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ptide biosurfactant production by
an engineered bacterial strain for in situ microbial
enhanced oil recovery

Xiaolong Liang,ab Rongjiu Shi,†a Mark Radosevich,b Feng Zhao,c Yingyue Zhang,a

Siqin Hana and Ying Zhang *a

Bacillus mojavensis JF-2 produces water-soluble lipopeptide under aerobic conditions, while

Pseudomonas stutzeri DQ1 grows rapidly under anaerobic conditions. These bacteria were used to

construct an engineered strain for anaerobic lipopeptide production by protoplast fusion for potential

use in microbially enhanced oil recovery (MEOR). The resulting fusant strain FA-2 produced lipopeptide

(382 mg l�1) anaerobically at temperatures up to 50 �C, across a pH range of 4.5–10.0, and at salt

concentrations as high as 10% NaCl. Experimental results from a physical simulation core at 39 �C
suggest that FA-2 has potential for use in MEOR.
1 Introduction

Lipopeptides are extraordinary biosurfactants that are well
known for reducing surface tension and interfacial tension
between oil and water, thus playing a crucial role in microbial
enhanced oil recovery (MEOR).1,2 Lipopeptides also exhibit
exceptional emulsifying, foaming, antiviral and anti-
mycoplasma properties, and are widely used in many other
areas. Biosurfactants have several advantages over chemical
surfactants such as: lower toxicity, higher environmental
compatibility, biodegradability, higher surface activity, lower
critical micelle concentration and synthesis from renewable raw
materials.3–5 However, most screened biosurfactant producing
bacterial strains are aerobic organisms.6–9 As the underground
environment of petroleum reservoirs is anaerobic,10,11 these
organisms would not be effective for in situmicrobial enhanced
oil recovery.12–15 High temperatures, high salinity and low
oxygen content in oil reservoirs are known to adversely impact
microbial growth and their metabolites production.16–18

Considerable effort has been expended to isolate bacterial
strains that can function under reservoir conditions for MEOR,
but few strains have been isolated and characterized.

Though very few anaerobic biosurfactant-producing bacteria
have been characterized, interest in anaerobic biosurfactant
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production has steadily increased given the potential use in
enhanced oil recovery.12,13,19,20 In MEOR, both the above ground
production and the underground production have been
undertaken; however, above ground production is costly and
complicated.21 The in situ application is more cost-effective,
longer lasting, more simply implemented and has a wide
range of applications, making it advantageous for MEOR.22

Obtaining microorganisms for anaerobic biosurfactant
production that can tolerate oil reservoir conditions such as
extremes of pH, temperatures and salinity is prerequisite for in
situ surfactant production.15–18 In the absence of suitable native
strains, molecular and genetic engineering tools have been used
to modify microorganisms to improve their tolerance to harsh
reservoir conditions that produce biosurfactants for MEOR.23,24

Protoplast fusion is a common technique for engineering
bacteria and has been used to create new strains with desired
properties by combining genomes from different organisms.
Here, intergeneric protoplast fusion was performed between
Bacillus mojavensis JF-2 and Pseudomonas stutzeri DQ-1. B.
mojavensis JF-2,25,26 capable of producing lipopeptide with
excellent properties, was isolated from oil-eld injection brine,
and its ability to produce biosurfactant has been character-
ized.27–31 Several previous works reported that JF-2 produced
lipopeptide biosurfactants under anaerobic conditions;26–29,31

however, it has been described that this anaerobic lipopeptide
production is limited, unstable, and requires the addition of
deoxyribonucleosides or DNA supplements to the culture
medium.29 Surfactant-producing capability of JF-2 will be lost
when cultured repeatedly which causes problems for eld trials
and large-scale biosurfactant production.31 The JF-2 strain
adopted in this study can only grow and produce lipopeptide
aerobically which means the loss of anaerobic biosurfactant-
producing ability. P. stutzeri DQ-1 grows rapidly under
RSC Adv., 2017, 7, 20667–20676 | 20667
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anaerobic conditions but does not produce biosurfactant. The
current investigation was aimed at engineering a new strain
with the combined characteristics of rapid anaerobic growth
and stable lipopeptide production by protoplast fusion. The
resulting strain, FA-2 possessed the desired characteristics and
exhibited potential for MEOR under the harsh conditions
typical of petroleum reservoirs.(‡)
2 Experimental
2.1 Strains and media

Bacillus mojavensis JF-2 (ATCC 39307), obtained from the
American Type Culture Collection (Manassas, VA), and Pseudo-
monas stutzeri DQ-1, isolated from Daqing Oil Field (PetroChina
Company Ltd., Heilongjiang Province, China), were used as
parent strains for fusion experiments.

