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Abstract. Bacteria possessing high capacity to degrade gasoline, kerosene, diesel oil, and lubricating oil
were screened from several areas of Hokkaido, Japan. Among isolates, two strains, WatG and HokM,
which were identified as new strains of Pseudomonas aeruginosa and Serratia marcescens species,
respectively, showed relatively high capacity and wide spectrum to degrade the hydrocarbons in gas-
oline, kerosene, diesel, and lubricating oil. About 90-95% of excess amount of total diesel oil and
kerosene added to mineral salts media as a sole carbon source could be degraded by WatG within 2 and
3 weeks, respectively. The same amount of lubricating oil was 60% degraded within 2 weeks. Strain
HokM was more capable than WatG in degrading aromatic compounds in gasoline. This strain
could also degrade kerosene, diesel, and lubricating oil with a capacity of 50-60%. Thus, these two
isolates have potential to be useful for bioremediation of sites highly contaminated with petroleum

hydrocarbons.

The use of enormous amounts of petroleum products
contributes highly to environmental pollution. Spills of
hydrocarbons occur from several causes, including
blowouts, leakage from tanks, and dumping of waste
petroleum products. The elevated loading of petroleum
hydrocarbons in soil causes a significant decline in soil
quality, and these soils have become unusable. To
control the environmental risks caused by petroleum
products, various new regulations have been introduced
and, at the same time, research focusing on remediation
of contaminated soils has increased.
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Biodegradation by natural populations of microor-
ganisms, or in situ attenuation [9], is a primary mecha-
nism by which petroleum hydrocarbons could be
eliminated from contaminated sites [2, 4, 14, 15]. To
maximize pollution abatement, the following ap-
proaches have been exploited. Biostimulation, a process
in which intrinsic hydrocarbon-degrading bacteria are
stimulated with appropriate nutrient supplements to en-
sure that the microbial growth is sustained, and that the
ratios of carbon (i.e., petroleum hydrocarbons) to other
nutrients are limited only by carbon [19, 22]. Addition
of biosurfactants increases the availability of long chain
hydrocarbons to microbes and renders them more
accessible to microbial enzyme systems for utilization
[1, 3,10, 11, 13]. In certain cases when intrinsic bacteria
are unable to meet the required demand, specific de-
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grader(s) that have been selected for degrading various
hydrocarbons [6, 22, 25] are used (bioaugmentation).
However, inhibition of inoculum growth due to nutrient
limitation and competition with indigenous microor-
ganisms, poor bioavailability of contaminants (because
of their low water-solubility), and the difficulties of
mixing the inoculated organisms with the contaminated
soil [25] are the pitfalls of bioaugmentation. The com-
bination of bioaugmentation with biostimulation might
result in efficient bioremediation of soil. The strains able
to degrade various petroleum hydrocarbon contaminants
efficiently and grow cooperatively with normal indige-
nous soil microorganisms are those needed for bioaug-
mentation.

The present work has focused on this approach,
aiming to isolate novel bacterial strains capable of
petroleum degradation. In this study, we report isolates
capable of efficiently degrading a wide spectrum of
hydrocarbons found in refined petroleum.

Materials and Methods

Petroleum hydrocarbons. Refined fossil fuels  (petroleum
hydrocarbons) used throughout this study were gasoline, kerosene,
diesel oil, and lubricating oil obtained from Nippon Oil Corporation
(Tokyo, Japan).

Isolation of bacteria, media composition and culture
conditions. Samples to be screened were collected from different
areas of Hokkaido Prefecture, Japan. They comprised hot spring water,
slightly contaminated with crude oil; water from an old kerosene tank
of a residence, Sapporo City; and soils and mud from Hokkaido
University campus, Sapporo. Media used throughout this study were
LB or mineral salts medium (MSM) consisting of 0.4% NH4NO;,
0.47% KH,PO,4, 0.0119% Na,HPO,, 0.001% CaCl, - 2H,0, 0.1%
MgSO, - 7H,0, 0.001% MnSO, - 4H,0, and 0.0015% FeSO, - 4H,0,
pH 7.0.

