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Abstract

The eYciency of Bacillus subtilis DM-04 and Pseudomonas aeruginosa M and NM strains isolated from a petroleum contaminated soil
sample from North-East India was compared for the biodegradation of crude petroleum-oil hydrocarbons in soil and shake Xask study.
These bacterial strains could utilize crude petroleum-oil hydrocarbons as sole source of carbon and energy. Bioaugmentation of TPH
contaminated microcosm with P. aeruginosa M and NM consortia and B. subtilis strain showed a signiWcant reduction of TPH levels in
treated soil as compared to control soil at the end of experiment (120 d). P. aeruginosa strains were more eYcient than B. subtilis strain in
reducing the TPH content from the medium. The plate count technique indicated expressive growth and biosurfactant production by
exogenously seeded bacteria in crude petroleum-oil rich soil. The results showed that B. subtilis DM-04 and P. aeruginosa M and NM
strains could be eVective for in situ bioremediation.
©  2006 Published by Elsevier Ltd.
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1. Introduction

Oil pollution accidents are nowadays become a common
phenomenon and have caused ecological and social catas-
trophes (Burger, 1993; Burns et al., 1993; Shaw, 1992).
Apart from accidental contamination of ecosystem, the
vast amounts of oil sludge’s generated in reWneries from
water oil separation systems and accumulation of waste
oily materials in crude oil storage tank’s bottoms pose
severe problem because many of the standard treatment
processes used to decontaminate soil and groundwater
have been limited in their application, are prohibitively
expensive, or may be only partially eVective (Ferrari et al.,
1996; Nicholas, 1987; Vasudevan and Rajaram, 2001).
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Therefore, despite decades of research, successful bio-
remediation of petroleum hydrocarbon contaminated soil
remains a challenge (Rahman et al., 2003).

Both in situ and on-site treatment processes by involving
the use of microorganisms to break down hazardous
organic environmental contaminants avoid the economic
and technical disadvantages (Ahlert and Kosson, 1983;
Lee and Ward, 1985). Strains of Bacillus subtilis DM-04
and Pseudomonas aeruginosa M and NM, isolated from a
petroleum contaminated soil sample of North-East India
(ONGC oil Weld) grew on a large number of hydrocarbon
compounds as a source of carbon and energy demonstrat-
ing these strains might be eYcient hydrocarbon degraders
(Das and Mukherjee, 2005; Mukherjee and Das, 2005).
These strains have been eYcient producers of biosurfac-
tants in hydrocarbons rich culture medium. There are
reports describing the eVect of exogenously added micro-
bial biosurfactants in enhancing the bioremediation of
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crude oil-polluted soils by indigenous microbes (Abalos
et al., 2004; Cubitto et al., 2004).

The purpose of this study was to explore and compare
the eYciency of thermophilic strains of B. subtilis DM-04
and P. aeruginosa M and NM indigenous to North-East
India in biodegradation of crude petroleum-oil.

2. Methods

2.1. Chemicals

Aliphatic hydrocarbons (octane, dodecane, hexadecane,
octadecane) and aromatic hydrocarbons [pyrene (PYR),
phenanthrene (PHE) and anthracene (ANT)] were pur-
chased from Merck–Schuchardt, Germany. Acetone and
hexane were purchased from Merck India Ltd., India.
Standard aliphatic hydrocarbons were procured from
Sigma–Aldrich, USA. Crude petroleum-oil contaminated
soil sample was collected from Oil and Natural Gas
Commission of India (ONGC) oil Weld, Assam.

2.2. Microorganisms and maintenance

Strains of B. subtilis DM-04, P. aeruginosa M and NM
strains were used and maintained as described earlier (Das
and Mukherjee, 2005; Mukherjee and Das, 2005).

