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Four bacterial strains belonging to the family Bacillaceae were isolated from a polluted site and tested 
for their efficiency in degrading a refinery effluent highly polluted with hydrocarbons. Among 13 strains 
isolated, four were selected for their efficiency. Each of these four strains demonstrated a strong ability 
to grow as a single strain on a hydrocarbon effluent (HCE) as sole carbon source. In batch assays using 
clarified wastewater as diluent, the strains achieved high-percentage decreases in total hydrocarbon 
concentration within 18 days: 98% with Bacillus licheniformis STK08, 87% with Geobacillus 
stearothermophilus STM04, 80% with Lysinibacillus sphaericus STZ75 and 72% with Bacillus firmus 
STS84. The decreases were greater during the first three days of treatment, with 73, 66, 39 and 47% 
recorded for Bacillus licheniformis STK08, G. stearothermophilus STM04, L. sphaericus STZ75 and B. 
firmus STS84, respectively. Growth assays run under different conditions showed that B. licheniformis 
STK08 and G. stearothermophilus STM04 were able to grow at salinities of up to 120 g/L and at 55°C. 
Potential biosurfactant production tested using two methods namely modified drop collapse (MDC) and 
blue agar plate (BAP) demonstrated that the four Bacillaceae species are biosurfactant producers. 
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INTRODUCTION 
 
Petroleum oil is a major driver of worldwide economic 
activity, but it has also created major pollution problems 
due to repeated accidental spills during petroleum 
component transport and storage and during refining 
process. Many physical and chemical methods can 
remove toxic petroleum components, such as 
incineration, chlorination, ozonation and combustion, but 
they unfortunately  require  elaborate  facilities  and  sub- 
stantial   amounts   of   additional   fuels   (Mrayyan    and 
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Battikhi, 2005). Moreover, these processes, especially 
the chemical ones, produce intermediates that may 
present toxicity levels similar to the original substances 
(Tomei et al., 2003). Thus, some studies tend to look for 
other process which seems to be more efficient and less 
costly. In fact, several studies have demonstrated that 
biological approaches are better suited to the degradation 
of these pollutants due to their low cost, their ability to 
convert contaminants to harmless end-products (Rahman 
et al., 2002) and the proven high sensitivity of the 
technologies employed. Efficient treatments hinge on 
precise knowledge of the polluting load, the physical and 
chemical properties of the pollutant, the environmental 
conditions and the  specific  competencies  of  the  micro- 



 
 
 
 
organisms involved (Rahman et al., 2002; Hui et al., 
2007; Das and Chandran, 2011).  

Studies of biodegradation processes have 
demonstrated that various species belonging to different 
genera such as Achromobacter, Alcaligenes, 
Azospirillum, Bacillus, Cycloclasticus, Micrococcus, 
Pseudalteromonas, Pseudomonas, Sphingomonas, 
Staphylococcus, Vibrio and Xanthomonas (Hedlund et 
al., 2001; Zhuang et al., 2003; Viñas et al., 2005; Alonso-
Gutiérrez et al., 2009) are able to use one or more 
polycyclic aromatic hydrocarbons (PAHs) as sole carbon 
source. These genera are capable of degrading crude oil 
in pure and mixed cultures with natural or constructed 
bacterial consortia. However, the degradation rate usually 
depends on the composition of the crude oil used and its 
bio-accessibility. Also, compounds such as saturates, 
aromatics and polar compounds present in different 
crude oil samples are degraded to different degrees by 
the same organisms (Tzarkova and Groudeva, 2000). 

Hydrocarbon degradation has been widely reported in 
laboratory-scale batch studies. Indeed, Chavan and 
Mukherji (2008) demonstrated that green algae and 
cyanobacteria can remove 98.99% of total petroleum 
hydrocarbon. Likewise, using bacterial consortium 
isolated from oil contaminated site, Malik and Ahmed 
(2011) revealed percentages of hydrocarbon removal of 
94.64 and 93.75 of aliphatic and aromatics hydrocarbons, 
respectively. Conclusions of all biodegradation studies 
show that bacterial efficiency is usually related to the 
acclimation period and growth conditions, mainly  
temperature and salinity. 

