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Abstract

Branched alkanes including 2,6,10,14-tetramethylpentadecane (pristane) are more resistant to biological degradation than
straight-chain alkanes especially under low-temperature conditions, such as 10◦C. Two bacterial strains, TMP2 and T12, that
are capable of degrading pristane at 10◦C were isolated and characterized. Both strains grew optimally at 30◦C and were
identified asRhodococcussp. based on the 16S rRNA gene sequences. Strain T12 degraded comparable amounts of pristane
in a range of temperatures from 10 to 30◦C and strain TMP2 degraded pristane similarly at 10 and 20◦C but did not degrade
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t at 30◦C. These data suggest that the strains have adapted their pristane degradation system to moderately low-t
onditions.
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1. Introduction

Biodegradation of environmental pollutants
been anticipated to be one of the sustainable
nologies with low impact on the earth (Leahy and
Colwel, 1990). Many kinds of mesophilic bact
ria that can degrade toxic hydrocarbons have
isolated and characterized. However, most of t
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metabolic activities significantly drop at the temper-
atures below 20◦C (Atlas, 1981). Under these mod-
erately low-temperature conditions (<20◦C), hydro-
carbons are less volatile and become more insolu-
ble so that they are resistant to biodegradation. Thus,
these pollutants will remain undegraded in the envi-
ronment under low-temperature rather than medium-
or high-temperature conditions (Atlas, 1981; Kato et
al., 2001). Although there are a few reports on psy-
chrophilic and psychrotrophic alkane-degrading bacte-
ria (Whyte et al., 1998; Margesin and Schinner, 1998;
Rapp and Gabriel-Jurgens, 2003), knowledge is yet
limited due to the small number of collections of such
bacteria.

It is known that branched alkanes are more resis-
tant to biological degradation than straight-chain alka-
nes. Such a resistance is affected by the position, size,
and stereochemistry of the branches (Cox et al., 1974;
Cantwell et al., 1978; Schaeffer et al., 1979). In general,
they are resistant to degradation when branches are lo-
cated near or at the end of the molecules because most
degradation starts externally by terminal oxidation (Lal
and Khanna, 1996; Huu et al., 1999; Jenisch-Anton et
al., 1999; Berekaa and Steinbuchel, 2000). 2,6,10,14-
Tetramethylpentadecane (pristane), is a model com-
pound of multiply branched alkanes, which is ubiq-
uitously present in crude oils, soils, and marine sedi-
ments, suggesting its long half-life in nature (Volkman
and Maxwell, 1986). Above context prompted us to
isolate and analyze bacteria that can degrade pristane
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pantothenate, niacin, pyridoxine-HCl, and thiamine-
HCl. Trace elements contains 1 mg of CoCl2·6H2O,
3 mg of CuSO4·5H2O, 7 mg of Na2MoO4·2H2O,
15 mg of H3BO3, 17 mg of MnSO4·H2O, 29 mg
of ZnSO4·7H2O, 43 mg of FeSO4·7H2O, and 2 g
of EDTA. Pristane was added to BM2 at 0.25%
(v/v).

About a 100 mg each of soil sample was inoculated
to 4 ml of BM2 supplemented with 0.25% (v/v) pristane
in 20 ml vials (Maruemu, Tokyo, Japan) with butyl rub-
ber stoppers and incubated at 10 or 20◦C for 2 weeks.
Then the cultures were transferred to new media at 100
times dilution rate and further incubated for another 2
weeks. The cultures were serially diluted and streaked
onto BM2 solid media containing 1.5% of agar. After
spreading 20�l of pristane onto the plates, they were
incubated for 1 week.

Because the two strains chosen for further analyses
grew better in L-broth than BM2 supplemented with
pristane, cell growth was examined at various temper-
atures in L-broth. L-broth contains per liter 5 g of yeast
extract, 10 g of Bacto-tryptone (Difco, Sparks, MD),
and 5 g of NaCl (pH 7.2).

2.2. Cloning and sequencing of 16S rRNA gene

Genomic DNA were prepared from colonies by us-
ing Insta-Gene matrix (Bio-Rad, Hercules, CA) and
used for PCR. The 16S rRNA gene locus was ampli-
fied by PCR with EX Taq DNA polymerase (Takara
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. Materials and methods

