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Research Article

Biodegradation of Crude Oil by Individual Bacterial
Strains and a Mixed Bacterial Consortium Isolated
from Hydrocarbon Contaminated Areas

A preliminary study was undertaken to determine the optimal conditions for the bio-
degradation of a crude oil. Among 57 oil-degrading bacterial cultures isolated from
oil-contaminated soil samples, Bacillus sp. IOS1-7, Corynebacterium sp. BPS2-6, Pseudomo-
nas sp. HPS2-5, and Pseudomonas sp. BPS1-8 were selected for the study based on the
efficiency of crude oil utilization. Along with the selected individual strains, a mixed
bacterial consortium prepared using the above strains was also used for degradation
studies. The mixed bacterial consortium showed more growth and degradation than
did individual strains. At 1% crude oil concentration, the mixed bacterial consortium
degraded a maximum of 77% of the crude oil. This was followed by 69% by Pseudomo-
nas sp. BPS1-8, 64% by Bacillus sp. IOS1-7, 45% by Pseudomonas sp. HPS2-5, and 41% by
Corynebacterium sp. BPS2-6. The percentage of degradation by the mixed bacterial con-
sortium decreased from 77 to 45% as the concentration of crude oil was increased
from 1 to 12%. Temperature of 358C and pH 7 were found to be optimum for maxi-
mum degradation.
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1 Introduction

In the process of fulfilling the energy requirement for today's popu-
lation, various natural resources have been exploited. But the prin-
cipal source of energy continues to be petroleum hydrocarbon and
hence a global pollutant. During accidental spills, action will be
taken to remove or remediate the contaminant immediately,
whereas in the gasoline and diesel stations the spills due to leakage
may be small but continuous and prolonged. Because of its persis-
tence, the chance for groundwater contamination is high. Toxicity
of crude oil includes liver necrosis, congestion of the liver, fat
degeneration, and dissociation of hepatocytes. Birds and animals in
oil-contaminated area are found to have black emulsion in the
digestive tract with a petroleum odor. This leads to decrease in the
absorption of nutrients and finally leads to death of these birds and
animals due to rupture of capillaries and hemorrhage, hepatocellu-
lar dissociation, hemosiderosis, renal tubular necrosis, and anemia
[1]. The aromatics in crude oils also have numerous adverse effects
on the environment particularly to the local microbial flora. It was
shown that a-pinene, limonene, camphene, and isobornyl acetate
were inhibitory to the microorganisms. The phenolic and quinonic
naphthalene derivatives inhibited the growth of the cells [2]. Calder
and Lader [3] demonstrated that increasing amounts of naphtha-
lene, 2-methylnaphthalene, pyrene, and others resulted in an

increased lag phase and lowered the growth rates of two bacteria
growing on these compounds. Uribe et al. [4] reported the toxic
effects of cyclohexane on the energy transduction in Saccharomyces
cerevisiae. Cyclohexane inhibited oxygen uptake in intact cells and
isolated mitochondria. Studies on isolated mitochondria showed
that ATP synthesis was impaired whereas ATP hydrolysis was
slightly increased. Uptake of potassium ions was impaired, and dis-
sipation of the mitochondrial membrane potential was observed [4].
These studies indicate that the permeability barrier of the inner
mitochondrial membrane was disrupted by cyclohexane.

Oil contamination with petroleum and petroleum-based hydro-
carbons has caused critical environmental and health defects and
increasing attention has been paid for developing and implement-
ing innovative technology for cleaning up this contaminant. Biore-
mediation methods are currently receiving favorable publicity as
promising environmental friendly treatment technologies for the
remediation of hydrocarbons. Moreover, biological methods can
have an edge over the physico-chemical treatment regimes in
removing spills as they offer cost effective in situ biodegradation of
oil fractions by the microorganisms. Bioremediation can be
described as the conversion of chemical compounds by living organ-
isms, especially microorganisms, into energy, cell mass, and biolog-
ical waste products [5]. The rates of uptake and mineralization of
many organic compounds by a microbial population depend on the
concentration of the compound [6]. Inhibition of biodegradation by
nutrient or oxygen limitation or through toxic effects exerted by
volatile hydrocarbons may occur due to high concentrations of
undispersed hydrocarbons in water. Extreme pH and temperature
conditions are expected to have a negative influence on the ability
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of microbial populations to degrade the hydrocarbons [5]. Since the
fate of hydrocarbon degradation is largely determined by the local
environmental conditions, which influence the microbial growth
and enzymatic activities, this research was carried out to explore
the possibility of the use of selected bacterial cultures and a mixed
bacterial consortium to degrade a crude oil at various pH, tempera-
tures, and oil concentrations.

