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Petroleum-contaminated groundwater discharged from underground crude oil storage cavities (cavity ground-
water) harbored more than 106 microorganisms ml21, a density 100 times higher than the densities in
groundwater around the cavities (control groundwater). To characterize bacterial populations growing in the
cavity groundwater, 46 PCR-amplified almost full-length 16S ribosomal DNA (rDNA) fragments were cloned
and sequenced, and 28 different sequences were obtained. All of the sequences were affiliated with the
Proteobacteria; 25 sequences (43 clones) were affiliated with the epsilon subclass, 2 were affiliated with the beta
subclass, and 1 was affiliated with the delta subclass. Two major clusters (designated clusters 1 and 2) were
found for the epsilon subclass proteobacterial clones; cluster 1 (25 clones) was most closely related to
Thiomicrospira denitrificans (88% identical in nucleotide sequence), while cluster 2 (11 clones) was closely
related to Arcobacter spp. Denaturing gradient gel electrophoresis (DGGE) of PCR-amplified partial 16S rDNA
fragments showed that one band was detected most strongly in cavity groundwater profiles independent of
storage oil type and season. The sequence of this major band was identical to the sequences of most of the
cluster 1 clones. Fluorescence in situ hybridization (FISH) indicated that the cluster 1 population accounted
for 12 to 24% of the total bacterial population. This phylotype was not detected in the control groundwater by
DGGE and FISH analyses. These results indicate that the novel members of the epsilon subclass of the
Proteobacteria grow as major populations in the petroleum-contaminated cavity groundwater.

Underground cavities have been used for long-term storage
of crude oil in several countries, such as Japan, Korea, and
Norway, and are constructed in groundwater-rich rocky strata
where high groundwater pressure confines the stored oil in the
cavities (Fig. 1). Consequently, groundwater migrates into and
accumulates at the bottom of a cavity (cavity groundwater),
and this cavity groundwater is discharged to maintain the oil
storage capacity of the cavity. The discharged groundwater,
which is contaminated with petroleum hydrocarbons, is then
purified by using water clarifiers before release into the sea.
Some of the purified water is also injected back into the rock
surrounding the cavity to maintain the groundwater pressure.
This flow of groundwater may establish a continuous culture in
which microorganisms grow on petroleum hydrocarbons. The
habitat in the cavity groundwater can be characterized by (i)
immediate contact with a large quantity of crude oil and (ii) an
excess of electron donors (i.e., hydrocarbons) but a shortage of
electron acceptors (Table 1). These characteristics may be sim-
ilar to those of microbial communities in water-injected oil
fields at moderate subsurface depths (5, 33). However, the
ionic strengths of the water in these two habitats are quite
different; in oil fields seawater is injected to enhance oil recov-
ery, while fresh groundwater is the source of water in the oil
storage cavities, which results in significant differences in the
sulfate concentration. It is thus likely that different microbial
populations grow in these two habitats.

Biodegradation of petroleum hydrocarbons in subsurface

environments has attracted much attention, because these
compounds may persist for a long time under anaerobic con-
ditions. Bacteria capable of anaerobically transforming alkanes
(12) and aromatic compounds (15, 25, 28, 38) have been iso-
lated and studied in the laboratory. These bacteria comprise
sulfate reducers, nitrate reducers, and Fe(III) reducers, and
they may be distributed according to the redox states and
available electron acceptors in the habitat. However, there
have been few studies on in situ degradation of contaminat-
ing hydrocarbons in subsurface environments. Anderson et al.
found that members of the family Geobacteraceae were major
benzene-oxidizing organisms in Fe(III)-reducing zones by
combining data from in situ benzene mineralization exper-
iments and data from molecular detection of indigenous bac-
teria (3).

The aim of the present study was to characterize bacterial
populations growing in cavity groundwater. As described above,
an underground oil storage cavity provides a unique ground-
water habitat, and it was hypothesized that cavity groundwater
might harbor unique microbial populations.