In fact, hydrocarbon biodegradation in high salt medium 
was slow, because high NaCl in medium disrupts cell 
membrane, denaturates some proteins such as enzymes, 
or changes osmotic forces; these factors could be lethal 
for microorganisms (Minai-Tehrani et al., 2006). 
Nevertheless, temperature improves hydrocarbon 
degradation and enhances its bio-accessibility for 
bacteria (Margesin and Schinner, 2001). Regarding the 
influence of environmental conditions on the hydrocarbon 
degradation rate, it seems interesting to seek for efficient 
bacterial strains, which could be explored for the 
bioremediation of hydrocarbon-polluted sites in terrestrial 
or marine environments, especially under high 
temperature or high salinity conditions. Within this 
framework, four species belonging to the family 
Bacillaceae were isolated from sites highly polluted with 
hydrocarbons. The isolates were tested to evaluate their 
ability to grow at different temperatures and salt 
concentrations, to produce biosurfactant and to degrade 
a refinery effluent in pure culture efficiently. 

 
 
MATERIALS AND METHODS 

 
Sampling site and characterization of the hydrocarbon effluent 
 

Samples of a  hydrocarbon  effluent  (HCE)  were  collected  from  a  
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rejection mud pit run by the Tunisian Refining Industries Company 
(STIR) located at Bizerte in Northern Tunisia. The samples 
collected from the STIR were transferred to pre-sterilized glass 
bottles and analyzed by measuring Total Hydrocarbon 
Concentration (THC), Chemical Oxygen Demand (COD), 
Biochemical Oxygen Demand (BOD5), pH and salinity (Ben Hamed 
et al., 2010). 

 
 
Isolation of hydrocarbon-degrading bacteria 
 
Samples from highly polluted wastewater were collected and 
serially diluted and plated onto basal medium amended with 1% 
(v/v) HCE as the sole carbon source. The plates were incubated at 
30°C for three days. Individual colonies were streaked successively 
onto the same medium (basal medium with 1% (v/v) HCE) for 
isolation and purification (Auffret et al., 2009).  

The basal medium used for strain isolation contained per liter: 0.5 
g KH2PO4, 1.5 g K2HPO4, 1.0 g NH4Cl, 0.5 g MgSO4. 7H2O, 5.0 g 
NaCl and 1.0 ml of trace metal solution. The trace metal solution 
contained, per liter: 1.5 g nitrilotriacetic acid, 5.0 g MnSO4.2H2O, 
0.01 g FeSO4, 0.1 g CaCl2.2H2O, 0.1 g ZnSO4.7H2O, 0.01 g 
CuSO4.5H2O, 0.1 g CoCl2, 0.01 g Al2(SO4)3.16H2O, 0.01 g H3BO4, 
0.01 g Na2MoO4.2H2O, 18 g/L agar (Van Hamme and Ward, 2001). 
The pH of the medium was adjusted to 7.5, and incubation was run 
at 37°C for 48 h. 

 
 
Morphological and biochemical characterization of isolated 
bacteria 
 

Strains were identified using morphological and biochemical 
characteristics (colony size and shape, pigmentation, cell shape, 
cell arrangement, cell motility, Gram staining, oxidase and catalase 
tests). The main characteristics of each strain were checked using 
an API 50CH system gallery and its associated software (APILAB 
3.3.3, Biomérieux Corporation) (Hedi et al., 2009). 