2 Materials and Methods

2.1 Bacterial Isolation

Soil samples were collected in pre-sterilized glass bottles from vari-
ous gasoline and diesel spilled gas stations in Coimbatore city
(India) and transported to the laboratory for analyses. Enrichment
and isolation of oil-degrading bacterial cultures were done using
mineral salts medium [7] with a crude oil, Bombay High (BH) crude
oil as a substrate and a serial dilution-agar plating technique on
nutrient agar medium [8], respectively. The isolated bacterial cul-
tures were characterized by their morphological and biochemical
characteristics [9].

2.2 Screening of Strains

Bacterial cultures (12 h old) were inoculated in mineral salts
medium with 1% BH crude oil as a carbon source. They were kept in
a shaker at 200 rpm at 308C for a period of 7 days. The growth was
monitored through culture densities, measuring the absorption at
620 nm, spectrophotometrically [8]. The isolates with highest rate
of crude oil degradation were selected. A loopful of overnight cul-
ture was used to inoculate 100 mL sterile nutrient broth medium.
The flasks were kept in a shaker at 200 rpm for 12 h at 308C. Equal
volumes (with approximately equal densities ranging between 0.81
and 1.0) of culture broth from the selected isolates were used to pre-
pare the mixed bacterial consortium.

2.3 Degradation Studies

The individual and mixed bacterial consortium from overnight cul-
ture at the log phase of growth were adjusted with sterile distilled
water to give a bacterial cell count of 1.06102 CFU/g and trans-
ferred to 250 mL conical flasks containing 100 mL of sterile-defined
mineral salts medium [8] with 1% BH crude oil. The flasks were then
incubated in a shaker at 200 rpm at 308C for 25 days. At every 2 days
intervals, sets of flasks were used for the enumeration of the micro-
bial population by pour plate technique on plate-count agar. The
total hydrocarbons in the treatments were determined spectropho-
tometrically [10]. Samples (5 mL) from different treatments were
mixed with equal volume of toluene to extract hydrocarbons from
the sample. The extracted hydrocarbons were detected spectropho-
tometrically at 420 nm. A standard curve prepared using known
concentrations of crude oil was used to estimate the amount of
hydrocarbons in the sample. Degradation was estimated as the dif-
ference between the initial and final concentrations of total hydro-
carbons.

2.4 pH and Temperature Studies

The influence of pH on the growth and degradation of 1% BH crude
oil was studied at every 5 day time interval for 30 days. Mineral salts
medium with BH crude oil was prepared at pH 4 to 10 using 1 N HCl

and NaOH. To maintain the pH, citrate – phosphate buffer (pH 4 – 6),
phosphate buffer (pH 7 and 8), and carbonate – bicarbonate buffer
(pH 9 and 10) were used [11]. The flasks were inoculated with indi-
vidual and mixed bacterial consortium cultures and incubated at
308C. The populations and percentage degradations of BH crude oil
at different time intervals were determined. The effect of tempera-
ture (25 – 458C) on the growth and degradation of crude oil was
studied using mineral salts medium with 1% BH crude oil at pH 7
and incubation time of 25 days. The population and percentage of
degradation were determined.

2.5 Degradation Studies with Varying Crude Oil
Concentrations

Biodegradation of BH crude oil with selected isolates and mixed bac-
terial consortium were performed with various concentrations of
crude oil (1, 3, 6, 9, and 12%). For all the concentrations, the experi-
ment was conducted at 358C and pH 7. The inoculated flasks were
incubated for 25 days and bacterial growth and crude oil degrada-
tion were estimated.

