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Abstract

Biosurfactants offer numerous advantages over the chemical surfactants, especially in energy and environment-related
applications. Microbial enhanced oil recovery (MEOR) is a technique to recover oil from reservoirs by using microbes and
their metabolites. In present study, total sixteen morphologically distinct bacterial strains isolated from different salty areas
of the district Khairpur Mir’s, Pakistan, were investigated for their MEOR potential. Screening assays for thermotolerance
and halotolerance declared 7 out of 16 (43.75%) bacterial isolates as thermotolerant (capable of growing in the temperature
range 60-70 °C) and halotolerant (tolerating NaCl concentrations up to 17%, w/v). Moreover, five of them were screened
as biosurfactant producers. Among, the lowest surface tension reduction was achieved with biosurfactants produced by the
strains KI2MO (27.8 mN/m) and KJ2SK (29.3 mN/m). The biosurfactant activity was found stable at temperature (100-
121 °C, 1 h) and pH (4-10). Moreover, maximum oil recovery was obtained with biosurfactant of bacterial strain KIZMO
(54.7%, 51.25%) followed by KJ2SK (44.7%, 40.5%), KIIWB (37%, 35.5%) and KI2MD (37.8%, 31.9%) by using either
techniques, i.e., soil washing and sand-packed column, respectively. Moreover, the potent species were identified as Pseu-
domonas pseudoalcaligenes KITWB, Bacillus aerius KI2MD, Bacillus licheniformis KI2SK, and Bacillus subtilis KIZMO
using 16S rRNA ribo-typing. The investigated species were found to be promising biosurfactants producers having potential
for enhanced oil recovery and could be used in other environmental applications like bioremediation.

Introduction with currently available technology (USA EIA Report, 2013)

[1]. The microbial enhanced oil recovery (MEOR) offers

Pakistan is one of the top ten countries having highest shale
oil reserves comprising almost 227 billion barrels oil, but
only 9.1 billion barrels oil has been reported as recoverable
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an environment-friendly, cost-effective and easy alterna-
tive to conventional technology such as chemical flooding
[2]. Among proposed MEOR applications, the use of bio-
surfactants has received much interest of the scientists as
reflected from the increased review publications and patents
worldwide [3-8].

Although MEOR has been acknowledged and applied
around the world, at the same time, it is criticized for its fail-
ure on fields due to challenges posed by extreme conditions
of the oil reservoirs, e.g., decreased permeability and poros-
ity, elevated temperature as well as salinity. Such extreme
conditions, however, are currently a limitation for MEOR
applicability, but at the same time, it opens new vistas of
research to explore appropriate solutions to such problems.

Microorganisms, especially bacteria, can grow under
extreme conditions and produce enormous amounts of valu-
able metabolites by growing on cheap substrates [9, 10].
The development of biotechnological research has resulted
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in the oil industry to be more open for microbial evaluation
to enhance oil production. On the basis of microbial adapt-
ability to the reservoir, both indigenous as well as injected
microorganisms can be used [11, 12]. Both, microorganisms
and biosurfactants, are sensitive to among other things, the
salinity and temperature in the reservoir, which may cause
some limitations to the use of biosurfactants in enhanced
oil recovery. For example, the sodium chloride content in
the reservoirs is a very important factor for MEOR. Sodium
chloride makes up over 90% of the total amount of dis-
solved solids in a reservoir; it is therefore important that the
selected bacteria are tolerant of sodium chloride. The exist-
ing halophilic bacteria can grow in a saturated solution of
sodium chloride [12]. Another challenge for the bacteria in
an oil reservoir is the osmotic pressure, caused by the high
level of sodium chloride. Under normal conditions, the bac-
teria will be shrinking because of the high level of sodium
chloride that drives the water out of the cell membrane [13].