 
 
DNA extraction and 16S rRNA gene amplification and 
sequencing 
 
DNA was extracted from bacterial cultures using a Wizard Genomic 
DNA Purification Kit from Promega. The 16S rRNA gene of the 
isolate strain was amplified by adding 0.5 μL of extracted DNA to a 
thermocycler microtube containing 10 μL of taq polymerase q 
Biogène, 0.5 μL of 50 nM Fd1 and Rd1 primers and 38.5 μL of 
sterilized distilled water. The taq polymerase q Biogène contained 
the taq buffer, MgCl2 6H2O, dNTPs and the taq polymerase. The 
universal primers Fd1 and Rd1 (Fd1, 5’-
AGAGTTTGATCCTGGCTCAG-3’ and Rd1, 5’-
AAGGAGGTGATCCAGCC-3’) were used to obtain a PCR product 
of almost 1.5 kb corresponding to base positions 8-1542 based on 
Escherichia coli numbering of the 16S rRNA gene (Winker and 
Woese, 1991). The sample was placed in a hybrid thermal reactor 
thermocycler (BIOMetra, Leusden, The Netherlands), denatured for 
1 min at 95°C and subjected to 30 cycles for 20 s at 95°C, 30 s at 
55°C, and 1 min and 30 s at 72°C. This was followed by a final 
elongation step lasting for 5 min at 72°C. The PCR products were 
analyzed on 1% (w/v) agarose gels and sent to GATC Company 
(GATC Biotech Ltd., Germany) for sequencing. Multiple alignment 
analyses with CLUSTAL X (Thompson et al., 1997) were run, and 
all alignment gaps were treated as missing data. The obtained 
sequences then underwent a BLAST search (version 2.2.23 
available on line at Http://blast.ncbi.nlm.nih.gov/blast.cgi) to 
determine the closest related species registered in the GenBank 
database (Figure 1). 

http://blast.ncbi.nlm.nih.gov/blast.cgi
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Figure 1. 16rRNA gene sequence-based dendrogram obtained by neighbour-joining method, showing the phylogenetic 
positions of STK08, STS84, STZ75 and STM04 Bacillaceae isolates. Bootstrap confidence levels greater than 50% are 
indicated at the internodes.  

 
 
 

Biosurfactant production screening using the modified drop 
collapse method (MDC) 
 

To prepare the assay, plates were rinsed successively with hot 
water, 75% ethanol, distilled water and dried with air. After 
preparation, plates were equilibrated and coated with a thin layer of 
crude oil. The preparation was left for 24 h to ensure a uniform oil 
coating. Bacterial suspensions of all isolated strains were prepared 
and OD (600 nm) was adjusted to 0.8 for each strain. A volume of 
0.5 µl of each bacterial suspension was transferred on the thin oil 
layer.  

The shape of the drop was inspected after 1 min; if the drop 
remained beaded, the result was scored as negative (-). If the drop 
collapsed, the result was scored as positive (+) (Bodour and Miller-
Maier, 1998). 
 
 

Biosurfactant production screening using the blue agar plate 
method (BAP) 
 

This method shows an ionic biosurfactant producing strains by color 
reaction. Mineral salts agar medium (MSA) (Siegmund and Wagner, 
1991) supplemented with carbon sources (glycerol: 2%), 
cetyltrimethylammonium bromide (CTAB: 0.5 mg/ml), methylene 
blue (MB: 0.2 mg/ml) were prepared. Plates was streaked with 
bacteria of interest and incubated at 30°C for 24 h. A dark blue halo 
around the culture was considered as positive for biosurfactant 
production. Sodium dodecyl sulfate (SDS: 1 mg/l) and sterile 
distilled water were used respectively as positive and negative 
controls.  
 
 

Bacterial growth conditions 
 

To check the potential use of these strains for biodegradation in 
biotechnological processes under extreme conditions, strain 
performances were tested under halophilic and thermophilic 
conditions. Bacterial growth assays were carried out on liquid basal 
medium with 1% (v/v) of HCE as sole carbon source, with 2, 60 or 
120 g/L

 
of salt, a temperature of 30 or 55°C, or simultaneous 

combinations  of  these  different  conditions   of   temperature   and 

salinity (Table 1). 
The increase in biomass was quantified by measuring the OD at 

a wavelength of 600 nm. A reading of OD600 is frequently used in 
studies characterizing the physiology of hydrocarbon utilization 
(Ciric et al., 2010). 
 