For isolation of oil degrader, 1 mL of sample was transferred to a
50-mL flask containing 10 mL of MSM supplemented with 0.1% yeast
extract, and incubated at 30°C in a rotary shaker at 150 rpm until
turbid growth was observed. The bacterial culture was diluted and
spread on MSM agar plates containing kerosene (10 g L™") as carbon
source for selective isolation of petroleum degrader. Plates were sealed
with vinyl tape and left at 30°C until appearance of several colonies.
Individual colonies were purified by repeated streaking on MSM-agar
plates containing 10 g L™" of kerosene, and a degradation test was
conducted with purified isolates. The optimal temperature for growth
was determined in LB broth in a range of 4-60°C.

Degradation test and GC analyses of petroleum products. Bacterial
cells precultured overnight at 30°C in LB medium were transferred to a
50-mL screw-capped flask (to prevent loss of volatile hydrocarbon
components) containing 10 mL of MSM plus one of the petroleum
products (e.g., gasoline, kerosene, diesel oil, or lubricating oil) at a
concentration of 10 g L™'. Cells were grown for 4 weeks at 20°C with
shaking at 150 rpm, and petroleum hydrocarbons remaining in the
culture medium were determined. Cultured media were extracted every
week with equal volume of dichloromethane (Wako Chemical Co.,
Osaka, Japan), and the extract was analyzed with a gas-liquid
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chromatograph (GC; model GC 353B, GL Science, Tokyo, Japan)
equipped with a flame ionization detector (FID) and a capillary column
(TC-1, length 30 m, ID 0.25 mm, film thickness 0.1 pm) obtained from
GL Science. The carrier gas was helium. The injector and detector
temperatures were set at 250°C and 300°C, respectively. For gasoline
analysis, column temperature was first held at 35°C for 5 min, then
raised to 220°C. For kerosene analysis, the column temperature was
first set at 50°C, then raised to 220°C. For diesel oil analysis, the
column temperature was first set at 50°C; then it was ramped to 270°C.
In all above cases, temperatures were raised at the rate of 5°C min~". In
case of lubricating oil, both injector and detector temperatures were set
at 322°C. The column temperature was first set at 100°C; then it was
ramped to 320°C at the rate of 10°C min~" and held at least for 15 min.
The percentage of total hydrocarbons remaining after one test was
calculated by comparing area of their peaks with that of the
corresponding peaks shown by a control that had been subjected to
the same experimental conditions as the samples, except for the
absence of a bacterial culture. The values so obtained were normalized
against the internal standard. normal-Dodecane (nC;,) (Kanto
Chemical Co., Tokyo) was used at a concentration of 3 g L™ as
internal standard.’

GC-MS analysis. Petroleum components were analyzed according to
the method reported by Tzing et al. [24] with a Varian gas
chromatograph-mass spectrometer (GC-MS; model CP-3800 gas
chromatograph and Saturn 2200 mass spectrometer, Varian
Technologies Japan, Inc.) equipped with the same column as
described above. The temperature was programmed as described
above. Resulting chromatograms were analyzed by Saturn Software
GC/MS Workstation Version 5.52 to identify petroleum components.
All analyses were carried out with the split ratio of 20:1. Helium was
used as the carrier gas with a flow rate of 0.8 mL min~'. Injector
temperature was set at 250°C (322°C for lubricating oil). The MS
conditions for electron-bombardment ionization-mass spectrometry
(EI-MS) analysis were set as follows: m/z range of 10-500, 1 s scan
time, ion trap temperature at 100°C, 10 pA emission current, 70 eV
ionization voltage, and 25,000 automatic gain control. Acetonitrile was
used as chemical ionization-mass spectrometry (CI-MS) reagent. The
MS conditions for CI-MS analysis were as follows: m/z range of 10—
500, 1 s scan time, ion trap temperature at 100°C, 100 ps ionization
time, 2000 ps CI maximum ionization time, 120 ms CI maximum
reaction time, 15 m/z CI ionization storage level, 75 m/z CI
background mass, and 7.5 V reagent ion ejection amplitude.