Bacteria were incubated in complete medium consisting of
10 g per liter of tryptone, 5 g of yeast extract, 5 g of beef extract,
5 g of sodium chloride and 10 g of glucose per liter. Lysozyme
was dissolved in SMM buffer (0.5 M sucrose, 0.02 M MgCl2,
0.02 M maleic acid, pH 6.8) and kept at �20 �C.

Anaerobic fermentation medium (AFM) was used for anaer-
obic fermentation of the fusant. AFM was composed of sucrose
(32 g per liter), NaCl (5 g per liter), KCl (1 g per liter), KH2PO4

(5.7 g per liter), K2HPO4 (5.25 g per liter), NaNO3 (3 g per liter),
MgSO4 (0.25 g per liter), CaCl2 (0.16 g per liter), and yeast extract
(2.7 g per liter). Anaerobic culture preparation was performed as
modied by Javaheri31 by boiling the medium under a stream of
oxygen-free nitrogen.
2.2 Protoplast preparation

The parent strains JF-2 and DQ-1 were incubated in 50 ml
complete medium and cultivated at 40 �C and 37 �C respec-
tively. When the optical density (600 nm) reached approximately
1.0, the cells were harvested by centrifugation at 3000� g at 4 �C
for 10 min and then washed twice with sterile normal saline
solution (9 g per liter sodium chloride, pH 6.8). The cells were
resuspended in 20 ml SMM buffer containing lysozyme (3 mg
ml�1 for JF-2 and 6 mg ml�1 for DQ-1) and then shaken at
100 rpm and 37 �C to complete protoplast formation, 50 min
enzymolysis for JF-2 and 80 min enzymolysis for DQ-1.32
2.3 Protoplast inactivation

JF-2 protoplast suspensions were transferred into sterile tubes
and incubated at 65 �C in a water bath for 160 min to achieve
complete inactivation in which the protoplasts cannot get
regenerated. DQ-1 protoplast suspensions (3 ml) were trans-
ferred to a sterile Petri dish (6 cm diameter) and then placed
under a preheated 30 W ultraviolet lamp at a vertical distance of
20 cm for 40 minute irradiation to inactivate DQ-1 completely.
The inactivated DQ-1 protoplasts were maintained in the dark
for 2 h to avoid photo reactivation repair. Inactivation was
veried by lack of growth on regeneration medium.
‡ Engineered FA-2 for in situ MEOR.
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2.4 Protoplast fusion and regeneration

Inactivated protoplast suspensions of the two parent strains
were gently mixed in a 10 ml centrifuge tube and incubated at
30 �C. Aer 5 min, the tube was centrifuged at 2500 � g for
10 min and then resuspended in 0.5 ml SMM buffer. Fusogenic
agent (1.5 ml, SMM buffer containing 40% PEG6000, w/v) was
added with mild shaking for homogenization and then incu-
bated at 30 �C for 5 min. The cells were collected by centrifu-
gation (2500 � g, for 10 min) at 4 �C and then added in 2 ml
SMM buffer. Protoplasts were diluted with SMM buffer, centri-
fuged at 2500 � g for 10 min, and diluted again. Serial dilutions
of the protoplast suspension (0.1 ml) were applied on the
regeneration blood agar and incubated at 37 �C in an anaerobic
box (MGC AnaeroPack C-31, Titsubishi) for 4 to 7 days.
2.5 Screening of fusants

The single colonies that caused hemolytic circles were isolated
from anaerobic box and then incubated into anaerobic media.
Each strain was cultured in triplicate anaerobically at 37 �C for
48 h. The surface tension and the oil displacement activity of
the culture broths were measured to demonstrate the ability of
anaerobic biosurfactant production. A tension meter (BZY-1,
Shanghai HENGPING Co. Ltd) was used to determine the
surface tension of the cell-free supernatant. A single fusant
strain designated FA-2 with the desired characteristics was
isolated through this screening process.
2.6 Evaluation of fusant

B. mojavensis JF-2, P. stutzeri DQ1 and fusant FA-2 were inocu-
lated on complete media respectively and cultured for 50 h at
37 �C, and then their colonial morphologies were compared.
Scanning electronic microscope (SEM, FEI Company
Quanta™250, USA) was employed to observe microscopic
surface features of the bacterial cells.