2.3. Isolation of biosurfactant

Crude biosurfactant from B. subtilis DM-04 and from P.
aeruginosa M and NM strains were isolated by acid precipi-
tation of cell free fermentative broth followed by its extrac-
tion with dichloromethane or methanol (Mukherjee and
Das, 2005), and by acetone precipitation followed by acidi-
Wcation by 6.0 N HCl (Das and Mukherjee, 2005), respec-
tively. The biosurfactants thus obtained were dried in
vacuum, weighed and expressed in g/l of the cell free culture
broth.

2.4. PAH solubilization eVect of biosurfactant

PAH solubilization assay was done as described by
Barkay et al. (1999). BrieXy, any of the following 0.6 �g of
ANT, or 6.0 �g of PHE or PYR (from 0.6 mg/ml stock in
acetone) was distributed into glass test tube (10 mm£
170 mm) and kept open inside an operating chemical fume
hood to remove the solvent, followed by addition of 3.0 ml
of assay buVer (20 mM Tris–HCl, pH 7.0) and graded
amounts of biosurfactant (125–500 �g/ml) obtained from
respective bacterial strain used in this study. Tubes were
capped with plastic closures and incubated in a vertical
position overnight at 30 °C with shaking (200 rpm) in dark.
Samples were Wltered through 1.2 �m Wlters (Whatman)
and 2.0 ml Wltrate was removed in a clean tube to which
2.0 ml of hexane was added prior to extraction by vor-
texing for 2 min. This emulsion was centrifuged at
10,000 rpm for 10 min to separate the aqueous and hexane
phases. PAH in the hexane extracts was measured spectro-
photometrically (Hitachi U-2001) at 252, 250 or 273 nm for
PHE, ANT or PYR, respectively. From a calibration curve
of individual PAH (in hexane), the concentration of each
PAH was determined. Assay buVer with biosurfactants but
without PAH was extracted with hexane identically and
served as blank. Control was also run in parallel where no
biosurfactant was added to PAH before extraction with
hexane.

2.5. Determination of bacterial growth in presence of
crude petroleum-oil hydrocarbons

Replicates batch cultures (nD3) were grown in 250 ml
Erlenmeyer Xasks containing 100 ml of mineral-salts
medium (Das and Mukherjee, 2005) supplemented with
crude petroleum-oil (measured and autoclaved) at a Wnal
concentration of 2.0% (v/v). Incubation was performed
either at 45 °C temperature and pH 7.0 for P. aeruginosa M
and NM strains (Das and Mukherjee, 2005) or at 55 °C
temperature and pH 8.0 for B. subtilis DM-04 strain
(Mukherjee and Das, 2005) with 200 rpm rotary shaking.
Although these bacteria can grow on a wide range of tem-
perature (25–55 °C) and pH (6.5–8.5), however the experi-
ments were performed at the optimum growth temperature
and pH of the respective strain. Un-inoculated Xasks and
Xasks without crude petroleum-oil were served as control.
Bacterial growth by utilizing petroleum hydrocarbons was
assessed by measuring the bacterial cell population (viable
count), protein concentration (Lowry et al., 1951), dry bio-
mass (Makkar and Cameotra, 1998) and gravimetric mea-
surement of residual crude oil remained in the culture
medium (Okoh et al., 2001) post 120 h of inoculation.

