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ABSTRACT 28 
___________________________________________________________________________ 29 

This work aimed to study the potential of a newly marine bacterium, Bacillus stratosphericus 30 

FLU5, to produce an efficient surface active agent BS-FLU5. Biosurfactant production was 31 

examined on different carbon sources using the surface tension measurement and the oil 32 

displacement test. Strain FLU5 showed its capacity to produce biosurfactants on the most of 33 

tested substrates and in particular the residual frying oil, which is an alternative, cheap and 34 

renewable carbon source, thus minimizing the high cost of producing surfactants. MALDI-35 

TOF MS/MS analyses confirmed the presence of lipopeptides identified as members of 36 

surfactin and pumilacidin isomers. The critical micellar concentration of the purified 37 

lipopeptides produced by strain FLU5 was 50 mg/l and, at this concentration, the surface 38 

tension of the water was reduced from 72 to 28 mN/m. Furthermore, the crude lipopeptides 39 

showed interest stability against a broad range of pH (2.1-12), temperature (10-121 °C) and 40 

salinity (0-120 g/l NaCl). The biosurfactant BS-FLU5 demonstrated negligible cytotoxic 41 

effect against mammalian cells (HEK293 human embryonic kidney cell line) at all of tested 42 

concentration (125-1000 µg/ml). The application of BS-FLU5 in oil recovery from soil 43 

contaminated by hydrocarbons ( used motor oil) showed that it was more effective on the 44 

hydrocarbon-remobilization than some tested synthetic surfactants. These results highlight the 45 

applicability of the lipopeptides produced by the new marine Bacillus stratosphericus strain 46 

FLU5 in different fields, especially in environmental remediation processes. Production of 47 

lipopeptides is a characteristic of several Bacillus species, but to the best of our knowledge, 48 

this is the first report showing the potential of Bacillus stratosphericus for efficient production 49 

of biosurfactants or lipopeptides. 50 
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1. Intoduction 55 

Biosurfactants, or biological surface active agents are natural amphiphilic molecules, 56 

consisting of hydrophobic and hydrophilic moieties, produced extracellulary by a wide 57 

variety of bacteria, fungi and yeasts [1]. When compared to conventional synthetic 58 

surfactants, these biocompounds have several advantages such as low toxicity, high 59 

biodegrability, digestibility, biocompatibility, low irritancy, and diversity for chemical 60 

structure and properties [2]. Moreover, biological surfactants can be produced from 61 

renewable carbon sources by biotechnological processes with low CMC, high surface 62 

activity and effectiveness even at extreme conditions of pH, temperature and salinity [3]. 63 

Due to these interesting advantages, biosurfactants have potential use in environmental 64 

applications and in petrochemical, petroleum, chemistry, food production, cosmetics and 65 

pharmaceutical industries [4]. Biosurfactants are classified, based on their molecular 66 

structure and the types of biosurfactant-producing microbial species, into mainly 67 

lipopeptides, glycolipids, phospholipids, fatty acids and polymeric surfactants [2]. Among 68 

these different groups, lipopeptides are the most popular, interesting and studied 69 

biosurfactants owing to its remarkable efficiency and commercial interest [1]. The Bacillus 70 

species was known as the most efficient producer of lipoeptide biosurfactants which are 71 

divided into three different families depending on their amino acids sequence: surfactins, 72 

iturins and fengycins [5]. Surfactin, a cyclic lipoheptapeptide containing a β-hydroxy-fatty-73 

acid group as hydrophobic moiety, is the most extensively interesting and studied class of 74 

microbial surfactants due to its anti-microbiol, anti-viral and anti-tumor activities [5]. 75 
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Several variants of surfactin have been described such as pumilacidin from Bacillus pumilus 76 

or lichenysin from Bacillus licheniformis [6].  77 

Despite the advantages of microbial surfactants, production of biosurfactants is still 78 

restricted by the high cost of production. A possible strategy to reduce costs is the use of 79 

alternative, cheap and renewable substrates [7]. Two main classes of inexpensive carbon 80 

sources have been proposed for biosurfactant production: water-miscible substrates, such as 81 

molasses, starch-rich wastes and glycerol, and insoluble substrates, such as hydrocarbons, 82 

oils, and edible oily wastes [7]. The oily substrates have been proved to be good renewable 83 

carbon sources for the production of biological surfactants because as hydrophobic 84 

substrates they can possibly enhance the production of biosurfactants [8]. Among these 85 

bioresources, the utilization of waste vegetable oils as residual frying oil is becoming very 86 

important, since large quantities of cooking oil are generated in restaurants worldwide [7,9]. 87 

In addition, these waste oils can be considered as high energy sources for microorganism 88 

growth and transformation into high value products as environmental friendly surfactants 89 