Likewise, the temperature in the oil reservoir is also a
very crucial factor regarding the growth of the bacteria. The
temperature increases with the increasing depth of the res-
ervoir and can reach up to 200 °C. The temperature in most
oil reservoirs lies below 150 °C. Bacteria can be split into
groups depending on their optimum temperature: Thermo-
philic bacteria, with minimum temperature requirement of
65 °C, are called hyperthermophiles. Since the temperature
is an extremely important factor for the growth of microor-
ganisms, it is essential to choose bacteria that have adapt-
ability for high-temperature ranges. Likewise, the bacteria
also need to be selected according to the specific conditions
of the oil reservoir. If the temperature is too high or low
for the selected bacteria, there will be no bacterial growth
[14]. Therefore, one of the possible options is to use either
halotolerant and thermotolerant microbes or their metabolic
products such as biosurfactants, which show stability at a
wide range of temperature and salinity. The increasing tem-
perature in the reservoir cause a decrease in critical micelles
concentration (CMC) of the biosurfactants produced by bac-
teria, making biosurfactants more effective for decreasing
the surface tension at high temperatures [15], for which the
salinity will be an advantage. It is also important to mention
that the characteristics of biosurfactant like their efficacy and
solubility might be affected by pH and high salt concentra-
tions [16, 17].

The extreme environments of Pakistan such as deserts,
hot-springs, salt-mines and hyper-saline environments have
been recently reviewed and were considered as treasure
chest for novel halophilic/halotolerant and thermophilic/
thermotolerant microorganisms [18]. Exploring such envi-
ronments could also lead to the discovery of some high-
potential microbial candidates for biotechnological applica-
tions. Therefore, having such aim, it is the first study from
Sindh, Pakistan, to explore halo-thermotolerant bacteria

from unexplored hyper-saline environments having great
potential for biosurfactants production and application in
MEOR.

Materials and Methods
Isolation of Halo-thermotolerant Bacteria

Different samples of muddy soil, salt, and saline water were
collected from different sites of hyper-saline areas near
Kolab Jeal, and Naroo Dhoro towns of district Khairpur,
Sindh, Pakistan, for the isolation of halo-thermotolerant bac-
teria. All the collected samples were processed for bacterial
isolation using a tenfold serial dilution method. Briefly, the
mud, water, and salt samples (1 g or 1 mL for solid and
liquid samples, respectively) were suspended into sterile
distilled water (9 mL) and successive dilutions were made
by transferring 1 mL from each test tube to the next up to
10~ dilutions (v/v). Subsequently, an aliquot of 0.1 mL of
each dilution was taken and spread evenly over the surface of
nutrient agar medium (Oxoid, UK) plates followed by incu-
bation (37 °C for 24 h) [19]. After incubation, the isolates
were characterized based on their cultural, morphological
and biochemical characteristics.

Screening for Halotolerant and Thermotolerance

The pure bacterial isolates were screened for their growth
at different salt concentration and elevated temperature. For
this purpose, the bacterial isolates were inoculated on the
medium (Nutrient agar) containing different NaCl concen-
trations ranging from 1 to 17% and at temperatures ranging
from 45 to 70 °C for different time intervals, for the growth
of potential bacteria.

Screening of Biosurfactants Production

Luria bertani (LB) medium (Bactotrptone 10 g, NaCl 10 g,
yeast extract 5 g/L) and minimal salt medium (MSM) were
used for screening of biosurfactants as described by Najafi
et al. [20] MSM medium containing (g/L); (NH,),SO, 1,
MgSO, 0.25, NaCl 50, K,HPO, 13.7, KH,PO, 2.7, and
1% of the trace elements MnSO,-H,0 3, FeSO,-7H,0
0.1,CaCl,2H,0 0.1, ZnSO,*7H,0 0.1, CuSO,-5H,0 0.01,
H;BO; 0.01 and 1% Kerosene oil (v/v) as hydrocarbon
source. The pH of the medium was adjusted to 7.0 using
hydrochloric acid (HCI) and 1 N (NaOH). A single colony
of each isolate was taken from the plate and transferred into
100 mL of LB and MSM liquid media. The culture broths
were incubated at 50 °C in the rotatory shaker (Innova
4900, Germany) 150 rpm for 4 days. Growth and biosur-
factant production were examined under aerobic conditions.
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Samples (10 mL) were taken at different time points during
the fermentation to determine biomass concentration and
biosurfactant production. Bacterial growth was determined
by measuring the optical density using a spectrophotom-
eter (Jenway 6300) at 600 nm. Afterward, the samples were
centrifuged (1792xg for 15 min) and cell-free supernatants
(CFS) were collected and used to measure the different
assays such as oil displacement activity by standard and
modified method (glass slide), emulsifying activity and
surface tension measurement.