The effects of temperature, salt concentration, and pH on
anaerobic growth of the FA-2 were determined. The surface
tension was performed to assess the surface activity of produced
biosurfactant, and the biosurfactant activity was measured by
the oil-spreading technique.33 The effect of temperature on the
growth and surfactant production of FA-2 was examined at 20–
60 �C. The anaerobic culture media supplemented with 1–25%
NaCl were used to investigate the effect of salt concentration on
the growth and surfactant production of FA-2. The pH was
varied from 3.5 to 11 to determine the range and optimal pH for
growth and surfactant production. The tests for temperature,
salt, and pH were performed at 40 �C.
2.7 Optimization of carbon and nitrogen sources

The effect of various carbon sources on the anaerobic growth of
FA-2 was assessed by growing the strain in MS medium (pH 7.2)
supplemented with 0.5% (w/v) yeast extract, and 2% (w/v) of
either glucose, glycerol, molasses, sucrose, sunower seed oil,
coconut oil, olive oil,34 soybean oil, liquid paraffin, or crude oil
at 40 �C for 36 hours. Similarly, the effects of various nitrogen
sources on growth was determined by growing the organism in
This journal is © The Royal Society of Chemistry 2017
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Table 1 The surface tension, diameter of oil spreading circle of culture
broths, and cell growth of recombinant strains under anaerobic
conditions. All strains were grown in triplicate anaerobically. Triplicate
cultures of each strain were analyzed and mean values were shown

Group
Surface tension
(mN m�1)

Diameter of oil
spreading circle (mm) OD600

CK 60.9 � 2.3 2 � 0 0 � 0
FA-1 49.1 � 1.6 3 � 1 1.7 � 0.2
FA-2 26.6 � 1.1 26 � 3 1.6 � 0.1
FA-3 33.2 � 2.2 16 � 5 1.2 � 0.3
FA-4 50.9 � 2.5 3 � 1 0 � 0
FA-5 29 � 1.3 18 � 2 1.2 � 0.2
FA-6 31.3 � 1.2 15 � 4 1.4 � 0.1
FA-7 39.8 � 3.3 5 � 1 1.3 � 0.2
FA-8 41.3 � 2.1 4 � 1 0.3 � 0.1
FA-9 39.2 � 2.7 6 � 2 0.4 � 0.1
FA-10 41.1 � 1.9 5 � 1 0.6 � 0.1
FA-11 36.8 � 1.2 7 � 2 0.9 � 0.2
FA-12 29.6 � 2.8 17 � 3 1.1 � 0.2
FA-13 30.3 � 2.1 16 � 6 0.9 � 0.3
FA-14 27.8 � 1.3 19 � 1 1.3 � 0.2
FA-15 39.9 � 3.8 4 � 2 1.1 � 0.2
FA-16 45.4 � 3.3 3 � 0 0.7 � 0.3
FA-17 38.5 � 2.6 6 � 2 0.8 � 0.2
FA-18 30.2 � 0.3 15 � 3 1.2 � 0.3
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the MS medium (pH 7.2) supplemented with 1% (w/v) of either
yeast extract, tryptone, soy bean our or corn steep powder. The
MS medium supplemented with 0.5% NaNO3, KNO3, NH4NO3,
NH4Cl, or (NH4)2SO4 were used to investigate the effect of
inorganic nitrogen sources on anaerobic growth and surfactant
production of FA-2. Aer inoculation, broths were centrifuged
at 5000 � g for 10 minutes at 4 �C and the surface tension and
the diameter of oil spreading circle of individual supernatants
was measured to estimate the biosurfactant production.21

