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Abstract Bacillus licheniformis TT42 produced a low-molecular weight anionic biosurfactant
that reduced the surface tension of water from 72 to 27 mN/m and the interfacial tension from
12 to 0.05 mN/m against crude oil. We have earlier reported significant enhancement in oil
recovery in laboratory sand pack columns and core flood studies, by biosurfactant-TT42
compared to standard strain, Bacillus mojavensis JF2. In the context of this application of
the biosurfactant-TT42, its characterization was deemed important. In the preliminary studies,
the biosurfactant-TT42 was found to be functionally stable at under conditions of temperature,
pH, and salinity generally prevalent in oil reservoirs. Furthermore, the purified biosurfactant-
TT42 was found to have a CMC of 22 mg/l. A newly developed activity staining TLC method
was used for the purification of biosurfactant-TT42. Structural characterization of
biosurfactant-TT42 using TLC, Fourier transform infrared spectroscopy (FTIR), GC-MS,
and matrix-assisted laser desorption ionization time of flight (MALDI-TOF)/TOF suggested
that it was a mixture of lipopeptide species, all having a common hydrophilic cyclic
heptapeptide head with the sequence, Gln-Leu/Ileu-Leu/Ileu-Val-Asp-Leu/Ileu-Leu/Ileu linked
to hydrophobic tails of different lengths of 3 3-OH-fatty acids bearing 1043, 1057 and 1071 Da
molecular weight, where 33-OH-C o fatty acid was predominant. This is the longest chain
length of fatty acids reported in a lipopeptide.
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Introduction

Surfactants are amphipathic molecules since they possess both hydrophilic and hydrophobic
moieties. They enrich at interfaces, lower surface tension (ST) and interfacial tension (IFT),
and form micelle [1]. Biosurfactants are structurally diverse surfactants of microbial origin that
include low-molecular weight biosurfactants (glycolipids and lipopeptides) that lower ST and
high-molecular weight biosurfactants (amphipathic polysaccharides, proteins, lipopolysaccha-
ride, lipoproteins, and complex biopolymer mixture) that stabilize emulsions. Numerous
bacteria and fungi produce biosurfactants of varied chemical nature [2]. They possess emul-
sifying, foaming, detergency, and dispersing properties. Biosurfactants offer the possibility of
replacing chemical surfactants, produced from non-renewable resources, with alternatives
produced from cheap renewable feedstocks. Biosurfactants are also attractive because they
are eco-friendly and robust enough for industrial use [3].

Cyclic lipopeptide classes are prominent biosurfactants, produced as secondary metabolites
by Bacillus sp. having unique structure, exceptional surfactant power, antibacterial activity,
and antifungal activity [4, 5]. They have advantage over the chemical surfactants due to their
high activity, specificity, biodegradability, and versatility having varied applications in textile,
pharmaceutical, cosmetics, crop protection, food, detergents, and oil industries, of which
microbial enhanced oil recovery (MEOR) is assuming importance in recent years [6, 7].
MEOR is a cost-effective, eco-friendly, alternative tertiary recovery process which uses
microorganisms or their metabolites for recovery of oil from the reservoir. Lichenysins are
most potent anionic cyclic lipoheptapeptide biosurfactants produced by Bacillus licheniformis
using hydrocarbonless medium with mainly glucose as carbon source. They have the capacity
to lower the ST of water from 72 to ~27 mN/m. Lichenysin is synthesized by a multienzyme
complex called lichenysin synthetase. The structure of lichenysin and its operon indicated the
non-ribosomal biosynthesis with the same multifunctional modular arrangement as seen in
surfactin synthetase (SrfA). The lichenysin biosynthesis operon (lic) cloned and sequenced
from B. licheniformis ATCC 10716 consists of three peptide synthetase genes /icA4, licB, and
licC encoding the proteins LicA, LicB, and LicC [8]. LicA and LicB consist of three each and
LicC one amino acid activating modules. All seven modules contain three domains each,
adenylation (4) domain that recognizes and activates specific amino acids by adenylation
at the expense of an ATP, a thioester-binding (7) domain that catalyzes the covalent
binding of the activated amino acid at a specific serine site via a thioester linkage to a
4'-phosphopantetheine cofactor, and condensation (C) domain that forms a peptide bond
between two activated amino acids. The DNA sequence of /ic4 is about 98 % identical to a
sequence of a lchA operon obtained from the lichenysin A producing strain B. licheniformis
BNP29 [9]. Lichenysins have been characterized from varied B. licheniformis strains, namely,
A [10], B [11], C [12], D [8], G [13], surfactant BL86 [14], F2.2 [15], and BC98 [16].
Reported literature indicated that the lichenysin biosynthesis operons for all lichenysin iso-
forms have emerged from the same origin. Alterations in the primary peptide sequence may be
due to slight evolution-dependent strain-specific mutations [8, 9, 17]. In the present study, the
characterization of biosurfactant from B. licheniformis TT42 was undertaken since it produced
a highly surface active low-molecular weight anionic biosurfactant (i.e., biosurfactant-TT42),
and it was found to possess excellent MEOR potential since it gave 34.6 £ 3.7 % additional oil
recovery in laboratory-simulated sand pack columns. This is 5.2 % higher than that obtained
from crude lichenysin biosurfactant produced by the standard strain, Bacillus mojavensis JF2
[18]. Purified biosurfactant-TT42 reduced the ST of water from 72 to 27 mN/m and the IFT
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from 12 to 0.05 mN/m against crude oil. In core flood studies, it gave 10.64 % additional oil
recovery (unpublished data). In this background, its structural characterization was deemed
interesting and the results of the studies undertaken thereof are presented here.

