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Abstract

Background and objective: Biosurfactants are increasingly used by food industries due to
their low toxicities and unique structures. In this study, biosurfactants were produced and
characterized for the first time using acidic bacteria isolated from acidic hot springs in
Bushehr Province, Iran.

Material and methods: Screening and identification of the most efficient species for
biosurfactant production were carried out on 12 bacterial species using several experiments
such as hemolysis, surface tension, emulsification index and diameter of clear zone. In
addition to biosurfactant production, kinetics, stability and structural and thermal analysis
were carried out for the bacterial strains using thin layer chromatography, Fourier Transform
Infrared, nuclear magnetic resonance and differential scanning calorimetry.

Results and conclusion: The biosurfactant from the selected bacteria (0.1 g I™') was thermally
stable at 120°C for 30 min. Stability at temperatures up to 140°C was confirmed using

differential scanning calorimetry. The most significant novelty included the fact that the
surface property was preserved until an osmolarity of 4% w v'*. Decreased surface tension and
the emulsification potential were only reported at concentrations higher the highlighted
concentration. Biological assay showed that Staphylococcus aureus was susceptible to
produced biosurfactants, while no susceptibility was seen in Escherichia coli. Degeneration of
SW480 cell line exposed to 0.601 pg pl™ of the biosurfactant was detected after 24 h. The
structural analysis showed that the biosurfactant was similar to surfactin as a food
bioemulsifier.
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1. Introduction

Surfactants are surface-active agents accumulated at the
interfacial surfaces. Many organisms such as bacteria,
algae, yeast, fungi and animal cells include the ability of
producing these molecules which are found either attached
to the cell surfaces or in secreted forms [1]. As
amphipathic molecules, surfactants include hydrophilic
and hydrophobic  moieties, including glycolipids,
lipopeptides, fatty acids and polymeric and particulate
biosurfactants [2]. Biosurfactants include multiple
biotechnological uses in petroleum, food, pharmaceutical,

agriculture and cosmetic industries [3]. Relating chemical
synthetic surfactants, these biomolecules include several
advantages. Examples of these advantages include
biodegradation capability, low toxicity, bio-compatibility,
availability, environmental cleanup usage, exclusivity
linkage to specific functional groups, detoxification of
pollutants, special usage in pharmaceutical and cosmetic
industries, resistance to temperature, pH and ionic strength
and higher surface and interfacial activities [4,5].
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Therefore, attentions to these biomolecules as alternatives
to synthetic surfactants are rising. The biosurfactant
production in microorganisms is influenced by various
physiochemical factors, including carbon and nitrogen
sources, carbon-nitrogen ratio, pH, temperature and
agitation rate [1]. Literature reviews show no current
reports on the biosurfactant production ability of microbial
strains isolated from Iran hot springs. Therefore for the
first time in the current study, 12 bacterial species isolated
from acidic hot springs in Bushehr’s Province (south west
of Iran) were assessed for the biosurfactant production
capability. Furthermore, characteristics and uses of these
molecules were investigated.