2.6. Biodegradation of petroleum hydrocarbons in soil

The ability of the bacterial strains to remediate the
petroleum crude-oil contaminated soil sample was investi-
gated by carrying out the biodegradation experiment in soil
for 120 d under indoor laboratory condition. Ten kilogram
of crude petroleum-oil contaminated soil sample (level
of TPH contamination was detected as describe below),
was layered in rectangular trays of 30 cm£45 cm£ 10 cm
(length£breadth£height) sizes. Prior to starting the bio-
degradation experiment, the water-holding capacity of the
soil was determined and the soil samples were treated with
aqueous solutions (1.0 mg/ml) of biosurfactants obtained
from the respective bacterial strains at a dose of 10 ml bio-
surfactant solution per kg of soil and then left for 3 d (tem-
perature »37 °C and 80–89% humidity). The soil was then
seeded with 1 l of mineral-salts media (Das and Mukherjee,
2005) containing 1£ 107 cfu of either B. subtilis DM-04
strain, or P. aeruginosa strains M and NM (mixed in a pro-
portion of 1:1). Each experiment was run in triplicate. The
soil was thoroughly trilled and M9 medium was added at
every 2 weeks interval to maintain the moisture level in the
soil. One litre of glucose solution (100 mg/l) was supple-
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mented to each tray (ten kg of soil) at an interval of 30 d
(decided on the basis of water-holding capacity of the soils)
and continued up to 90 d. To determine the extent of bio-
degradation, the soil-phase TPH concentrations were ana-
lyzed after 120 d. A control was run in parallel where the
soil was treated with un-inoculated medium.

Total microbial count (viable cell count) of the soil on the
onset and after the end of the experiment was determined
with standard dilution plating technique using sterile
nutrient agar (Difco) growth medium. Survival of B. subtilis
DM-04, P. aeruginosa M and NM strains in the petroleum
hydrocarbon rich soil was determined by comparing the col-
ony morphology and PCR-RFLP as described previously
(Das and Mukherjee, 2005; Mukherjee and Das, 2005).

2.7. Chemical analysis of crude petroleum-oil from soil 
sample and moisture content of soil

Total petroleum hydrocarbon (TPH) was extracted from
10 g of soil by sequentially extraction with 100 ml of hex-
ane, methylene chloride, and chloroform (Mishra et al.,
2001). All the three extracts were pooled and dried at room
temperature by evaporation of the solvents under a gentle
nitrogen stream in a fume hood. After evaporation of the
solvent, the amount of residual TPH was determined gravi-
metrically (Mishra et al., 2001). Further fractionation of
TPH into aromatic, aliphatic, asphaltene and NSO (nitro-
gen, sulfur and oxygen-containing compounds) was done
by silica gel column chromatography followed by gravimet-
ric analysis (Walker et al., 1975). TPH extracts were dis-
solved in n-pentane and separated into soluble and
insoluble fractions (asphaltene). The soluble fraction was
loaded on the top of a silica gel G (60–120 mesh) column
(2 cm£30 cm) and eluted with solvents of diVerent polari-
ties. The alkane fraction was eluted with 100 ml each of
hexane followed by eluting the aromatic fraction with
100 ml of toluene. The NSO fraction was eluted with 100 ml
of methanol and chloroform (Mishra et al., 2001).
For the determination of moisture content, 100 g of
petroleum-oil contaminated soil samples were dried at
60 °C oven for overnight and then kept in a dessicator.
The samples were then crushed in a mortar, sieved from a
36-mesh sieve, redried and weighed. The loss in weight was
calculated as the moisture content of the soil.

2.8. Analysis of alkane fraction by gas chromatography

The alkane fraction was analyzed by gas chromatogra-
phy (GC) using a FID detector (Varian Saturn 3800).
The column was CPSil 8 low bleed (30m£0.25mm£0.25
�m) coupled with a CP-Sil 5 CB low bleed/MS (30m£
0.25mm£0.25�m) column with helium as a carrier gas. The
column temperature was 80–240°C for 30 min with
5°Cmin¡1 increment and hold at 240 °C for 30 min, the injec-
tor temperature was 240°C and the transfer line temperature
was 300 °C. Individual components present in the alkane
fraction were determined by matching the retention time
with authentic standards.

2.9. Statistical analysis

Statistical analysis was done by Student’s “t” test.