Materials and Methods
Microorganism

B. licheniformis TT42 is a Gram-positive, sporulating, rod-shaped, and motile strain, isolated
from Tuva-Timba hot water spring, Gujarat, India. It was identified based on morphological,
biochemical, and physiological characterization and 16S rRNA gene sequence analysis
(NCBI Genbank accession number DQ922951) [19].

Production of Biosurfactant

Of sterile K. Jenny’s medium [12] in 250-ml Erlenmeyer flask, 50 ml was inoculated with 2 %,
12-h-old inoculum of B. licheniformis TT42 and incubated at 37 °C on shaker at 180 rpm for
72 h. The culture broth was centrifuged at 10,000 rpm for 30 min, and the cell-free supernatant
(CFES) was used as crude biosurfactant.

ST and IFT Measurements

ST measurement is generally used as an indirect method to measure the surfactant concentra-
tion. ST of the crude biosurfactant was measured using a Du-Nuoy’s tensiometer (Win-Son &
Co., Kolkata, India) based on the ring detachment technique. Its IFT was measured using a
spinning drop interfacial tensiometer (Temco, USA) [18, 20].

Stability Studies of the Biosurfactant-TT42

To determine the stability of biosurfactant produced by B. licheniformis TT42 under extreme
conditions, effects of temperature (65—100 °C), salinity (0—15 %), and pH (3—11) on the ST-
reducing ability of the crude biosurfactant-TT42 were studied before and after incubation
under the above mentioned conditions [21]. Temperature stability of the biosurfactant was
studied by incubating the biosurfactant-TT42 at 65, 75, 85, and 100 °C for different time
periods. For salt stability, different concentrations of NaCl were added to the biosurfactant-
TT42 solution and mixed until complete dissolution, followed by 25 days incubation. To check
the pH stability, pH of the biosurfactant-TT42 solution were adjusted to different pH values
with NaOH or HCI, followed by incubation [21].

Extraction and Purification of the Biosurfactant-TT42

Crude biosurfactant was precipitated with 40 % (w/v) ammonium sulfate and incubated
overnight at 4 °C. The precipitate, containing the biosurfactant, was then collected by
centrifugation at 15,000 rpm for 30 min at 4 °C and extracted with chilled acetone. The
extract was subjected to TLC (Silica gel 60F254, Merck) and resolved with a solvent system of
isopropanol:water:28 % (w/v) NH4OH (90:10:6) [22]. In the present study, instead of oil
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spreading method used, an activity staining was used to demonstrate surface activity on the
TLC plate itself. For that, the TLC plates were developed by spraying blood reagent (20 %
human blood in potassium phosphate buffer, pH —7). The spot of biosurfactant shows a clear
zone of hemolysis, while rest of the plate remains red.

Critical Micelle Concentration Determination of Biosurfactant-TT42

The concentration at which biosurfactant micelles begin to form is called critical micelle
concentration (CMC). It is the minimum concentration of biosurfactant required to achieve the
maximum surface activity [23]. Purified biosurfactant was determined by dissolving 220 mg of
purified biosurfactant in 35 ml distilled water. This solution was further serially diluted
(1-350-fold), and ST value of each dilution was measured. CMC was obtained from the
biosurfactant concentration vs. ST plot where CMC is that ST value at which there is a sudden
increase in ST.