2. Materials and methods

2.1. Bacteria and media

Bacterial species previously isolated and reported by
Kazemi et al. from Bushehr’s acidic hot springs were
investigated for the biosurfactant production [6]. Luria-
Bertani (LB) media, containing 1% tryptone (Merck,
Germany), 1% NaCl (provided by Dr. Mojallali, Iran) and
0.5% vyeast extract (Liofilchem, Italy) was used for the
bacterial strain culture [6]. To assess ability of bacterial
growth on a hydrophobic source, the culture media
included 2% v v of corn oil (Bahar, Iran) as unique
carbon source; sterilized using filtration through 0.45-pum
membrane filters. The media components were as follows:
2.2 g I* of NaHPO,, 1.4 g I'* of KH,PO,, 0.6 g I"* of
MgSO,.7H,0, 3 g I'* of (NH,),SO0,, 1 g I"* of yeast extract,
0.05 g I"* of NaCl, 0.02 g I'* of CaCl,.7H,0, FeSO,.7H,0
and 1% v v of trace elements. The trace element solution
included the following composition: 3 g I of MnSO,.H,0,
0.1 g I of ZnS0,.7H,0, 0.01 g I"* of CuS0,.5H,0, 0.01 g
I of NaM00,.2H,0, 0.01 g I'* of H3BOs, 0.003 g I of
NiCl, 6H,0 and 0.5 g I"* of EDTA [7]. For the optimal
biosurfactant production, glucose mineral salt medium was
used. The composition of the medium was as follows: 36.5
g I of glucose, 4 g I'* of KH,PO,, 7.119 g I"* of Na,HPO,,
45 g 1" of NH, (NO3), 0.197 g I'* of MgSO,, 0.01 g I'* of
CaCl,.7H,0, 0.004 g I of FeSO,.7H,0, 0.275 g I"* of
MnSO, and 0.0014 g I of EDTA. Phosphate buffer saline
(PBS) and carbon source were autoclaved separately and
added to the medium shortly before inoculation. Moreover,
pH of the medium was adjusted 6.5-7 [8].

2.2. Inoculum preparation and biosurfactant produc-
tion

A loopful of the bacterial colonies from 1-day-old
cultures on LB-agar (Merck, Germany) was transferred
into 50 ml of mineral salt medium (MSM) with 4% (w v
of glucose, incubated at room temperature and shaken at
180 rpm for 48 h. Then, 2 ml of the culture were
inoculated into 20 ml of MSM with 1% (w v'™) glucose and
shaken at 180 rpm at 30°C for 10-12 h. This culture was
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used as seed culture for the biosurfactant production as 2%
v v?! of the inoculum were added to a 500-ml flask
containing 100 ml of the production medium and incubated
at 30°C for 72 h with 180 rpm [8,9].

2.3. Screening of the most efficient strain for the bio-
surfactant production

Cell-free supernatants from the production medium
were screened for the biosurfactant production through
assessment of surface tension, emulsification index and oil
spreading. Surface tension was assessed using Kruss
tensiometer and Du Nuoy ring method [10]. Emulsification
index (E24) of the cell-free samples was assessed based on
the Cooper and Goldenberg method. Briefly, 4 ml of the
cell-free supernatant were added to a test tube and mixed
with 6 ml of hexadecane. The mixture was vigorously
vortexed for 2 min and the emulsion stability was
calculated after 24 h based on the following formula [11]:

_  Height of emulsion layer

X 100

E24 ~ Total height of the mixture
For the assessment of oil spreading, 10 pl of crude oil
were added to 40 ml of distilled water (D.W.) in a petri
dish for thin oil layer formation. Then, 10 pl of the
supernatant were placed at the center of oil layer. Diameter
of the clear zone on the oil surface can be linked to the
biosurfactant concentration [12]. To assess the bacterial
ability of glycolipid biosurfactant production, plates of
cetyl-trimethylammonium bromide (CTAB) and methylene
blue were used. Bacteria were grown in this media at 30°C
for 48 h and the productive colonies were surrounded by
dark blue halos [13]. Furthermore, each strain was streaked
on sheep blood agar plates and incubated at 30°C for 48 h.
The B-hemolysis indicated bisurfactant production by the
bacteria [10].

2.4. 16S rRNA sequence analysis

The bacterial cell wall was lysed using lysozyme,
proteinase K and sodium dodecyl sulfate (SDS) solution.
Saturated solution of NaCl and organic solvents were used
for the extraction and purification of bacterial DNA. The
bacterial 16S rRNA sequence was amplified using the
following primers of 9F-AGGAGGTGATCCAACCGCA
and 1541R-AAGAGTTTGATCATGGCTCAG.

