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Introduction
Oil spills are usually referred to as the petroleum based hydrocarbons 

that enter to the aquatic environments [1-3]. Spilled-oil can last for a 
long time before it can be cleaned up by the natural removal processes 
(e.g., evaporation, dispersion and biodegradation) [4]. Success in the 
biological treatment of hydrocarbons strongly depends on the presence 
of active oil-degrading microorganisms in the contaminated site, the 
bioavailability of hydrocarbons and the environmental conditions 
[5-8]. According to Okafor [6] nearly 0.1-1% and 1-10% of the 
indigenous “heterotrophic bacterial communities” in the unpolluted 
and oil-polluted marine environments, respectively, are capable of 
uptaking the petroleum hydrocarbons (HCs) [6]. It was found that, the 
microorganisms can consume the HCs through different ways that can 
occur simultaneously or at different stages of HCs uptake [3,9]. For 
example, microorganisms may first uptake the HCs that are soluble in 
seawater and then interact with the hydrophobic hydrocarbons if they 
can change their cell surface structures to hydrophobic or hydrophilic 
states, based on the available HCs [3,9]. Moreover, if they can naturally 
produce surfactant-like products (known as “biosurfactants”, that 
are composed of two parts, a hydrophilic part and a hydrophobic 
part), they can also uptake the oil droplets or hydrocarbons that 
encapsulated within the micelles (structures that form when the 
biosurfactant molecules interact with water and HCs) [3,9]. Since 
the main constituents of spilled oil are not readily water-soluble, the 
uptake of hydrocarbons by the microorganisms is either very limited 
[5,9,10] or restricted to microorganisms that are capable of the 
biosurfactant production. For example, Pseudomonas species produce 
particular biosurfactants to uptake the hydrocarbons at different 
biodegradation periods [11,13]. Due to the chemical (e.g., hydrophobic 
nature of hydrocarbons), microbial (e.g., inability of all oil-degrading 
microorganisms in biosurfactant production) and environmental 
limitations (e.g., low temperature), the biological or chemical agents 
(e.g., chemical dispersants, nutrients) were added to the oil-impacted 
environments [5,14] to accelerate the dispersion and consequently the 
bioavailability of HCs. 
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Abstract
This study investigated the role of natural oil-degrading bacteria in the weathered biodiesel (BD), diesel (D) and 

light crude oil (L) in oil biodegradation in seawater with and without sophorolipid biosurfactant. Mixtures of artificial 
seawater and weathered oil with and without sophorolipid dispersant were incubated at 22 ± 1°C and 100 rpm for 28 
days. Analysis of the remaining of total petroleum hydrocarbons showed degradation of 43 ± 0.7%, 45 ± 5.7% and 
39 ± 4.6% of biodiesel, diesel and light crude oil, respectively, during the natural biodegradation and 44 ± 5%, 47.5 ± 
3.9% and 44 ± 1% of biodiesel, diesel and light crude oil, respectively, with sophorolipid by the existing bacteria after 
28 days. Characterization of bacteria isolated from the BD, D and L oil by 16S rRNA pyrosequencing showed that 
the Firmicutes was the dominant phylum in biodiesel (100%) and diesel (53%). The Actinobacteria was dominant 
in the diesel (47%) and the Proteobacteria (97%) and Actinobacteria (3%) were the two dominant phyla in the light 
crude oil. The hydrophobicity results showed that the bacteria consumed the hydrocarbons mainly by changing 
their cell surface structures in the natural biodegradation treatment and increase in the micellar dispersion of 
hydrocarbons in the biodegradation treatment with the sophorolipid. This study confirmed the significant contribution 
of natural bacteria in the weathered diesel, biodiesel and light crude oil in the biodegradation and the positive effect 
of sophorolipid on the biodegradation. 

The addition of chemical dispersants to the oil-impacted sites has 
been extensively practiced over the last few decades [15,16]. This is 
because the chemical dispersants are composed of both hydrophilic 
(water-like) and hydrophobic (water-repellant) parts in their 
structures [16]. Therefore, they are able to simultaneously interact 
with oil and water molecules and disperse the spilled oil in the water. 
When dispersants contact the dispersed oil, they influence (usually 
decrease) the oil-water interfacial tension. This leads to the formation 
of oil droplets if mixing is provided [17]. Then the formed droplets are 
dispersed through encapsulation in the micelles [18]. 