2.8 Growth of FA-2 under anaerobic conditions

Anaerobic cultures were prepared by boiling the medium fol-
lowed by cooling under a stream of oxygen-free nitrogen. FA-2
cultures (logarithmic phase) were centrifuged to obtain cells
and then washed thrice to remove the residual biosurfactant. The
cells were resuspended and inoculated into a MD-500 laboratory
fermenter (L.E. MARUBISHI, MD-500 bioreactor, Japan). The
inoculation dose was 5%, v/v. The bioreactor, equipped with pH,
DO, oxidation–reduction potential (ORP), and temperature
probes, had a total volume of 10 l and was enclosed and only
interconnected with a nitrogen gas bag to guarantee anaerobic
conditions. Cultivation was performed at 37 �C using 6 l of media
with the agitation speed of 120 rpm. The initial pH was approx-
imately 7.5 and no pH adjustment was performed.

2.9 Biosurfactant extraction and analysis

Overnight seed cultures of FA-2 were inoculated (5%, v/v) into
3000 ml of medium E supplemented with 0.1% NaNO3 and 0.1%
yeast extract under strictly anaerobic conditions,35 and then
shaken at 100 rpm for 72 h. The culture broth was centrifuged
(Himac Centrifuge SCR20BA, HITACHI) at 10 000 � g for 20 min
at 4 �C to obtain a cell-free supernatant. The supernatant was
treated with 6 mol l�1 HCl to adjust the pH to 2.0 and placed at
4 �C for overnight for acid precipitation. The precipitate was
harvested by centrifugation at 10 000 � g for 30 min at 4 �C. The
product was leached thrice with a 2 : 1 chloroform–methanol
mixture. The organic phase was collected to concentrate bio-
surfactant using a rotary evaporator (RE-2000, Shanghai YAR-
ONG) at 50 �C aer which the precipitates were redissolved and
transferred to a lyophilizer. The mass of freeze-dried extract was
measured to determine the yield of crude biosurfactant.

The biosurfactant was rst identied by thin-layer chroma-
tography (TLC), modied from Cooper.36 A sample of bio-
surfactant was dissolved in methanol and spotted on silica gel
plates, which were eluted with chloroform/methanol (10 : 9, v/
v). The ninhydrin reagent (composed of 0.3% ninhydrin and
3% glacial acetate acid in butanol) was evenly sprayed to the
sheets. The sheets were put into 95 �C oven for drying. The
lipopeptide was determined by appearance of a red spot on the
plate.

Fourier transform infrared spectroscopy (FT-IR) analysis was
employed to identify the molecular structure of the bio-
surfactant. The sample was dissolved in dichloromethane and
then subjected to FT-IR (NICOLET380, Thermo Electron
Corporation, USA). FT-IR spectra were collected between 400
and 4000 cm�1 wave numbers.
This journal is © The Royal Society of Chemistry 2017
2.10 Liquid chromatography/tandem mass spectrometry
analysis

The crude biosurfactant was further analyzed by liquid
chromatography-mass spectrometry (LC-MS) as described previ-
ously.37 A TSQ Quantum Access Max Triple Quadrupole mass
spectrometer (Thermo Scientic, San Jose, CA) equipped with
a reversed-phase HPLC column (Waters Atlantis T3 Column,
Waters Corporation, Dublin, Ireland, 4 2.1� 150 mm) was used.
Chromatographic analysis was carried out using a gradient
elution program [acetonitrile : H2O (1% triuoroacetic acid),
10% : 90%, v/v (0–20 min); 60% : 40%, v/v (20–30 min); 100% : 0,
v/v (30–50 min)] at a ow rate of 0.3 ml min�1. The absorbance
was detected at 220 nm. All detection was in positive mode.

Further MS2 measurement on [M + H]+ ion of the metabolite
was conducted on the LC-MS machine described above using
the same program.
2.11 CMC, emulsication capacity, oil displacement,
biosurfactant stability

The surface tension of a series of biosurfactant concentrations
was measured for the determination of critical micelle
concentration (CMC).38 A stock solution of the crude bio-
surfactant (1 g l�1) was prepared in distilled water and various
dilutions were made to obtain the concentrations from 10 to
150 mg l�1. The CMC was determined from the plateau in the
curve of surface tension to biosurfactant concentration.