Polymerase chain reaction (PCR) was carried out in a
100-pl volume, containing 10 pl of 10x PCR buffer, 2 pl
of 10 mM dNTP, 3 pl of 1.5 mM MgCl,, 3 ul of 20 pM of
each primer, 1 pl of the template DNA, 0.7 pl of 5 U I
Tag DNA polymerase and 77.3 ul of sterile D.W. The PCR
was carried out using an initial denaturation cycle at 95°C
for 5 min; followed by 30 cycles of 95°C for 30 s, 57°C for
30 s and 72°C for 40 s and a final elongation cycle of 72°C
for 7 min. The PCR products were electrophoresed on
agarose gels and stained with ethidium bromide [9,10].
The PCR products with a single band on the gels were
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sequenced using ABI 3730xI DNA analyzer (Applied
Biosystems, USA). The bacterial sequence homologies
were compared to each other using BLAST-N and a
phylogenetic tree was constructed using neighbor-joining
methods of MEGA software v.5.05 [9].

2.5. Bacterial adhesion to hydrocarbon (BATH) assay

This method which is based on the degree of adherence
of cells to liquid hydrocarbon allows assessment of the
bacterial cell hydrophobicity. In general, bacterial cells
grown on the production medium were collected using
centrifugation at 286 xg for 20 min and then washed three
times using PBS. Suspensions of washed bacterial cells
with ODgqo 0f 1 (AO) in BATH buffer (7.3 g I of KH,PO,,
16.9 g I'* of K,HPO, and 0.2 g I"* of MgS0O,-7H,0) were
mixed with hexadecane at a ratio of 4:1. The mixture was
vortexed for 60 s and left for 30 min to separate the two
phases. Then, OD of the aqueous phase was measured at
600 nm (Al). Turbidity reduction linked to hydrophobicity
of the cells and proportion of the attached cells to
hydrophobic phase (H) were calculated using the following
formula [9]:

H= (1 A)xlOO
= 1

2.6. Stability of the biosurfactants

Bacterial cells were collected using centrifugation at
2,861 xg for 20 min and the biosurfactant stability was
analyzed using supernatants. To study temperature stability
of the biosurfactants, cell-free broth was heated at various
temperatures, including 40, 70, 100 and 121°C for 30 min
and cooled down at room temperature. The biosurfactant
stability was assessed using measurement of E,, and
surface tension. Moreover, effects of low temperatures on
biosurfactants were assessed after exposure of
biosurfactants to 4°C for 30 min. The pH stability of
biosurfactants was assessed using adjustment of pH of the
supernatants between 2 and 12 with 6 M HCI and 6 M
NaOH. The E,, index and surface tension were assessed
using various concentrations of NaCl (1-12% w v™) to
report effects of osmolarity on E,, and surface activity of
the supernatants [9,14].

2.7. Extraction of biosurfactants

Selected bacteria (bacteria with high biosurfactant
production potentials) were cultured in the production
medium for 72 h. Cultures were centrifuged at 10,000 xg
for 20 min. The pH value of cell-free broth was adjusted to
2.0 using 6 M HCI. This was stored at 4°C overnight to
allow precipitation of the biosurfactants. Precipitates were
then harvested using centrifugation at 20,000 xg for 30
min at 4°C. The precipitates in centrifuge tubes were dried
using heating at 37°C in oven. Dried materials were
dissolved in deionized water and extracted three times with
dichloromethane. Briefly, equal volumes of dichlorometh-
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ane and deionized water were used and the two phases
were vigorously mixed. Mixture was centrifuged at 6,000
xg for 2 min to accelerate phase separations. The organic
solvent phases, containing the biosurfactants, were
collected and evaporated at room temperature [15].

2.8. Bacterial growth and biosurfactant production
kinetics

Bacterial growth was assessed through measuring ODggg
of the culture and dry cell weight (DCW) at intervals. To
assess DCW, bacterial cells were harvested using
centrifugation at 10,000 xg for 20 min. Cell pellets were
washed twice with 0.1 M phosphate buffer (pH 7.0) and
dried through heating at 105°C until achieving a constant
weight. Time course samples of the culture medium were
drawn within fixed intervals and then assessed for the
biosurfactant production. The assessment included surface
tension, oil spreading, emulsification activity and bio-
surfactant production [14,16].