Oil Displaced Activity (ODA) (Modified Method)

This method of oil displaced technique was done by an oily
glass slide. The 10 pL of CFS was placed on the surface of
oily glass slide and compared with control which contained
a drop of distilled water, and the zone of displacement was
measured.

Oil Spreading Technique (Standard Method)

Oil spreading technique (OST) was carried out according to
the method as described by Youssef et al. [21]. Fifty millilit-
ers of distilled water was added in a Petri dish followed by
addition of 100 L of crude oil (Bonny Light) to the surface
of the water. Then 10 pL of the supernatant were dropped on
the crude oil surface. The diameter of clear zone on the oil
surface was measured using a meter rule and the time taken
to achieve the spread was also noted, the distilled water was
used as control in this method.

Emulsification Assay

The emulsification potential of the biosurfactants was deter-
mined using method of Cooper et al. [22]. In this method,
1 mL kerosene oil was taken in a tube and 1 mL of cell-free
supernatant was added and the mixture was vortexed at high
speed for 2 min. After leaving the mixture to stand for 24 h,
height of the stable emulsion layer was measured in terms
of emulsification index (EI,,). This was calculated as the
ratio of the height of the emulsion layer and the total height
of the liquid.

Surface Tension Measurement

The surface tension was measured by using Tensiometer
(K20 Easy Dyne tensiometer, Kruss, Germany) according to
the instructions of the manufacturer. The platinum plate was
dipped just below the surface of 15 mL of the liquid. Subse-
quently, the force to move this plate from the liquid phase to
the air phase was determined. The values were taken as the
mean of 20 measurements were calculated.
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Biosurfactant Stability

The stability of biosurfactants at different temperature
ranges viz. 80 to 100 °C, at 10 °C, and 121 °C was carried
out by incubating the biosurfactant solution for 30 min for
15 min, and then cooled to room temperature.

Effect of Sodium Chloride

The effect of sodium chloride on biosurfactants produced
by test bacterial isolates was determined by adding concen-
trations ranging from (5 to 20% w/v) to the biosurfactant
solution and allowed to stand for 30 min. The emulsification
indexes of each treatment were determined at the end of each
experiment.

pH Stability

Stability studies were carried out using 0.1% (w/v) bio-
surfactant solution in 0.1 M-phosphate buffer, pH 7.0. The
effect of pH on the biosurfactant activity was performed by
introducing the biosurfactant solution into test tubes and the
pH adjusted to various values (4-6-7-8-10) using HCI and
NaOH solution and kept at room temperature.

Soil Washing Technique

The recovery of oil using soil washing technique was carried
out according to Urum and Pekdemir [23]. In this method,
the oil recovery was evaluated using soil (loamy soil col-
lected from garden) artificially contaminated with used
engine oil (UEO). The soil samples (10 g) were dried in
hot air oven (initially at 200 °C for 2 h and then at 50 °C
for 24 h) and mixed with 20 mL used motor oil in 100 ml
Erlenmeyer flasks by shaking (100 rpm) for 24 h. On the
next day, oil effluent was determined and flasks were washed
with brine solution (5% NaCl) 4-6 time, oil recovered with
brine was calculated. Afterward, the cell-free broth contain-
ing biosurfactants was loaded and allowed for 24 h. After
this, the soil was washed twice with CFS and final recovery
of oil and its volume was measured gravimetrically. The
control experiments were performed using distilled water
under condition, whereas this experiment was performed
in triplicate.

