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Rhodococcus rhodochrous S-2 produces extracellular polysaccharides (S-2 EPS) containing D-glucose, D-
galactose, D-mannose, D-glucuronic acid, and lipids, which is important to the tolerance of this strain to an
aromatic fraction of (AF) Arabian light crude oil (N. Iwabuchi, N. Sunairi, H. Anzai, M. Nakajima, and S.
Harayama, Appl. Environ. Microbiol. 66:5073-5077, 2000). In the present study, we examined the effects of S-2
EPS on the growth of indigenous marine bacteria on AF. Indigenous bacteria did not grow significantly in
seawater containing AF even when nitrogen, phosphorus, and iron nutrients were supplemented. The addition
of S-2 EPS to seawater containing nutrients and AF resulted in the emulsification of AF, promotion of the
growth of indigenous bacteria, and enhancement of the degradation of AF by the bacteria. PCR-denaturing
gradient gel electrophoresis analyses show that addition of S-2 EPS to the seawater containing nutrients and
AF changed the composition of the bacterial populations in the seawater and that bacteria closely related to
the genus Cycloclasticus became the major population. These results suggest that Cycloclasticus was responsible
for the degradation of hydrocarbons in AF. The effects of 15 synthetic surfactants on the degradation of AF by
indigenous marine bacteria were also examined, but enhancement of the degradation of AF was not significant.
S-2 EPS was hence the most effective of the surfactants tested in promoting the biodegradation of AF and may
thus be an attractive agent to use in the bioremediation of oil-contaminated marine environments.

Petroleum is one of the major pollutants of marine environ-
ments, a vast amount of petroleum hydrocarbons discharged
from industries or from accidental oil spills being continuously
released into the ocean. These compounds subsequently un-
dergo modification by either physicochemical or biological
processes. Microbial activities allow the conversion of some
petroleum components into CO2 and H2O, and microbial
transformation is considered a major route for the complete
degradation of petroleum components (15). In the marine
environment, the growth and activities of hydrocarbon-degrad-
ing microorganisms are limited by available nitrogen and phos-
phorus nutrients, and the addition of nitrogen and phosphorus
fertilizers to an oil-contaminated marine environment is re-
quired to stimulate the biodegradation of spilled oil. This no-
tion has been applied to the removal of spilled oil in marine
environments since the accident of the Exxon-Valdez in Alaska
in 1989 (1, 15). However, even in the presence of sufficient
amounts of nitrogen and phosphorus nutrients, only half of the
petroleum constituents could be biodegraded in a period of
from one to several months, while the other half was resistant
to biodegradation (8, 12, 14). To expand the possibilities of
bioremediation to cope with future oil spills, techniques to
stimulate marine bacteria that are capable of degrading the
resistant constituents of petroleum are necessary.

Rhodococci are a group of bacteria exhibiting a diverse
range of metabolic activities. Some of them have the ability to
degrade a variety of organic compounds, including man-made
xenobiotics such as polychlorinated biphenyls, while others are
capable of degrading numerous aliphatic and aromatic hydro-
carbons (2, 6, 17, 20). We have previously reported a close
relationship between mucoid colony morphology and the abil-
ity to grow on crude oil in various Rhodococcus strains. Mucoid
strains but not rough strains of rhodococci exhibited resistance
to petroleum hydrocarbons and utilized the hydrocarbons as
sources of carbon and energy. Mucoid strains of Rhodococcus
rhodochrous S-2 produce an extracellular polysaccharide (EPS)
of several million daltons in size, which consists of D-glucose,
D-galactose, D-mannose, D-glucuronic acid, stearic acid, palmitic
acid, and oleic acid (M. Urai et al., unpublished data). In the
presence of the extracellular polysaccharides produced by R.
rhodochrous S-2 (S-2 EPS), the rough strains of rhodococci
acquired resistance to the hydrocarbons and then grew on
them (10). These data indicate that S-2 EPS played an impor-
tant role in the tolerance of Rhodococcus strains to the hydro-
carbons.