 

Pre-culture of the isolated strains for biodegradation study 
 

Each of the four isolated strains was cultivated in a 1 L flask bottle 
containing 800 ml of sterile clarified wastewater (CWW) as diluent, 
low COD (120 mg/l), and trace hydrocarbons (THC <10 mg/l). Each 
flask bottle was inoculated with 20% (v/v) of a single strain in pure 
culture, and the HCE was added at 1% (v/v). The initial COD and 
initial THC of the hydrocarbon effluent were high, at 312 and 71 g/l, 
respectively, while the COD and THC concentrations of the 
inoculum were low, at 0.625 and 0.15 g/L, respectively. Thus the 
inoculum represented about 5% of total COD whereas HCE 
represented about 95% of total COD of the culture medium in each 
assay. Consequently, the HCE degradation run in these 1 L flask 
bottles were tested as main rather than sole carbon source. After 
incubation at 30°C for 48 h in a reverse shaker (130 rpm), 
biomasses of each single strain of these pre-grown cultures (20% 
v/v) were used to inoculate each bioreactor. 
 
 

Bioreactor design and biodegradation conditions 
 

In-bioreactor biodegradation assays were conducted in a batch 
system at 30°C and in 2 g/L of NaCl, in view of the bacterial growth 
conditions previously obtained (Table 1). As done earlier, CWW 
was used as diluent, with HCE as main carbon source. The use of 
CWW as culture medium diluent in these in-bioreactor 
biodegradation assays was justified by the potential exploitation of 
this by-product combination (CWW and HCE) in industrial 
processes, as this would avoid the need for amendment of costly 
nutrients,   essentially    nitrogen    and    phosphorus    organic   or 
inorganic compounds. The HCE was added to obtain a final THC of 
750 mg/l. Salinity was adjusted to 2 g/l and pH was adjusted to 7.2. 
Four bioreactors were trialed. Two one-liter flask bottles of each 
pre-grown single strain were necessary to inoculate each 10-L
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Table 1. Bacterial growth under different conditions of temperature and salinity and biosurfactant production 
 

Strain 
T: 30°C; NaCl: 

2 (g/L) 

T: 30°C; NaCl: 

60 (g/L) 

T: 30°C; NaCl: 

120 (g/L) 

T: 55°C; NaCl: 

2 (g/L) 

T: 55°C; NaCl: 

60 (g/L) 

T: 55°C; NaCl: 

120 (g/L) 

Biosurfactant 
production (using 

MDC and BAP) 

Bacillus licheniformis  STK08 +++ +++ ++ ++ ++ + + 

Bacillus stearothermophilus STM04 +++ +++ ++ ++ ++ + + 

Bacillus sphaericus STZ75 +++ + - + - - + 

Bacillus firmus STS84 +++ + + - - - + 
 

Growth at different conditions of temperature and salinity is considered: - if OD600nm ≤ 0.1; + for 0.1 ≤ OD600nm ≤ 0.4; ++ for 0.4 ≤ OD600nm ≤ 0.6; +++ for OD600nm ≥ 0.7.  

 
 
 
bioreactor filled up to 8 L (final volume) and fed with a 5 L 
min

-1
 airflow. Each bioreactor was inoculated with 20% 

(v/v) of a single strain in pure culture, and the HCE was 
added at 1% (v/v). As seen earlier, for each essay, the 
effluent (HCE) represented the main percentage of COD 
and THC in the bioreactor (93.4 and 95%, respectively). 
The inoculum represented a minor percentage of COD and 
THC (3.7 and 4.0%, respectively), while CWW represented 
less than 3% of total COD and less than 1% of total THC of 
each in-bioreactor batch assay. 