2.9. Effects of environmental factors on bacterial
growth

Effects of culture temperature, initial pH, salinity and
agitation on biosurfactant production, biomass concen-
tration, surface tension and final culture pH were assessed.
To assess effects of the culture temperature and initial pH
on the highlighted factors, the culture temperature was set
at 30, 37 and 45°C and the initial pH was adjusted to 5, 7
and 9. To assess effects of medium osmolarity on the high-
lighted factors, NaCl was added to the medium at
concentrations of 2 and 4% w v™*. To assess effects of the
agitation speed on the highlighted factors, selected
bacterial species were incubated at various agitation rates
of 100, 180 and 250 rpm. All cultures were carried out in 1
I flasks, containing 250 ml of the production medium at
37°C and 180 rpm [14,17,18].

2.10. Chemical characteristics of biosurfactants
Biosurfactants were analyzed on thin layer chromate-
graphy (TLC) plates using CHCI;:CH;0OH:H,O (65:15:1)
as solvent system [19]. Chromatograms were imagined
using TLC reagents such as iodine vapors for lipid spots
and molisch reagent (10% solution of a-naphthol in 96%
ethanol) with 5-8 drops of H,SO, followed by heating at
110°C for sugar detection. Ninhydrin reagent (0.5 g of
ninhydrin in 100 ml of acetone) AND heating at 110°C ere
used to detect peptides to see red spots [20]. Fourier-
Transform Infrared (FTIR) spectra of the biosurfactants
were recorded using Bruker, TENSOR 27 FTIR spectro-
meter, (USA). Biosurfactant samples were studied directly
in dried states without further preparations using attenuated
total reflection (ATR) in a wave-number range of 4000-
600 cm *. The *H nuclear magnetic resonance (NMR) data
were collected using Bruker AC 250 MHz spectrometer
(USA) with deuterated chloroform as solvent. Differential
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scanning calorimetry (DSC) (Mettler Toledo, Switzerland)
was used to assess thermal characteristics of the
biosurfactants. Therefore, biosurfactants were heated at a
rate of 10°C min™ from 30 to 450°C [9].

2.11. Antibacterial activity

Antibacterial activity of the biosurfactants was assessed
in Staphylococcus (S.) aurous PTCC 1113 and Escherichia
(E.) coli PTCC 1338 using disc diffusion and minimum
inhibitory concentration (MIC) methods. A bacterial
inoculum (0.5 McFarland standard) of E. coli or S. aureus
was spread on Mueller-Hinton (MH) plates and then discs
with various concentrations of biosurfactants (10, 15 and
20 mg ml") were placed on the plates. Plates were
incubated at 37°C for 18 h and then assessed for growth
inhibition zones [21]. The MIC is the lowest concentration
of antimicrobial agents which visibly inhibits the bacterial
growth. In this study, MIC was assessed using 96-well
microplates and serial dilution techniques. Briefly, various
concentrations of the biosurfactants in MH broth (0.078-5
mg ml™) were prepared and inoculums (0.5 McFarland
standard) of E. coli or S. aureus were used in 96-well
microplates. Microplates were incubated at 37°C for 18 h
and then ODg of the biosurfactants was measured [20].

2.12. Cytotoxicity assay

Cytotoxicity of the biosurfactants was assessed using
MTT[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] assay and SW480 cell line. Briefly, SW480 cells
were cultured in 96-well microplates. Cells were attached

to the wells after 24 h incubation at 37°C with 5% CO..
Then, old media were replaced by fresh media, containing
various concentrations of the biosurfactants (1.25-320 ug
ml™). Microplates were incubated at 37°C in 5% CO, for
various times (24, 48 and 72 h) to assess inhibitory effects
of the biosurfactants on cells. Cells were treated with 20 pl
of MTT solution (5 mg mlI™ in PBS) and incubated at 37°C
for 4 h. Then, media was removed and cells were soaked in
150 pl of DMSO for 15 min to dissolve the resulting
formazan crystals as MTT metabolic products. Cell
viability was assessed through measurement of ODs7q [22].