To date, the ultimate goal of application of various additives 
including chemical dispersants was to increase the bioavailability of 
spilled oil to the indigenous oil-degrading microorganisms in the oil-
contaminated environments [1,16,19-21], and the role of oil-degrading 
microorganisms present in the spilled oil was not understood. The 
study that investigated the role of natural bacteria on hydrocarbon (e.g., 
crude oil) biodegradation in seawater showed that nearly 66% of oil 
was degraded during 56 days of biodegradation by the active bacteria in 
the spilled-oil [22]. However, the effect of additives (e.g, biosurfactant) 
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on natural bacteria on spilled oil has not been considered. 

The main objectives of this study were to determine the identity 
of bacteria naturally present in the weathered biodiesel, diesel and 
light crude oil in the oil biodegradation and to determine the effect of 
sophorolipid biosurfactant on the biodegradation of diesel, biodiesel 
and light crude oil by those bacteria. 

This study provides information regarding the role of indigenous 
oil-degrading bacteria in the spilled oil biodegradation in the marine 
environment and the effect of sophorolipid biosurfactant on their 
activities.

Materials and Methods
Chemicals

The sophorolipid biosurfactant was supplied by Ecover Company 
(Belgium N.V, SL18, 41%). Diesel and light crude oil were purchased 
from Petro-Canada and biodiesel was supplied by Rothsay Biodiesel 
Company in Montreal, Canada. Deionized water was used for dilution 
of the original sophorolipid solution and seawater preparation. The 
fresh biodiesel, diesel and light crude oil were artificially weathered 
(following the Wang et al. [23] method with modifications) under 
a fume hood for 72 h to simulate the weathering conditions and 
reduce the effects of volatile hydrocarbons on the biodegradation 
experiment. The synthetic seawater was a brine solution (30 g NaCl/L) 
amended with necessary elements for the microbial growth and was 
prepared following the swirling flask dispersant effectiveness test 
with slight modifications [24]. The synthetic seawater consisted of 
NaCl salt (30 g/L), nitrogen and phosphate (N&P) solution, and main 
and trace element solutions. The N&P stock solution consisted of 
Na2HPO4.2H2O (18.40 g/L) and KNO3 (76.30 g/L). The trace element 
stock solution consisted of MnSO4.H2O  (30.2 mg/L), H3BO3 (57.2 
mg/L), ZnSO4.7H2O  (42.8 mg/L) and (NH4)6Mo7(O2)4  (34.7 mg/L). 
The three main element solutions consisted of MgSO4.7H2O (22.5 g/L), 
CaCl2.2H2O  (27.50 g/L), and FeCl2.6H2O  (0.25 g/L). All five stock 
solutions were separately autoclaved (121°C, 20 min) and kept at room 
temperature (22 ± 1°C). Fresh solutions were prepared as the sign of 
chemical and biological degradation were observed. Prior to each test, 
the N&P solution (10 mL), the trace elements (2 mL) and the main 
element solutions (2 mL of each) and the NaCl salt (30 g) were added 
to the deionized water (1L) [24]. The pH and temperature was recorded 
and dilute HCl (1%) or NaOH (0.1 N) were used to adjust the pH. 

Two sets of hydrocarbons (biodiesel, diesel and light crude oil) were 
prepared for this study. The first set of hydrocarbons was weathered but 
not sterilized and specifically used as the source of microbial culture 
and also the source of hydrocarbon in the biodegradation experiment. 
The second set of hydrocarbons (already weathered) was used only 
for the microbiological analysis tests (after the biodegradation 
experiment). This set was initially sterilized (0.22 µm pore size, d: 25 
mm, Fisher Scientific, EMD Millipore MF-Millipore™ Mixed Cellulose 
Ester Membranes) to remove all present microbial communities in 
the oils. This oil was only used as the source of hydrocarbons for the 
microorganisms. The oil was kept in amber vials at room temperature.

Biodegradation experiments

Biodegradation experiments were carried out according to the 
modified method adapted from the USEPA-bioremediation agent 
effectiveness [24] and the method proposed by McKew et al. [1]. The 
indigenous microbial communities were used without any enrichment. 
Three treatments including the control (no bacteria), natural (with 

bacteria) and natural treatment with external sophorolipid addition 
were designed to investigate the oil biodegradation by the active 
bacteria present in the tested oils. 

The control treatment contained the artificial seawater (20 
mL) and sterilized weathered oil (100 µL). The natural treatment 
contained the artificial seawater (20 mL) and weathered but not 
sterilized hydrocarbons (100 µL). The natural treatment with external 
sophorolipid contained the synthetic seawater (20 mL), weathered but 
not sterilized hydrocarbons (100 µL) and sophorolipid solution (100 
μL, 80 mg/L). Biodegradation vials incubated on an orbital shaker 
(Thermolyne AROS) at 100 ± 1 rpm and room temperature (22 ± 1ºC) 
for 28 days. Samples covering days 0, 7, 5, 21 and 28 (for each oil) were 
taken to analyze the total petroleum hydrocarbon (TPHs), the bacterial 
enumeration and the bacterial characterization. 