3 Results

Totally 57 pure cultures able to grow in mineral salts medium with
crude oil (gases 2%, light naphtha and heavy naphtha 35%, kerosene
11%, light gas oil 20%, and heavy gas oil and residue 32%) as carbon
source were identified through enrichment and isolation proce-
dure. The isolated pure cultures were identified to belong to the
genera Bacillus, Corynebacterium, Flavobacterium, Micrococcus, Moraxella,
Pseudomonas, and Vibrio (see Tab. 1). The flora represented the normal
heterotrophic bacteria present in the soil. However, the dominant
strains belonged to Bacillus, Corynebacterium, and Pseudomonas.

Studies on the effect of the pH showed that pH 7 was favorable for
all the bacterial isolates and mixed bacterial consortium (see Fig. 1).
However, not much difference was seen in crude oil degradation
between pH 7 and 8. Mixed bacterial consortium showed the maxi-
mum percentage of crude oil degradation with 77%, followed by
Pseudomonas sp. BPS1-8, Bacillus sp. IOS1-7, Pseudomonas sp. HPS2-5,
and Corynebacterium sp. BPS2-6 with 69, 64, 45, and 41%, respectively,
at pH 7.

Population of the individual cultures and mixed consortium
increased with time at pH 7. A population of 7.16104 CFU/g in the
mixed bacterial consortium and 6.56104 CFU/g in Pseudomonas sp.
HPS2-5 were recorded at 1% crude oil after 25 days of incubation.
Other bacterial strains showed a population increase of 6.26104 –
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Figure 1. Effect of pH on crude oil degradation.
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3.36104 CFU/g at pH 7. Hence the pH 7 was selected for further
studies. All the four individual isolates and mixed bacterial consor-
tium showed maximum crude oil degradation at 358C and the pop-
ulation also corresponded (see Fig. 2). Decrease in temperature
decreased the percentage of degradation and increase in tempera-
ture increased the rate of hydrocarbon metabolism to a maximum,
typically in the range of 35 – 458C.

The effects of crude oil concentrations on the growth of individ-
ual bacterial cultures and the mixed bacterial consortium, and

crude oil degradation by them were tested and presented in Tab. 2.
The mixed bacterial consortium showed 76% degradation at 1% BH
crude oil, followed by 72% at 3%, 63% at 6%, 52% at 9%, and 41% at
12%. The individual cultures also showed the good degradation
potential at 1% BH crude oil and decreased degradation at higher
concentrations of the crude oil.

4 Discussions

The genera listed in Tab. 1 were also identified as hydrocarbon-
degrading microorganisms by Lal and Khanna [12], Bharathi and
Vasudevan [13], and Rahman et al. [5].

Similar to our results, Chhatre et al. [14], Sugiura et al. [15], Vasu-
devan and Rajaram [16], and Rahman et al. [5] have illustrated the
ability of mixed bacterial consortia to degrade 28 to 51% of satu-
rates and 0 to 18% of aromatics present in the crude oil or up to 78%
crude oil. Crude oil contains many kinds of hydrocarbons which are
fractioned into saturated and aromatic hydrocarbons, resins and
asphaltenes by silica gel chromatography [17]. A number of com-
pounds slightly degradable by microorganisms are contained in the
fraction of aromatic hydrocarbons. Metagenomic analyses by many
researchers have showed that only a few enzymes which degrade
aromatic hydrocarbons are produced in most microorganisms in
natural environments [18, 19]. Leahy and Colwell [20] reported that
mixed populations with overall broad enzymatic capacities are
required to degrade complex mixtures of hydrocarbons such as
crude oil or diesel fuel. Such mixed cultures display metabolic versa-
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Table 1. Generic-wise distribution of bacteria showing different levels of growth on crude oil.