.1. Culture media and isolation of bacteria

Pristane-degrading bacteria were isolated in m
mal medium BM2 with pristane as a sole carb
ource. For the preparation of BM2, 1 l of the ba
alts was autoclaved, cooled and supplemented
ml each of filtrated vitamin mixture and trace e
ents. Basal salts contain per liter: 1 g of (NH4)2SO4,
g of K2HPO4, 0.2 g of MgCl2, 0.04 g of MgSO4,
.02 g of KCl, and 0.02 g of CaCl2 (pH 7.2). Vita-
in mixture contains per liter: 0.6 mg each of bio
nd folic acid; 59 mg each of inositol,p-aminobenzoi
cid, and riboflavin; and 120 mg each of calciu
io, Kyoto, Japan) and a GeneAmp PCR System 2
Perkin-Elmer, Foster City, CA). PCR primers w
-160 (5′-GGCGGACGGCTCAGTAACACG-3′) and
-1500 (5′-GTGACGGGCGGTGTGTGCAAGG-3′).
CR was started with an initial denaturation at 94◦C

or 5 min, followed by 40 cycles of 94◦C for 1 min,
5◦C for 1 min, and 72◦C for 1.5 min, and the la
longation step was done at 72◦C for 10 min. The
CR amplified 16S rRNA gene fragments (ab
.3 kb) were purified by agarose gel electroph
is, ligated into pCR2.1 vector (Invitrogen, Gron
en, The Netherlands) and used for the transfo

ion of E. coli DH5�. Nucleotide sequences of t
6S rRNA genes were determined by ABI PRISM 3
enetic analyzer (Perkin-Elmer). The BLASTN p
ram (http://www.ncbi.nlm.nih.gov/BLAST/, NCBI,
ethesda, MD) was used for gene homol
earch with the standard program default.

http://www.ncbi.nlm.nih.gov/blast/
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nucleotide sequences of the 16S rRNA genes
from strains TMP2 and T12 have been de-
posited in the EMBL/GenBank/DDBJ databases un-
der accession numbers AB108557 and AB108558,
respectively.

2.3. Degradation of n-alkanes, pentadecane, and
pristane

Each bacterial strain was precultured in L-broth
at 30◦C for 2 days. Cells were collected by
centrifugation at 12 000×g for 5 min (4◦C) and
washed with 0.85% NaCl. Finally, cell suspension
was adjusted to OD600= 4 and used for further
experiments.

Degradation tests were performed in 20 ml vials
containing, 3.9 ml of BM2, 100�l of cells suspension
(final OD600= 0.1), and 10�l (0.25%) of n-alkanes
(Standard gas oil #S0434, Tokyo Kasei, Tokyo, Japan),
pentadecane, or pristane (Tokyo Kasei). Standard gas
oil is mainly composed ofn-alkanes with a range
of carbon numbers from 9 to 24 (C9–C24). For the
degradation tests of mixed substrate, 5�l (0.125%)
each of pentadecane and pristane was used for sub-
strate. The vials were shaken at 10, 20, and 30◦C
with a rotation speed of 120 min−1. Cell suspension
was replaced by 0.85% NaCl in negative control vials
and the amounts of substrate decreased in this ex-
periment were subtracted from all data at each sam-
pling time. These difference values are defined as the
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3. Results and discussion

3.1. Isolation, identification and growth of
bacteria

After repetitive transfer of the samples to new me-
dia, 14 bacterial strains grew and formed colonies at
20◦C on the BM2-agar plate overlaid with pristane as
a sole carbon source. When the culture extracts were
analyzed by GC/FID, strains TMP2 and T12 showed
higher pristane degradation abilities than others and
used for further analyses. Strain TMP2 was isolated
from the soil at a rice field in Japan and strain T12
was isolated from the soil at a dumping ground in In-
dia. No pristine-degrading bacteria were obtained from
cold places such as frozen oil sands at Ft. McMurray,
Alberta, Canada. In order to identify these strains, the
16S rRNA genes were amplified by PCR using ge-
nomic DNA of these strains as a template. Nucleotide
sequences of the DNA fragment encoding 90% of the
16S rRNA gene clearly demonstrated that both strains
TMP2 and T12 belong to genusRhodococcus, with the
highest identity of 99.8 and 99.7% toRhodococcus ery-
thropolis, respectively. They also share 99.8 and 99.1%
identity withRhodococcussp. 7/1 which was isolated
from Antarctica as an alkane degrader (Bej et al., 2000).

Although the enrichment culture was prepared at
10 and 20◦C, the isolated strains TMP2 and T12 had
the same optimum growth temperature of 30◦C, at
which their specific growth rates,µ, were 0.12 and
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ng hydrocarbons were extracted by hexane con
ng biphenyl (Wako, Tokyo, Japan) at 20 ppm (w
s an internal standard. The amount of each
rocarbon fraction was quantified by the gas c
atography (GC/FID). GC/FID was done by HP68