[9]. Reutilization of waste oils decreases the cost of carbon source for biosurfactant 90 

production and reducing the pollution caused by these wastes, at the same time [7].  91 

Marine environment represents a rich reservoir to explore newer compounds of 92 

commercial importance like biosurfactants, due to its diversity, nutrient availability and the 93 

exposition of marine microorganisms to extreme conditions of temperature, pressure and 94 

salinity [10]. The production of biological surfactants by marine microorganisms is yet little 95 

explored [10]. Recently, we reported the isolation and characterization of an efficient 96 

hydrocarbonoclastic marine bacterium Bacillus stratosphericus strain FLU5 from 97 

contaminated seawaters [11]. It has been demonstrated to be an effective degrader of a wide 98 

variety of hydrocarbons, particularly PAHs, and could be widely applied in bioremediation 99 

technology. In this present study, we report the production, purification, identification and 100 
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characterization of the biosurfactants produced by B. stratosphericus strain FLU5 along with 101 

its potential to remove hydrocarbons from contaminated sand by used motor oils. 102 

 103 

 104 

2. Materials and methods 105 

2.1. Microorganism 106 

Bacillus stratosphericus strain FLU5, was previously isolated after enrichment culture 107 

on fluoranthene, a persistent and toxic polycyclic aromatic hydrocarbon used as the sole 108 

carbon and energy source, from contaminated seawater of the fishing harbour of Sfax, Tunisia 109 

[11]. It was selected on the basis of its remarkable capacity to grow on a wide range of 110 

aliphatic, aromatic and complex hydrocarbons. Strain FLU5 was also capable of reducing the 111 

surface tension of the cell-free medium during the growth on fluoranthene supporting the 112 

biosurfactant secretion [11]. To our knowledge, there is no data on the use of Bacillus 113 

stratosphericus for producing biosurfactants including lipopeptides. 114 

2.2. Chemicals and culture media  115 

Nutrient broth medium (NB) contained (g/l): 15 peptone, 3 yeast extract, 1 glucose and 116 

6 NaCl. The basal medium (BM) consisted of 0.3 g KH2PO4, 0.4 g NH4Cl, 0.33 g 117 

MgCl2.6H2O, 0.05 CaCl2.2H2O g, 30 g NaCl and 1 ml trace-element solution [12] per liter of 118 

distilled water. The culture media were sterilized by autoclaving at 121 °C for 20 min. 119 

Complex hydrocarbons including diesel fuel and motor oil were obtained from Shell 120 

Company (Sfax, Tunisia) and sterilized by filtration (pore size 0.45 µm; Millipore), while 121 

crude oil was collected from “Thyna Petroleum Services” (Sfax, Tunisia) and sterilized by 122 

autoclaving. Olive oil and corn oil were obtained from commercial sources. Residual frying 123 

oil was collected from a restaurant located in Sfax, Tunisia. These vegetable oils were 124 

sterilized by filtration (pore size 0.45 µm; Millipore). The solutions of glycerol and chemical 125 
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surfactants including Tween 20, Tween 80, Titon X-100 and sodium dodecyl sulfonate (SDS) 126 

were purchased from Sigma Aldrich Company (98-99 % purity). Chemical surfactants were 127 

dissolved in water at concentrations corresponded at their CMCs and sterilized by filtration 128 

(pore size 0.45 µm; Millipore).  129 

2.3. Production of biosurfactants from Bacillus stratosphericus FLU5 using various 130 

carbon sources  131 

The ability of strain FLU5 to produce biosurfactants from different carbon sources was 132 

studied by adding different substrates (Crude oil, diesel fuel, motor oil, used motor oil, corn 133 

oil, olive oil, residual frying oil and glycerol) at concentration of 1% (v/v) into flasks 134 

containing BM under agitation of 180 rpm at 37 °C. The production of biosurfactants on a 135 

rich medium (NB) by strain FLU5, was also evaluated. Experiments were carried out in 136 

triplicate with an inoculums size of 5% (v/v). The cell growth was confirmed by OD at             137 