Genera Total no. Optical density at 620 nm [8]

0.21 – 0.4 0.41 – 0.6 0.61 – 0.8 0.81 – 1.0

Bacillus sp. 17 10 4 2 1
Corynebacterium sp. 16 7 5 3 1
Flavobacterium sp. 4 2 1 1 ND
Micrococcus sp. 3 2 1 ND ND
Moraxella sp. 2 1 1 ND ND
Pseudomonas sp. 14 6 4 2 2
Vibrio sp. 1 1 ND ND ND
Total 57 30 16 8 4
Percentage 100 52.63 28.07 14.04 7.02

0.21 – 0.4, Low growth; 0.41 – 0.6, moderate growth; 0.61 – 0.8, high growth; 0.81 – 1.0, excellent growth.
ND, none detected.

Figure 2. Effect of temperature on crude oil degradation.

Table 2. Effect of various concentrations of BH crude oil biodegradation by pure and mixed bacterial cultures.

Bacteria Oil concentration
(%)

1 3 6 9 12

Incubation time
(days)

0 25 0 25 0 25 0 25 0 25

Bacillus sp. ISO1-7 a 0 64 l 0.7 0 58 l 0.4 0 43 l 1.2 0 36 l 0.9 0 28 l 0.7
b 1.06102 4.26104 1.06102 2.16105 1.06102 7.56105 1.06102 3.76106 1.06102 3.96106

Corynebacterium sp. a 0 43 l 1.2 0 34 l 1.6 0 28 l 0.8 0 22 l 0.5 0 19 l 0.7
BPS2-6 b 1.06102 3.36104 1.06102 8.16104 1.06102 3.66105 1.06102 9.56105 1.06102 7.76105

Pseudomonas sp. a 0 45 l 0.9 0 39 l 1.1 0 33 l 1.3 0 24 l 0.7 0 21 l 0.5
BPS2-5 b 1.06102 6.56104 1.06102 9.86104 1.06102 5.66105 1.06102 8.76105 1.06102 8.96105

Pseudomonas sp. a 0 67 l 1.7 0 62 l 0.8 0 52 l 1.4 0 41 l 1.1 0 34 l 1.3
BPS1-8 b 1.06102 6.26104 1.06102 1.16105 1.06102 3.46105 1.06102 7.96105 1.06102 7.96105

Mixed consortium a 0 76 l 1.8 0 72 l 1.2 0 63 l 0.8 0 52 l 1.5 0 41 l 1.1
b 1.06102 7.16104 1.06102 2.16105 1.06102 5.56105 1.06102 8.56105 1.06102 2.66106

a, Oil degradation (%); b, bacterial cell count (CFU/g).
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tility and superiority to pure cultures [21]. Therefore, a microbial
consortium containing a number of microorganisms which synthe-
size the degradative enzymes for different parts of the decomposi-
tion pathway is considered to be well suited to the degradation of
aromatic hydrocarbons. Microorganisms not directly involved in
the degradation process also probably play a role by producing
micronutrients or surface-active agents for the solubilization of aro-
matic hydrocarbons [13, 22]. Sugiura et al. [23] reported that biode-
gradation caused by mixed cultures was more effective than that
caused by pure cultures mainly due to the complexity of oil prod-
ucts. Various organisms have the capability of degrading various
forms of hydrocarbons and thus when a consortium of these
microbes is applied to degrade various forms of hydrocarbons in a
single source like crude oil, the total degradation is more effective.
Deppe et al. [24] reported that an arctic microbial consortium was
able to degrade 77% of crude oil from source-I and 71% of crude oil
from source-II at 208C. This result made it obvious that the meta-
bolic capability of the consortium was not restricted to one type of
crude oil. But such type of result cannot be expected from pure cul-
tures which are substrate specific. Gauthier et al. [25] reported that
Marinobacter hydrocarbonoclasticus utilized linear saturated hydrocar-
bons (tetradecane, hexadecane, eicosane, and heneicosane) with
high degradation rates and pristane, phenyldecane, and phenan-
threne to a lower extent when used as carbon and energy sources.
This validates the use of a microbial consortium for biodegradation
of complex mixtures of hydrocarbons in crude oil.