Sand-Packed Column

This experiment was carried according to Pathak and Keharia
[24] with minor modifications in sand packed column prepara-
tion. A 100-g dried sand was packed in an empty glass column
and wetted with brine solution (5% NaCl w/v) and PV (pore
volume) was determined. Column was completely saturated
with 3 XPVs brine solution, then completely saturated with
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UEO. Once the UEO entered in the column, the brine solution
was released out of the matrix of sand and it was collected
and calculated as initial oil saturation (Soi). This oil-saturated
glass column was then washed with 4—-6 PVs of brine solu-
tion until no more oil was discharged in the effluent. The oil
retained such as residual oil saturation (Sor) after the brine
solution wash was calculated on the bases of oil loaded and
oil discharged in the effluent from the column. Finally, CFS
of 4-day-old bacterial culture containing biosurfactants was
then loaded into the oil-saturated column and allowed to stand
for one day. The amount of additional oil recovered after 24 h
was calculated. This experiment was repeated three times to
estimate the efficiency of biosurfactant-producing bacterial
isolates for EOR using sand-pack column the percentage of
oil recovery was also calculated as described by Pathak and
Keharia [24].

Molecular Identification and Phylogenetic Analysis

The bacterial isolates having maximum halo-thermotolerance
and potential biosurfactant producers were selected for molec-
ular characterization using 16S rRNA sequence homology
as described previously [25]. The bacterial isolates in pure
glycerol stocks were sent for commercial amplification and
sequencing of the 16S rRNA gene to Macrogen Inc., Seoul,
Korea. The amplified nucleotide sequences were obtained
and interpreted for similarity index or sequence homology at
NCBI GenBank database using the Basic Local Alignment
Search Tool (BLAST) against available reference nucleotide
library. The phylogenetic distance trees with closely related
bacteria were re-constructed using Molecular Evolutionary
and Genetic Analysis-X (MEGA-X) software version 10.0
using the Maximum Likelihood method and bootstrap tests
[26]. All the 16S rRNA sequences were then submitted in the
GenBank database and respective GenBank accession num-
bers were obtained.

Statistical Analysis

All the experiments were run in triplicate under specified labo-
ratory conditions. The data of each triplicate experiment were
managed and statistically analyzed for mean, standard devia-
tion, and analysis of variance (ANOVA) followed by Least sig-
nificant difference (LSD) estimation at an alpha 0.5, i.e., 95%
probability (P <0.05) using MS-Excel (v2010). Furthermore,
all the figures and tables were prepared in MS-Excel (v2010),
unless mentioned otherwise.

Results

Sixteen (16) morphologically distinct bacterial colonies
were isolated from the seven collected samples. Among
them, only 1 bacterium was found Gram-negative bacillus,
2 g-positive cocci and the other 13 were Gram + bacilli.
Furthermore, all the bacterial isolates were studied for
their cultural and biochemical characteristics (Supplemen-
tary file Table S2). Thereafter, the bacterial isolates were
preliminarily screened for thermotolerance and halotoler-
ance based on their growth under different temperature
and salt concentrations, respectively. The bacterial isolates
KJIMC, KJ2MD, KI2WE, KJ2MF, KJ2SK, KJ2SL, and
KJ2MO were found to grow at 60 to 70 °C (Supplementary
file Table S3). On the other hand, KJIMC, KJ2SK, KJ2SL,
and KJ2MO isolates were found to grow up to 17% of salt
concentration (Supplementary file Table S4).