Physiological and biochemical tests for strain identi-
fication. Phenotypic and biochemical characterization was
performed as described by Yumoto et al. [26].

DNA base composition and DNA-DNA hybridization. DNA was
isolated from bacterial cells as described by Marmur [16]. The DNA
content of mol% G + C (G + C content) was determined according to
Tamaoka and Komagata [21]. The levels of DNA relatedness were
determined fluorometrically using photo-biotin-labeled DNA probes
and microplates [8]. Pseudomonas aeruginosa JCM5962" and Serratia
macescens JCM 12397 obtained from Japan Collection of
Microorganisms (JCM; Wako, Japan) were used as reference strains.

Phylogenetic analysis using 16S rRNA gene sequence
comparison. Almost the full length of 16S rRNA genes of
bacteria was amplified by PCR with following sets of primers 5'-
GAGTTTGATCCTGGCTCAG-3" and 5-AAGGAGGTGATCCA
GCC-3’ corresponding to the positions 9 to 27 and 1525 to 1541,

"Note: Hydrocarbon with x carbon atoms is presented as C,. normal-
Aliphatic hydrocarbon with x carbon atoms is abbreviated as nC,.
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Table 1. Isolated petroleum-degrading bacterial strains and their growth temperatures (growth was followed by measuring the optical density of
cultures at 595 nm)

Source Strain Optimal temperature (°C) Temperature range (°C)
Hot spring water contaminated HooP 45 4-50
with crude oil TooY 45 4-50
Water in old kerosene tank WatG 30 4-50
Soil from Hokkaido University campus HokS 30 4-<50
Mud from Hokkaido University campus HokM 30 4-<50

Table 2. Growth and degradation capacity of gasoline, kerosene, diesel oil, or lubricating oil at 10 g L™" at 20°C. Growth is shown as the maximum
optical density of cultures at 595 nm throughout 2 weeks of incubation. The initial optical density was 0.1. Degradation is percentage of the total
amount of hydrocarbon remaining in 2-week cultures to that remaining in control cultures with no inoculum. All values in table are from the average
of two or three independent experiments. Hydrocarbons with x carbon atoms are presented as C,.

Gasoline Kerosene Diesel oil Lubricating oil
~Cio Cs—Cis Co—Cas Ci1—Css
Degradation Degradation Degradation Degradation

Strain Source Growth (%) Growth (%) Growth (%) Growth (%)
WatG Water 03 +0.1 30.0 = 10.0 14+0.1 70.0=+13.0 1.4 +0.1 90.8 + 6.2 1.2 +0.1 57.0 +3.0
HokM Mud 0.3 +0.1 440+ 5.0 0.6 £0.1 55.0 £ 23.0 0805 67.0+17.6 1.1 £05 500300
HooP Hot spring 0.2 £ 0.0 240+ 1.0 05+0.1 285135 04 +0.1 32.0+22.0 0.8 +0.1 66.0 + 3.0
TooY Hot spring 0.1 £ 0.0 0.0+ 0.0 0600 60.0=12.0 0.4 +0.1 62.0 = 32.0 0.8+04 60.0 = 20.0
HokS Soil 0.1 +0.0 0.0 = 0.0 03+0.1 205205 03+01 40.0+350 0.0 +0.0 0.0 +0.0

respectively, in the 16S rRNA gene sequence of Escherichia coli
[5]. PCR products were sequenced directly using ABI PRISM Big
Dye Terminator Cycle Sequencing Kit on an ABI 3100 DNA
sequencer following the manufacturer's instruction. Multiple
alignments of the sequences were performed, and a neighbor-
joining phylogenetic tree [12, 18] was constructed using the latest
version (ver. 1.8) of the CLUSTAL W program [23]. Similarity
values of the sequences were calculated by using the GENETYX
computer program (Software Development, Tokyo, Japan).