Chemical Analysis of the Biosurfactant-TT42
Detection of Peptide Moiety

Biosurfactant-TT42 was hydrolyzed with 6 M HCI at 110 °C for 3 h. Ten microliter of the
hydrolyzed and unhydrolyzed biosurfactant samples were spotted on TLC plate; solvent
system used was butanol:acetic acid:water (12:3:5). Of ninhydrin (in acetone), 0.2 %
was used as a developing reagent. After spraying the developing agent, the TLC plate
was heated at 100 °C for 3 min. The purple-colored spot confirmed the presence of
peptide moiety [24, 25].

Detection of Lipid Moiety

Biosurfactant-TT42 was spotted on TLC plate and run in the solvent system containing
isopropanol:water:28 % (w/v) NH4OH (90:10:6). Lipid components were detected by subject-
ing the plate to iodine vapors in a chamber. A yellow-colored spot confirmed the presence of
lipid moiety [26].

Fourier Transform Infrared Spectroscopy Analysis

IR spectrum of the purified biosurfactant-TT42 was recorded in potassium bromide pellets
using Fourier transform infrared spectroscopy (FTIR) spectroscopy (PerkinElmer Rx 1,
Department of Chemistry, M. S. University of Baroda, Vadodara, Gujarat, India).

Mass Spectrometry Analysis of the Biosurfactant-TT42

Fatty Acid Analysis The methyl ester/trimethylsilyl (ME/TMS) derivatives of lipid moiety
of biosurfactant-TT42 were formed, and their analysis was carried out by GC-MS using

reported literature [22, 27].

Peptide Analysis To determine the molecular weight of the purified biosurfactant-TT42 and
the amino acid sequence of its peptide moiety, matrix-assisted laser desorption ionization
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time-of-flight (MALDI TOF/TOF) analysis was carried out [22]. The analysis was performed
using ULTRAFLEX-TOF/TOF instrument (Bruker Daltonics, [ISc, Bangalore, India).

Results
Stability Studies of the Biosurfactant-TT42

Temperature stabilities of the biosurfactant produced by B. licheniformis TT42 were checked
at 65, 75, 85, and 100 °C for different time periods as depicted in Fig. 1a, b. The results
implied that the biosurfactant remained stable up to 85 °C for 25 days. The stability study
when extended for 90 days at 85 °C, the biosurfactant retained 75.7 % of its surface activity.
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Fig. 1 a Stability of crude biosurfactant-TT42 at different temperatures. b Effect of 100 °C temperatures on
crude biosurfactant-TT42. ¢ Salt stability of the crude biosurfactant-TT42. d pH stability of the crude
biosurfactant-TT42
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The biosurfactant was also found to be stable at 100 °C for 300 min. Moreover, the ST values
of crude biosurfactant were 27-30 mN/m for 25 days with no loss of activity.

Salt stability of the biosurfactant produced by B. licheniformis TT42 was checked in the
presence of 5, 10, and 15 % NaCl up to 25 days of incubation. As shown in Fig. lc, the
biosurfactant was stable in presence of 5 % NaCl. In presence of 10 and 15 % NaCl
concentrations, slight increase in ST values was observed. pH stability of biosurfactant
produced by B. licheniformis TT42 was checked at a wide range of pH, and it was found to
be stable in the pH range of 5 to 9. Slight loss of activity was observed at pH 3 and pH 11
(Fig. 1d). In the purification of biosurfactant-TT42, activity staining method was used for the
detection of biosurfactant on TLC plate. It made detection and purification of biosurfactant fast
and easy. Three spots, viz., A, B, and C, showed RBC lysis (clearance) against the red
background of non-lysed RBC. Out of these, the spot A, showing maximum activity, was
scrapped off and purified (Fig. 2).

CMC of Biosurfactant-TT42

The purified biosurfactant-TT42 was dissolved in water and used to determine its CMC value,
which was found to be 22 mg/l. The amount of biosurfactant-TT42 produced by selected strain
was calculated as 0.58 g/l.

Fig.2 TLC of biosurfactant-TT42
obtained by activity staining (A, B,
and C are the spots of clearance
obtained due to hemolysis by
biosurfactant-TT42)

Biosurfactant-TT42
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Chemical Analysis of Biosurfactant-TT42
Detection of Peptide and Lipid Moieties

TLC of the hydrolyzed biosurfactant-TT42 showed a purple-colored spot when developed
with ninhydrin, whereas the unhydrolyzed biosurfactant-TT42 showed no spot with ninhydrin.
This indicated that the x-amino group of unhydrolyzed biosurfactant became free on hydro-
lysis, which reacted with ninhydrin and gave a purple-colored spot (Fig. 3a). Thus, the peptide
moiety of biosurfactant-TT42 might be cyclic in nature. Presence of lipid in biosurfactant-
TT42 was indicated by the yellow-colored spot on TLC when developed with iodine vapors
(Fig. 3b).