3. Results

3.1. Growth characteristics of microbes and production of 
biosurfactants in crude petroleum-oil hydrocarbons

The bacterial strains utilized crude petroleum-oil hydro-
carbons as sole source of carbon and energy, which was evi-
dent from the increase in bacterial dry biomass, protein
content and cell density after 120 h of incubation (Table 1).
B. subtilis DM-04, P. aeruginosa M and NM strains
produced 0.65, 0.80 and 0.70 g/l biosurfactant, respectively
(Table 1). Biomass was increased with incubation time in
all cases, reaching maximal density that ranged from
Table 1
Growth of and biosurfactant production by B. subtilis DM-04, P. aeruginosa M and NM strains on crude petroleum-oil hydrocarbons

Results recorded at 0 h and 120 h of bacterial growth. Values represent the average of three experiments.

Growth time (h) Dry biomass (g/l) Cells/ml Protein content (mg/ml) Yield of biosurfactant (g/l)

Bacillus subtilis DM-04
0 0.1 1.0 £ 105 N.D. 0
24 0.2 2.0 £ 105 0.2 0.11
72 0.71 5.0 £ 105 0.6 0.42
120 0.90 6.6 £ 105 1.0 0.65

Pseudomonas aeruginosa M
0 0.1 1.0 £ 105 N.D. 0
24 0.30 3.0 £ 105 0.3 0.16
72 0.84 6.0 £ 105 0.8 0.50
120 1.4 8.0 £ 105 1.2 0.80

Pseudomonas aeruginosa NM
0 0.1 1.0 £ 105 N.D. 0
24 0.2 2.0 £ 105 0.3 0.12
72 0.73 5.0 £ 105 0.72 0.46
120 1.0 7.5 £ 105 1.15 0.70
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6.6£105 cell/ml to 8.0£ 105 cell/ml in 5 days. TPH degrada-
tion pattern showed that B. subtilis reduced 1.9§0.2 mg
(mean§SD, nD 3) of TPH content, whereas P. aeruginosa
M and NM strain reduced 2.7§ 0.3 mg (mean§SD, nD3)
and 2.3§0.1 mg (mean§SD, nD 3) of TPH contents,
respectively. Given that carbon accounted for approxi-
mately 50% of cells dry weight (Vila et al., 2001) and con-
sidering the growth of bacteria in the absence of crude
petroleum-oil (carbon source) was negligible (data not
shown), it indicated an assimilation of approximately 24%,
26% and 22% of TPH as cellular carbon in B. subtilis, P.
aeruginosa M and NM strains, respectively. No signiWcant
decline in pH of medium was noticed in all cases post 120 h
of bacterial growth (data not shown).

3.2. PAH solubilization eVect of biosurfactants

In general, the crude biosurfactants from all the three
strains enhanced the apparent solubility of PAH in a dose
dependent manner (Table 2). However, solubilization of
pyrene by biosurfactants from all the three bacterial strains
(»5 time higher apparent solubility compared to control)
was signiWcantly higher when compared with the phenan-
threne or anthracene solubilization eVect of biosurfactants
(2–3 times higher compared to control). Moreover, the
crude biosurfactant produced by P. aeruginosa NM strain
displayed higher pyrene solubilization eVect (p < 0.05) com-
pared to crude biosurfactants produced by P. aeruginosa M
and B. subtilis DM-04 strains (Table 2). On the other hand,
crude biosurfactant from B. subtilis DM-04 strain at a dose
of 500�g/ml demonstrated signiWcantly higher anthracene
solubilization eVect compared to the same property dis-
played by crude biosurfactants from Pseudomonas strains
(Table 2).

3.3. Analysis of TPH content and viable cell count of soil 
before bioremediation

The soil sample selected for bioremediation experiment
was loamy and dark brown in color. The percent moisture
content of the soil was determined as 18§2 (nD3). The pH
of the soil was 6.8–7.0 before the biodegradation experi-
ment (time zero) and did not change signiWcantly at the end
of experiment. The water-holding capacity of the soil
increased from 55% to 68% at the end of experiment. The
level of TPH contamination in soil was detected as
84.0 g kg¡1 of soil and alkanes (55.0%) represented the larg-
est constituent of the solvent extracted TPH, followed by
aromatic fraction (20.0%), asphaltene fraction (16.0%) and
then NSO (7%) fraction (Table 3). Indigenous bacterial
population (viable cell count) of soil was determined as
1£ 104 cfu/g of soil.