In the present study, the effects of S-2 EPS on the degrada-
tion of crude-oil hydrocarbons in seawater by natural microbial
populations were examined. The addition of S-2 EPS stimu-
lated the growth of certain bacteria and enhanced crude-oil
biodegradation.

MATERIALS AND METHODS
Seawater, media, cultures, and bacterial growth. Seawater was collected from

Heita Bay at a depth of 1 m. To prepare natural seawater medium (NSW), 800

* Corresponding author. Mailing address: Marine Biotechnology In-
stitute, 3-75-1 Heita, Kamaishi, Iwate 026-0001, Japan. Phone: 81-193-
26-6544. Fax: 81-193-26-6592. E-mail: shigeaki.harayama@kamaishi
.mbio.co.jp.

2337



ml of natural seawater without filtration was mixed with 200 ml of an autoclaved
solution containing nitrogen, phosphorus, and iron nutrients (5.0 g of NH4NO3,
0.1 g of FeC6H5O7·nH2O, 0.1 g of K2HPO4 in 200 ml of Milli-Q water). The pH
of the medium was adjusted to pH 7.8. Microorganisms inhabiting the natural
seawater were used as the inoculum. The aromatic fraction (AF) derived from
Arabian light crude oil (10) was added to the NSW at a final concentration of 10
mg/ml, this medium being hereafter called NSW-A.

When required, S-2 EPS prepared by the procedure described previously (10)
or a surfactant (Table 1; Detergent Starter Kit II, Dojin Chemicals) was added
to the medium at a final concentration of 100 �g/ml prior to adding AF. Then 10

ml of cultures thus prepared was incubated at 30°C in tubes (2.4 cm in diameter
and 30 cm long) with shaking (110 rpm) for 15 days. The bacterial growth of the
cultures was followed by determining the CFU number after incubation at 30°C
for 8 days on Bacto Marine Agar 2216 plates (Difco) or on 1/5-strength Bacto
Marine Agar 2216 plates diluted with filtered seawater; these plates are hereafter
called MA and 1/5 MA, respectively. The bacterial growth in each culture was
also followed by determining the total direct count by fluorescence microscopy
after staining with 4�,6�-diamidino-2-phenylindole (DAPI), as described previ-
ously (19). When required, samples were diluted by filter-sterilized seawater
prior to the DAPI staining.

Extraction and quantification of AF. Oil was extracted from each culture by
one-half volume of dichloromethane, the extraction procedure being repeated
until the dichloromethane layer had become clear. The extract was then dried in
vacuo, and the residual material was dissolved in chloroform. Each sample was
subsequently analyzed by gas chromatography-mass spectrometry (GC-MS). The
GC-MS analysis was performed with a QP-2000A instrument (Shimadzu) fitted
with a fused silica capillary column (DB-5; 30 m long, 0.25 mm diameter; J&W
Scientific). The operating temperature of the flame ionization detector was

FIG. 1. Degradation of AF in the presence and absence of S-2 EPS.
�, weight of oil extracted from cultures of NSW containing no EPS; ■ ,
weight of oil extracted from cultures of NSW containing S-2 EPS; E,
weight of oil extracted from filter-sterilized NSW medium; F, weight of
oil extracted from filter-sterilized NSW medium containing S-2 EPS.
Each value is the average of at least two independent experiments, and
the standard deviation is indicated if it is larger than 10% of the mean
value.

FIG. 2. Effects of S-2 EPS on degradation of AF components.
(A) Dibenzothiophenes (DBTs): squares, C2-DBT (Cn indicates the
carbon number in the side chain; C0 indicates no alkyl substitution);
diamonds, C3-DBT; circles, C4-DBT. (B) Fluorenes: squares, C0-
fluorene; circles, C2-fluorene. (C) Phenanthrenes: squares, C3-phenan-
threne; diamonds, C4-phenanthrene; circles, C5-phenanthrene; triangles,
C6-phenanthrene; inverted triangles, C7-phenanthrene. (D) Naphtha-
lenes: squares, C3-naphthalene; circles, C4-naphthalene. Open symbols
show the amounts in the absence of S-2 EPS; solid symbols show the
amounts in the presence of S-2 EPS. Each value is the average of at
least two independent experiments. The standard deviation is not
indicated for clarity. It was less than 25% of the average value for all
the data at day 15, one exception being that of C7-phenanthrene, which
was 60% of the average value.

