
activity (ST = 25.5 mN/m) and emulsification capacity
(E24 = 65 and 69 against kerosene and xylene, respec-
tively) was determined to be 7. However, the emulsifica-
tion activity was relatively stable between pH 8 and pH 12.
Similar result had been reported for biosurfactants produced
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by Bacillus spp. and B. subtilis EG1, which remained stable
in the range of pH 5.0-10.0 and 5.0-11.0, respectively
(Gudiiia et al. 2012; Vaz et al. 2012). The crude biosur-
factants produced by B. subtilis TD4 and P. aeruginosa
SU7 were also stable in a wide range of pH (4.0-11.0)
(Saimmai et al. 2012c¢).

Figure 6d demonstrates the effect of addition of NaCl on
the surface tension and E24 of the biosurfactant obtained.
As is shown, negligible changes were occurred in the
biosurfactant activity with an increase in the NaCl con-
centration up to 14 %. Likewise, an increase in NaCl
concentration up to 18 % did not have a significant effect
on E24. However, at the highest level of NaCl (24 %), E24
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dropped severely to 43.6 % and surface activity was
increased as well (48 mN/m). NaCl activated biosurfactant
activity of many strains isolated from several environ-
mental sources had been observed including seawater
(Maneerat and Phetrong 2007), mangrove sediment
(Saimmai et al. 2012a, 2012b, 2012d), palm oil contami-
nated soil (Saimmai et al. 2012c¢) or petroleum reservoirs
(Lotfabad et al. 2009). Nevertheless, biosurfactant extrac-
ted from Bacillus spp. exhibited zero saline tolerance
(Gudina et al. 2012), whereas the biosurfactant from
Pseudomonas sp. 2B tolerated 8 % NaCl and lost 15 % of

E E24 FE48

its activity in 20 % NaCl (Aparna et al. 2012). More
recently, biosurfactant produced by P. aeruginosa MAOI1
has shown good stability of surface tension and emulsion in
the presence of NaCl up to 300 g/l (Abbasi et al. 2012).

Our findings indicate that the biosurfactant has potential
application over a wide range of temperature, pH values
and saline environment. This is applicable in situations
where extreme conditions of temperature, pH and salinity
prevail such as bioremediation of contaminated environ-
ments such as marine, sediment or soil. It can also be used
to enhance oil removal processes.
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produced by S. ruminantium CT2

Application of the biosurfactant in motor oil removal
from contaminated sand

Petroleum hydrocarbon compounds bind to soil components
and are difficult to remove and degrade (Sobrinho et al.
2008). Biosurfactants can emulsify hydrocarbons enhancing
their water solubility, decreasing surface tension and
increase the displacement of oil substances from soil par-
ticles (Banat et al. 2010). The ability of biosurfactant from
S. ruminantium CT2 to enhance motor oil removal from
contaminated sand was examined in comparison with those
of synthetic surfactants, this is a nonionic surfactant Triton
X-100 and anionic surfactants SDS (Fig. 7). Biosurfactant
from S. ruminantium CT2 and Triton X-100 recovered
25-30 % of motor oil from contaminated sand at 25 °C,
50 % at room temperature (30 £ 2 °C), 65 % at 45 °C and
85 % at 60 °C. The synthetic surfactant SDS was found to
be less efficient. In the case of control (distilled water), and
very little recovery (5-18 %) could be obtained in the
temperature range. These results have implications for the
potential use of a biosurfactant produced by S. ruminantium
CT2 to enhance sorbed motor oil from environment.
However, it is important not to rule out that efficiency of the
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removal could be vary depending on the characteristic of
the contaminants and site characteristics.

Effect of biosurfactant on PAH solubilization

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous
environmental polluants. Excessive inputs from anthropogenic
activities have caused serious contamination and adversely
affect the health of aquatic and human life through bioaccu-
mulation. PAHs are hydrophobic and readily adsorbed onto
particulate matter; therefore, coastal and marine sediments
become the ultimate sinks and elevated concentrations have
been recorded (Aniszewski et al. 2010). Solubilization of
PAHs depends on the type and dose of the surfactant, the
hydrophobicity, the surfactant-soil interactions and the time
that a contaminant has been in contact with the soil (Zhou and
Rhue 2000). The effect of biosurfactant on the apparent
aqueous solubility of PAHs was determined by test tube sol-
ubilization assays in the presence of increasing concentrations
of biosurfactant (0 to 30 mg/l) is depicted in Table 4. In gen-
eral, the obtained biosurfactant enhanced the apparent solu-
bility of PAHs in a dose dependent manner. However,
solubilization of fluorene, naphthalene or phenantrene by
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biosurfactant from this strain (about 3—5 time higher apparent
solubility compared to control) was significantly lower
(p < 0.05) when compared with anthracene, fluoranthene or
pyrene affect by biosurfactant (15-20 times higher compared
to control). In the present study, the crude biosurfactant
showed ability to solubilize PAHs in aqueous phase indicating
its possible role in increasing the bioavailability of non-soluble
organic compounds for bacterial metabolism.