FTIR analysis of the purified biosurfactant-TT42 showed band characteristics of peptide at
3400 cm™' (—NH stretching), 1700 cm™' (>C = O bond), and 1500 cm™" (deformation).
The bands at 2960-2940 and 1480-1450 cm ' correspond to that of aliphatic chains (-CHs,
—CH,—; Fig. 4). The results obtained indicated the presence of peptide and lipid moieties in
biosurfactant-TT42.

Mass Spectrometry Analysis of Biosurfactant-TT42

ME/TMS derivatives of fatty acid moiety of biosurfactant-TT42 were analyzed by GC-MS.
The individual peaks obtained by GC (Fig. 5a) were subjected to mass spectrometry analysis.
The results of GC-MS analysis indicated that the fatty acid moiety of biosurfactant-TT42
contained a mixture of 3(3-OH fatty acids of different chain lengths, ranging from C;3 to Cyo.
Figure 5b shows the mass spectrum of predominant peak, identified as 3(3-OH-C,, fatty acid
on the basis of the characteristic peaks of 33-hydroxy fatty acid.

MALDI-TOF spectrum of the purified biosurfactant-TT42 is shown in Fig. 6. Total of three
peaks with m/z of 1043, 1057, and 1071 Da were selected for further fragmentation. The
fragmentation pattern (TOF/TOF) of these three peaks indicated that they were the major
species of the cyclic lipopeptide biosurfactant. Amino acid sequence of the peptide moiety of
the purified biosurfactant was elucidated by interpreting the TOF/TOF spectrum of the
precursor ion m/z 1071.70 (Fig. 7). Subtraction of 958.63 from precursor ion m/z 1071.70

Fig. 3 a Detection of the peptide
moiety of biosurfactant-TT42
(lane 1 hydrolyzed biosurfactant-
TT42 and lane 2 unhydrolyzed
biosurfactant-TT42). b Detection
of the lipid moiety of
biosurfactant-TT42 (arrows in
lane 1 indicate lipid moieties of
biosurfactant-TT42 with different
chain length)

Hydrolyzed Unhydrolyzed Biosurfactant-TT42
biosurfactant-TT42 biosurfactant-TT42
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Fig. 4 FTIR spectrum of 0.0175 -
biosurfactant-TT42
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leaves a value of 113.07 (Ile/Leu), 845.54 from 958.63 leaves a value of 113.09 (Ile/Leu),
730.50 from 845.54 leaves a value of 115.04 (Asp), 631.41 from 730.50 leaves a value of
99.11 (Val), 518.31 from 631.41 leaves a value of 113.1 (Ile/Leu), 405.27 from 518.31 leaves a
value of 113.04 (Ile/Leu), and 277.14 from 405.27 leaves a value of 128.13 (GIn). The most
probable peptide sequence of purified biosurfactant-TT42 was deduced to be Gln-Ile/Leu-Ile/
Leu-Val-Asp-Leu-Ile/Leu [10].
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Fig. 5 a Gas chromatogram of biosurfactant-TT42. b Mass spectrum of the peak obtained at a retention time of
29.009 min in the gas chromatogram
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Discussion

B. licheniformis TT42 producing biosurfactant was isolated for application in oil reservoir to
facilitate biosurfactant-mediated MEOR. The biosurfactant used in MEOR must possess good
surface/interfacial activity which remained stable under extreme conditions, generally preva-
lent in oil reservoirs. The suitability of biosurfactant-TT42 for MEOR was determined by
physiological characterization. The ST-lowering ability of biosurfactant-TT42 was as efficient
(from 72 to 27 mN/m of water) as that reported till date [28, 29]. The IFT-reducing ability of
biosurfactant-TT42 against crude oil was also very high, reaching a value of 0.05 from 12 mN/
m. Crude biosurfactant-TT42 was observed to remain stable under extreme temperature, pH,
and salinity conditions. In case of extended incubation at higher temperature, a slight loss of
activity was observed. Similar results have been reported for surfactin and lichenysin [30, 31,
32]. The biosurfactant-TT42 retained its activity in the range of pH 5 to 9. A decrease in
surface activity was reported at pH 3 due to biosurfactant precipitation. These results indicate
that the pH range of biosurfactant-TT42 correlates with that of surfactin (pH 6 to 12) and
lichenysin (pH 6.2 to 10) [31, 32].