TABLE 1. Effects of synthetic surfactants on emulsification and
degradation of AFa

Surfactantb Emulsification Oil wt (mg)

S-2 EPS ��� 52.2 � 6.7
MEGA-9 � 76.2 � 9.2
Digitonin ��� 82.3 � 12.8
CHAPS ��� 85.4 � 1.1
Sucrose monolaurate � 89.1 � 1.4
n-Octyl-�-D-glucoside � 89.1 � 17.7
Sodium dodecyl sulfate �� 90.3 � 8.3
BIGCHAP �� 92.4 � 20.2
MEGA-8 � 94.1 � 13
Deoxy-BIGCHAP � 95.7 � 11.7
n-Dodecyl-�-D-maltoside ��� 96.3 � 1.8
Sucrose monocaprate �� 97 � 12.2
CHAPSO � 101.3 � 16.3
Sodium cholate � 101.4 � 2.8
n-Heptyl-�-D-thioglucoside � 118.4 � 24.7
No surfactant � 99.3 � 7.1
No bacteria � 99.2 � 9.1

a A nonsterilized NSW medium supplemented with AF (10 mg/ml) and a
surfactant (100 �g/ml) was incubated at 30°C with shaking for 15 days. ���,
��, and � indicate very intense, intense, and weak emulsification, respectively,
while � indicates no emulsification after incubation for 15 days. The emulsifi-
cation occurred in 1 day in cultures supplemented with S-2 EPS and digitonin,
while approximately 10 days was required for emulsification in other cultures. Oil
was extracted from the culture, and its weight was determined.

b S-2 EPS, extracellular polysaccharide from R. rhodochrous S-2; MEGA-9,
n-nonanoyl-N-methylglucamide; CHAPS, 3-[(3-cholamidotrophyl)-dimethylam-
monio]-1-propanesulfonate hydrate; BIGCHAP, N,N-bis(3-D-gluconamidopro-
pyl)cholamide; MEGA-8, n-octanoyl-N-methylglucamide; deoxy-BIGCHAP,
N,N-bis(3-D-gluconamidopropyl)deoxycholamide; CHAPSO, 3-[(3-cholamido-
propyl)dimethylammonio]-2-hydroxypropanesulfonic acid; no bacteria, filter-
sterilized seawater was used to prepare the medium.
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300°C and that of the injector was 230°C. The column temperature was set at
50°C for 2 min, increased to 300°C at a rate of 6°C/min, and then kept at 300°C
for 15 min. The carrier gas was helium at a flow rate of 1 ml/min, and naphtha-
lene was added to each sample as an internal standard. The GC-MS instrument
was operated in the selected ion-monitoring mode.

Total DNA extraction. Recombinant DNA techniques described by Sambrook
et al. (16) were used. Total DNA was extracted from 10 ml of a culture or from
fresh seawater by the method described by Watanabe et al. (18) with slight
modifications. Briefly, 10 ml of a phenol-chloroform solution was added to a
sample, mixed, and transferred into a tube (tube A). The mixture was centrifuged
at 10,000 � g for 10 min at 4°C, and the aqueous layer was transferred to a new
tube (tube B). Five milliliters of a lysing solution (100 mM Tris-HCl [pH 8.0], 20
mM EDTA [pH 8.0], 0.3 M NaCl, 2% [wt/vol] sodium dodecyl sulfate, and 2%
[wt/vol] 2-mercaptoethanol) was added to tube A, and the contents were mixed.
The mixture was then centrifuged at 10,000 � g for 10 min at 4°C before the
aqueous layer was transferred to tube B. This step was conducted three times.
DNA in tube B was precipitated by ethanol and then dissolved in TE (Tris-
EDTA) buffer. RNase A was added to the DNA solution at a final concentration
of 10 �g/ml, and the DNA solution was incubated for 1 h at 37°C. After the
incubation, the DNA solution was extracted by a phenol-chloroform solution,
precipitated by ethanol, and dissolved in TE buffer. The DNA solution was used
for PCR amplification of the V3 region of bacterial 16S ribosomal DNA (rDNA)
(13).