Emulsication capacity for different hydrophobic substrates
was determined by measuring the emulsication index (E24)
according to Cooper and Goldenberg.39 For this determination,
4 ml of biosurfactant solution was blended with 6 ml of
hydrocarbons, i.e., liquid paraffin, kerosene, crude oil, olive oil,
RSC Adv., 2017, 7, 20667–20676 | 20669
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Fig. 1 Scanning electron microscope images of P. stutzeri DQ-1 (a), B. mojavensis JF-2 (b) and fusant strain FA-2 (c). The cells were surveyed
under 24 000� scale and the green bars show the length and width of each cell.
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n-heptane and xylene, and vigorously vortexed for 2 min. The
mixtures were allowed to stand for 24 h at room temperature.
The emulsication index (E24) was calculated using the
Fig. 2 Effect of temperature, pH, and salinity on surface activity and bio
mean value of triplicate samples. Error bars show the corresponding sta

20670 | RSC Adv., 2017, 7, 20667–20676
following equation: E24 (%) ¼ HEL/HS � 100, where, HEL is the
height of the emulsion layer, and HS is the height of the total
liquid column.
surfactant production of the fusant FA-2 culture. Data points are the
ndard deviation.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Effect of various carbon and nitrogen sources on biosurfactant
production and surface activity of the fusant strain FA-2. Data points
are the mean values of triplicate samples. Carbon sources, (A)
sunflower seed oil; (B) coconut oil; (C) olive oil; (D) soybean oil; (E)
liquid paraffin; (F) crude oil; (G) glycerol; (H) sucrose; (J) corn steep
powder; (K) molasses; (L) glucose. Nitrogen sources, (M) corn steep
powder; (N) yeast extract; (R) tryptone; (S) sodium nitrate; (T) ammo-
nium nitrate; (U) potassium nitrate; (V) ammonium sulfate; (W)
ammonium chloride.
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To measure oil displacement activity of the biosurfactant,
twenty milliliters of distilled water was added to a Petri dish (90
mm of diameter), followed by the addition of 20 ml of crude oil
to the surface of the water. Ten microliters of a culture was
added to the center of the oil layer.40,41 The diameters of clear
zones were measured for triplicate samples.

Biosurfactant stability at various pH ranging from pH 3–11,
salt concentrations from 3–25% and temperatures from 20–
121 �C were determined. Biosurfactant was exposed to each of
these conditions for 3 h, and then the surface tension and E24
were measured at room temperature.

2.12 Physical simulation core ooding experiment

The effectiveness of fusant FA-2 for MEOR was tested in an
articial core at 39 �C simulating the oil reservoir conditions at
Luliang, Xinjiang Oil Field. Each stainless-steel column was
packed with an articial core made of original rock from oil
reservoir (inner diameter 3.2 cm, length 29.9 cm, pore volume
60.0 ml) with 373.3 cm d�1 permeability. Two columns were
used for the experiment and the columns simulated the
heterogeneity of the reservoir rock. The columns were saturated
with oil-eld injected water of Luliang aer vacuum pumping
and then ooded with crude oil of Luliang until residual brine
was saturated. Aer aging at 39 �C for 24 h, the columns were
ooded again with injected water until the water cut of
produced liquid was higher than 98%. Then, 1 pore volume (PV)
of anaerobic medium inoculated with 10% bacteria FA-2 was
injected into the column (JZ-14 2), while the control column (JZ-
14 20) was injected 1 PV of anaerobic medium, and both
columns were incubated at 39 �C for 10 d. In the subsequent
water ooding, the same injected water was used to ood the
column. The ow velocity for the ooding was set at 1 ml min�1.
The volume of oil released and the water cut in the produced
water were measured. The enhanced oil recovery (EOR) (%) and
water cut (%) were calculated as the description by Sun.23

3 Results and discussion
3.1 Screening of fusants

In this study, 356 fusant strains were obtained, and 18 colonies
that produced hemolysis circles were isolated preliminarily and
incubated in anaerobic medium in anaerobic pipes. The
selected fusant strains were named FA-1–FA-18. FA-2 had the
most effective biosurfactant-producing capability based on the
largest diameter of the oil spreading assay and therefore was
chosen for further study (Table 1).