Bacterial Verification: The Bushnell-Hass (B-H) media was 
used to recover the active indigenous oil-degrading bacteria in the 
tested oils. The Bushnell-Hass is a specific media that only recovers 
the oil-degrading bacteria [25]. The B-H media was supplemented 
with the weathered sterilized diesel, biodiesel and light crude oil 
as the source of hydrocarbons. The B-H media was prepared by the 
addition of magnesium sulfate (0.2 g/L), calcium chloride (0.02 g/L), 
monopotassium phosphate, dipotassium phosphate and ammonium 
nitrate (1 g/L each), ferric chloride (0.05 g/L) and 10-15 g of solidifier 
to deionized water (final pH 7.0 ± 0.2 at 22°C, autoclaved at 121ºC, 20 
min). The plating was done in two steps including serial dilution and 
aseptic spreading. The serial dilution of the biodegradation samples was 
done by diluting the aqueous phase of the biodegradation samples (0.5 
mL) of each sampling day with  4.5 mL of phosphate buffer solution 
(1M, pH 7.4 at 25ºC, to obtain dilutions of  ≥10-5, Sigma-Aldrich). 
The aseptic spreading of the dilutions (100 μL) was conducted by the 
spreading of the diluted samples and the sterilized weathered diesel 
(20 μL), biodiesel (20 μL) and light crude oil (20 μL) on the duplicate 
Bushnell-Hass plates. The plates were sealed with Parafilm and 
incubated at room temperature (22 ± 1°C) until the bacterial colonies 
were observed. The number of observed colonies was reported as the 
colony-forming units (CFU) per mL of samples. 

Chemical analysis of TPHs: The level of biodegradation at various 
periods was monitored weekly by analysis of the remaining of total 
petroleum hydrocarbons (TPHs) at days 0, 7, 14, 21 and 28. When the 
vials were taken from the shaker, the samples were solvent extracted 
according to the swirling flask dispersant effectiveness test [24]. First, 
the samples were centrifuged (10000 rpm, 10 min) to separate the 
biomass from the aqueous phase. The aqueous phase was extracted 
(3X) with 5 mL of n-hexane (95%, Sigma-Aldrich Canada Co.) and the 
extracted hydrocarbons (15 mL) were further diluted by the addition 
of hexane (5 mL). The analysis of the extracted mixture was conducted 
by a CP-3800 VARIAN gas chromatograph (GC-FID) in the splitless 
mode and with the oven and detector temperatures of 250°C and a total 
run time of 33 min (2 min hold at 40°C and 6 min hold at 250°C). 
The percentage of biodegraded oil was calculated as ((Cin-C residual)/ 
Cin) × 100%, where Cin is the initial concentration of oil added to the 
biodegradation samples and the Cresidual is the concentration of oil 
remaining at different biodegradation periods. 

Bacterial communities characterization: Characterization of the 
natural microbial communities was conducted by pyrosequencing of 
16S rRNA. Three samples of day-0 of the biodegradation experiment 
were selected to identify the original bacterial communities in the 
tested oils. Samples (20 mL) were centrifuged (10000 rpm, 10 min) and 
the biomass was washed (2X) with n-hexane (95%, Sigma-Aldrich). 
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This step was conducted to remove the oil residue from the biomass. 
The phenol-chloroform method [1] was followed for the genomic DNA 
extraction. Briefly, the biomass was initially transferred to tubes (2 mL) 
that contained 0.5 g of glass beads and a 1 mL of phenol-chloroform-
isoamyl alcohol (25:24:1, Sigma-Aldrich). The mixture was vortexed (5 
sec), bead beated (20 sec, Mini Vortex, Fisher Scientific) and centrifuged 
(12000 × g, 5 min, Thermo Scientific). This step was repeated until no 
layer was observed between two phases. The upper layer was transferred 
to the clean tubes (2 mL) and the chloroform-isoamyl alcohol (450 µL, 
24:1, Biotechnology grade, Amresco) was added to the tubes, vortexed 
(10 sec) and centrifuged (12000×g, 5 min). The aqueous phase of 
this step was transferred to a clean (2 mL) collection tube and 70 µL 
of sodium acetate (3M) and ice-cold isopropanol (1 mL) were added 
to the tubes. The mixture was gently shaken and incubated at -20°C 
overnight. Following the incubation time, the mixture was centrifuged 
(12000×g, 5 min) and the upper phase was discarded. A 70% ethanol 
(1 mL) was used to wash (2X) the precipitated DNA by centrifuging 
the mixture at 12000×g for 5 min. The DNA was finally air dried and 
mixed with 50 µL of ultra-pure distilled water (Invitrogen) and stored 
at -20°C [1].