PCR-DGGE analysis. PCR primers P2 and P3 (containing 40 bp of a GC
clamp) (13) were used to amplify the V3 region of bacterial 16S rDNA (corre-
sponding to positions 341 to 534 in the Escherichia coli sequence) under the
conditions described previously (19).

Denaturing gradient gel electrophoresis (DGGE) was performed with a D-
Code gel system (16 by 16 cm) of 1.0 mm gel thickness (Bio-Rad), which was
maintained at a constant temperature of 58°C in 7 liters of 1� TAE (Tris-
acetate-EDTA) buffer. The gel contained 10% acrylamide with a urea-form-
amide gradient of 30 to 70%. Each gel was run at 200 V for 3.5 h, stained with
SYBR Gold (FMC Bioproducts) or ethidium bromide for 30 min, and finally
photographed.

Extraction of DNA from the acrylamide gel and DNA sequencing. Intense
bands of DGGE were excised and transferred into new microtubes containing
200 �l of TE buffer, and the tubes were gently shaken at 37°C for 16 h. The gel
slice was removed, and the DNA fragment was recovered by ethanol precipita-
tion. The DNA fragment was dissolved in 20 �l of TE buffer, and a portion of this
DNA solution was applied to a second PCR under the same conditions as those
for the first PCR to check the purity of the isolated DGGE band. Furthermore,
another second PCR was conducted with primers GC-2 and GC-2P (19). The
PCR products were purified with a Gene Clean Kit II (Bio 101). The nucleotide
sequence of the PCR products amplified with GC-2 and GC-2P was determined
in both orientations with a dye terminator cycle sequencing kit (Perkin-Elmer)
and analyzed with an ABI Prism model 377 automatic sequencer (Perkin-Elmer).
The search for sequences in DNA databases was performed by using the

BLASTN facility of the National Center for Biotechnology Information (http:
//www.ncbi.nlm.nih.gov/BLAST).

RESULTS

Effects of S-2 EPS on degradation of AF by marine bacteria.
We analyzed the effect of S-2 EPS on the degradation of the
AF of Arabian light crude oil by native marine bacteria. When
S-2 EPS was added to NSW-A, AF was immediately emulsi-
fied, whereas AF either adhered to the inner surface of the
culture tubes or formed oil clumps in the liquid when S-2 EPS
was not added.

The biodegradation of AF by native bacteria in seawater was
gravimetrically examined by determining the amount of AF
remaining in a culture. At the start of the determination, the
dry weight of the extracted oil was 106.6 � 5.2 mg. Time course
plots demonstrate that the oil weight decreased significantly in
the presence of S-2 EPS (Fig. 1). In the absence of S-2 EPS,
however, the oil weight after a 15-day cultivation was 99.2 �
9.1 mg, which is almost the same as that of the control sample
incubated in filter-sterilized seawater. These results indicate
that the biodegradation of AF by bacteria indigenous to sea-
water was difficult, except that the addition of S-2 EPS en-
hanced the biodegradation of AF.

Degradation of AF constituents by marine bacteria. The
degradation of some of the constituents of AF, i.e., naphtha-
lene, phenanthrene, fluorene, dibenzothiophene, and their al-
kyl-substituted derivatives, was next determined by GC-MS,
with the results shown in Fig. 2. In the absence of S-2 EPS,
C0-fluorene, C3-naphthalene, and C4-naphthalene were de-
graded, but the degradation of C2-fluorene, phenanthrenes,
and dibenzothiophenes was not significant. In the presence of
S-2 EPS, the degradation of C0-fluorene, C3-naphthalene, and
C4-naphthalene was not affected; however, the degradation of
all other polycyclic aromatic hydrocarbons (PAHs) was
strongly accelerated in the presence of S-2 EPS.