3.4. Biodegradation of TPH and various fractions of crude 
petroleum-oil in soil

Bioaugmentation of TPH-contaminated microcosm
with P. aeruginosa M and NM consortium and B. subtilis
strain showed that TPH levels were reduced from 84 to 21

Table 2
Dose dependent solubilization of PAHs by crude biosurfactants isolated
from B. subtilis DM-04, P. aeruginosa M and NM strains

Experiments were done as described in the text. Results represent
mean § SD of three independent experiments.

Source and
concentration of
crude biosurfactant
(�g/ml)

Solubility of PAHs (ng/ml)

Pyrene Phenanthrene Anthracene

B. subtilis DM-04
0 130.0 § 30.0 500.0 § 50.0 40.0 § 10.0
125 520.0 § 30.0 600.0 § 50.0 60.0 § 10.0
250 860.0 § 31.0 700.0 § 63.0 100.0 § 19.0
500 1000.0 § 29.0 900.0 § 70.0 140.0 § 35.0

P. aeruginosa M
0 130.0 § 30.0 500.0 § 51.0 40.0 § 10.0
125 500.0 § 50.0 600.0 § 100.0 50.0 § 10.0
250 800.0 § 50.0 800.0 § 100.0 90.0 § 17.0
500 900.0 § 80.0 1000.0 § 200.0 110.0 § 20.0

P. aeruginosa NM
0 130.0 § 30.0 500.0 § 50.0 40.0 § 10.0
125 610.0 § 30.0 700.0 § 100.0 50.0 § 11.0
250 800.0 § 30.0 900.0 § 100.0 90.0 § 23.0
500 1200.0 § 35.0 1100.0 § 100.0 110.0 § 21.0
Table 3
Biodegradation of various fractions of crude petroleum-oil hydrocarbons in soil by B. subtilis DM-04 and P. aeruginosa M and NM consortia

Experiment was done as described in the text. Each value represents mean § SD of results obtained from three individual experimental trays.
SigniWcance of diVerence with respect to control experiment ap < 0.001.
SigniWcance of diVerence with respect to biodegradation by B. subtilis DM-04 bp < 0.001.

Contaminants Level of contamination in soil (g/kg of soil)

Before the
experiment (0 d)

After the experiment

60 d post treatment 120 d post treatment

None
(control)

B. subtilis
DM-04

P. aeruginosa
M and NM

None
(control)

B. subtilis
DM-04

P. aeruginosa
M and NM

TPH 84.0§ 0.5 83.0 § 0.5 60.0 § 1.2a 42.0 § 1.1a,b 80.0§ 0.1 39.0§ 0.8a 21.0 § 0.8a,b

Alkane fraction 47.0§ 0.1 46.0 § 0.2 35.0 § 2.1a 24.0 § 1.2a,b 45.0§ 0.2 21.0§ 1.1a 9.0 § 0.6a,b

Aromatic fraction 17.0§ 0.2 17.0 § 0.2 12.0 § 0.9a 10.0 § 0.4a,b 16.0§ 0.4 8.0§ 0.4a 6.0 § 0.3a,b

NSO and asphaltene
fraction

19.0§ 0.3 19.0 § 0.2 16.0 § 0.8a 10.0 § 0.5a,b 18.0§ 0.4 10.0§ 0.4a 7.0 § 0.4a,b
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and 39 g/kg of soil, respectively; in contrast, the TPH level
was decreased to 80 g/kg in control soil (Table 3). Further,
degradation of alkane, aromatic, NSO and asphaltene frac-
tions by indigenous soil microbe (control soil) was insigniW-
cant compared to biodegradation of the same fractions by
B. subtilis DM-04 and Pseudomonas consortia (Table 3).
The plate count indicated expressive growth of exogenously
added bacteria in petroleum-oil contaminated soil and their
cell densities ranged from 1£ 1011 cfu/g soil (B. subtilis
DM-04) to 2£ 1011 cfu/g soil (P. aeuruginosa M and NM).
In contrast, biomass increased from 1£104 cfu/g soil to
1£106 cfu/g in control soil.