3.2 Comparison of fusant FA-2 to parent strains

The differences in colony morphology between parent strains
and FA-2 were signicant. The colony of B. mojavensis JF-2 was
volcano-shaped and white in color, while that of FA-2 was at,
yellow-white, dry, and circular. The colonial diameters of parent
strain JF-2 were 3–6 mm. In contrast, the colony of FA-2 was
larger (12–15 mm). Scanning electron microscopy revealed that
FA-2 was morphologically dissimilar to either of the parent
strains (Fig. 1).
This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 20667–20676 | 20671
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FA-2 grew well anaerobically exhibiting a maximum optical
density of 1.4–1.8 (600 nm) while JF-2 grew poorly reaching
a maximum OD of only 0–0.1. The hereditary stability of FA-2's
anaerobic lipopeptide production was tested by subculturing
the engineered strain. FA-2 exhibited rapid anaerobic growth
and surfactant production aer 10 successive subcultures,
suggesting that FA-2 had high genetic stability. FA-2 had no loss
of lipopeptide-production capacity even subcultured sequen-
tially which demonstrated stable genetic characteristics and
reliable potential in eld trial.
3.3 The effects of temperature, salt concentration, and pH
on anaerobic growth of FA-2

The optimal temperature for strain FA-2 to produce bio-
surfactant was 40 �C, same with the in situ temperature of
Luliang. Within 25–50 �C, the surface tension of the culture
broth was distinctly lowered, but lower temperature or higher
temperature would cause decline in biosurfactant production
(Fig. 2). FA-2 functioned well in a wide range of pH (4.5–10.0),
but favored neutral and slightly alkaline environment. The
diameter of the oil spreading circle and surface tension of
culture broth was linearly correlated with the yield of bio-
surfactant.41 Biosurfactant production of FA-2 was inhibited by
high salt concentration, dropping signicantly when the NaCl
concentration was over 10%.
3.4 Optimization of carbon and nitrogen sources

Sucrose was the best carbon source tested with respect to
surfactant yield efficiency, since it had the most signicant
Fig. 4 (a) FTIR spectrum of the crude biosurfactant recovered from cell
chromatography of purified biosurfactant; (c) tandem mass spectra of p

20672 | RSC Adv., 2017, 7, 20667–20676
reduction in surface tension (from 60.7 to 28.5 mN m�1) and the
largest oil spreading circle (37 mm) (Fig. 3). The effect of glucose
was slightly inferior to sucrose. Vegetable oil could also be
utilized by FA-2 for growth and biosurfactant production. As
complex C and N sources, corn steep powder and molasses were
not well utilized by FA-2.

For nitrogen source utilization, all the nitrates contributed to
biosurfactant production as the surface tension of culture broth
was below 30 mN m�1 and the diameter of oil spreading circle
was over 27 mm. Yeast extract was also a suitable nitrogen
source for biosurfactant production since the surface tension
dropped to 29.7 mN m�1 and the diameter of oil spreading
circle was 29 mm (Fig. 3).

3.5 Biosurfactant determination

The output of the crude biosurfactant was 382 mg l�1 which
was considerable. Huge amount of bacterial strains was ob-
tained with prominent biosurfactant production in previous
studies. Wickerhamomyces anomalus PY189 produced 570 mg
l�1 of biosurfactant under optimized conditions reducing the
surface tension of the media from 42.5 mN m�1 to 36.5 mN
m�1 aer 7 days of cultivation.42 Raw glycerol was used as the
sole carbon source for biosurfactant production by Bacillus
subtilis LSFM-05, and the highest yield (1370 mg l�1) of bio-
surfactant was get at 60 h of incubation.43 Highest production
of biosurfactant, 844, 755 and 2158 mg l�1 for Bacillus subtilis
#309, #311 and #573 respectively, were yielded using sucrose
as the carbon source.16 Maximal production of 1500 mg l�1 of
surfactin was yielded by Bacillus subtilis ATCC 21332 with Mn2+

addition.44 The production of the biosurfactant in our study
-free supernatant of FA-2; (b) reversed phase high-performance liquid
eak 35.37 in (b); (d) tandem mass spectra of peak 36.90 in (b).