Effects of S-2 EPS on growth of marine bacteria on AF. The
growth of marine bacteria on AF in the presence or absence of
S-2 EPS was then examined. The total bacterial count at day
zero was 3.1 (� 0.9) � 105/ml. In NSW containing no AF, the
bacterial count increased nearly 10-fold in 5 days and reached
a plateau. A very similar growth response was observed when
S-2 EPS at a concentration of 100 �g/ml was added to NSW
containing no AF. Thus, S-2 EPS alone did not stimulate the
growth of bacteria. When AF was supplemented, the bacterial
count increased more than 100-fold at day 5, and the addition
of S-2 EPS further increased the number to almost 109/ml.

The numbers of viable cells were also determined. The
counts of each sample when using MA and 1/5 MA were
almost identical: at day zero, for example, they were, respec-
tively, 1.0 (� 1.6) � 104 CFU/ml and 2.9 (� 1.6) � 103 CFU/ml
on the MA and 1/5 MA plates. The growth in NSW, that in
NSW supplemented with EPS, and that in NSW supplemented
with AF were very similar and reached a plateau in 5 days. The
addition of S-2 EPS in NSW containing AF increased the
growth yield (Fig. 3). We conclude from these results that the
addition of S-2 EPS together with minerals enhanced the deg-
radation of some components in AF by marine bacteria, which
resulted in their growth.

PCR-DGGE analysis of the bacterial community structure.

FIG. 3. Effects of S-2 EPS on the growth of marine bacteria on AF.
(A) DAPI counts. (B) CFU on 1/5 MA. Symbols: Œ, in NSW; �, in
NSW containing S-2 EPS; E, in NSW containing AF; F, in NSW
containing AF and S-2 EPS. The standard deviation is also indicated.
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To analyze the effects of adding S-2 EPS on the bacterial
community structure in seawater, the V3 region of small-sub-
unit rRNA was amplified by PCR, and the amplified products
were analyzed by DGGE. Three independent experiments
were carried out, and except for the profile of the day 0 sam-
ples (natural seawater), the DGGE profiles were highly repro-
ducible among these three experiments: the patterns of major
bands were always identical, while those of minor bands were
not necessarily identical.

A typical electrophoregram is shown in Fig. 4A, with some
of the major bands being excised and sequenced (Fig. 4B). The

major DGGE bands with the same mobility, i.e., A5, A10, and
A15; B5, B10, and B15; and C5, C10, and C15, were identical
in their nucleotide sequences. The sequences in the databases
exhibiting the greatest similarity to the sequences of the
DGGE bands are shown in Table 2. In this experiment, Sphin-
gomonas paucimobilis was detected as a major population in
seawater (lane SW). However, this was a particular result:
bacteria belonging to Cytophaga-Flavobacteria and �-Pro-
teobacteria are generally predominant in seawater (11). In the
absence of S-2 EPS, major bands (A5, A10, and A15) closely
related to Alcanivorax vorkumensis DSM11573 appeared be-

FIG. 4. Effects of S-2 EPS on the bacterial community structure established in the NSW cultures. (A) DGGE profiles of PCR-amplified partial
16S rDNA fragments. (B) Drawing of the DGGE gel (panel A). The bands used for the sequence analyses are shown. SW, seawater sample at day
0. �EPS, NSW was supplemented with S-2 EPS; �AF, NSW was supplemented with AF; �(AF and EPS), NSW was supplemented with AF and
S-2 EPS. Cultures were withdrawn on days 5, 10, and 15 for DNA extraction.

2340 IWABUCHI ET AL. APPL. ENVIRON. MICROBIOL.



tween day 5 and day 15. When NSW-A was incubated in the
presence of S-2 EPS, no such Alcanivorax band was apparent,
but different bands appeared. Among these bands, B5, B10,
and B15 were the most intense at each sampling time, and the
database search showed the sequence to be the same as that of
Cycloclasticus pugetti PS-1 (Table 2). Minor band C (C5, C10,
and C15) was commonly observed during the experimental
term, this band being closely related to �-Proteobacteria strain
KT0221 (5).