The isolated individual oil degrades and the mixed bacterial con-
sortium showed optimal values of pH 7 and temperature 358C for
maximum degradation. Salmon et al. [26] have reported pH 7 as the
optimal range for hydrocarbon degradation. Extremes in pH were
shown to have a negative influence on the ability of microbial popu-
lations to degrade hydrocarbons [5, 27, 28]. Temperature influences
petroleum biodegradation by its effect on the physical nature and
chemical composition of the oil, rate of hydrocarbon metabolism by
microorganisms and composition of the microbial community [29].
At low temperatures, the viscosity of the oil is increased, volatiliza-
tion of alkanes reduced, and the water solubility decreased, delaying
and decreasing the onset of biodegradation [6]. Above that tempera-
ture, degradation of hydrocarbons decreased, which may be attrib-
uted to the membrane toxicity of hydrocarbons at elevated temper-
atures [30]. Banat [31] reported 308C to be the optimum temperature
for microbial growth and PAH degradation. Similarly, Rahman et al.
[5] reported 30 to 408C as optimum temperature for the degradation
of crude oil by individual and mixed consortium of bacterial cul-
tures. Sugiura et al. [15] reported that Acinetobacter sp. T4 and 8 mS
degraded 20 – 34% of Arabian light crude oil, 14 – 27% of Dubai crude
oil, 14 – 25% of Shanghai crude oil, and 12 – 19% of Maya crude oil at
208C and these were higher than the values recorded at 58C. Hasanuz-
zaman et al. [32] observed 75 and 85% degradation of total crude oil
by Pseudomonas aeruginosa strain at 20 and 308C, respectively. Since all
our isolates were mesophilic in nature, they all exhibited optimum
activity at 358C.

Increase in crude oil concentration decreased the percent degrada-
tion but an increase in the quantity of crude oil degradation was
noticed. Crude oil degradation is inversely proportional to the con-
centration of the oil [33]. Zhang et al. [34] reported 58 and 60% degra-
dation of crude oil with the initial concentration of 0.7 g/L in min-
eral salt medium by P. aeruginosa in the presence of 1 g/L glycerol and
0.22 g/L rhamnolipids, respectively, used as emulsifiers. Tzarkova
and Groudeva [35] reported that compounds such as saturates, aro-

matics, and polar compounds present in different crude oil samples
were degraded to different degrees by the same organisms. The
degradability was not solely determined by the chemical structure
but other factors as well. The bioavailability of these compounds in
different crude oil samples may differ. Saturated compounds with
molecular weight larger than 500 may not be degraded by the organ-
isms, because this size corresponds to the exclusion size for passage
through the outer membrane of Gram-negative bacteria [5, 33].

Generally, it is believed that microbes preferably degrade/metabo-
lize C8 – C15 n-alkanes followed by C16 – C36 n-alkanes due to the
simplicity of these hydrocarbons. Saturated, cyclic high-molecular
weight compounds like hopanes are usually not attacked by the
microbes due to their complexity. Most of the light aromatics like
toluene, xylene, etc. are reported to be degraded either completely
or partially [24]. Bacteria that degrade xylenes commonly fall into
two classes: those that can degrade both m-xylene and p-xylene, and
those that can degrade o-xylene only [24]. Thus, when a bacterial
consortium is used for degradation, the possibility of degrading all
three xylene isomers is very high. In the present study too it is
believed that the individual microbes were selective in degrading
the hydrocarbons and when the microbial consortium containing
the same microbes was applied, the percent degradation of the
crude oil as a whole was increased. Although it is not possible to spe-
cifically emphasize the metabolic pathway of degradation by indi-
vidual microbes and microbial consortium without complete char-
acterization of the crude oil before and after degradation, from the
percent degradation of the total crude oil content we can conclude
that the individual microbes and microbial consortium have the
capability of degrading a wide range of hydrocarbons. Due to the
highly complex nature of the crude oil, it is very difficult to under-
stand the degradation mechanism especially for aromatics. How-
ever, some researchers have revealed the metabolic pathway for the
degradation of some hydrocarbons. Wilkes et al. [36] reported that
the degradation of n-hexane by Azoarcus sp. (strain HxN1) is initiated
by an enzymatic radical reaction resulting in the formation of (1-
methylpentyl)succinate and subsequently the product of the initial
activation reaction is transformed to 4-methyloctanoyl-CoA via a
complex reaction sequence involving an intramolecular rearrange-
ment. 4-Methyloctanoyl-CoA is further degraded by b-oxidation. The
pathway is active during the degradation of n-alkanes from crude
oil by Azoarcus sp. (strain HxN1) which goes along with the cometa-
bolic transformation of certain cycloalkanes such as cyclopentane
by the same type of activation reaction. Gibson and Subramanian
[37] proposed that the initial steps of anthracene metabolism in
pseudomonads involve a dioxygenase-catalyzed oxidation to anthra-
cene cis-1,2-dihydrodiol, further oxidation to 1,2-dihydroxyanthra-
cene, and subsequent extradiol (meta) ring fission. Hammel [38]
reported that phenanthrene oxidation to diphenic acid by Phanero-
chaete chrysosporium is a consequence of peroxidase-mediated lipid
peroxidation, where the fungus oxidized phenanthrene at its 9- and
10-positions to give 10 – 15% yields of a ring-fission product, 2,29-
diphenic acid.