Hewlett-Packard, Fort Collins, CO) attached wit
on-polar capillary column HP-1 (0.2 mm in dia
ter by 30 m in length with 0.25�m film thickness
ewlett-Packard). Helium was used as a carrier g
flow rate of 1.0 ml/min. Temperature program w

s follows: an initial oven temperature was kep
0◦C for 2 min, then linearly increased at a rate
0◦C/min up to 300◦C and kept for 10 min. Temper

ures of the injector and detector were both mainta
t 300◦C. GC/MS analysis was done by JEOL JM
X303 mass spectrometer (JEOL, Tokyo, Japan
0 eV.
.11 h−1 in a shaking flask containing L-broth, resp
ively. Strain TMP2 grew at 10◦C with µ = 0.047 h−1

nd 20◦C with 0.053 h−1 and strain T12 grew at 10◦C
ith µ = 0.023 h−1 and 20◦C with 0.033 h−1 in L-
roth. Strains TMP2 and T12 grew at 10◦C with a lag-

ime of 40 and 70 h, respectively. Strain TMP2 co
row at 37◦C (µ = 0.037 h−1), whereas strain T12 on
oorly grew at 37◦C (µ = 0.0015 h−1).

.2. Degradation of pristane, n-alkanes, and
entadecane

Degradation of pristane by the strains was te
t 10, 20, and 30◦C (Fig. 1a). It is clearly show

hat the degradation rates of pristane by strain TM
re higher at 10 and 20◦C than at 30◦C. No pristane
egradation was observed for strain TMP2 at 30◦C.
train T12 degraded comparable amounts of pris
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Fig. 1. Degradation of pristane (a) andn-alkanes (b) by strains TMP2 and T12. Symbols are as follows: TMP2: 10◦C (♦); 20◦C (�); 30◦C
(©); T12: 10◦C (�); 20◦C (�); 30◦C (�). Every data point is the average of two independent experiments.

in a range of temperatures from 10 to 30◦C. These
data suggest that strains TMP2 and T12 have adapted
their pristane degradation systems to low-temperature
conditions.

It has been reported thatBrevibacterium erythro-
genesdegrades both normal and branched alkanes
(Pirnik et al., 1974). Therefore, degradation ofn-
alkanes by the strains was tested at the same condi-
tions as those for pristane degradation (Fig. 1b). Both
strains degradedn-alkanes (C9–C22) much faster than
pristane at any temperature examined, supporting gen-
eral understanding that pristane is more resistant than
n-alkanes to biological degradation. Both strains did
not degraden-alkanes of C23 and C24. It was also
found that strains TMP2 and T12 degradedn-alkanes

with faster rate at 20 and 30◦C than at 10◦C like many
other mesophilicRhodococcusspp. (Koike et al., 1999;
Sharma and Pant, 2000). The different temperature
preference for degradation of pristane andn-alkanes
in strain TMP2 suggests that different enzymes are in-
volved in n-alkane and pristane degradations in this
strain. It is less probable that an enzyme shows dif-
ferent substrate specificity under different temperature
conditions. Because strain TMP2 grows normally and
even the fastest at 30◦C, it is also less plausible that the
membrane permeability was changed under this tem-
perature condition. In order to test whether degradation
pathways of pristane andn-alkanes are independent or
not in these strains, degradation yields of pristane, pen-
tadecane, and their mixture were compared at 20◦C.
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When 0.125% (v/v) pristane alone was used as a sub-
strate, strains TMP2 and T12 degraded it at the extents
of 15 and 40% in 1 week at 20◦C, respectively. When
0.125% (v/v) pentadecane alone was used as a sub-
strate, their degradation was 66 and 67%. When a mix-
ture of equal volume, 0.125% (v/v) each, of pristane
and pentadecane was used as a substrate, significant
reduction in the degradation of pristane was observed
for both strains. Strains TMP2 and T12 degraded only
2% (13% in 2 weeks) and 1% (9% in 2 weeks) of pris-
tane, whereas they degraded 47 and 53% of pentade-
cane in 1 week, respectively. This result suggests that
the degradation pathways of pristane and pentadecane
are related at the level of either gene regulation, such
as a catabolite repression, or common substrate speci-
ficity of enzymes in the pathway, such as a competitive
inhibition. Although both the strains grew on these hy-
drocarbons, they did not completely degrade pristane,
pentadecane, andn-alkanes. This is probably due to the
system that cultivation was done in a securely sealed
vial bottles with limited amounts of oxygen and/or nu-
trients.