3. Results and discussion

3.1. Screening and identification of the most efficient
bacterial species for the biosurfactant production

All the 12 bacterial species were able to grow on oil as
the unique carbon source. Results of the red blood cell
lysis, surface tension, emulsification index and oil
spreading are shown in Table 1. None of the species were
able to form dark blue halos on CTAB agar plates; a
specific sign of the rhamnolipid biosurfactant production.
Based on the results, isolate No. 12 was identified as the
most efficient biosurfactant-producing bacterial species.
After sequencing 16S rRNA of the isolate, homology of
the sequence with other sequences was analyzed using
BLAST online tool. The isolate showed the maximum
similarity to Bacillus (B.) subtilis (Fig. 1).

Table 1. Hemolysis activity, surface tension, emulsification index and oil spreading assay for the 12 isolated species

Bacterial species 1 2 3 4 5 6 7 8 9 10 11 12

Hemolysis + + - + - + - + + - - +

Surface tension (MN m™) 338 46.7 4065 60.65 4305 335 31.05 3145 3135 446 4305 30.75

E24% 60 20 33 6 26 35 53 60 40 13 20 53

Diameter of clear zone (mm) 8 2 4 1 3 4 5 6 5 2 3 8
——— 0O

Bacillus subtilis subsp. spizizenii strain RRLKE16(gb|KF029596.1)
/ strain RRLKEO1(gb|KF029595.1)
strain A-21(gb|HQ232423.1)
Bacterium BS72(gb|JN003626.1)
Uncultured Bacitlus sp. clone Filt.132(gb|HM152719.1)
i is strain LNXM37(gb|GU568196.1)
strain CAS17(gb|JX844589.1)
Bacillus sp. BE(gb|EU382154.1)
i is strain: NERC 1044489(dbj|AB882188.1)

Bacillus sp. MBEU44(dbj|AB733581.1)

p i strain W235(gb|GUS26612.1)
Lactobacill idophilus strain GGT14(gb|AF375937.1)
luteus strain W234(gb|GU929565.1)

— Listeria grayi subspecies grayi(gb|U78983.1)
L Listeria seeligeri (gb|U78984.1)
gensis clone SNN10Q nitrite oxidordeuctase(gb|KCT769064.1)

Figure 1. Phylogenetic tree of the selected biosurfactant-producing bacterial species
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3.2. Time course profile of the bacterial growth,
biosurfactant activity and BATH test

Bacterial growth, surface tension, clear zone diameter
on oil surface, E,; and biosurfactant production were
assessed at various times after inoculation (Fig. 2). The
highest biosurfactant production was recorded in the
bacterial stationary growth phase (Fig. 2a). To assess the
preference of cells for the aqueous or organic phase, cell
surface hydrophobicity was calculated for the selected
species. Based on the results (Fig. 2b), H value for the
isolate No. 12 was estimated as 9.0%.

3.3. Biosurfactant stability
Results of the supernatant thermal stability, containing
biosurfactants, indicated stability of the biosurfactants

from isolate No. 12 at a wide range of temperatures (up to
120°C). As seen, effects of the temperature were limited;
however, a mild decrease was seen in emulsifying capacity
of supernatants at 120°C (Fig. 3a). An increase in
concentration of NaCl negatively affected the surface
tension and emulsifying capacity with a significant rate.
This caused a drastic decrease in emulsifying capacity of
the cell-free broth, containing biosurfactants, and a low
increase in the surface tension (Fig. 3b). Regarding pH,
stability of the biosurfactants at alkaline pH should be
emphasized (Fig. 3c). Acidic pH negatively affected
emulsifying capacity and surface tension of the
biosurfactants, owing to decreased emulsifying capacity
and increased surface tension (Fig. 3c).