Since biological treatment can efficiently destroy the hydrocar-
bons and does not allow the contaminant to accumulate, it is con-
sidered to be a superior technology [39]. The present study revealed
that the mixed bacterial consortium achieved maximum crude oil
degradation at pH 7 and 358C. Hence, it is suggested that the use of
above mixed bacterial consortium under optimized conditions will
be an effective and eco-friendly technology for the degradation of
hydrocarbons from BH crude oil.

i 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.clean-journal.com



96 M. Sathishkumar et al. Clean 2008, 36 (1), 92 –96

Acknowledgments

This research was supported by Chonbuk National University Post-
Doctoral research fund (2005) and partly by the Research Center for
Industrial Development of Biofood Materials in the Chonbuk
National University (Chonju, Korea). The center is designated as a
Regional Research Center appointed by the Ministry of Commerce,
Industry, and Energy (MOCIE), Jeollabuk-do Provincial Government
and Chonbuk National University. Authors thank Mr. Vikram
Sathyanathan (Managing Director, Regent Ecotech Pvt. Limited) for
his support.

References

[1] R. A. Khan, P. Ryan, Long Term Effects of Crude Oil on Common
Murres (Uria aalge) Following Rehabilitation, Bull. Environ. Contamin.
Toxicol. 1991, 46, 216 – 222.

[2] J. Sikkema, J. A. M. deBont, B. Poolman, Mechanisms of Membrane
Toxicity of Hydrocarbons, Microbiol. Rev. 1995, 59, 201 – 222.

[3] J. A. Calder, J. H. Lader, Effect of Dissolved Aromatic Hydrocarbons
on the Growth of Marine Bacteria in Batch Culture, Appl. Environ.
Microbiol. 1976, 32, 95 – 101.

[4] S. Uribe, P. Rangel, G. Espinola, G. Aguirre, Effects of Cyclohexane,
an Industrial Solvent, on the Yeast Saccharomyces cerevisiae and on Iso-
lated Yeast Mitochondria, Appl. Environ. Microbiol. 1990, 56, 2114 –
2119.

[5] K. S. M. Rahman, J. T. Rahman, P. Lakshmanaperumalsamy, I. M.
Banat, Towards Efficient Crude Oil Degradation by a Mixed Bacterial
Consortium, Bioresour. Technol. 2002, 85, 257 – 261.

[6] N. L. Olivera, J. L. Esteves, M. G. Commendator, Alkane Biodegrada-
tion by a Microbial Community from Contaminated Sediments in
Patagonia, Argentina, Int. Biodeter. Biodegr. 1997, 40, 75 – 79.