600nm measurement. To evaluate the ability of strain FLU5 to produce biosurfactants, the 138 

determination of surface tension and the oil displacement test, were assessed, as described 139 

below. 140 

2.4. Biosurfactant extraction and purification  141 

In order to extract biosurfactant, the culture broth (1 L) of strain FLU5 on every carbon 142 

sources was centrifuged at 7500 rpm for 20 min to remove the cells. The supernatant was 143 

acidified with 2 N HCl to pH 2.0 and incubated at 4 °C overnight, following which the 144 

biosurfactant was extracted two times using an equal volume of ethyl acetate. The organic 145 

phase was separated and concentrated in a rotary evaporator yielding a viscous yellowish 146 

biosurfactant product. The crude biosurfactant was subsequently dried and determined 147 

gravimetrically. The extraction of biosurfactant was realized after 2 days for nutrient broth, 148 

olive oil and corn oil, after 3 days for residual frying oil and glycerol and after 4 days for 149 

crude oil, diesel fuel, motor oil and used motor oil.  150 
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For purification, crude biosurfactant produced on Nutrient Broth were chromatographed 151 

on a silica gel column (60 Mesh) (Merck, Darmstadt, Germany) eluted by a mixture of 152 

chloroform/methanol/water in the ratio of 65:25:4 (v/v/v). Fractions of 1 ml were analyzed by 153 

thin layer chromatography (TLC) on silica gel plates 60 G (Machery-Nagel, düren, Germany) 154 

with the same mobile phase. The resulting spots on the TLC were detected by spraying with a 155 

solution of ninhydrin specific for free amino groups and phosphomolybdic acid specific for 156 

fatty acid groups. Fractions showing the presence of both amino acid and fatty acid parts were 157 

analyzed by tandem mass spectrometry (4800 Plus MALDI TOF/TOF, AB SCIEX, CA, 158 

USA) as described by Coronel et al. [13].  159 

2.5. Surface tension and oil displacement test measurements 160 

The surface tension was determined in triplicate by a GibertiniTensiometr (Milan, Italy) 161 

[14]. The oil displacement test was determined by adding 20 ml of distilled water to a Petri 162 

dish (diameter 90 mm). Subsequently, 100 µl of crude oil was layered onto the surface of the 163 

water forming a thin oil layer, and then 200 µl of cell free supernatant was placed onto the 164 

center of the oil slick. The diameter of the clear zone on the oil surface was measured 165 

[15,16]. 166 

2.6. Determination of critical micelle concentration (CMC) 167 

The critical micelle concentration (CMC) of the crude and the purified biosurfactant 168 

was determined by plotting the surface tension as a function of the biosurfactant 169 

concentration. Biosurfactants were dissolved in Milli-Q water at concentration ranging from 0 170 

to 500 mg/l (crude biosurfactant) or 0 to 100 mg/l (purified biosurfacatnt). For each 171 

concentration, surface tension measurement was measured until a constant value was reached. 172 

Results are expressed as the mean of three independent tests ± standard deviation [14].  173 

2.7. Effect of pH, temperature and salinity on biosurfactant stability 174 
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The cell-free supernatants of strain FLU5 were exposed at different pH (pH 2.1 to pH 175 

12); at various concentrations of NaCl (from 0 to 300 g/l) and at different temperatures (from 176 

4 to 121 °C.). Subsequently, the surface tension was measured immediately for pH and 177 

salinity tests and after overnight incubations for temperatures ranging from 4 to 70 °C, one 178 

hour for temperature 100 °C and after autoclaving (20 min) for a temperature of 121 ° C 179 

[17]. 180 

2.8. Cytotoxicity assay 181 

Cytotoxicity level of the biosurfactant BS-FLU5 was determined against HEK293 182 

human embryonic kidney cell line using MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl 183 

tetrazolium bromide) assay [18]. Briefly, the cells were seeded in 96 well plates at a density 184 

of 3. 104 and treated with BS-FLU5 at different concentrations (125 -1000 µg/ml), for 24 h 185 

and 48 h. Then, 10 µl of 5 mg/ml MTT solution were added to each well and incubated for 6 186 

h at 37 °C and 5% CO2. Finally, the formazan crystal formed was dissolved in 10% SDS and 187 

the absorbance was detected at 570 nm using microplate reader (Thermo Scientific 188 

Varioskan Flash). Cell viability of the different treatments was calculated as a percentage of 189 

the viable cells compared to control cells (cells treated with medium only). Three replicate 190 

wells were set for each treatment.  191 

2.9. Application of BS-FLU5 in the removal of hydrocarbons from contaminated soil  192 

Biosurfactant suitability for enhanced oil recovery was carried out using contaminated 193 

soil collected from a garden located in Sfax (Tunisia), with (20%, v/w) of used motor oil. 194 