Screening for Biosurfactant Production

All sixteen bacterial isolates were screened for their biosur-
factants production capability using LB and MSM media
(NaCl conc. 5%, 50 °C, 150 rpm for 4 days). Among them,
8 isolates viz. KIITWA, ND11I, KITWM, KJ1WN, KJ1WP,
NDG, NDH, and ND2J exhibited no or slow growth, while
the remaining 8 isolates viz. KIIWB, KIIMC, KI2MD,
KJI2WE, KJ2MF, KJ2SK, KJ2SL, and KJ2MO were found to
exhibit best growth absorbance (Fig. 1). Afterwards, the col-
lected CFS was used to screen the biosurfactant production
potential of the selected isolates using ODA, OST, emul-
sification and SFT measuring methods. For OST, Fig. 2a
illustrates that among all bacterial isolates, nine isolates (i.e.,
KJ1WB, KJI1MC, KJ2MD, KJ2WE, KJ2MF, ND2J, KJ2SK,
KJ2SL, and KJ2MO) revealed positive results ranging from
5 to 19 mm of a clear zone of oil displacement, while oth-
ers found to be negative. The CFS containing biosurfactants
would displace oil and form a clear zone which indicates the
potential of bacterial isolate for biosurfactants production.
Likewise, the modified ODA method was also validated to
screen and confirm the biosurfactant-producing bacterial
isolates. This method is easy to perform as it requires small
sample volume (10 pL) and performed on the surface of an
oily glass slide as shown in the supplementary file Fig. S1.
Among, only 4 bacterial isolates displayed positive result,
whereas 12 were found negative for oil displacement activ-
ity by a modified method. Therefore, it was considered as
to be more robust method in terms screening best microbial
isolates having biosurfactant production potential.
Moreover, the kerosene-emulsifying potential of the
biosurfactants produced by the bacterial isolates was
checked using emulsification assay as described earlier.
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Out of 16 bacterial isolates, only 7 isolates viz. KITWB,
KJIMC, KJ2MD, KJ2MF, ND2J, KJ2SK, and KJ2MO
showed positive results (Fig. 2b). The best biosurfactants
production was exhibited by KJI1WB, KIIMC KJ2MD,
KJ2SK, and KJ2MO isolates, which were then selected
for secondary screening experiments, i.e., SFT measure-
ment, for the confirmation of biosurfactant production.
The results of SFT reduction revealed that the lowest
SFT values were recorded by the isolate KI2MO (27.8
mN/m) followed by KJ2SK (29.3 mN/m). However, the
SFT reduction values for the isolates KJI2MD, KJ1WB,
KJ1IMC were found 35, 41, and 42 mN/m, respectively, as
shown in Fig. 2c.

Stability Study

The applicability of biosurfactants in several fields depends
on their stability at different temperatures and pH values.
Therefore, the biosurfactants stability was evaluated for
selected bacterial isolates only, i.e., KIIWB, KJIMC,
KI2MD, KJ2SK, and KJ2MO. Interestingly, the biosur-
factants produced by the isolates were stable over a wide
range of temperatures and pH. The stability in terms of
ODA of the biosurfactants produced by the isolates KITWB,
KJ1IMC and KJ2SK was achieved at 121 °C, whereas for
the isolates KI2MD and KJ2MO, it displayed maximum
ODA at 100 °C (Fig. 3a). Contrarily, the emulsification was
maximum for all the biosurfactants at 121 °C as compare
to 80-100 °C. It was thus found that the biosurfactants dis-
played excellent activity at elevated temperature ranges,
i.e., 100 °C or above. In addition, the maximum stability of
biosurfactants produced by KJIWB, KIIMC and KJ2MD
isolates was achieved at pH 6-8, pH 10, and pH 8, respec-
tively. Unlike others, the biosurfactants produced by the
isolate KJ2SK displayed best functional stability at pH 4;
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however, the isolate KI2MO indicates maximum stability at
pH 8 (in terms of ODA) and at pH 10 (in terms of emulsify-
ing activity) as shown in Fig. 3c, d.