. 35 r 1 0.08
Biomass
3} 4 0.07
= = = Bjosurfactant |
25 | 0.06 -~
z {1 005 2
2 27 =
[
2 1 004 &
§15 €
m 1 0.03 3
i e}
. 4 0.02
05 F ] oo
(@) 0 0
0 12 24 36 48 60 72 84 96 108
Time (h)
----- E24 (%) 80 19 ¢
S
@ L {8 °
......... Surface g 70 \\\ .= I ~.. \I %
tension < 60 } “ _- N {7 E
= A /} . |¢ %
= - - OD (600nm) S 5o | AN ) ®
% N\ : I ............. I 1s S
- NN T N
= = = Clear zone 3 40 }‘~~-~_ e I E
diameter (mm) = B U P 140
@ 30 r - fo-eeee- f--ee-- £
g I 13 ¢
::r' 20 F / Fe--- { 8
ui :':. /J—--—I—___ {2 &£
[a)
10 1 "/ - -F 4 1 o
(b) 0 [.— T = = - L 1 1 1 0
0 12 24 48 72 96 120
Time (h)

Figure 2. Kinetic of biosurfactant production and bacterial growth (a), time course profiles of surface tension, emulsification

capability, clear zone increase and OD600 (b)
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Figure 3. Effect of the temperature (a), the osmolarity (b),
and the pH (c) on the stability of the produced biosurfactant

3.4. Effects of environment factors on biosurfactant
production and bacterial growth

The highest biomass concentration included 4.5 g I™
observed at 30°C which decreased beyond this temperature
(Fig. 4a). However, bacteria were able to grow at 45°C
even the final biomass concentration included only 1.5 g I
!, Moreover, biosurfactant production decreased by
increased incubation temperature. The highest biosurfac-
tant production included 0.1 g I at 30°C, decreasing to
0.05 g I™* at 45°C. However, it is noteworthy that the ratio
of biosurfactant production to biomass was higher at 45°C,
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compared to other culture temperatures. Following
increased biosurfactant productions, surface tension of the
culture media was lower at decreased temperatures (Fig.
4a). Bacterial growth and biosurfactant production were
affected by initial pH of the culture media; optimally at pH
7, 2.3 and 0.07 g I"X. However bacteria were able to grow
and produce biosurfactant at pH 5 and 9, they showed a
greater resistance to acidic conditions, compared to
alkaline conditions. Therefore, no significant differences
were seen in bacterial growth and biosurfactant production
in acidic and neutral conditions (Fig. 4b). As shown in Fig.
4c, biomass and biosurfactant productions are affected by
the concentration of NaCl in culture media. The highest
biomass production of 4 g I was recorded at 4% of NaCl
concentration.
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Figure 4. Effect of different cultivation temperature (a),
initial pH (b), osmolarity (c), and aeration rates (d) on
biosurfactant production, biomass, surface tension and
final pH of the production medium.

This decreased at lower concentrations of NaCl. An
optimal biosurfactant production of 0.15 g I was observed
in 2% NaCl. A weak minimum was observed in surface
tension at 2% of NaCl (Fig. 4c). Figure 4d shows that
biomass and biosurfactant productions were optimal at the
250-rpm aeration rate with 3.8 and 0.08 g I, respectively.
Biosurfactant production decreased at lowest aeration
rates. Accordingly, a limited decrease was observed in
surface tension.