Samples of 10 g of contaminated soil were transferred to 200-ml Erlenmeyer flasks, which 195 

were submitted to the following treatments: addition of 20 ml water (control) or 20 ml of the 196 

cell-free broth of strain FLU5 using residual frying oil as carbon source or 20 ml of a solution 197 

of the isolated biosurfactant at the CMC (0.025%, m/v) and 20 ml of solutions of chemical 198 

surfactants: Tween 20 (0.05%, m/v), Tween 80 (0.0016%, m/v), Triton X-100 (0.0155%, m/v) 199 
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and sodium dodecyl sulfate SDS (0.2304%, v/v), at their CMC. The samples were incubated 200 

on a rotary shaker (180 rpm) for 24 h at 30 °C and then were centrifuged at 6000 rpm for 20 201 

min for separation of the laundering solution and the soil. The supernatant phase was 202 

extracted two times (v/v) using hexane. The amount of oil residing in the soil after the impact 203 

of surfactants was gravimetrically determined [17]. 204 

3. Results and discussion 205 

3.1. Assessment of biosurfactants production by strain FLU5 on different carbon sources 206 

To determine the capacity of strain FLU5 to product biosurfactants, the use of nutrient 207 

broth (NB) and various carbon sources including crude oil, diesel oil, motor oil, used motor 208 

oil, corn oil, olive oil, residual frying oil and glycerol in the presence of basal medium was 209 

tested. As shown in table 1, strain FLU5 was able to utilize all the substrates tested as sole 210 

carbon and energy sources, in the presence of 30 g/l NaCl and at 37 °C. In addition, the 211 

growth was accompanied with biosurfactant production as shown by the reduction of surface 212 

tension and the oil displacement test (Table 1). Strain FLU5 showed a better growth on 213 

nutrient broth and vegetable oils (olive oil; residual frying oil and corn oil) than hydrocarbons 214 

(crude oil, used motor oil, motor oil and diesel fuel). During the growth of strain FLU5 on the 215 

different used substrates, the surface tension decreased, especially for nutrient broth and 216 

vegetable oils (RST between 28 and 33 mN/m) (Table 1). The criterion used for classification 217 

as a biosurfactant-producer is the ability to reduce the surface tension of a solution to 40 218 

mN/m [16]. Moreover, the determination of the diameter of the clear zone, by using the oil 219 

displacement test during the growth of strain FLU5 on different substrates showed the 220 

formation of large and distinct halo zones of diameters between 3.5 and 8.7 cm, indicating 221 

adequate biosurfactant production. The highest values of diameter of the clear zone were 222 

obtained in the presence of nutrient broth (ODT = 7.2 cm) and vegetable oils (olive oil, corn 223 

oil and residual frying oil) (ODT = 8.7; 8.7 and 8.5 cm, respectively), as substrates (Table 1).  224 
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The biosurfactant yield was affected by the type of carbon substrate used. Maximum 225 

biosurfactant production (2.38 g/l) was observed when nutrient broth was used as the carbon 226 

source. The highest production in nutrient broth may be due to its high total proteins contents.  227 

The amounts of biosurfactants produced were found to be 2.25 g/l, 1.92 g/l and 1.88g/l when 228 

grown on olive oil, corn oil and residual frying oil, respectively. Least biosurfactant 229 

production (0.12-0.27 g/l) was observed on following carbon source glycerol, crude oil, diesel 230 

fuel, motor oil and used motor oil (Table 1). It was mentioned in the literature that 231 

hydrophobic substrates, including hydrocarbons and vegetable oils could induce the 232 

production of biological surfactants [8]. Nevertheless, the low synthesis of biosurfactants in 233 

the presence of hydrocarbons can be explained by the fact that these compounds are less 234 

biodegradable, due to their complex structures, leading to weak bacterial growth and 235 

thereafter low production of surfactants [19]. 236 

 237 
3.2. Production of biosurfactants by strain FLU5 using residual frying oil 238 

From an economic perspective, the use of cheap alternative substrates is an important 239 

factor for successfully developing environmental friendly surfactants production. Alternative 240 

low cost substrates have been suggested for economical biosurfactant production, among 241 

which we can cite: molasses, cheese whey, dairy wastes, sludge palm oil, potato process 242 

effluents, vegetable oil refinery wastes, and more [20]. Water-immiscible substrates such as 243 

vegetable oils or hydrocarbon compounds are widely used for biosurfactant production [21]. 244 

Among the tested hydrophobic carbon sources, residual frying oil, due to its composition, its 245 

easy availability and its economical advantages, was found to be a prominent substrate for 246 

biosurfactant production by strain FLU5. In fact, large quantities of residual frying oil, which 247 

is a major source of nutrient rich low cost fermentative waste, are produced by the food 248 

industry and at the domestic scale [9]. After being used, cooking oil changes its composition 249 

and contains more than 30% of polar compounds depending on the type of frying, the variety 250 
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of food and the number of times it has been used [9]. Strain FLU5 showed an important 251 

capacity to use residual frying oil as carbon source (ODmax = 1.87) (Table 1, Fig. 1). In 252 

addition, during the growth of strain FLU5 on residual frying oil, the surface tension 253 

decreased from 64 to 36 mN/m, after 3 days of incubation at 37 °C and remained stable 254 

during the stationary phase (Fig. 1). The oil displacement test showed also the formation of a 255 

halo with an important diameter (8.5 cm), after the addition of culture supernatant of strain 256 