The crude biosurfactant-TT42 gave 34.6 + 3.7 % additional oil recovery in sand pack
column studies [18]. To use biosurfactant-TT42 for MEOR from oil reservoirs, acute dermal
toxicity test was performed using Wistar rats. It indicated that B. licheniformis TT42 was a
non-pathogenic strain, implying that its biosurfactant was also non-toxic in nature (data not
shown). This prompted the structural characterization of these metabolites. The structure and
composition of the biosurfactant produced by B. licheniformis TT42 were studied by a variety
of analytical techniques such as TLC, FTIR, MALDI-TOF/TOF, and GC-MS. An activity
staining technique was used for the detection of biosurfactant-TT42 on TLC plate using blood
reagent as a developing agent. The biosurfactant-TT42 gave a spot of clearance due to RBC
lysis against the red background of non-lysed RBCs. This method developed by us makes the
detection and purification of biosurfactant fast and easy as compared to the reported methods
[33-35]. Lichenysins are most potent anionic cyclic lipoheptapeptide biosurfactants produced
by B. licheniformis on hydrocarbonless medium with mainly glucose as carbon source. Based
on species-specific variations, they are named lichenysin A, B, C, D, and G and surfactant
BL86. Lichenysins have been reported to have molecular weights 993—-1091 Da and CMC in
10—-60-mg/l range [28, 36]. A comparison of chemical structure of the cyclic heptapeptide
moiety of lichenysins reveals that they have variation at first, fifth, and seventh amino acids
mostly. The fatty acid side chain is made of structure of the cyclic heptapeptide moiety of
lichenysins reveals th, etc., in different lichenysins [17]. The chemical structure of the purified
biosurfactant-TT42, identified by TLC and FTIR analyses, indicated that the biosurfactant-
TT42 was a cyclic lipopeptide. Lipid moiety of the biosurfactant-TT42 was analyzed by GC-
MS. A total of 20 peaks, obtained by GC, were further analyzed by MS. The peaks of 33-OH-
fatty acids were identified by MS of the ME/TMS derivatives giving the characteristic
fragment ions. The results obtained from GC-MS indicated that the lipophilic part of
biosurfactant-TT42 contained a mixture of 3c-OH fatty acids of different chain lengths, out
of which the 33-OH-C, fatty acid, obtained at a run time of 29.009 min, was predominant. As
reported, long-chain fatty acids have high surface and interfacial activity, implying that
biosurfactant-TT42 was useful for MEOR [10]. Molecular weight of the biosurfactant and
amino acid sequence of its peptide moiety were determined by MALDI-TOF/TOF as this
analytical technique is highly efficient in characterization of the molecular structure of
secondary metabolites like biosurfactants [37]. The [M + H]" ions generated by this technique
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are very stable, thus leading to intense signals which are useful for rapidly determining the
heterogeneity of the samples submitted to MS analysis [38]. The reported molecular weight of
the major component of surfactin, lichenysin B, surfactant BL86, and lichenysin G is 1035 Da,
while the molecular weights of the major components of lichenysin C and A range from 1022
to 1036 03 and 1006 to 1034 Da, respectively [10—14]. Based on GC-MS and MALDI-TOF/
TOF analyses, it can be assumed that biosurfactant-TT42 was a mixture of lipopeptides with
different molecular weights in the range of 1023-1071. These lipopeptides had identical
heptapeptide moiety of seven amino acids. The difference in molecular weights of the
lipopeptides produced by B. licheniformis TT42 was due to the difference in the chain length
of lipopeptides produced by T42 C;, to C;9. The sequence of heptapeptide moiety of
biosurfactant-TT42, obtained by MALDI-TOF/TOF, showed similarity with lichenysins A,
D, and G, a known biosurfactant produced by B. licheniformis strains BAS50, ATCC 10716,
and IM1307 [8, 10, 13, 27], since the heptapeptide moiety of biosurfactant-TT42 contained
glutamine (Gln) at its first position, aspartic acid (Asp) at its fifth position, and isoleucine (Ile)
at its seventh position. Hence, the most probable structure of biosurfactant-TT42 is
assumed to be a cyclic heptapeptide having the sequence L-GIn-L-Leu-D-Leu-L-Val-L-
Asp-D-Leu-L-Ile linked to 3(3-OH-fatty acids. This unique low-molecular weight chem-
ical structure is capable of lowering the interfacial tension very low, and by virtue of
this, the oil recovery is facilitated.
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