3.5. Characterization of biosurfactants

The TLC analysis showed that the biosurfactant
produced by the selected Bacillus spp. included lipopeptide
structure since RF values of 0.4 and 0.5 were recorded for
the lipopeptide spots on TLC plates. Figure 5a shows FTIR
spectra of the biosurfactants produced by Bacillus spp. The

broad peak at 3,390 cm™ shows hydroxyl and amine
functional groups. Peaks at 2,925 and 2,850 cm™ could be
linked to asymmetric and symmetric stretching of CH, and
CHjs groups, respectively. Moreover, in FTIR spectra of the
biosurfactants, absorption peaks of the carbonyl were
observed at 1,730 cm™ for the ester and 1,650 cm™ for the
C=0 bond of the amide group. Peaks of 1,450-1,460 cm™
referred to the bending of CH, and CH; groups. Absorption
at 1,190 cm™ was seen due to the stretching vibration of C-
O bond in ester or carboxylic acid structure. Figure 5b
shows thermogram of the biosurfactant samples. The peak
temperature of 50°C is most likely attributed to moisture
evaporation of the samples. Based on the thermogram, the
corresponding biosurfactant showed thermal stability up to
140°C. In H NMR spectrum (Fig. 5c¢), peaks at 1.002-
0.827 ppm (with an area of 52.61under the peak) may be
linked to the CH; group. Moreover, peaks at 1.257-1.376
ppm (with an area of 99.60 under the peak) belonged to the
hydrogen atoms in CH, group. Peak at 1.542 ppm was
associated to the hydrogen atom attached to the carbon
atom near the carbonyl group (with an area of 16.29 under
the peak). Peaks at 2.312-2.371 ppm (with an area of 4.36
under the peak) were linked to the hydrogen atoms
attached to the carbon atoms near the amide group.
Furthermore, a small peak was seen at 5.2 ppm (with an
area of 0.98 under the peak) which could be associated to
the hydrogen atoms near to the ester group. In this
spectrum, the peak at 7.268 ppm was linked to the sample
solvent (deuterated chloroform) and peaks at 6.986-7.962
ppm to the hydrogen atoms of the amide group.
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Figure 5. FTIR spectrum (a), DSC thermogram (b) and H NMR spectrum (c) of the biosurfactant produced by Bacillus

subtilis.

3.6. Biological assay

Disc diffusion assay showed that S. aureus was
susceptible to biosurfactants produced by the selected
bacteria. Diameters of the growth inhibition zones of S.
aureus for various biosurfactant concentrations of 10, 15
and 20 mg ml™ included 4, 4 and 5 mm, respectively. Disc
diffusion assay of E. coli indicated no susceptibility to the
biosurfactants at tested concentrations. In MIC assay of S.
aureus, a concentration of 1.52 mg ml™ was reported as the
MIC of biosurfactants. For E. coli, MIC could not be
determined for the bacteria at the highlighted
concentrations. The survival yields of cells at various
exposure times to biosurfactants are shown in Fig. 6.
Concentrations of biosurfactants; to which, 50% of the
cancer cells were degenerated due to 48 and 72 h of
exposures, could not be calculated. This was reported as
0.601 pg pl™ for the samples exposed to the biosurfactants
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for 24 h. Due to biosurfactant potential uses in various
industries, great attentions have been paid to these
biomolecules in recent years. Various approaches are
described for increasing production of the biosurfactants
with unique characteristics such as screening micro-
organisms from various environments, genetic engineering
of microorganisms and optimizing conditions for microbial
growth. The current study focused on screening and
optimizing bacterial growth conditions for biosurfactant
production. Since surface tension reduction is the intrinsic
characteristic of the biosurfactants, screening methods for
biosurfactant producing bacteria were validated based on
the results from the surface tension assay. Similar to
studies by Youssef et al. and Plaza et al., the present study
showed that screening biosurfactant producing bacteria
using red blood cell (RBC) lysis was not a reliable method
and was error prone [7,23]. This was due to the presence of

Appl Food Biotechnol, Vol. 6, No. 2 (2019)
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hemolytic compounds with no roles in reducing surface
tension and the lack of hemolysis by biosurfactants.
However, the current results were not similar to those by
Carrillo et al. They showed that haemolysis and
biosurfactant production were possibly associated [24]. In
some cases, no direct relationships existed between the
results of surface tension and E,; assays; as reported by
Willumsen et al. [25]. The presence of extracellular molec-
ules, such as proteins that cause emulsification with no
decrease in surface tension, could be a reason for this
phenomenon.