The purity of the genomic DNA was examined by running 
the genomic DNA on a 1.5% agarose gel electrophoresis using 
triethanolamine buffer solution (TEA) (a mixture of Tris base, acetic 
acid and ethylenediaminetetraacetic acid (EDTA)). The concentration 
of genomic DNA was quantified using the PicoGreen DNA assay 
kit (Quant-iT) by spectrophotometer. This step was followed by the 
amplification of the quantified genomic DNA using the polymerase 
chain reaction, 16S rRNA. The 16S rRNA contains three forward 
primers and one reverse primer. The sequences of forward primers are 
5′-CCTACGGGRGGCAGCAG-3′, 5′-ACWYCTACGGRWGGCTGC-
3′ and 5′-CACCTACGGGTGGCAGC-3′ and the reverse primer 
sequences are 5′-TACNVGGGTHTCTAATCC-3′. The PCR master 
mixture (Bioline Co.) for each reaction contained the following 
components: forward and reverse primers (2.5 µL each), 2.5 µmole 
MgCl2 (2.5 µL), Taq polymerase enzyme (0.5 µL), 5X reaction buffer 
(10 µL), dNTP-deoxynucleoside triphosphate (0.5 µL), genomic DNA 
template (2 µL), ultra-pure distilled water (29.5 µL, Invitrogen). The 
genomic DNA from E.coli and deionized water were used as the 
positive and negative controls. The hot start PCR cycling conditions 
were as follows. One cycle of hot start at 94ºC for 5 min was followed 
by 30 cycles at the same temperature each for 1 min, 30 cycles at 
55ºC for 30 sec, 30 cycles at 72ºC for 1.5 min and finally one cycle of 
extended elongation at 72ºC for 8.5 min. The PCR products were then 
cleaned with the UltraClean PCR Clean-Up Kit (MO BIO Co.). The 
final concentration of the products was determined by Bioanalyzer 
1000 (Agilent Technologies) and samples were submitted to the McGill 
Genome Center. 

The obtained sequences were submitted to the Ribosomal Database 
Project (RDP, available at http://rdp.cme.msu.edu/seqmatch/
seqmatch_intro.jsp) with the Pyrosequencing Pipeline Initial Process 
described by Cole et al. [26]. The trimming process (e.g., mismatch 
adapters, barcodes and primers) was conducted by the default 
parameters and the sequences ≤ 150 were not included in the analyzes 
[27]. The average length of the analyzed sequences was around 450 bps. 
The RDP classifier was used to conduct the taxonomic classification 
and the bacterial sequences of each sample (e.g., biodiesel, diesel and 
light crude oil samples) carried out individually. The similarities of ≥ 
97% were reported as dominant bacteria in each sample.

Determination of oil uptake by bacterial communities: The modified 

microbial adhesion to the hydrocarbon protocol [28, 29]was followed 
to determine the hydrocarbon uptake by the indigenous bacterial 
communities in the weathered oils. Before the test, the biodegradation 
samples (20 mL, day-7 of the biodegradation) were enriched by 
transferring the entire samples to the fresh Luria Broth (Sigma-
Aldrich) and incubating for 18-24 h at 100 rpm and room temperature 
(Orbital shaker, Thermolyne AROS). The enriched samples were then 
centrifuged (10000 rpm, 10 min) and the biomass was washed (2X) 
with a buffer solution ((pH 7.4, MnSO4.7H2O (0.2 g/L), urea (CH4N2O; 
1.8 g/L), KH2PO4(7.26 g/L) and K2HPO4.7H2O  (22.2 g/L)) and then 
with sterilized synthetic seawater (salinity of 30 ppt, pH 7.2) to remove 
the impurities. Bacterial cells were diluted in the artificial seawater (30 
ppt, pH 7.2) until an absorbance of 1.0 A (A0) at 600 nm was obtained 
by a UV-visible spectrophotometer (Lambda 20). The mixture was 
dispensed in separatory funnels (~25 mL in each) followed by the 
addition of (i) a 1 mL of weathered sterilized hydrocarbons (biodiesel 
and diesel were syringe filtered (0.2 µm), and light crude oil was 
autoclaved at 121ºC for 20 min and cooled to room temperature), 
(ii) mixture of weathered sterilized hydrocarbons and sophorolipid 
solution. The mixtures were thoroughly mixed (3000 rpm, 2 min) and 
the optical density (OD: 600 nm) of biomass-aqueous phase (1.5 mL) 
of each treatment was measured after 1 h. 