[7] R. S. Kennedy, W. R. Finnerty, K. Sudarsanan, R. A. Young, Microbial
Assimilation of Hydrocarbons – the Fine Structure of a Hydrocar-
bon Oxidizing Acinetobacter sp. Arch. Microbiol. 1975, 102, 75 – 83.

[8] W. Bhoosreddy, in Manual of Diagnostic Microbiology, Himalaya Pub-
lishing House, Bombay 1995, pp. 185 – 193.

[9] J. G. Holt, N. R. Kreig, P. H. A. Sneath, J. T. Stanely, S. T. Williams, Ber-
gey's Manual of Determinative Bacteriology, Williams and Wilkins Pub-
lishers, Maryland 1994.

[10] C. T. Odu, L. C. Nwoboshi, O. F. Esuruoso, Environmental Study of
the Nigerian Agip oil Company Operation Areas. in Proceedings of the
International Seminar on the Petroleum Industry and the Nigerian Environ-
ment, Kaduna, Nigeria 1985, pp. 274 – 283.

[11] S. P. Colowick, N. O. Kaplan, Methods in Enzymology, Academic Press,
New York 1995, pp. 142 – 155.

[12] B. Lal, S. Khanna, Degradation of Crude Oil by Acinetobacter calcoaceti-
cus and Alcaligenes odorans, J. Appl. Bacteriol. 1996, 81, 355 – 362.

[13] S. Bharathi, N. Vasudevan, Utilization of Petroleum Hydrocarbons
by Pseudomonas fluorescens Isolated from Petroleum Contaminated
Soil, Environ. Int. 2001, 26, 413 – 416.

[14] S. Chhatre, H. J. Purohit, R. Shanker, P. Khanna, Bacterial Consortia
for Crude Oil Spill Remediation, Water Sci. Technol. 1996, 34, 187 – 193.

[15] K. Sugiura, M. Ishihara, T. Shimauchi, S. Harayama, Physicochemical
Properties and Biodegradability of Crude Oil, Environ. Sci. Technol.
1997, 31, 45 – 51.

[16] N. Vasudevan, P. Rajaram, Bioremediation of Oil Sludge Contami-
nated Soil, Environ. Int. 2001, 26, 409 – 411.

[17] F. D. Rosini, Hydrocarbons in Crude Petroleum, J. Chem. Educ. 1960,
39, 554 – 561.

[18] M. Kubato, M. Nodate, M. Yasumoto, T. Uchiyama, O. Kagami, Y. Shi-
zuri, N. Misawa, Isolation and Functional Analysis of Cytochrome
p450 CYP153A Genes from Various Environments, Biosci. Biotechnol.
Biochem. 2005, 69, 2421 – 2430.

[19] T. Uchiyama, T. Abe, T. Ikemura, K. Watanabe, Substrate-Induced
Gene-Expression Screening of Environmental Metagenome Libraries
for Isolation of Catabolic Genes, Nat. Biotechnol. 2005, 23, 88 – 93.

[20] J. G. Leahy, R. R. Colwell, Microbial Degradation of Hydrocarbons in
the Environment, Appl. Environ. Microbiol. 1990, 54, 305 – 315.

[21] J. D. Hamme, J. A. Odumeru, O. P. Ward, Community Dynamics of a
Mixed-Bacterial Culture Growing on Petroleum Hydrocarbons in
Batch Culture, Can. J. Microbiol. 2000, 46, 441 – 450.

[22] S. Ozaki, N. Kishimoto, T. Fujita, Change in the Predominant Bacte-
ria in a Microbial Consortium Cultured on Media Containing Aro-
matic and Saturated Hydrocarbons as the Sole Carbon Source,
Microbes Environs. 2007, 22, 128 – 135.

[23] K. Sugiura, M. Ishihara, T. Shimauchi, Physicochemical Properties
and Biodegradability of Crude Oil, Environ. Sci. Technol. 1997, 31, 45 –
51.

[24] U. Deppe, H. H. Richnow, W. Michaelis, G. Antranikian, Degradation
of Crude Oil by an Arctic Microbial Consortium, Extremophiles 2005,
9, 461 – 470.