FLU5 growing on residual frying oil (Fig.1). These results support the potentiality of strain 257 

FLU5 to produce surface active agents using residual frying oil as carbon source. 258 

Consequently, strain FLU5 of Bacillus stratosphericus could be used to reduce wastes 259 

generated by food industries, and to convert residual frying oil, an alternate low-cost carbon 260 

source into higher value products. These biosurfactants can be utilized with minimum purity 261 

specification and hence applied for enhanced oil recovery.    262 

There are few reports studying the production of biosurfactants using residual frying 263 

oils [7]. In this respect, Pseudomonas aeruginosa 47T2 NCIB 40044 used waste frying oil, an 264 

economic renewable substrate, to produce extracellular rhamnolipids [9]. Moreover 265 

Rhodococcus erythroplis 16 LM.USTHB can produce glycolipids using residual sunflower 266 

frying oil [22]. Furthermore, the efficiency of rhamnolipid biosurfactant production by the 267 

Pseudomonas aeruginosa D from waste frying coconut oil was investigated [23]. Recently, 268 

biosurfactant production by Bacillus pumilis CCT 2487 using waste frying oil was studied 269 

[24]. 270 

3.3. Characterization of biosurfactant produced by strain FLU5 (BS-FLU5) 271 

The crude biosurfactant BS-FLU5 produced on nutrient broth and extracted from the 272 

acid precipitate was initially characterized by TLC which revealed a pink spot when sprayed 273 

with ninhydrin reagent which affirmed the presence of amino acids. The plate, when sprayed 274 

with phosphomolybdic acid reagent, produced a blue violet spot indicating the presence of 275 
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fatty acid groups (data not shown). The obtained results confirmed the presence of 276 

lipopeptide biosurfactant [1]. Further characterization was carried out by fractionation of 277 

lipopeptides using silica gel column. TLC was used to compare the level of each fraction 278 

migration in order to collect the similar ones, according to their molecular weight. Many 279 

fractions were collected but a single fraction showing the presence of both amino and fatty 280 

acids and the capacity to reduce the surface tension was analyzed by MALDI-TOF.  281 

Mass spectra analysis of purified lipopeptides BS-FLU5 showed the presence of one 282 

well resolved cluster of peaks, at m/z values between 1044 and 1100 Da (Fig. 2). By 283 

comparing the mass with the mass numbers reported for the lipopeptide complexes from 284 

other Bacillus strains, the group of peaks could be assigned to surfactin isomers [6,25–31]. 285 

The mass spectra reported in Fig. 1 revealed the presence of five major [M+Na]+ peaks at 286 

m/z 1044.7; 1058.8; 1072.8; 1086.8 and 1100.8 Da which differ each other by m/z 14. The 287 

peak with a m/z 1044.7 corresponded to the mass of [M+Na]+ ion of surfactin with a fatty 288 

acid (FA) chain length of 14 or 15 carbon atoms, or pumilacidin C14. The peak at m/z 289 

1058.8 could be assigned as sodium adducted of surfactin C15 or pumilacidin C14 or C15. 290 

The peaks at m/z 1072.8 Da and 1086.8 Da could be assigned as sodium adduct of 291 

pumilacidin C15 or C16 and pumilacidin C16 or C17, respectively. The last peak at m/z 292 

1100.8 Da corresponded to the mass of [M+Na]+ ion of pumilacidin with a fatty acid chain 293 

length of 17 (Fig. 2).  294 

MALDI-TOF MS/MS analysis was also used in order to obtain more precise 295 

information on the chemical structure of lipopeptides. The fragment ion patterns of the parent 296 

ions at m/z 1044.7, 1058.8, 1072.8 and 1086.8 Da, reported in Fig. 3, shows fragments that 297 

can correspond to differences among some amino acids in the peptide moiety.  298 

The fragmentation pattern of the pic m/z 1044.7 resulted in the appearance of two 299 

product ions series deriving from the initial opening of the lactone ring (Fig. 3A). The first 300 
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series included the fatty acid chain and the N-terminal product ions at m/z 931.6 and 800.5 301 

corresponded respectively, to the losses of Leu / Ile (-113 Da) and Leu / Ile-Leu- H2O (-244 302 

Da), from the parent ion m/z 1044.7. Therefore, the amino acid residue at position 7 is a Leu 303 

or Ile. The second series enclosed the peptidic moiety inside the C-terminal product ions at 304 

m/z 707.4; 594.4 and 481.3, corresponding respectively, to the loss of C14 β-hydroxyl fatty 305 

acid chain-Glu (-337 Da), C14 β-hydroxy fatty acid side chain-Glu-Leu (-450 Da) and C14 β-306 

hydroxy fatty acid chain-Glu-Leu-Leu (-563 Da) from the precursor ion m/z 1044.7 (Fig. 3A).  307 