The initial THC concentration of each bioreactor batch 
assay was adjusted to 750 mg/l (CWW + HCE + inoculum) 
giving an initial COD mix concentration of about 3300 mg/l. 
Infeeds and outfeeds of each bioreactor were equipped 
with a 0.22 µm filter to maintain sterile conditions. 
Homogenization was ensured with a bubble diffuser and a 
magnetic stirrer. Biodegradation assays were carried out at 
ambient temperature (30°C). A negative in-bioreactor 
control assay with similar COD (2680 mg/l) but without 
inoculation was run in parallel with inoculated assays at the 
same final adjusted volume of 8 L. 

 
 
Assessment of hydrocarbon degradation in batch 
assays 
 
Each assay was analyzed periodically (at three-day 
intervals). HCE degradation was monitored by measuring 
THC and COD coupled with total suspended solids (TSS). 
Viable cell count was made on agar plates by decimal 
dilution, spreading 0.1 ml of samples taken from each 
bioreactor (final volume 8 L). Inoculated agar plates 
contained basal medium supplemented with HCE as sole 
carbon source (1% v/v).  

COD and BOD5 were measured by standard methods 
(McGraw, 1985). In the initial effluent sample, and in 
samples collected periodically from the bioreactor, THC 
was analyzed on a gas chromatography (GC) system 
equipped with a flame ionization detector (FID) according 
to French standard NF EN ISO 9377-2. Each sample was 
acidified (pH = 2) and centrifuged at 10000 rpm for 15 min 
with hexane (5:1). After a separation phase, the organic 
phase was cleaned with Florisil

®
 to remove the most polar 

substances.  
After adding the internal standard (IS) (5-α-androstane, 

2 mg/l), 2 µl of each extracted sample was injected under 
constant flow and analyzed by GC (Perkin Elmer-Auto 
system XL) coupled with FID and a capillary column 
(length 30 m; ID 0.53 mm; thickness 3 µm). The carrier gas 
was helium (He) (12.5 psi, flow rate 35 ml min

-1
). A control 

assay under the same conditions but without hydrocarbon 
was also run in parallel. The oven temperature program 
was as follows: initial temperature (50°C) with a 1 min hold, 
ramped up at 10°C min

-1
 up to 300°C with a 25 min hold. 

Peak areas of hydrocarbon components were quantified 
using Perkin Elmer software.  
 
 

Statistical analysis 
 

Statistical analysis was performed using the SPSS 10.0 
software. Data underwent a one-way ANOVA test, and 
means were compared using Duncan’s multiple range tests 
at 5% significance level. 
 
 

RESULTS AND DISCUSSION 
 

The analysis of the  initial  HCE  demonstrated  an  

important concentration of hydrocarbon (THC 28.8 
×10

3
 mg/l), DCO (96 × 10

3 
mg/l) and BOD5 (37.4 × 

10
3 

mg/l). These analyses showed also that the 
HCE is alkaline (pH: 12) and holding an important 
salt concentration (NaCl concentration: 90 g/l). 

Assays realized on mineral agar plates 
supplemented with HCE as a sole carbon source 
allowed the isolation of 13 bacterial strains. 
Among these isolates, four showed a strong ability 
We first studied the morphological and 
biochemical characteristics of these isolated 
bacterial strains using the API 50CH gallery 
system (Biomérieux Corporation). The four most 
efficient strains were all identified as rod-shaped, 
Gram-positive, oxidase-positive and motile. The 
API system evaluated these four strains as 
affiliated to Bacillus genus, and tentatively 
identified them as Bacillus licheniformis STK08, 
Bacillus stearothermophilus STM04, Bacillus 
sphaericus STZ75 and Bacillus firmus STS84 
(Table 1). Phylogenetic affiliation with DNA 
extraction and 16S rRNA gene amplification and 
sequencing gave similar affiliations for the four 
strains but the genera names of two strains were 
transferred as new combinations. B. sphaericus 
was transferred to Lysinibacillus sphaericus comb. 
nov. (strain STZ75) (Nazina et al., 2001) and B. 
stearothermophilus was transferred to Geobacillus 
stearothermophilus (strain STM04) (Ahmed et  al.,  
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Figure 2. Total hydrocarbon concentration (THC) variation during the treatment time. The data are mean values (n 
= 3). The bars indicate the SDs (standard deviations). Some bars are smaller than the symbols. STK08: Bacillus 
licheniformis; STM04: Geobacillus stearothermophilus; STZ75: Lysinibacillus sphaericus; STS84: Bacillus firmus. 