The bacterial cell surface hydrophobicity (CSH) was calculated from 
the decrease in the turbidity of biomass in the aqueous phase (which 
shows the adherence of biomass to hydrocarbons or sophorolipid) 
following each treatment (A1) to the initial absorbance of suspended 
biomass (A0), [1 - (A1/A0) × 100]. A positive CSH was reported as 
the hydrophobicity (tendency to interact with the hydrophobic 
compounds) and the negative CSH was reported as the hydrophilicity 
(tendency to interact with the hydrophilic compounds). 

Results and Discussion 
Role of indigenous oil-degrading bacteria in the weathered 
diesel, biodiesel and light crude oil biodegradation

Few studies have focused on the role of indigenous bacteria in 
the spilled oil biodegradation. In this study, the bacteria with a high 
capability of consuming the weathered biodiesel, diesel and light crude 
oil as the hydrocarbon source was confirmed through (1) chemical 
analysis of hydrocarbon (TPHs) concentrations at different days of 
the biodegradation experiment (2) visual observation of the microbial 
colonies on the Bushnell-Hass plates and (3) microbial verification by 
the pyrosequencing technique. 

Figures 1 and 2 show the biodegradation of weathered diesel, 
biodiesel and light crude oil (total petroleum hydrocarbons) and 
bacterial growth in the natural and sophorolipid treatments. The 
chemical analysis of total hydrocarbons in the control treatment 
(artificial seawater only) at different sampling days showed no oil 
biodegradation, while high levels of biodegradation were observed in 
the natural treatment at different sampling days. For example, the initial 
concentration (5000 mg/L) of weathered biodiesel, diesel, and light 
crude oil by bacteria was reduced to less than 3000 mg/L during the 28 
days of the biodegradation process. The highest level of biodegradation 
of diesel (27 ± 2.2%), biodiesel (28 ± 4%), and light crude oil (30 ± 
1%), during the natural treatment and 28 ± 2.64% (diesel), 28 ± 3.3% 
(biodiesel), and 30 ± 1% (light crude oil) during the biosurfactant 
treatment occurred during the first 7 days of biodegradation period. 
The biodegradation continued in the following days in both natural 
and sophorolipid treatments and slowed down from day 14 to day 28, 
at which the maximum biodegradation reached 43 ± 1% (biodiesel), 
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45 ± 6% (diesel) and 39 ± 5% (light crude oil) in the natural treatment 
and 45 ± 5% (biodiesel), 48 ± 4% (diesel) and 44 ± 1% (light crude 
oil) in the sophorolipid treatment, respectively. In addition, no 
microbial population was observed on the plates with the sterilized 
biodiesel, diesel and light crude oil (control), while nearly 100, 370, 760 
CFU/mL were grown on the Bushnell-Hass plates cultured with the 
aqueous phase of the day 0 of biodegradation samples (contained the 
unsterilized weathered biodiesel, diesel and light crude oil). 

The presence of oil-degrading bacteria in oil-contaminated marine 
environments was previously reported in the literature [30,31]. Previous 
studies showed the presence and role of the oil-degrading bacteria in 
the contaminated environments, where the oil spill occurred, instead of 
in the spilled oil. This study showed that the oil-degrading bacteria are 
also present in the spilled oil. The results of this study are in agreement 
with a previous study [22] that investigated the capability of the oil-

degrading microorganisms present on the weathered crude oil on 
biodegradation of oil in seawater. Although different culture media 
(minimal salt media) were used for the microbial growth in their study, 
a significantly higher bacterial population was recovered from the 
plates cultured with the weathered crude oil (e.g., 41200 ± 511 CFU/
mL) than the plates cultured with the bacterial communities isolated 
from the seawater (Gulf St. Vincent, SA, Australia) where the levels of 
66 ± 3 CFU/mL were determined [22]. 

The pyrosequencing technique was used to identify the dominant 
bacteria in the diesel, biodiesel, and light crude oil. Analysis of 
pyrosequencing results revealed four major phyla including Firmicutes, 
Actinobacteria, Actinobacteria and Proteobacteria in the tested oils. 
The Firmicutes was the dominant phylum in biodiesel (100%) and 
diesel (53%). The Actinobacteria was also dominant in the diesel 
(47%) oil and the Proteobacteria (97%) and Actinobacteria (3%) were 
the dominant phyla in the light crude oil. The majority of the isolated 
bacteria were identified as orders of Bacillales, Actinomycetales and 
Sphingomonadales. For example, Bacillales was the dominant order 
isolated from the biodiesel oil. Two dominant orders including 
Acinetobacter and Bacillales were isolated from the diesel and 
Sphingomonadales was the dominant order in the light crude oil. 
Table 1 summarizes the characteristics of bacteria recovered from the 
biodiesel, diesel and light crude oil by the pyrosequencing technique. 