The obtained results indicated that the peak at m/z 1044.7 is unambiguously a surfactin, with 308 

a fatty acid chain of 14 carbons, and Leu or Ile residue at position 7. 309 

The same fragmentation model was observed with the sodiated molecule [M+Na]+ at 310 

m/z 1058.8 (Fig. 3B). The fragmentation resulted in the appearance of product ions at m/z 311 

945.6; 832.6 and 814.5, corresponding respectively of the consecutive losses of Leu / Ile (-312 

113 Da), Leu / Ile-Leu (-226 Da) and Leu / Ile-Leu-H2O (-244 Da). Therefore, the amino acid 313 

residue at position 7 is a Leu or Ile. Other peaks were observed at m/z 707.5; 594.4 and 463.3, 314 

corresponding respectively, to the losses of loss of C15 β-hydroxy fatty acid chain-Glu (-351 315 

Da), C15 β-hydroxy fatty acid side chain-Glu-Leu (-464 Da) and C15 β-hydroxy fatty acid 316 

chain-Glu-Leu-Leu-H2O (-595 Da) from the precursor ion m/z 1058.8 (Fig. 3B). The obtained 317 

results indicated that the peak at m/z 1058.8 is unambiguously a surfactin, with a fatty acid 318 

chain of 15 carbons, and Leu or Ile residue at position 7. Our results of fragmentation of the 319 

parent ions m/z 1044.8 and 1058.8 are in accordanace with those of and Pecci et al. and Jemil 320 

et al. [27,32].   321 

In a similar manner, the mass peaks at m/z = 1072.8 (Fig. 3C) and 1086.8 (Fig. 3D) 322 

found in the mass spectrum of purified BS-FLU5 were identified as pumilacidins containing a 323 

β-hydroxyl fatty acid with a chain length of 15 and 16 carbon atoms, respectively. These 324 
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obtained results of fragmentation of the parent ions m/z 1072.8 and 1086.8 are in accordance 325 

with those of Branquinho [33].  . 326 

Lipopeptides are among of the most commonly and interesting class of biosurfactants 327 

and they present a wide range of useful properties to be explored in several fields. Among 328 

the produced lipopeptides, surfactin known as a powerful biosurfactant, is the most 329 

recognized family [1]. Many studies have been reported on the involvement of bacteria 330 

belonging to Bacillus genus in production of biosurfactants including lipopeptides, but there 331 

are no reports that specifically mention the production of biosurfactants or lipopeptides by B. 332 

stratosphericus strains. Recently, Bezza et al. [34] reported the ability of a consortium 333 

culture of different species including Bacillus stratosphericus to degrade PAHs and to 334 

produce biosurfactants.  Among Bacillus species capable of producing lipopeptides, we can 335 

cite:  B. subtilis [30, 35–39], B. pumilis [40,41], B. licheniformis [36, 42–44], B. 336 

amyloliquefaciens [45–47], B. mojavensis [6,48,49], B. tequilensis [50] and B. 337 

methylotrophicus [32].  338 

The ability of a biosurfactant to decrease the surface tension of a solution to less than 40 339 

mN/m was considered to be a good characteristic of a potent tensioactive [51]. The crude 340 

biosurfactant of strain FLU5 was capable of reducing the surface tension of water from 72 to 341 

34 mN/m. Moreover, the purified lipopeptides produced by strain FLU5 were able to bring 342 

down the surface tension of water to 28 mN/m, confirming the property of an efficiency 343 

surface active agent. Critical micelle concentration (CMC), which is defined as the 344 

concentration of surfactant above which micelles form and no further effect can be observed 345 

on the surface activity, is an important parameter during the evaluation of activity of a 346 

surfactant activity. Fig. 4A shows the plot of surface tension versus crude biosurfactant 347 

concentration that allowed calculating the CMC as being 250 mg/l and the corresponding 348 

surface tension was 34 mN/m. This concentration (CMC) decreases in the case of purified 349 
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lipopeptides, with a value of 50 mg/l, and, at this concentration, it was able to reduce the 350 

surface tension of the water from 72 to 28 mN/m Fig. 4B. The CMC value of any 351 

tensioactive agent is an indicator of its surfactant potentiality [52]. Thus, a powerful 352 

surfactant has a low CMC value. Moreover, the CMC value indicates the degree of purity of 353 

surfactant and thus, the CMC value decreases as the degree of purification increases [17,52]. 354 