3.3. Pristane degradation pathway of strain TMP2

Degradation of multiply branched alkanes, such as
pristane and squalene, has been reported for strains
in the generaBrevibacterium, Corynebacterium, My-
cobacterium,Nocardia, andMoraxella. Pristanol, pris-
tanic acid, and squalene dioic acid were identified as
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is eluted at 17.1 min (SC# 2056) is suggested to be
1-pristene (MW = 226,Fig. 2c). This assignment was
supported by observations that a series of fragment
peaks are two mass units less each than those of pris-
tane. The second major products are eluted at 16.3 min
(SC# 1965–70). This peak was found to be a mixture
of two compounds that are not separated by GC/FID.
Similar fragment peaks distribution suggests that the
compound at SC# 1970 shares common basic struc-
ture with SC# 2056 with shorter carbon chain (data
not shown). Further analytical data including chem-
ical modification experiments are necessary to con-
clude that the compound (SC# 2056) is 1-pristene.
It is informative that an oxidative pathway involv-
ing the cis-desaturation step has been suggested for
alkane utilization byRhodococcussp. strain KSM-
B-3M (Koike et al., 1999). The strain introduced a
double bond to hexadecane mainly at the ninth car-
bon from the terminal methyl groups. Recently, the
functional and structural similarity between alkane
monooxygenase and desaturase has also been reported
(Shanklin and Whittle, 2003).

3.4. Degradation of aromatic hydrocarbons

Recently,Rhodococcussp. MS11 has been reported
to degrade versatile hydrocarbons, such as polychlori-
nated benzene, benzoic acid, phenol, and straight and
branched alkanes (Rapp and Gabriel-Jurgens, 2003).
Then, we tested several aromatic hydrocarbons for
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egradation intermediates (McKenna and Kallio, 1971
ox et al., 1974; Nakajima et al., 1974; Pirnik
l., 1974; Berekaa and Steinbuchel, 2000). They all
eem to adopt terminal oxidation pathways like
or n-alkane by alkane hydroxylase and cytochro
450 monooxygenase (Kok et al., 1989; Scheller
l., 1998). More recently, a psychrophilicRhodococ
ussp. has been reported for degradation ofn-alkanes
ristane, and chlorinated benzenes (Rapp and Gabrie
urgens, 2003). However, degradation pathway of pr
ane has not been examined. In this experiment
ible degradation metabolites were observed onl
train TMP2 at 10 and 20◦C. There are three cand
ate peaks detected whose area was increased a
f pristane decreased (Fig. 2a). The fraction eluted
.9 min (SC# 1194) and 14.2 min (SC# 1708) are

nternal standard, biphenyl, and remaining subs
ristane, respectively. The most major metabolite
t

egradation ability of the strains. It was found that b
MP2 and T12 neither grew nor degraded arom
ydrocarbons, such as 1,2,4-trichlorobenzene, be
cid, biphenyl, and dibenzothiophene.

.5. Biosurfactant production

Microorganisms are able to take up and assim
ater-immiscible compounds such as hydrocarbon
dhering cells to the substrate or lowering the in

ace tension by biosurfactant production (Huy et al.,
999). SomeRhodococcusbacteria, includingR. ery-
hropolis, produce glycolipid-type or trahaloselip
ype biosurfactants and they play an important
or the metabolisms of hydrocarbons (Lang and Philp
998; Rapp and Gabriel-Jurgens, 2003). We previously
onstructed a convenient assay system for biosu
ant production by utilizing oil-displacement activ
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Fig. 2. GC/MS analyses of pristane degradation metabolites by strain TMP2 at 20◦C. Hexane-extractable fraction was directly analyzed by
GC/MS. Results are almost identical at 20 and 10◦C, and therefore the results obtained at 10◦C are not shown. (a) Total ion chromatogram, (b)
mass spectrum of pristane (SC# 1708), and (c) mass spectrum of a major metabolite (SC# 2056). IS indicates position of biphenyl used as an
internal standard.
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(Morikawa et al., 1993). It was found that neither strain
TMP2 nor strain T12 showed oil-displacement activity
in the spent medium, suggesting that they do not pro-
duce biosurfactants extracellularly. The difference in
the cell surface structure between the new isolates and
other biosurfactant-producingRhodococcusspp. is of
great interest.

4. Conclusions

Here, we isolated mesophilicRhodococcussp.
strains TMP2 and T12 that are capable of degrad-
ing branched alkane, pristane, at 10◦C. Although
the cell growth and the degradation rates ofn-
alkanes were maximal at 30◦C, the strains showed
comparable or even higher degradability of pristane
at temperatures 10 and 20◦C than at 30◦C. They
should be useful for biodegradation of pristane and
n-alkanes under temperature conditions lower than
30◦C.

An alkane-degrading psychrotrophicRhodococcus
sp. Q15 has also been reported (Whyte et al., 1998). Al-
though the strain was capable of degrading short-chain
n-alkanes even at 0◦C, it did not degrade branched
alkanes, such as phytane and pristane, in diesel oil. Un-
fortunately, its degradation ability for branched alka-
nes has not been tested in a pure substrate system. Re-
cently, a psychrophilicRhodococcussp. strain MS11
was reported for degradation of versatile hydrocarbons
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