Assessment of the characteristics of the dominant bacteria isolated 
from the biodiesel, diesel and light crude oil revealed that they either 
have a high potential for biosurfactant production or are a known oil-
degrading bacteria [32-34]. For example, the biosurfactant production 
of Firmicutes phylum was reported in several studies [35-38]. Similarly, 
the Paenibacillus genus and its members were found to effectively 
degrade diesel through biosurfactant production [34,39]. 

Oil uptake by bacteria 

The microbial adhesion to hydrocarbon test was used to verify the 
mechanisms of oil uptake by the natural bacteria in the weathered oils. 
Figure 3 shows the variation in the cell surface hydrophobicity of isolated 
bacteria under the natural (control) and sophorolipid treatments. In 
the natural (control) treatment the bacteria were incubated on the 
diesel, biodiesel and light crude oil. In the sophorolipid treatments, the 
bacteria were incubated on (i) only the sophorolipid biosurfactant and 
(ii) the combinations of sophorolipid and diesel, biodiesel and light 
crude oil.

The results of the cell surface hydrophobicity (CSH) in the control 
showed that the isolated bacteria recovered from the biodiesel had 
hydrophilic properties (negative CSH, tendency to interact with the 
hydrophilic compounds), while the isolated bacteria recovered from 
the diesel and light crude oils had hydrophobic properties (positive 
CSH, tendency to interact with the hydrophobic compounds). For 
example, the hydrophobicity values of -50%, 16% and 2% were obtained 

Figure 1: Biodegradation of weathered diesel (D), biodiesel (BD) and light 
crude (L) oil with and without sophorolipid (SL) biosurfactant during 28 days of 
incubation at 100 rpm and 22 ± 1°C.

Figure 2: Bacterial populations recovered from the weathered biodiesel (BD), 
diesel (D) and light crude (L) oil with and without sophorolipid (SL) grown on the 
Bushnell-Hass plates.

Classifications Biodiesel Diesel Light crude oil
Phylum Firmicutes Actinobacteria Firmicutes Proteobacteria Actinobacteria
Class Bacilli Actinobacteria Bacilli Alphaproteobacteria Actinobacteria
Order Bacillales Actinomycetales Bacillales Sphingomonadales Actinomycetales
Family Bacillaceae Dietziaceae Paenibacillaceae Sphingomonadaceae Mycobacteriaceae
Genus Bacillus Dietzia Paenibacillus Sphingomonas Mycobacterium

Dominancy (%) 100 47 53 97 3

Table 1: Classification of natural bacterial communities present in biodiesel, diesel and light crude oil by pyrosequencing.
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following 1 h of incubation of bacterial cells on the biodiesel, diesel and 
light crude oil, respectively. 

The examination of biodiesel-isolated bacteria (e.g., Bacillus) 
incubated on the weathered biodiesel and diesel showed that the 
bacteria changed the cell surface hydrophobicity (CSH) from -50% 
to -60%, as they were exposed to biodiesel and modified their CSH 
from -50% to nearly +1% when exposed to weathered diesel. This 
test clearly showed the capability of the bacteria in cell modification 
as exposed to the different types of hydrocarbons. The results of this 
study are in agreement with the studies on the effect of hydrocarbons 
on the bacterial cell surface properties [3,40,41]. For example, Bouchez 
Naïtali et al. [3] showed that cell surface hydrophobicities of 69% and 
21%, respectively, were obtained as Rhodococcus equi was cultured on 
hexadecane (insoluble in water) and glycerol (soluble in water). 

The bacteria showed completely different surface properties 
when exposed to mixtures of hydrocarbons and the sophorolipid 
biosurfactant. The hydrophobicity of bacteria, which was already 
incubated on the weathered biodiesel, diesel and light crude oil, 
decreased as the mixtures of bacterial cells-hydrocarbons were exposed 
to an 80 mg/L of sophorolipid solution Figure 3. The highest bacterial 
cell modification was observed in the bacterial cell-diesel system. 
The hydrophobicity of diesel bacteria decreased from +16% to -20%. 
The hydrophobicity of mixtures of the bacterial cell-biodiesel system 
decreased from -50% to -67% and the hydrophobicity of the bacterial 
cell-light crude oil system decreased from +2% to -11%. All bacteria 
modified their cell surface properties to very hydrophilic states. 