Results

Bacterial candidates. Mixtures of bacteria were
obtained during enrichment using 0.1% yeast extract in
MSM. Screening on an agar plate containing kerosene
resulted in isolation of several candidates from the oil
tank: hot spring water, soil, and mud samples. They all
were able to grow at a wide range of temperatures of 4—
50°C, although specific isolates showed different
optimal growth temperatures. Strains WatG, HokM,
and HokS showed optimal growth at 30°C. However,
HooP and TooY isolates from the hot spring showed an
optimal temperature of 45°C. The above results are
summarized in Table 1.

Degradation capacity of petroleum products by
various isolates. The growth and hydrocarbon
degradation capacity of selected isolates in MSM

supplemented with each refined fossil fuel are
summarized in Table 2. No evaporation of any
petroleum product from the screw-capped flasks was
observed throughout the experiments. All isolates
showed the ability to utilize kerosene; however, the
efficiency of utilization varied among strains, with
WatG being the best (70% removal within 2 weeks).
HokM and TooY were able to degrade kerosene by more
than 50%, whereas HooP and HokS could degrade about
20%. In the case of diesel oil, WatG was able to degrade
diesel oil about 90%. HokM and TooY were able to
degrade more than 60%, while HooP and HokS could
degrade about 40%. One reference strain P. aeruginosa
JCM 5962" used as negative control could only degrade
approximately 7% of diesel oil under the same
conditions (data not shown). The results on the
assessment for degradation capacity were similar to
those of growth (Fig. 1). In gasoline-supplemented
MSM, a small degree of growth was observed only in
cases of strains WatG, HokM, and HooP. Gasoline was
utilized to the extent of 30% for WatG, 44% for HokM,
and 24% for HooP. Only WatG, HokM, HooP, and
TooY could grow in MSM containing lubricating oil.
WatG, HooP, and TooY have utilized about 60% of
lubricating oil, whereas HokM utilized about 50%.
Taken together, it suggests that strain WatG was the
most efficient among the isolates and was able to



418

w

0 1 1 1 1
0 1 2 3 4 5

Time (week)

120

g of petroleum
hydrocarbon&
& & 8 8

% Remainin
(]
(=)

=]

0 1 2 3 4 5
Time (week)

Fig. 1. Growth of strain WatG and its degradation of various petro-
leum products. WatG was grown in MSM containing either gasoline
(@), kerosene (M), diesel oil (A), or lubricating oil () at 10 g L™".
(A) Growth monitored by measuring the optical density of cultures at
575 nm; (B) remaining petroleum hydrocarbons estimated by the
method described in Materials and Methods. The values are the
average of two independent experiments. The maximum standard
deviation is within 0.1 for A and +20 for B.

degrade all four types of petroleum products tested. The
second best was strain HokM.

Degradation rate and preference of hydrocarbon
utilization by strain WatG. Strain WatG was selected
for closer examination of degradation rates. WatG in
MSM supplemented with kerosene or diesel oil started
to grow immediately and reached a stationary phase
within a week (Fig. 1A). In contrast, the growth curves
of WatG with gasoline and lubricating oil showed initial
lag times, and 2 weeks were required to reach the
stationary growth phase. Growth of WatG on gasoline
was comparatively poor, but it grew rather well on
lubricating oil. WatG degraded diesel oil the most
rapidly, with the total amount of remaining diesel oil
declined to 20% within 1 week (80% removal), and
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reached the maximum of 95% in 2 weeks (Fig. 1B). In
the case of kerosene, WatG was able to degrade it by
50% in 1 week and about 90% in 3 weeks. About 30% of
the total amount of gasoline was utilized after 1 week.
However, no further change was observed even in the
case of longer incubation. Lubricating oil appeared to be
resistant to degradation by WatG at early stage, but
degradation (40%) was observed during the second
week of incubation.