Effects of synthetic surfactants on degradation of AF by
marine bacteria. We analyzed the effect of synthetic surfac-
tants on the degradation of AF by native marine bacteria
(Table 1). The addition of S-2 EPS and digitonin to NSW-A
resulted in the emulsification of AF in 1 day, while such other
surfactants as 3-[(3-cholamidotrophyl)-dimethylammonio]-1-
propanesulfonate hydrate (CHAPS) and n-dodecyl-�-malto-
side resulted in the emulsification of AF only after a prolonged
(e.g., 10-day) cultivation. In the latter cases, the emulsification
may not have resulted from the added surfactants, but from
biosurfactants produced in these cultures. The addition of
some surfactants, exemplified by nonyl-N-methylglucamide
(MEGA-9), did not cause any emulsification of the cultures.
Only three surfactants, MEGA-9, digitonin, and CHAPS, sig-
nificantly stimulated the biodegradation of AF (Table 1). The
decrease in oil weight in cultures with these surfactants, how-
ever, was much lower than that in the S-2 EPS-amended cul-
ture.

The effects of the synthetic surfactants on the structure of
the marine bacterial consortium were also examined by PCR-
DGGE. Three independent experiments were carried out, a
typical electrophoregram being shown in Fig. 5. We were spe-
cifically interested in detecting bacteria capable of degrading
components of AF in NSW supplemented with a specific syn-
thetic surfactant. Such bacterial populations would become
dominant in NSW containing both AF and the specific surfac-
tant. Several bands responding to the addition of AF were
detected, and they were related to Sphingomonas, Alteromonas,
and Cycloclasticus (Fig. 5, Table 1). However, the results in Fig.
5 were not always reproducible. Neither Sphingomonas nor
Alteromonas was detected as major DGGE bands in the second
and third experiments. In the second experiment, Cycloclasti-
cus was a major population responding to the addition of AF
in the presence of all the synthetic surfactants except sucrose

monocaprate and sodium cholate, but this group of bacteria
was not detected in the third experiment except in NSW con-
taining AF and digitonin. Thus, the growth of Cycloclasticus in
NSW containing both AF and digitonin was reproducibly ob-
served.

In Fig. 5, band 1 was detected in many samples, and it was
related to Sphingomonas. However, the corresponding band
was not detected in the second and third experiments. Alca-
nivorax, which was a dominant population in the absence of
surfactant (Fig. 4), was not detected in the presence of any of
the synthetic surfactants.

DISCUSSION

We examined in this study the effects of S-2 EPS on the
biodegradation of AF by native marine bacteria and have
shown that the addition of S-2 EPS promoted the emulsifica-
tion of AF in seawater, the growth of bacteria, and the degra-
dation of AF. S-2 EPS certainly enhanced the abilities of native
marine bacteria to degrade some components of AF.

Harayama et al. (8) have reported that the Alcanivorax
group became predominant in oil-contaminated seawater
when nutrients were supplemented. Under such conditions,
saturates of crude oil, i.e., alkanes, decreased rapidly, whereas
other major components of crude oil, aromatics, resins, and
asphaltenes, decreased at much slower rates (3). We tested in
this study the biodegradation in seawater of hydrocarbons in
AF prepared from Arabian light crude oil. Even using AF from
which the saturates have been substantially removed, the Al-
canivorax group still became predominant in seawater after the
addition of mineral nutrients (Fig. 4, lanes 7 to 9), while the
degradation of AF was moderate (Fig. 1). Alcanivorax strains
cannot utilize PAHs for their growth (unpublished data), and
therefore this organism may use either alkanes contaminating
AF and/or alkyl side chains of PAH as carbon and energy
sources.