As reported by Baumgarten et al. [42]  depending on the species of 
bacteria and the environmental conditions, the bacterial cell surface can 
be hydrophobic or hydrophilic. The bacteria with the high cell surface 
hydrophobicity are able to directly interact with the hydrophobic 
compounds such as hydrocarbons, while the bacteria with the low cell 
surface hydrophobicity can interact with the hydrophilic compounds 
or adhere to the hydrocarbons that are encapsulated in the micelles 
(because the outer layer of micelle is hydrophilic) [3,43-48]. The ability 
of microorganisms for cell surface modifications during incubation at 
different conditions [29,49-51] and the microbial cell modifications 
following the application of biosurfactants were previously reported 
[40,49,50,52-56]. The modification of the cell surface hydrophobicity 
is one of the strategies that microorganisms use to avoid contact with 
toxic compounds [3,46,57] or to uptake food (e.g., hydrocarbons) 

[45,46]. For example, some bacteria release vesicles (which is an 
intercellular structure and its outer membrane is a lipid bilayer) from 
the outer membrane [42], while others release lipopolysaccharide 
(LPS) to change the cell surface hydrophobicity [52]. 

Production of biosurfactant or emulsifying compounds is another 
way that bacteria change their cell surface structures. Beal and Betts 
[56] showed that the biosurfactant production in the biosurfactant 
producing bacteria (e.g., PG201, a rhamnolipid-producing bacteria) 
reduced the level of cell surface hydrophobicity (negative CSH) as 
exposed to phenanthrene. Moreover, a study on the phenanthrene 
biodegradation by Pseudomonas sp. strain PP2 showed that the 
biosurfactant production by Pseudomonas during biodegradation 
and modifications of the cell surface hydrophobicity were the two 
adapted mechanisms by Pseudomonas for the phenanthrene uptake 
[41]. Similarly, Pseudomonas strains consumed hydrocarbons by 
the production of rhamnolipid biosurfactants, which accelerated the 
solubility of hydrophobic substrates. Production of the rhamnolipids 
made the Pseudomonas cell surface more hydrophilic and thus cells 
were able to uptake the encapsulated hydrocarbons in the micelles 
through contact with the outer layer of micelles, which is hydrophilic 
[44,58]. 

One way to increase the hydrocarbon uptake by the microorganisms 
to add surfactants to the hydrocarbon contaminated systems (e.g., 
in the case of an oil spill). Although, some studies showed the 
insignificant effect of the addition of surfactant (e.g., rhamnolipid) on 
the cell structures [40], the changes in the cell surface hydrophobicity 
following the addition of biological surfactants was reported by 
investigators [29,56]. Increase in the biodegradation of hexadecane 
[56] and octadecane by Pseudomonas species [29] have highlighted 
the positive effects of external addition of biosurfactants on the 
hydrocarbons biodegradation. Similarly, the cell surface properties of 
gram negative bacteria such as P. fluorescens SM, A. hydrophila SM, P. 
alcaligenes SM, A. denitrificans SM, P. stutzeri KS and F. oryzihabitans 
P1 significantly increased in the presence of rhamnolipid [40]. A study 
conducted by Al-Tahhan et al. [52] showed that the increase in the 
cell surface hydrophobicity of Pseudomonas spp. in the presence of 
rhamnolipid was because the rhamnolipid biosurfactant changed the 
outer membrane of the bacteria so that the interaction between the 
rhamnolipid and the outer membrane of cells resulted in the loss of 
fatty acid content due to the release of lipopolysaccharide (LPS) [52]. 

Results of the hydrophobicity test showed that the bacterial 
communities in the diesel, biodiesel and light crude oil modified their 
cell surface structures based on the availability and the compositions 
of hydrocarbons. Moreover, the cell surface hydrophobicity was 
significantly influenced by the types of hydrocarbons and the presence 
of sophorolipid biosurfactant. For example, the initial hydrophilic 
nature of bacteria in the cell-biodiesel system (CSH of -50) suggests 
that the bacteria should be able to directly contact to the hydrophilic 
compounds of the biodiesel. On the other hand, the hydrophobic nature 
of the bacteria in the cell-diesel and the cell-light crude oil systems 
suggests that the direct contact with the hydrophobic compounds 
of diesel and light crude oil may be the primary way of hydrocarbon 
uptake by the bacteria. 

In the system with the bacterial cells and only sophorolipid (80 
mg/L), the exposure of bacteria to the sophorolipid biosurfactant 
significantly increased the bacterial cell surface hydrophobicity. This 
behavior seems normal, because the hydrophobic structure of the 
sophorolipid biosurfactant limited the availability of sophorolipid to 
the bacteria. The modification enabled the bacteria to interact directly 

Figure 3: Bacterial cell modification following the exposure of bacterial 
communities in the weathered biodiesel, diesel and light crude oil to the diesel, 
biodiesel and light crude oil, the sophorolipid biosurfactant individually and in 
combination. The SD values are ≥ 0.5%.
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with the hydrophobic sophorolipid biosurfactant. 