The GC profile of the remnant compounds of gas-
oline, kerosene, diesel oil and lubricating oil in WatG
culture was compared with that of the control. The major
component of gasoline was aromatic hydrocarbons
including toluene (C;), dimethylbenzene (Cg), and
trimethylbenzene (Coy). Aliphatic hydrocarbons such as
nCyg and alicyclic hydrocarbons including cyclopentane
(Cs) and cyclohexane (Cg) were minor components.
Kerosene consisted of major components from Cg to C;g
n-alkanes. Figure 2A shows the GC profile of the con-
trol culture (2 weeks) with diesel oil, which included a
mixture of hydrocarbons from Cog to C,3 consisting of n-
alkanes, iso-alkanes, and cycloalkanes together with
aromatic hydrocarbons having less than 12 carbon atoms
(indicated by the solid bars in the figure). Lubricating oil
contained minor n-alkanes of C;;—C,o and major
unidentified long chain hydrocarbons from C,y to Css
(Fig. 3A).

All components in diesel oil were highly reduced
by WatG, and particularly WatG degraded n-alkanes
from Cy to C,3 almost completely (Fig. 2B). However,
the degradation of hydrocarbons shorter than C;, was
not so significant. This tendency was also observed in
degradation of kerosene by WatG (data not shown).
Figure 3B shows the GC profile of the remnant com-
pounds of lubricating oil, in which most components
were generally degraded by WatG, although less
effectively than those of diesel oil and kerosene. In the
case of gasoline, there was a common reduction of all
components including aromatic, alicyclic, and aliphatic
hydrocarbons (data not shown). These findings suggest
that strain WatG had the substrate preference as
follows: diesel oil > kerosene > lubricating oil >
gasoline.

Effect of pH on growth of strain WatG and its
utilization of petroleum hydrocarbons. To test cell
growth and hydrocarbon degradability at different pH,
cells of strain WatG were grown in MSM
supplemented with 0.5% glucose or 1% diesel oil. In
both conditions, WatG showed the ability to grow at a
pH range from 5.5 to 8.0. The growth in glucose-
supplemented medium was faster than that in diesel-
oil-supplemented medium, and the optimal growth was
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Fig. 2. GC profiles of diesel oil remaining in the MSM after incubation without (A) and with (B) strain WatG at 20°C for 2 weeks. n-Dodecane
(nCy,) was used as the internal standard. nCy to nC,;3 indicate n-alkanes with the number of carbon atoms from 9 to 23. Minor peaks between two
n-alkanes include those of iso-alkanes and cycloalkanes. The solid bar (B) indicates the area in which aromatic compounds were detected.

obtained at pH 7.5 (data not shown). However, in
diesel-oil-supplemented medium, both bacterial growth
and petroleum hydrocarbon consumption were optimal
at pH 6.5 (data not shown).

Identification of strains WatG and HokM. The
results of 16S rDNA sequence alignment and
phylogenetic tree analysis revealed that 16S rDNA
sequence of strain WatG was 100% identical to that of
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Fig. 3. GC profiles of lubricating oil remaining in the MSM after incubation without (A) and with (B) strain WatG at 20°C for 2 weeks. nC;, was
used as the internal standard. normal-Alkanes of nC;; to nCy,o are components of lubricating oil. Remaining components have not been identified.
The positions of nCyy, nCypg, and nCsg, and nCss are indicated (A) to show their relative retention time.

P. aeruginosa (Fig. 4A). The DNA-DNA hybridization
between strain WatG and a reference strain P.
aeruginosa JCM 59627 was 96%. The taxonomic
characteristics of strain WatG were mostly the same as
those of P. aeruginosa JCM 59627, that is, tests for
production of catalase and oxidase, reduction of NO; to
NO,, and hydrolysis of casein and gelatin are positive,
but o-nitrophenyl-B-p-galactopyranoside (ONPG) test
and hydrolysis of starch were negative for the both
strains. However, strain WatG was able to hydrolyze
neither lipids (supplied as tributyrin), maltose nor
D-mannose, all of which were hydrolyzed by

P. aeruginosa JCM 59627, The G+C content of WatG
was found to be 73.6%, whereas it was 67.2% for
P. aeruginosa JCM 59627, suggesting that strain WatG
is a novel strain of this species.