The addition of S-2 EPS together with mineral nutrients
rapidly emulsified and biodegraded the AF hydrocarbons. Un-
der such conditions, the Cycloclasticus group became predom-
inant in the microbial community (Fig. 4, lanes 10 to 12), while
no band related to the Alcanivorax group could be detected.
These data suggest that the bioavailability of hydrocarbons in
AF was limited in the absence of S-2 EPS and that only the

TABLE 2. 16S rDNA sequences most closely related to the major bacterial populations detected by DGGE shown in Fig. 4 and 5

Figure Band Closest sequence Accession no. % Identity

4 A5-15 Alcanivorax vorkumensis DSM11573 AF062642 100
B5-15 Cycloclasticus pugetii PS-1 U12624 100
C5-15 �-Proteobacteria strain KT0221 AF235122 100
D5 Cycloclasticus oligotrophus AF148215 96
E5 Uncultured bacteria AF268243 100
F10 Marinobacter sp. strain MR-6 AF264687 99
G Sphingomonas paucimobilis ATCC 29837 U37337 100

5 1 Sphingomonas parapaucimobilis IFO15100 D13724 96
5B-1 Sphingomonas sp. strain K101 AJ009706 99
5B-2 Sphingomonas paucimobilis U20776 97
11B-1 Alteromonas distincta AF043742 98
12B-1 Alteromonas distincta AF043742 97
14B-1 Cycloclasticus oligotrophus AF148215 96
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Alcanivorax group was able to grow on AF to a low extent.
However, the addition of S-2 EPS seems to have increased the
hydrocarbon availability to some of the indigenous marine
bacteria capable of degrading aromatics, e.g., Cycloclasticus (4,
7), and the relative population size of Alcanivorax diminished.
S-2 EPS emulsified AF, and the initial emulsification of AF
seems to have been essential for the overgrowth of Cycloclas-
ticus, because the predominance of Cycloclasticus was only

observed in the presence of two surfactants, S-2 EPS and
digitonin, which allowed the emulsification of AF in 1 day. We
detected Cycloclasticus as a predominant population grown on
AF in the presence of S-2 EPS. However, it is possible that
other bacteria that are difficult to lyse escaped detection.

Cycloclasticus strains degrade aromatic hydrocarbons, in-
cluding naphthalene, methylnaphthalenes, phenanthrene, flu-
orene, and anthracene (7). We also isolated Cycloclasticus

FIG. 5. Bacterial community structure in the presence of a synthetic surfactant. The NSW either containing AF or not was supplemented with
a surfactant and cultivated at 30°C. DNA was isolated from each culture after incubation for 15 days. Partial 16S rDNA fragments were PCR
amplified from the DNA and separated by DGGE. The bands used for the sequence analyses are shown, and the sequences are listed in Table
2. Lane 1, CHAPS; lane 2, CHAPSO; lane 3, BIGCHAP; lane 4, deoxy-BIGCHAP; lane 5, n-octyl-�-D-glucoside; lane 6, n-heptyl-�-D-
thioglucoside; lane 7, n-octyl-�-D-thioglucoside; lane 8, n-dodecyl-�-D-maltoside; lane 9, MEGA-8; lane 10, MEGA-9; lane 11, sucrose monoca-
prate; lane 12, sucrose monolaurate; lane 13, sodium cholate; lane 14, digitonin; lane 15, sodium dodecyl sulfate. In each lane, A shows the band
pattern of cultures grown on the NSW supplemented with a surfactant, while B shows the band pattern of cultures grown on the NSW
supplemented with a surfactant and AF (10 mg/ml). See Table 1 for the chemical names of the surfactants.
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strains and demonstrated that these strains degrade (methyl)
naphthalenes, (methyl)dibenzothiophenes, (methyl)phenan-
threnes, and (methyl)fluorenes in various petroleum products
(Y. Kasai et al., unpublished data). The substrate specificities
of Cycloclasticus thus account for the rapid degradation of
PAH in AF in cultures supplemented by S-2 EPS.

The data presented here thus suggest that EPS produced by
R. rhodochrous S-2 could be useful for the biodegradation of
spilled oil in marine environments, and especially for the biore-
mediation of polyaromatic hydrocarbons that remain in the
environment even after a traditional bioremediation treat-
ment. Further studies are necessary on the application of EPS
to the bioremedation of oil-polluted marine environments.
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