All the microbes in the present study exhibited higher
biodegradation of n-alkanes fraction compared to aromatic
or NSO fractions. As shown in Table 3, Pseudomonas con-
sortia demonstrated signiWcantly higher eYciency to bio-
degrade TPH as well as various other fractions of crude
petroleum-oil hydrocarbons compared to B. subtilis DM-04
strain (p < 0.001).

3.5. Gas chromatographic analysis of alkane fraction

GC analyses of alkane fraction obtained from the
petroleum-oil contaminated soil before (0 d) and at the
end (120 d) of bioremediation experiment is depicted
in Fig. 1. GC analyses showed that alkanes level was sig-
niWcantly reduced in petroleum-oil contaminated soil
seeded with either B. subtilis DM-04 or Pseudomonas con-
sortium.

4. Discussion

Survival of microorganisms in petroleum hydrocarbons
medium after their inoculation is a key deciding factor in
the rate of biodegradation of hydrocarbons either in soil or
in liquid phase (Ramos et al., 1991). Since all the bacteria in
the present study were isolated from a petroleum contami-
nated soil sample, they survived and adopted the oil-
contaminated soil/liquid environment very easily as also
reported by other authors (Rahman et al., 2003; Sugiura
et al., 1997). This was evident from the signiWcant increase
(p < 0.01) in the population of B. subtilis and P. aeruginosa
in soil as compared to control. However, higher growth rate
(p < 0.05) of Pseudomonas strains compared to Bacillus
strain might be related to higher breakdown and utilization
of petroleum hydrocarbons by former strains. Besides, the
necessity for seeding with hydrocarbon degrading bacteria
might have arisen from the fact that indigenous microbes of
soil were not eYcient degraders of a wide range of complex
compounds of crude petroleum-oil and therefore, introduc-
tion of eYcient hydrocarbon degraders would be essential
in order to eVectively degrade all of the hydrocarbons in a
complex petroleum mixture (Atlas, 1977). Since the supple-
mentation of glucose as co-carbon source enhanced the rate
Fig. 1. GC Wngerprinting of alkane fraction of soil seeded with P. aeruginosa M and NM strain consortia and B. subtilis DM-04 strain: (a) at 0 d (begin-
ning of bioremediation experiment); (b) after 120 d without exogenously seed bacteria (control); (c) after 120 d with B. subtilis DM-04 strain; (d) after
120 d with P. aeruginosa M and NM strain.
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of biodegradation of PAH by bacterial strains used in this
study (Das and Mukherjee, in press), glucose was added in
the oil-contaminated soil after a regular interval to increase
the rate of biodegradation of TPH by the seeded bacteria.
However, present results were in contradiction to report of
Chhatre et al. (1996) describing addition of nutrients in the
soil was unlikely to have dramatic eVect on the microbial
degradation of crude oil.

TPH biodegradation potential of B. subtilis and P. aeru-
ginosa strains from NE India were far higher than some pre-
viously reported values, even for mixed cultures (Chhatre
et al., 1996; Del’Arco and de Franca, 2001; Obuekwe and
Al-Zarban, 1998; Sugiura et al., 1997) and comparable to
degradation of Nigerian crude-oil by B. subtilis and P. aeru-
ginosa strains isolated from crude oil-polluted soil from
Nigeria (Ilori and Amund, 2000). From the results on bac-
terial assimilation of about 26–22.0% of TPH carbon loss
from growth, it could be concluded that all the TPH lost
from the growth medium should not be considered as assim-
ilated and same of it must have been catabolized and/or
respired by bacteria. Further, in-contrast to the shake Xask
study, biodegradation experiment in soil was conducted at
37 °C temperature to ensure the capability of bacterial strain
under study to degrade the TPH and its various fractions at
an average outdoor temperature of soil in this region.