The results of taxonomic tests on strain HokM
indicated that this strain had similar characteristics to
S. marcescens JCM 12397, that is, both strains were
positive for production of catalase, hydrolysis of casein
and DNA, and Voges-Proskauer and citrate (Simons’s
medium) tests but were negative for the production of
oxidase and indole and for the methyl red test. The
ONPG test was positive for strain HokM, but it was
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Fig. 4. Evolutionary distance tree based on 16S rDNA sequences of P.
aeruginosa strain WatG (A) and S. marcescens strain HokM (B) with
their references. Bar, nucleotide difference per sequence position. The
accession numbers of the sequences are given in brackets.

negative for S. marcescens JCM 1239". The G+C con-
tent of HokM and S. marcescens JCM 1239" was 60.2%
and 57.5%, respectively. Strain HokM grew at 0°C,
whereas S. marcescens JCM1239" did not grow below
4°C. The homology of 16S rDNA sequence between
HokM and S. marcescens JCM 1239" was 99.5% and
the DNA-DNA hybridization between the strains was
96%. These results suggest that HokM is a novel strain
of S. marcescens.

The nucleotide sequences of 16S rDNA of WatG
and HokM have been deposited in the GenBank data-
base under accession numbers AB117953 and
AB117954, respectively.
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Discussion

To carry out the bioaugmentation successfully, it
would be necessary to select bacteria having a high
capacity and the versatility to degrade the many
components of petroleum products. Kerosene was
known to contain short to middle size hydrocarbons in
the range of Cg to C,g, which include some aromatic
groups as well as n-alkanes, iso-alkanes, and cyclo-
alkanes [2, 20]. Consequently, bacteria able to grow on
this carbon source would easily acquire the ability to
degrade a wide variety of hydrocarbon components of
different petroleum products. Therefore, bacterial
screening was conducted using kerosene as a sole
carbon source.

Among five isolated candidates, strains WatG and
HokM appeared to be two best degraders (Table 2).
However, in the present study, WatG was selected for
detailed examination because of its characteristics in
terms of hydrocarbon degradation ability and degrada-
tion rate (Table 2). It was also observed that it worked
best at neutral or near neutral pH range (data not shown),
and degradation efficiencies were dependent on the
chain length and structure of hydrocarbons (Table 2).
This strain was capable of degrading an excess amount
of kerosene or diesel oil (10 g L™") present in the media
in an efficient manner, and n-alkanes from Cg to Cy3 in
them were best degraded (Fig. 2B). Although it does it
slowly, strain WatG is able to degrade longer re-
calcitrant hydrocarbons present in lubricating oil
(Fig. 3B).

Strain HokM was identified as a new strain of S.
marcescens. There are limited reports describing the
involvement of Serratia in biodegradation of hydro-
carbons [7, 17], and they are mostly degraders of
aromatic compounds. In this study, it was observed that
strain HokM utilized not only aromatic compounds but
also long-chain alkanes (data now shown). As such,
HokM would be a unique strain of S. marcescens
possessing the ability to degrade a wide spectrum of
hydrocarbons.

In this study, two highly efficient and wide-spec-
trum hydrocarbon degraders, strains WatG and HokM,
were successfully isolated and identified as new strains
of Pseudomonas aeruginosa and Serratia marcescens,
respectively, by their taxonomic studies. They would
have great application in bioremediation of hydrocar-
bon-contaminated sites. Bioaugmentation treatment with
such a wide spectrum of degraders would be the pref-
erable choice of treatment over many others. Currently,
evaluation of WatG regarding its ability to decontami-
nate soils from petroleum hydrocarbons at laboratory
scale is in progress.
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