Enhance Oil Recovery

The results of enhanced oil recovery (EOR) experiments car-
ried out by two different methods, viz. soil washing and sand
packed column, are represented in Fig. 4. For soil washing
technique, the percentage additional oil recovery (%AOR)
was achieved up to 54.7% (i.e., ~ 30% more than control),
when the CFS of bacterial isolate KI2MO was used. Simi-
larly, the CFS of the bacterial isolate KJ2SK containing bio-
surfactants resulted in %AOR of 44.7% from oil-contami-
nated soil. Additionally, the CFS of the other two bacterial
isolates viz. KITWB and KJ2MD displayed %AOR of 37%
and 37.8%, respectively, as compared to control, i.e., 24%
after 24 h of incubation.

Similarly, the enhanced oil recovery was also evaluated
using sand-packed column under two different experimental
settings, i.e., with and without CFS of the bacterial isolates.
The results of %AOR through sand-packed column are given
in Fig. 4. It was observed that the maximum oil recovery of
51.25% was attained with CFS of the isolate KJ2MO fol-
lowed by the bacterial isolates KJ2SK (40.5%), KI1WB
(35.5%) and KI2MD (31.9%), when compared with control
(i.e., 19%).

Molecular Identification of Selected Bacterial
Isolates

After preliminary identification and screening experiments,
the bacterial isolates were further selected for molecular
characterization using 16S rRNA ribo-typing. The 16S
rRNA gene sequence homology results revealed a 99%
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similarity index for all the (four) bacterial species, with
aligned sequences using the BLAST search tool of NCBI.
In general, the isolate KJIWB shared a close resemblance

Sample

with Pseudomonas pseudoalcaligenes M10. Contrarily,
the other three isolates viz. KI2ZMD, KJ2SK and KJ2MO
shared the closest similarity with different species of genus
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Fig.3 Functional stability of extracellular biosurfactants produced
by selected bacteria over a wide range of temperature and pH. The
biosurfactants’ stability at extreme temperature (80 °C, 100 °C and
121 °C) in terms of final activity in ODA (a, ¢) and emulsification

Bacillus, i.e., Bacillus aerius RGS230, Bacillus licheni-
formis BAB-1826, and Bacillus subtilis VKK-30L, respec-
tively, as shown in Neighbor-Joining (NJ) tree Fig. 5. The
nucleotide sequences of all the four isolates, i.e., KIIWB,
KJ2MD, KJ2SK and KJ2MO were then submitted to NCBI
GenBank under accession numbers MF470189, MF470190,
MF470191 and MF470192, respectively.

Discussion

In the present study, halo-thermotolerant bacteria were iso-
lated from high salinity areas of district Khairpur, in order to
use them for enhanced oil recovery applications through soil
washing and sand packed column methods. Microbial isola-
tion and preliminary characterization results revealed very
high abundance (94%, n= 15) of Gram-positive bacteria than
Gram-negative. Such dominance of Gram-positive bacte-
ria over Gram-negative could be attributed to their strong
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index (b, d) assays is shown using clustered column charts (a, b),
while the stability at varying pH (4-10) is shown using stacked col-
umn charts (¢, d)

survival strategies such as endospore formation and thicker
cell wall, which help them to tolerate harsh conditions like
high salinity and elevated temperatures [27]. The most domi-
nant Gram-positive bacterial genera found to inhibit saline
environments include Bacillus and Micrococcus. Similar
results were observed by Roohi and co-workers, who also
reported more number of Gram-positive isolates from hyper-
salinity areas [28]. Thus, our findings were also congruent
with previous studies [27-31].

Subsequently, 5-9 bacterial strains displayed efficient
biosurfactant production in media containing 5% NaCl, as
detected by different screening methods. According to the
previous studies, contradictory statements were found for
the use of NaCl ranging from 0 to 8% concentration for the
production and activity of biosurfactants [32, 33]. There-
fore, the NaCl concentration was maintained at 5% (w/v)
in the medium used for biosurfactant production through-
out this study. Although different assays related variation
in number of biosurfactant-producing isolates, the biomass
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Fig.4 Enhanced oil recovery by selected bacterial strains using soil
washing technique and sand-packed column methods. The clustered
column represents average values of triplicate experiments, whereas
the error bars display standard deviation (SD) among the repli-
cates. The data were statistically analyzed for analysis of variance
(ANOVA) followed by Least significant difference (LSD) estimation
at an alpha 0.5. The symbols “*’ and “**’ above column bars indi-
cate most significant results in increasing order of significance at 95%
probability (P <0.05)