 
 
 

2007). These new names were not taken into 
consideration when the API system was utilized.  
 
 

Bacterial growth under high salt concentrations and 
high temperature 
 

The performances of these four strains at high salinity 
and high temperature were studied on basal medium 
supplemented with 1% (v/v) of HCE as sole carbon 
source (no CWW).  

Bacterial growth results (Table 1) demonstrated that B. 
licheniformis STK08 and G. stearothermophilus STM04 
strains could tolerate up to 120 g/L of NaCl and a 
temperature up to 55°C, but bacterial growth proved 
more efficient at 60 g/L

 
of NaCl at 55°C. The L. 

sphaericus STZ75 strain was able to grow at 60 g/L of 
NaCl up to 30°C, and at high temperature (55°C) under 
low salinity (2 g/L

 
NaCl), but was sensitive to high salinity 

combined with high temperature. The B. firmus STS84 
strain did not grow at high temperature even with only 2 
g/L of NaCl, but grew at 30°C and salt concentrations 
reaching 120 g/L. 

Given that all four strains were capable of strong 
growth in both solid and liquid media at 30°C and 2 g/L of 
NaCl with hydrocarbon as sole carbon source, we tested 
the performance of each of these strains separately via 
bioreactor batch assays under these conditions. 
 
 

Hydrocarbon biodegradation in bioreactor batch 
assays 
 

THC variation in batch assays during the treatment period  

indicated that hydrocarbon concentration in each 
bioreactor inoculated with the four strains decreased 
within the 18 days of incubation (Figure 2). High-
percentage decreases in THC were reached in 18 days, 
that is, 98% with B. licheniformis STK08, 87% with G. 
stearothermophilus STM04, 80% with L. sphaericus 
STZ75 and 72% with B. firmus STS84 (Figure 2). This 
decrease was greater during the first three days of 
treatment, where THC removal was 73, 66, 39 and 47% 
with B. licheniformis STK08, G. stearothermophilus 
STM04, L. sphaericus STZ75 and B. firmus STS84, 
respectively. The THC values of the non-inoculated 
bioreactor remained fairly constant (Figure 2).  

In addition, these four strains were all able to produce 
biosurfactants following the two methods used (MDC and 
BAP) (Table 1). COD also showed a decrease starting 
from the first day of treatment, and recorded COD 
removals were 78, 75, 78 and 82% (data not shown) with 
B. licheniformis STK08, B. firmus STS84, G. 
stearothermophilus STM04 and L. sphaericus STZ75, 
respectively. The main phase of both THC and COD 
removal by all four strains was achieved in the first three 
days of treatment. These percentages also demonstrated 
a high level of HCE biodegradability by each of these four 
strains performed separately. 

In these bioreactor batch assays, the highest THC 
removal (98%) was recorded with B. licheniformis STK08. 
This strain showed a second marked decrease in THC 
between days 12 and 15

 
(Figure 2). Similarly, the colony 

forming unit (CFU) variation of this strain demonstrated 
that peak bacterial proliferation was also recorded within 
these first three days (3.2 x 10

9 
CFU mL

-1
), decreasing 

progressively thereafter.  The  TSS  value  recorded  with 
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Figure 3. Variation in total suspended solids (TSS) variation during the treatment. The data are mean values (n = 3). The 
bars indicate the SDs (standard deviations). Some bars are smaller than the symbols. STK08: Bacillus licheniformis; STM04: 
Geobacillus stearothermophilus; STZ75: Lysinibacillus sphaericus; STS84: Bacillus firmus. 