120
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40 -

20 1

o, 125, 2.5, 5, 10, 40, 80, 160, 320,
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[ Cell viability after 48 h
@ Cell viability after 72 h

Figure 6. Cell viability percentage at different concentrat-
ion of biosurfactant after 24, 48 and 72 h.

The oil spreading technique is an appropriate technique
for the screening of biosurfactant producing bacteria. In the
present study, results from this technique were similar to
results from the surface tension assay. Previously, a study
by Plaza et al. verified the validity of this test [7]. In the
current study, surface tension was maximum at the
beginning of the bacterial growth. Despite a low
biosurfactant production rate in logarithmic growth phase,
surface tension of the culture media decreased greatly due
to the high efficiency of biosurfactants produced by B.
subtilis. Makkar et al. and later Suwansukho et al. reported
similar results for surface tension reduction during growth
of B. subtilis [26,27]. According to El-Sersy, biosurfactants
from B. subtilis were able to preserve their surface
properties at high temperatures [16]. Acidic conditions or
high salt concentrations increased surface tension and
decreased E,, coefficient. Furthermore, El-Sersy [16] and
Suwansukho et al. [26] reported decreased surface activity
in acidic conditions. No susceptibility of biosurfactants
produced by B. subtilis to alkaline pH was reported by
Suwansukho et al. [26], in contrast that reported by EI-
Sersy [16]. Similar to the findings by Abdel-Mawgoud et
al., the optimal growth and biosurfactant production were

Appl Food Biotechnol, Vol. 6, No. 2 (2019)

observed at 30°C. The most appropriate growth conditions
were recorded at neutral pH and salt concentrations of 4%;
similar to reports by Makkar et al. [17,28]. In another study
by Makkar et al. [17], biosurfactant production decreased
with increased salt concentration; similar to that seen in the
present study. However, no similar results of association
between biosurfactant production and NaCl concentration
were seen in previous reports. Furthermore, the lower
susceptibility of bacterial isolates to acidic conditions in
the current study was not surprising as these bacteria were
isolated from acid springs. Increased aeration resulted in
increased bacterial growth and biosurfactant production; as
previously reported by Jokari et al. and Ghribi et al.
[18,29]. The two lipopeptide spots seen in TLC analysis
were possibly linked to surfactin isomers. Moreover, FTIR
and NMR spectra of the biosurfactants showed similarities
with surfactin due to their close chemical structures. The
biosurfactants were able to inhibit growth of Gram-positive
bacteria such as S. aureus. However, biosurfactant
concentrations did not include antimicrobial effects on
Gram-negative bacteria such as E. coli. Possibly, the outer
membrane of Gram-negative bacteria was the reason for
this resistance. Several reports have been published on
anti-cellular effects of biosurfactants. For example, Nozhat
et al. [22] assessed surfactin from Sigma (USA) on the
Hella cell line and reported an 1Cs, of 5,000 ng ml™. The
commercial biosurfactant was able to degenerate half of
the SW480 colon cancer cells at a concentration of 6,000
ng ml™. Biosurfactants possibly interact with membrane,
creating holes in cells, and hence lead to cell death.

4. Conclusion

Acidic hot springs are potential sources of bacteria with
specific metabolites. In this study, 12 bacterial species
isolated from acidic hot springs in Bushehr Province, Iran,
were assessed for biosurfactant production and one species
was reported as the most potential bacterial species. The
bacterial biosurfactant was thermally stable up to 140°C.
The interesting novelty of this study included the fact that
the chemical surface property was preserved to an
osmolarity of 4% w v'. The biosurfactant structure was
similar to surfactin structure and hence useful as
bioemulsifier for osmolarity solutions.
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