determination was used to rule out possible false-positive
results. It can be clearly noticed that the isolates KI2ZWE
and KJ2WM showed significant biomass values Fig. 1, but
at the same time, could not display encouraging results in
biosurfactant screening assays. Therefore, on the basis of
biosurfactant screening results, finally four bacterial isolates
viz. KITWB, KI2MD, KJ2SK and KIJ2MO, were selected for
further studies. The molecular identification on the basis of
the 16S rRNA sequence confirmed the isolates to be spe-
cies of genera Pseudomonas and Bacillus. Congruently, the
biosurfactant producing Pseudomonas and Bacillus species
have been reported previously [17, 34-38]. Moreover, all
the four selected bacterial isolates were subjected to biosur-
factant production in MSM containing kerosene (1% v/v)
as a major carbon source for achieving the CFS containing
biosurfactants. These CFS samples were used for MEOR
experiments to recover UEO from contaminated soil/sand
using soil washing and sand-packed column techniques.

In general, the sand packed column method has been
appreciated worldwide as a simulated environment to the

oil reservoir as compared to the soil washing technique.
The later was mostly performed as a screening test, where
only ex-situ bioremediation has been targeted [23]. In this
connection, many scientists have reported oil recovery
through a sand packed column either by CFS containing
biosurfactants [24] or whole live microbial cells through
the bioaugmentation approach, [10, 38—40]. In the present
study, maximum oil recovery was achieved with CFS of
Bacillus subtilis KI2MO (50-55%) followed by Bacillus
licheniformis KJ2SK isolate (40-45%), while the CFS of P.
pseudoalcaligenes KJ1WB isolates displayed oil recovery
ranging between (35-38%) by either of two methods Fig. 4.
It was observed that the recovery of oil was slightly higher
up to 55% in the soil washing technique when compared
with sand packed column (51%). This difference could be
attributed to the frequent availability of oil as well as agita-
tion speed. However, the results of oil recovery by CFS of
B. subtilis KI2MO through sand packed columns were also
significantly better as compared to the previous reports, i.e.,
11.7% higher AOR than the B. subtilis K1 and 25.6% higher
than B. mojavensis JF2 [24, 41]. The biosurfactants-produc-
ing halo-thermotolerant bacterial isolates of this study offer
great potential for MEOR applications and could be used in
variety of other environmental applications such as biore-
mediation of oil-contaminated sites.

Conclusion

The biosurfactants-producing halo-thermotolerant bacte-
rial strains of present study have shown promising growth
and functional stability over a wide range of salinity and
temperature. The biosurfactants produced by the isolates
also maintained their functional stabilities at extreme tem-
perature (80-121 °C) and pH (4-10) ranges. Significant
EOR outcomes with CFS of the isolates KI2MO (54.7 and
51.25%) followed by KJ2SK (44.7 and 40.5%), KI1TWB
(37 and 35.5%) and KJ2MD (37.8 and 31.9%) as compared
to control (i.e., 24 and 19%) using both methods, i.e., soil
washing and sand-packed column, respectively, ascertain the
future potential of these biosurfactants-producing halo-ther-
motolerant isolates for variety of environmental applications
including enhanced oil recovery, biodegradation, cosmetics,
pharmacological, and agricultural fields.
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Fig.5 Neighbor-Joining (NJ) tree of bacterial isolates showing evo-
lutionary relationship with closely related taxa. The evolutionary
history was inferred using the Neighbor-Joining method [42]. The
optimal tree with the sum of branch length=0.28681359 is shown.
The percentage of replicate trees in which the associated taxa clus-
tered together in the bootstrap test (1000 replicates) are shown next
to the branches [43]. The evolutionary distances were computed
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