 
 
 
this strain, which was 735 mg/l on day 1, reached 1190 
mg/l after three days and then doubled to 2476 mg/l 
between days 3 and 18 of treatment (Figure 3).  

In the batch assay inoculated with B. 
stearothermophilus STM04, THC value decreased 
sharply (66%) during the first three days of treatment, 
then slowed progressively, reaching a final 
biodegradation rate of 87% after 18 days of treatment. 
Unlike strain STK08, strain STM04 showed a moderate 
increase in TSS during the treatment period, from 694 
mg/l at day 1 to 955 mg/l at day 18 of treatment. 

Figure 2 shows that THC decrease was weaker in 
assays carried out with L. sphaericus STZ75 and B. 
firmus STS84 strains, reaching about 145 and 203 mg/l, 
respectively, at day 18. Nevertheless, TSS values 
remained almost constant with these two strains, even 
after 18 days of treatment. Like strain STM04, strains 
STS84 and STZ75 showed a moderate increase in TSS, 
from 790 mg/l STS84 and 882 mg/l for STZ75 at day 1 to 
1332 mg/l for STS84 and 990 mg/l for STZ75 at day 18 
(Figure 3).  

The different results under these conditions (30°C and 
2 g/L NaCl) confirmed those found during isolation steps 
in agar plates, demonstrating that all four selected strains 
were able to degrade hydrocarbons contained in the 
HCE. The strong decrease in THC recorded mainly in the 
first days of treatment demonstrated that all these four 
strains were well acclimated to this HCE pollutant. 

Time-course plots of THC variation revealed that the 
four strains selected in this work were able to degrade 
the HCE used as a main carbon source. Although all 

strains performed well on agar plates, there was clear 
variability between biodegradation rates of different 
strains in pure culture cultivated in liquid medium.  

After 18 days of treatment, the highest biodegradation 
rate was recorded by B. licheniformis STK08 (98%) 
followed by G. stearothermophilus STM04 (87%) then L. 
sphaericus STZ75 (80%) and B. firmus STS84 (73%). 
The highest biodegradation rate for all the strains was 
essentially recorded in the first three days of treatment, 
as these highly adapted strains enabled fast 
biodegradation of the HCE. This fast decrease in both 
COD and THC, starting from day 1, disagrees with an 
efficient strain acclimation period in pre-culture. By 
contrast, Lotfabad and Gray (2002) showed that the 
presence of some PAH, such as phenanthrene, 
introduced a lag phase of 4.5 to 5 days in the degradation 
of other aromatic compounds.  

The high THC removal recorded with our strain of B. 
licheniformis   STK08    confirmed   results   obtained   by 
Bayoumi et al. (2009) who report that B. licheniformis 
APIS473 has a high capacity to completely degrade 
anthracene and to reduce concentrations of some PAH 
compounds including acenaphtylene, acenaphtene, 
benzo(a)anthracene, benzo(b)fluoranthene, 
benzo(g,h,i)perylene and indeno(1,2,3-c,d)pyrene. Our 
study is the first to demonstrate that this species grow 
efficiently at high salt concentrations (up to 120 g/L), at 
high temperature (55°C) and under both conditions 
simultaneously. 