This can explain the difference in CMC values between the crude and the purified 355 

biosurfactants BS-FLU5.  The obtained result indicated that the lipopeptides produced by 356 

strain FLU5 was comparatively more effective than some other biosurfactants reported in 357 

literature because of its low CMC value (50 mg/l) [1]. Bacillus genus showed smaller CMC 358 

and surface tension values than other genera, such as Pseudomonas and Candida [53]. In this 359 

context, surfactin produced by Bacillus subtilis ATCC 21332 was able to reduce surface 360 

tension to less than 30 mN/m with critical CMC value of 45 mg/l [54]. The lipopeptides 361 

produced by a Bacillus sp. ZG0427 exhibited significant reduction of surface tension of 362 

water to 24.6 mN/m, with a CMC 50 mg/l [16]. Other study showed a notable ability of 363 

surfactin produced by Bacillus cereus NK1 to decrease tension surface to 36 mN/m at CMC 364 

of 45 mg/l [1]. 365 

As many factors influence the effectiveness of biosurfactant activities, the stability of 366 

BS FLU5 against challenging environmental conditions (pH, temperature and salinity) was 367 

evaluated to confirm the application of BS-FLU5 during remediation. The BS-FLU5 stability 368 

against various pH was tested at pH ranging from 2.1 to 12. It was observed that the surface 369 

tension of the biosurfactant solution remained steady at about 34 mN/m under different pH 370 

(2.1-12) (Fig. 5A). Similar results were found for lipopeptides produced by Bacillus subtilis 371 

ICA56 and showed that for all evaluated pHs (2-12), the surface tension remained almost 372 

constant and under 40 mN/m [5]. Meanwhile, other studies reported that the activity of 373 

lipopeptides was affected at alkaline conditions (pH 2-4) [34]. It was mentioned in previous 374 
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research that surfactin biosurfactant is generally more active at pHs around neutrality; 375 

however, highly acidic pH conditions cause more reduction in surface activity than highly 376 

alkaline conditions [34]. The thermal stability of BS-FLU5 showed that the product retained 377 

almost the same surface tension for a range of temperature from 4 to 121 °C (ST is between 378 

34 and 37 mN/m) (Fig. 5B). This finding was in agreement with previous studies which 379 

demonstrated the great stability of lipopeptides at a wide range of temperatures [5, 16]. The 380 

stability of BS-FLU5 at high temperature (121 °C) suggested its usefulness in industrial 381 

processes and in microbial enhanced oil recovery operations [2,17]. The BS-FLU5 was stable 382 

during the increase of NaCl concentration from 0 to 120 g/l (ST is about 34 mN/m) (Fig. 5C). 383 

However, this stability was affected above 150 g/l NaCl (ST is about 38 mN/m at 150 g/l 384 

NaCl and 43 mN/m at 250 g/l NaCl). This behavior can be explained that the high salt 385 

concentrations can considerably reduce the size and shape of the micelle, then affecting the 386 

functional properties of a tensioactif [5]. The stability of the product at high concentrations of 387 

salt supports its application in the bioremediation of contaminated marine environments. In 388 

fact, once the microorganism was isolated from marine environment, the stability at high 389 

concentrations of salt was expected due to the adaptation of the bacterium and its metabolites 390 

to these conditions, which is the case of strain FLU5 [10]. These results highlight the potential 391 

applicability of the biosurfactant BS-FLU5 even at extreme conditions of pH, temperature and 392 

salinity. 393 

3.4. Cytotoxicity of BS-FLU5 394 

In order to investigate the possibility of the biosurfactant produced by B. 395 

stratosphericus FLU5 for industrial use, the cytotoxicity level of this product was evaluated. 396 

The application of BS-FLU5 showed a negligible cytotoxic effect on the HEK293 human 397 

embryonic kidney cell line, suggesting its utility as a biological material. At 24 h of the 398 

treatment, the cell viability was 96% in the case of 1000 µg/ml of BS-FLU5 (maximum 399 
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concentration), whereas 100% cell viability was achieved in the case of control. As the time 400 

of incubation increases, the cell viability is slightly reduced and after 48 h of incubation it was 401 

observed that viability of cells in the control is 99%, whereas in the case of 1000 μg/ml 402 

(maximum concentration), the viability was reduced to 92% (Fig. 6). In pursuant to ISO 403 

10993-5, 2009, cell viability above 80% can be considered as non-toxic in nature [55]. Results 404 

obtained showed that the viability range of HEK293 human embryonic kidney cells was of 99 405 

to 92 % on being treated with 250 to 1000 μg/ml of the crude BS-FLU5 (Fig. 6). Interestingly, 406 

no cytotoxicity was observed with HEK293 cells even when high concentrations were used 407 