Antibacterial activity of biosurfactant

The biosurfactant obtained of mangrove S. ruminantium CT2
was found to be an antimicrobial agent, depending on the

B Triton X-100

O SDS & Control

Biosurfactant

Temperature (°C)

Pathogenic strains

microorganism (Fig. 7b). It was found that the biosurfactant
exhibited a high antimicrobial activity against B. cereus,
C. albicans, P. aeruginosa and S. aureus at tested concen-
trations. In addition, it was observed that the biosurfactant
obtained showed no antimicrobial activity against V. vulnif-
icus and V. cholerae and low activity against E. faecium,
E. coli, L. monocytogenes, Salmonella sp. and S. typhimuri-
um. Low antimicrobial activity correlating with higher
resistance were often seen when Gram-negative microor-
ganisms were tested (Das and Mukherjee 2007). Higher
resistance of Gram-negative bacteria to external substances
had been reported (Negi et al. 2005). It is attributed to the
presence of lipopolysaccarides, making them naturally
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Table 4 Dose dependent solubilization of polyaromatic hydrocarbons by crude biosurfactant isolated from S. ruminantium CT2

Concentration Solubility of PAHs* (mg/l)
of crude
biosurfactant (mg/l) Anthracene Fluoranthene Fluorene Naphtalene Phenantrene Pyrene

0.07 £ 0.018 0.25 + 0.01° 1.98 + 0.218 30.31 + 4.02° 1.39 + 0.178 0.15 + 0.02°
5 0.19 + 0.03° 1.12 £ 0.09° 241 + 0.14F 4921 + 4.65¢ 242 4+ 0.32f 0.82 + 0.06¢
10 0.45 + 0.009° 1.81 + 0.23¢ 3.27 £ 0.35° 58.21 & 5.10¢ 241 £ 0.31° 1.68 + 0.31°
15 0.79 + 0.04¢ 291 + 0.34¢ 3.82 + 0.11¢ 64.16 + 4.03° 2.58 + 0.42¢ 2.01 & 0.36°
20 1.07 £ 0.11¢ 3.31 + 0.09° 451 £ 0.41° 76.45 + 4.63" 2.92 + 0.30° 2.57 + 0.57%
25 1.32 £ 0.05° 481 + 0.31° 5.61 + 0.25° 84.34 + 5.38% 3.81 & 3.12° 2.82 4 0.48%
30 1.51 £ 0.09° 4.98 + 0.20° 6.41 + 0.62° 91.47 + 9.23 3.98 & 0.58* 3.05 + 0.32°

Different superscript letters in the same column indicate significant differences (p < 0.05)

* Values are given as means & SD from triplicate determinations

resistant to certain antibacterial agents, in their outer mem-
brane (Elving et al. 2000; Luna et al. 2011). On the other hand,
Gram-positive tested organisms showed higher sensitivity
against the biosurfactant than the Gram-negative bacteria.
The reason could be attributed to the differences between
their cell wall compositions (Scherrer and Gerhardt 1971).

Conclusion

In the present study, biosurfactant production by
S. ruminantium CT2 which was isolated from mangrove
sediment has been reported. The growth characteristics
were obtained and studies on the properties of the biosur-
factant indicate the possibility of its industrial application.
The spectra obtained from FT-IR spectroscopy and LC-MS
confirmed the presence of lipopeptide in the sample. The
potential of this biosurfactant for industrial use was shown
by studying its physical properties, such as the surface
tension, critical micelle concentration and emulsification
activity, and its stability to environmental stresses such as
salinity, pH and temperature. The surface tension of an
aqueous solution of this biosurfactant at a CMC value of
8 mg/l, reached 25.5 mN/m. The properties of the biosur-
factant obtained have potential applications especially for
microbial enhanced oil removal and/or reducing the
intensity of environmental contamination.
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