[25] M. J. Gauthier, B. Lafay, R. Christen, L. Fernandez, M. Acquaviva, P.
Bonin, J. C. Bertrand, Marinobacter hydrocarbonocalsticus gen. nov., sp.
nov., a New, Extremely Halotolerant, Hydrocarbon Degrading
Marine Bacterium, Int. J. Syst. Bacteriol. 1992, 42, 568 – 576.

[26] C. Salmon, J. L. Crabos, J. P. Sambuco, J. M. Bessiere, A. Basseres, P.
Caumette, J. C. Baccou, Artificial Wetland Performances in the Puri-
fication Efficiency of Hydrocarbon Wastewater, Water Air Soil Pollut.
1998, 104, 313 – 329.

[27] K. S. M. Rahman, N. Vasudevan, P. Lakshmanaperumalsamy,
Enhancement of Biosurfactant Production to Emulsify Different
Hydrocarbons, J. Environ. Pollut. 1999, 6, 87 – 93.

[28] W. Meredith, S. J. Kelland, D. M. Jones, Influence of Biodegradation
on Crude Oil Acidity and Carboxylic Acid Composition, Org. Geochem.
2000, 31, 1059 – 1073.

[29] R. M. Atlas, Microbial Degradation of Petroleum Hydrocarbons, an
Environmental Perspective, Microbiol. Rev. 1981, 45, 180 – 209.

[30] I. Bossert, R. Bartha, in Petroleum Microbiology (Ed: R. M. Atlas), Macmil-
lan Publishing Co., New York 1984, pp. 435 – 474.

[31] I. M. Banat, Biosurfactants Production and Use in Microbial
Enhanced Oil Recovery and Pollution Remediation: A Review, Biore-
sour. Technol. 1995, 51, 1 – 12.

[32] M. Hasanuzzaman, A. Ueno, H. Ito, Y. Ito, Y. Yamamoto, I. Yumoto, H.
Okuyama, Degradation of Long-Chain n-Alkanes (C36 and C40) by
Pseudomonas aeruginosa Strain WatG, Int. Biodeter. Biodegr. 2007, 59,
40 – 43.

[33] E. Rambeloarisoa, J. F. Rontani, G. Giusti, Z. Duvnjak, J. C. Bertrand,
Degradation of Crude Oil by a Mixed Population of Bacteria Isolated
from Sea Surface Foams, Mar. Biol. 1984, 83, 69 – 81.

[34] G. L. Zhang, Y. T. Yu, X. P. Qian, Q. Meng, Biodegradation of Crude Oil
by Pseudomonas aeruginosa in the Presence of Rhamnolipids, J. Zhejiang
Univ. Sci. 2005, 6, 725 – 730.

[35] E. K. Tzarkova, V. I. Groudeva, Bioremediation of Petroleum-Polluted
Soils by Adsorptive Immobilized Corynebacterium sp. RB-96, Biotechnol.
Biotechnol. Equip. 2000, 14, 72 – 75.

[36] H. Wilkes, S. K�hner, C. Bolm, T. Fischer, A. Classen, F. Widdel, R.
Rabus, Formation of n-Alkane- and Cycloalkane-Derived Organic
Acids During Anaerobic Growth of a Denitrifying Bacterium with
Crude Oil, Organ. Geochem. 2003, 34, 1313 – 1323.

[37] D. T. Gibson, V. Subramanian, Microbial Degradation of Aromatic
Hydrocarbons, in Microbial Degradation of Organic Compounds (Ed: D. T.
Gibson) Marcel Dekker, New York 1984, 181 – 252.

[38] K. E. Hammel, Mechanisms for Polycyclic Aromatic Hydrocarbon
Degradation by Lignolytic Fungi, Environ. Health Perspect. 1995, 103
(Suppl 5), 41 – 43.

[39] I. M. Banat, R. S. Makkar, S. S. Cameotra, Potential Commercial Appli-
cations of Microbial Surfactants, Appl. Microbiol. Biotechnol. 2000, 51,
495 – 508.

i 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.clean-journal.com