As reported by Farinazleen et al. (2004), species G. 
stearothermophilus  tolerates  high  temperatures   (60°C)  
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and is able to degrade 80 to 89% of crude oil (5 g/L), but 
this study proves the capacity of G. stearothermophilus 
strain STM04 to also grow under high salinity (120 g/L) 
simultaneously with high temperature (55°C). Our results 
showed strong bacterial growth with B. licheniformis 
STK08 and G. stearothermophilus STM04 up to 55°C. 
High temperature is often a limiting factor for strains, but 
also has potentially positive effects since high 
temperatures decrease the viscosity of hydrocarbons and 
so increase their solubility and accessibility and favor 
their metabolism (Joseph and Colwell, 1990). 
Nevertheless, Sorkhoh et al. (1993) demonstrated that B. 
stearothermophilus grew best on pentadecane (C15), 
hexadecane (C16), heptadecane (C17) but it is less 
efficient for other hydrocarbon compounds with shorter 
and longer chains such as n-Alkanes, n-alkenes and 
aromatic hydrocarbons. 

Although high salinity is known to decrease 
hydrocarbon degradation ability (Minai-Tehrani et al., 
2006; Mille et al., 1991; Riis et al., 2003) by decreasing 
the number and types of substrates utilizable by 
microorganisms (Oren, 1988; Oren et al., 1992; Riis et 
al., 2003), both B. licheniformis STK08 and G. 
stearothermohilus STM04 demonstrated a capacity to 
grow under high salt concentrations (120 g/L). Similarly, 
Obuekwe et al. (2005) reported that microorganisms 
cultured under stress conditions expended more energy 
on maintenance requirements. Therefore, provision of 
extra energy sources such as supplemental crude oil in 
the rich medium not only potentially satisfied the 
increased maintenance needs but also explained the 
increased biomass development observed.  

B. firmus STS84 and L. sphaericus STZ75 grown on 
agar plates with HCE as sole carbon source appeared to 
show less competent biodegradation than when grown in 
liquid medium. The moderate biodegradation rate 
recorded at the end of the treatment period (73 and 80%, 
respectively) prompted us to conclude that these two 
strains were unable to degrade complex compounds 
present in the effluent. Mancera-Lopez et al. (2007) 
reported that a strain of B. firmus B05PR isolated from 
highly-polluted sites (60,000 and 500,000 mg of total 
petroleum hydrocarbon per kg of dry soil) was able to 
remove 90% of aliphatic hydrocarbons but only 80% of 
total hydrocarbons. These two species were previously 
known for their ability to degrade some hydrocarbon 
components and to grow at 60°C (Mohamed et al., 2006). 
In our study, the more moderate performance of B. firmus 
STS84 and L. sphaericus STZ75 compared with G. 
stearothermophilus STM04 and B. licheniformis STK08 
might be due to difficulties in transporting a fraction of the 
hydrocarbon pollutant into cells. Haner et al. (1994) 
reported that a major fraction of dissolved organic carbon 
could not be directly transported into cells because of 
their high molecular weights or lack of transport systems. 

Using the two qualitative methods (MDC and BAP), 
results demonstrated that the four Bacillaceae strains 
selected in this study were biosurfactant  producers.  This  

 
 
 
 
can explicate the THC degradation performance obtained 
with these strains in pure culture. Knowing that 
biodegradation depends strongly on hydrocarbon 
emulsion, the use of biosurfactant producer strains in 
bioremediation technology seems to offer more potential 
than chemical surfactant, due to their structural diversity, 
biodegradability and biocompatibility relative to synthetic 
surfactant (Abalos et al., 2004).  

In conclusion, this study isolated four Bacillaceae 
strains that all demonstrated a high capacity to degrade 
heterogeneous HCE derived from a hydrocarbonic 
refining process. The high THC removal obtained in 
batch assays with these four strains indicated that 
clarified wastewater could be used as HCE diluent in the 
biotechnological process to degrade the main 
hydrocarbon compounds. In addition, the ability of these 
four strains, particularly B. licheniformis STK08 and G. 
stearothermophilus STM04 to grow at high temperature 
(55°C) and high salt concentrations (120 g/L) 
simultaneously and to produce biosurfactant, supports 
the use of these Bacillaceae strains for the 
bioremediation of hydrocarbon-polluted sites in terrestrial 
or marine environments, especially under high 
temperature or high salinity conditions. 
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