(up to 1000 mg/l). This confirms the possible applicability of this tensioactif BS-FLU5 in 408 

biological uses. At present, there are little publications strictly devoted to toxicity of 409 

biosurfactants and they are commonly considered as low- or non-toxic. In this respect, the 410 

lipopeptides PE1 and PE2 produced by strain Paenibacillus ehimensis B7 showed a negligible 411 

cytotoxicity (Cell viability ˃ 95%), against HEK293 cells at all of concentrations that were 412 

tested (1 μg/ml to 128 μg/ml) [56].  Moreover, the rhamnolipids produced by Pseudomonas 413 

aeruginosa PG1 did not exhibit any cytotoxic effect to mouse L292 fibroblastic cell line at 414 

concentration of 250 mg/l [57]. Furthermore, sophorolipids SLs produced by a non-415 

pathogenic yeast Candida bombicola, exhibited a low cytotoxicity on human keratinocytes as 416 

the same as surfactin, which has already been commercialized as cosmetic material [58]. 417 

3.5. Application of BS-FLU5 in hydrophobic contaminants removal 418 

 In order to investigate the application of the biosurfactant produced by Bacillus 419 

stratosphericus FLU5 in hydrocarbon removal, a preliminary experiment using the crude 420 

biosurfactant BS-FLU5, the cell-free supernatant of culture FLU5 on residual frying oil and 421 

synthetic surfactants (Triton X-100, Tween 20, Tween 80 and SDS) was performed to verify 422 

the removal of the used motor oil pollutant from soil samples (Fig.7). The biosurfactant BS-423 

FLU5 was more effective on the hydrocarbon remobilisation than the chemical surfactants. 424 
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The effect of solubilization of hydrocarbons was again more marked using cell-free broth 425 

containing the biosurfactant. In fact, a solubilization of used motor oil adsorbed in the soil of 426 

3 times and 5 times was made, with BS-FLU5 and with cell-free broth, respectively, 427 

compared to the water control (Fig.7). However, the chemical surfactants showed a 428 

solubility which varies between 1.55 and 2.8 times compared to the water control.  429 

In this respect, Chebbi et al. [59] reported that the crude biosurfactant BSW10 produced 430 

by Pseudomonas aeruginosa strain W10 revealed a great hydrocarbon- remobilization ability 431 

compared with the synthetic surfactant SDS, with around 2.4 fold solubility [59]. Previous 432 

studies mentioned the capacity of cell-free fermented broth contained a biosurfactant 433 

produced by Bacillus subtilis ICA56 to remove residual motor oil from sand [5].  Similarly, 434 

the crude rhamnolipid-containing preparations (cell-free broth) produced by strains 435 

Pseudomonas aeruginosa UCP0992 and Pseudomonas sp. 2B gave high capacity to remove 436 

hydrophobic contaminants  of residual oil adsorbed in the soil [2,17]. Hence it was possible 437 

to use directly the whole-cell broth containing biosurfactants, without purification steps that 438 

accounts for up to 60% of the total production costs [17].  It may be suggested that the 439 

isolated Bacillus stratosphericus FLU5 is suitable candidate for oil industries applications 440 

and enhanced oil recovery, which require lower purity specifications, and consequently, 441 

lower costs for production. 442 

 443 

4. Conclusion 444 

In this present study, Bacillus stratosphericus FLU5, a novel biosurfactant-producing 445 

bacterium was isolated from contaminated seawater by hydrocarbons. Biosurfactant 446 

production was shown in the presence of a large variety of carbon sources. The use of residual 447 

frying oil as substrate is a promising and cheap alternative for the production of biosurfactants 448 

due to its easy availability and its rich composition. After extraction and purification, BS-449 
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FLU5 biosurfactant, was found to be constituted of surfactin and pumilacidin isomers, using 450 

MALDI-TOF MS/MS analyses. The lipopeptides produced by Bacillus stratosphericus FLU5 451 

show a stable surface tension reduction capacity under high temperatures (up to 121 °C), 452 

different pH (2.1-12) and saline conditions (0-120 g/l). This high stability of BS-FLU5 at 453 

extreme conditions supports its application in the bioremediation in hot, alkaline and 454 

hypersaline environments such as for bioremediation of oil spills at sea. The biosurfactant BS-455 

FLU5 demonstrated negligible cytotoxic effect against HEK293 human embryonic kidney 456 

cell line, even at high concentration (up to 1000 µg/ml). The application of the lipopeptides 457 

from strain FLU5 in oil recovery from soil contaminated by used motor oil showed that BS-458 

FLUS could remobilize hydrocarbons more effectively than the four suynthetic surfactants: 459 

Tween 20, Tween 80, Triton X-100 and SDS. These results highlight the interest for potential 460 

use of the lipopeptides produced by the new marine Bacillus stratosphericus strain FLU5 in a 461 

wide variety of industrial, environmental and biotechnological applications. 462 
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