Biosurfactant secreted by bacteria are more eVective
than chemical surfactants in enhancing the solubility and
biodegradation of petroleum hydrocarbons including PAH
(Cybulski et al., 2003; Wong et al., 2004). Production of
biosurfactant is related to the utilization of available
hydrophobic substrates by the producing microbes from
their natural habitat, presumably by increasing the surface
area of substrates and increasing their apparent solubility
(Ahimou et al., 2000; Maier, 2003; Mukherjee and Das,
2005; Ron and Rosenberg, 2001). However, there are only
few reports of microorganisms producing surface-active
compounds while growing on crude petroleum-oil hydro-
carbons (Chhatre et al., 1996; MacElwee et al., 1990). In the
present study, all the three bacteria were found to be
eYcient biosurfactant producers on petroleum hydrocar-
bons medium, as well as in soil (data not shown) which
oVered the advantage of a continuous supply of natural,
non-toxic and biodegradable surfactants by bacteria at low
cost for solubilizing the hydrophobic oil hydrocarbons
prior to biodegradation. The diVerences in PAH solubiliza-
tion eVects of biosurfactant from diVerent bacterial strains
in this study could be related to the chemical nature as well
as surface properties of biosurfactant. For example, major
biosurfactants secreted by B. subtilis DM-04 were lipopep-
tide in nature containing higher amount of surfactins
followed by iturins (Mukherjee and Das, 2005), whereas
biosurfactant secreted by P. aeruginosa M and NM were a
complex mixture of lipopeptides and glycoproteins (Das
and Mukherjee, 2005). Moreover, the signiWcantly higher
PAH solubilization eVect of biosurfactant from P. aeru-
ginosa NM strain compared to P. aeruginosa M strain
reinforces the hypothesis that a minor variation in biosur-
factant isoforms between these two strains (Das and Muk-
herjee, 2005) might result in a large variations of the
emulsiWcation property and PAH solubilization eVect of
biosurfactant (Mukherjee and Das, 2005).

GC/FID analyses and other study demonstrated that n-
alkanes (C14–C30) were preferentially degraded compared
to PAHs present in crude petroleum-oil by all the bacteria
used in this study. Crude petroleum-oil is a complex mix-
ture of hydrophobic components like n-alkanes, aromatics,
resins and asphalthenes and microorganisms are know to
attack and degrade a speciWc component as compared with
other components of oil. It has been observed that the same
compounds in diVerent crude oil samples were degraded to
diVerent extents by the same organisms (Sugiura et al.,
1997), implying that the bioavailability of a particular com-
pound in a crude oil sample and not it’s chemical structure,
may be a sole determining factor for eVective biodegrada-
tion of the compound (Sugiura et al., 1997). Key factors
such as presence of a speciWc and/or higher amount of
inducible enzyme(s), substrate speciWcity of hydrocarbon
degrading enzymes (Gibson and Subramanian, 1984;
Kanaly and Harayama, 2000; Sharanagouda and Karegou-
dar, 2001) and presence of sphingolipids or other speciWc
molecule(s) in the outer membrane structure of bacteria
(Sugiura et al., 1997) may be responsible for higher metabo-
lism of TPH by Pseudomonas strains compared to B. sub-
tilis DM-04 strain.

In conclusion, the Wndings in this study showed that B.
subtilis DM-04 and P. aeruginosa M and NM strains could
be useful in bioremediation of sites highly contaminated
with crude petroleum-oil hydrocarbons. The thermophilic
nature of these bacteria could add further advantage for
their use in bioremediation of petroleum contaminated
soils in tropical countries.
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