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Relationship between surface tension and the crude bio-
surfactant concentration anaerobically produced by FA-2.
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was lower than that in the studies mentioned above; however,
the biosurfactant from FA-2 was obtained from anaerobic
culture and was demonstrated with higher surface activity.

A sample spotted on TLC plates and stained with ninhydrin
revealed red spots on silica plates indicating the material con-
tained amino acids. The IR spectrum showed bands charac-
teristic of peptide bonds at 3400 cm�1 (stretching mode of NH)
and at 1651 cm�1 (CO–N bond stretching mode) (Fig. 4). The
bands at 1436 cm�1 and 1258 cm�1 suggested the presence of
aliphatic chains (–CH3–, –CH2–) (Fig. 4). These results imply the
presence of a peptide-like moiety as well as aliphatic hydro-
carbons in the biosurfactant.

The crude biosurfactant was analyzed by reverse-phase HPLC
(Fig. 4b) and LC-MS (Fig. 4c and d). The results showed that the
biosurfactant extract contained at least 2 components. And the
main peak showed ions atm/z of 1036.50 ([M + H]+), 1058.41 ([M
+ Na]+). The MS2 analysis of the mother ion 1036.50 showed
a specic ion at m/z 685.08, which is a specic ion for surfactin
type biosurfactant produced by Bacillus sp.37,45 We further
compared the fragmentation ions from the MS2 spectrum
generated from the mother ion 1036.50 with those reported
MS2 data of surfactins.37,45 Taken all these together, the main
biosurfactant produced by FA-2 was deduced to be C15 surfactin
(Ile7 or Leu7).37
Fig. 5 Effect of temperature, pH, and salinity on the stability of the biosu
samples.

This journal is © The Royal Society of Chemistry 2017
3.6 Measurement of CMC, emulsication capacity,
biosurfactant stability

The crude surfactant reduced the surface tension of water
from 64.7 to 31.2 mN m�1 as the biosurfactant concentration
increased to 60 mg l�1 (Fig. 6). The surface tension did
rfactant produced by FA-2. Data points are the mean value of triplicate
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Table 2 Emulsification index (E24) of the biosurfactant solution tested
against various hydrocarbons. Data are means � standard deviation of
4 replicates

Hydrocarbon E24 (%)

Liquid paraffin 53.2 � 1.3
n-Hexadecane 50.0 � 0.9
Kerosene 43.6 � 0.6
Olive oil 53.3 � 1.1
n-Heptane 45.7 � 1.3
Crude oil 58.6 � 1.8
Xylene 49.1 � 0.5
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not decrease further with increasing biosurfactant concen-
tration and therefore the CMC was estimated at 60 mg l�1;
close to that of the biosurfactant obtained by Nitschke and
Pastore.46

The results indicated the biosurfactant produced by FA-2 was
capable of emulsifying linear, cyclic, long-chain and short chain
hydrocarbons as indicated by the maximum emulsication
index values obtained with crude oil (Table 2).

Incubation of cell-free broth at various temperatures did
not show any remarkable effect on the surface activity of the
biosurfactant solution, therefore the biosurfactant substrate
was deemed thermally stable (Fig. 5). However, activity of
the biosurfactant solution was affected by pH and salinity.
When pH was too acid, the surface tension was high and the
E24 values were low, comparable to surfactant-free controls
with a surface tension of 66.9 mN m�1 and E24 of 0. The
increase of salinity also decreased the surface activity of the
biosurfactant.
Fig. 7 Growth of FA-2 and surface tension of the culture broth under
anaerobic fermentation at 37 �C, and changes in pH, DO and ORP
during the cultivation.
3.7 Growth of FA-2 in anaerobic fermentor

During growth, OD600 increased slightly for the initial 21 hours
and surface tension (ST) decreased from 62.9 to 55.6 mN m�1.
Aer 21 hours, the OD600 began increasing exponentially and
eventually entered a stationary phase at 51 h (Fig. 7). Meanwhile
ST dropped dramatically and reached a minimum of 30.2 mN
m�1 at 54 h. Aerwards, OD600 began to decrease and ST
increased, because the death rate surpassed the reproduction
rate. Biosurfactant yield was calculated by oil-spreading tech-
nique. The highest biosurfactant production rate occurred
between 24 and 51 h with a largest diameter of 15 mm. The
results of cell growth, surface tension, and biosurfactant yield
are consistent. During the fermentation, dissolved oxygen (DO)
was maintained at 0 mg l�1 and oxidation–reduction potential
remained below 0 mV during the experiment, demonstrating
that the fermentation was performed under strictly anaerobic
conditions (Fig. 7).
3.8 Recovery of crude oil from the physical simulating core