The significant decreases in the hydrophobicities of the cell-
sophorolipid-diesel, biodiesel and light crude oil mixtures was 
because the sophorolipid biosurfactant increased the bioavailability of 
hydrocarbons (HCs) through the HC encapsulation in the micelles and 
the bacteria directly contacted with the hydrophilic micelles. 

Several reasons can lead to the high levels of weathered diesel, 
biodiesel and light crude oil biodegradation in the natural and 
sophorolipid treatments. It seems that, the presence of natural oil-
degrading bacteria in the weathered biodiesel, diesel and light crude 
(Table 1) and the high capability of the dominant bacteria in the 
modification of cells surface structures Figure 3 can be the main reasons 
for the oil biodegradation. Moreover, the presence of readily consumable 
hydrocarbons slightly influenced the biodegradation, though the 
biodegradation due to the contact with the readily consumable 
hydrocarbons was limited. This is because the natural solubility 
of biodiesel (BD), light crude oil (L) and diesel (D) in the artificial 
seawater was insignificant (e.g., less than 5% for BD and less than 3% 
for D and L). In addition, as the ability of bacteria in the production of 
HC degrading enzymes and biosurfactant compounds was previously 
reported by investigators [3,7,34-39] thus the biosurfactant production 
by the dominant bacteria in the weathered diesel, biodiesel and light 
crude oil was also considered as one of the possible reasons for the high 
oil biodegradation. Given the type of isolated bacteria in the biodiesel, 
diesel and light crude oil (Table 1), production of biosurfactant by such 
bacteria during the biodegradation process seemed possible. However, 
the surface tension measurements of the culture media (supernatant) 
of the bacteria recovered from the biodiesel, diesel and light crude oil 
showed an insignificant decrease in the surface tension during the 
bioremediation process. The surface tension measurements results did 
not support the significant biosurfactant production by the indigenous 
bacteria.

Investigations showed that chemical dispersants (e.g., Corexit 
9500) and even biological dispersants (e.g., rhamnolipid) did not 
always lead to enhanced oil mineralization and biodegradation 
[19,59]. However, studies conducted by Koch et al. [60] suggested 
that the exposures of non-producing bacteria (e.g., a mutant strain of 
PG201) to pure rhamnolipid increased the uptakes of the hydrophobic 
compounds. The higher levels of biodegradation of diesel, biodiesel and 
light crude oil in the samples treated with sophorolipid biosurfactant 
suggested the high availability of hydrocarbons to the bacteria as the 
results of increase in the solubilization and dispersion of hydrocarbons 
by sophorolipid biosurfactant and the hydrocarbon encapsulation 
in the micelles (Figure 1), the ability of bacteria in the cell surface 
modifications based on the available HCs (Figure 3) and direct contact 
with the water-soluble hydrocarbons (e.g., biodiesel), respectively. 

Conclusions
Several studies have assessed the role of oil-degrading bacteria 

isolated from seawater in the biodegradation of petroleum 
hydrocarbons [7,22,61]. Although those studies provided valuable 
information on the influence of such bacteria in the oil biodegradation 
in aqueous environments, they did not consider the importance of the 
microbial communities in the spilled oils in the oil biodegradation 
[7,22,61]. This study determined the presence of natural oil-degrading 
bacteria in the weathered diesel, biodiesel and light crude oil and the 
role of the bacteria in oil biodegradation in the presence and absence of 
the sophorolipid biosurfactant. 

The findings from this study revealed the significant biodegradation 
of tested oils especially light crude oil in both natural and sophorolipid 
treatments. The biodegradation results and bacterial growth on the 
Bushnell-Hass media confirmed the presence of active oil-degrading 
bacteria in the tested oils. A comparison of the results obtained from 
the biodegradation study and the cell surface hydrophobicity tests 
suggested that the biodiesel, diesel and light crude oil biodegradation 
(in the natural treatment) by the bacteria was because the bacteria was 
able to uptake the oil droplets or the hydrophilic compounds by the 
direct interactions as the results of the cell surface modifications.. The 
mentioned mechanism for the natural (control) treatment could have 
also simultaneously occurred in the treatment with the sophorolipid 
biosurfactant. However, the hydrocarbon uptake by the bacteria in the 
sophorolipid treated samples was due to the encapsulation of biodiesel, 
diesel and light crude oil in the sophorolipid micellar aggregates.

This study confirmed that the indigenous oil-degrading bacteria in 
the weathered diesel, biodiesel and light crude oil had an important 
role in the oil biodegradation in the seawater and also the positive 
effect of external addition of the sophorolipid biosurfactant on the 
biodegradation.
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