Water ooding resulted in an oil recovery of 1.07% and water
cut of 98% (Table 3). A bacterial suspension of FA-2 supple-
mented with nutrients equivalent to one PV was injected aer
water ooding to assess the potential enhancement of oil
20674 | RSC Adv., 2017, 7, 20667–20676
recovery by the surfactant-producing bacteria. The injected
engineered bacteria produced lipopeptide by consuming sup-
plemented nutrients in the core which was demonstrated by the
surface tension reduction in the ood water. The MEOR value of
the core was 5.22%.

Most studies have been launched for lipopeptides produc-
tion under aerobic moderate conditions, while more impor-
tance has been placed on biosurfactant production under
extreme conditions.47 The yield of the lipopeptide C9-BS
produced by B. subtilis C9 under O2-limited conditions was
3-fold higher than that under O2-sufficient conditions.48 C9-BS
exhibited high surface tension reducing capacity, smaller
CMC value, and high level of thermal stability. A thermophilic
Bacillus strain was isolated from a hydrocarbon containing
medium for lipopeptide production at up to 50 �C. Culture
broth with produced lipopeptide had low surface and inter-
facial tension and recovered more than 95% of the residual oil
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra02453c


Table 3 Results of physical simulation flooding test. The columns were first flooded with injected water until the water cut of produced liquid
was higher than 98% to get the enhanced oil recovery (EOR). JZ-14 2 was then flooded by bacterial culture and JZ-14 20 was flooded by water

Test number Test core
EOR of water
ooding (%)

Injection volume
(PV)

Ultimate recovery
(%)

Enhanced recovery
(%)

1 JZ-14 2 56.82 FA-2 (1.0) 62.04 5.22
2 JZ-14 20 53.63 CK (1.0) 54.7 1.07
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from sandpack columns.9 The lipopeptide showed application
potential in oil industries.

The anaerobically produced lipopeptide by FA-2 in this
research had substantial surface reducing and emulsication
capability for MEOR application. Youssef et al. studied the
biosurfactant production by Bacillus in limestone petroleum
reservoir and detected average 90 mg l�1 in produced uids of
inoculated wells which is about nine times the minimum
concentration required to mobilize entrapped oil from sand-
stone cores.28 Further studies of Youssef et al.49 in two oil wells
found that the increase in oil recovery corresponded directly
with biosurfactant production and 52.5 m3 of additional oil
occurred in the rst 60 days of sampling. The results in our
work and previous studies showed the feasibility of stimulating
in situ biosurfactant production and increase oil recovery from
oil reservoirs.
4 Conclusion

We describe here the rst engineered bacterial strain for
anaerobic biosurfactant production under extreme environ-
mental conditions by polyethylene glycol-induced protoplast
fusion. The engineered strain (FA-2) showed mixed physio-
logical phenotypes of both parents, B. mojavensis JF-2 and P.
stutzeri DQ1, such as positive Gram reaction, rod shape,
anaerobic biosurfactant production, rapid anaerobic growth,
and adaptability to extreme environments. FA-2 produced
similar lipopeptide anaerobically with that of B. mojavensis JF-
2. The capacity of lipopeptide production remained stable
even subcultured continually which demonstrated stable
genetic characteristics and reliable potential in eld trial. The
exibility and adaptability of FA-2 under extreme conditions
was emphasized, since this bacterial strain was aimed at in situ
application for MEOR. FA-2 functioned well at temperatures
up to 50 �C, pH range of 4.5–10.0, and salt concentrations as
high as 10%. The fermentor tests conrmed the mass growth
and biosurfactant production of FA-2 under anaerobic condi-
tions. The MEOR value of the core ooding experiment
simulating oil reservoir conditions was 5.22%. Therefore,
bioaugmentation of FA-2 will be a promising approach for in
situ MEOR.
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