MATERIALS AND METHODS

Sampling. Samples were obtained at the crude oil storage facilities in Kuji,
Iwate, Japan, in 1998 and 1999. The Kuji facilities consist of three oil storage
cavities, named TK101, TK102, and TK103, in which three different crude oil
types are stored (Table 1). Figures 1 and 2 show the sampling sites. The facilities
shown in Fig. 2 include office buildings and water clarifiers. Control groundwater
samples were obtained from wells around the cavities (Fig. 2). Cavity ground-
water and injected water were obtained from sampling facilities at the sites
indicated in Fig. 1. The mean hydraulic residence time of groundwater in the
cavities was approximately 7 days. The cavity groundwater samples were ob-
tained from drain pipelines just outside the cavities. The temperatures, pHs, and
oxidation-reduction potentials of samples were measured with Water Tester
(HANNA Instruments Japan) immediately after sampling. Total direct counts

* Corresponding author. Mailing address: Marine Biotechnology In-
stitute, Kamaishi Laboratories, 3-75-1 Heita, Kamaishi City, Iwate
026-0001, Japan. Phone: 81 193 26 5781. Fax: 81 193 26 6592. E-mail:
kazuya.watanabe@kamaishi.mbio.co.jp.

4803



(TDC) of microorganisms were determined within 5 h after sampling by using
fluorescence microscopy after microorganisms were stained with 49,69-dia-
midino-2-phenylindole (DAPI) (36). Water samples were stored at 4°C before
ion concentrations and total organic carbon concentrations were measured.
Sulfate, nitrate, and nitrite concentrations were measured with an ion chromato-
graph (model LA-100 ion analyzer; Toa Electronics Ltd.) used according to the
manufacturer’s instructions. Total (ferric and ferrous) iron was measured by the
phenanthroline method after the sample was chemically reduced in 1% hydrox-
ylamine (8). Total organic carbon concentrations were measured with a total
organic carbon analyzer (model TOC-5000A; Shimadzu) used according to the
manufacturer’s instructions.

DNA extraction. Microorganisms in 2 liters of groundwater were collected on
a 0.22-mm-pore-size membrane filter (type GV; Millipore) by filtration within 5 h
after sampling. The membrane filter was soaked in 0.5 ml of a cell suspension
buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA, 0.35 M sucrose, 20 mg of
lysozyme me ml21) (34). After incubation for 10 min at 37°C, 0.75 ml of a lysing
solution (100 mM Tris-HCl [pH 8.0], 0.3 M NaCl, 20 mM EDTA, 2% [wt/vol]
sodium dodecyl sulfate, 2% [wt/vol] 2-mercaptoethanol) was added, and the
suspension was incubated at 70°C for 30 min. The membrane filter was then
removed, and the solution was extracted twice with phenol-chloroform (29). Two
volumes of ethanol was added, and the sample was incubated at 220°C for 2 h.
Nucleic acids were precipitated by centrifugation at 20,000 3 g for 10 min,
washed with 1 ml of a 70% (vol/vol) ethanol solution, and then dissolved in 0.5
ml of TE buffer (29) containing 100 mg of RNase A. The solution was incubated
at 37°C for 1 h, and DNA was precipitated by adding 2 volumes of ethanol,
followed by washing with 1 ml of a 70% ethanol solution. Finally, the DNA was
dissolved in 0.2 ml of TE buffer. The extracted DNA was quantified by measuring
the UV absorption spectrum (29).

Cloning and sequencing of 16S rDNA. Almost full-length 16S ribosomal DNA
(rDNA) was PCR amplified with the following primers: 59-AGAGTTTGATYM
TGGCTCAG-39 (corresponding to Escherichia coli 16S rDNA positions 8 to 27
[4]) and 59-CAKAAAGGAGGTGATCC-39 (corresponding to E. coli 16S rDNA
positions 1529 to 1546 [4]). Amplification was performed with a Progene thermal
cycler (Techne) by using a 50-ml mixture containing 1.25 U of Taq DNA poly-
merase (Amplitaq Gold; Perkin-Elmer), 10 mM Tris-HCl (pH 8.3), 50 mM KCl,
1.5 mM MgCl2, 0.001% (wt/vol) gelatin, each deoxynucleoside triphosphate at a
concentration of 200 mM, 50 pmol of each primer, and 10 ng of DNA. The PCR
conditions used were as follows: 10 min of activation of the polymerase at 94°C,
followed by 40 cycles consisting of 1 min at 94°C, 1 min at 50°C, and 2 min at
72°C, and finally 10 min of extension at 72°C. PCR products were electropho-
resed through a 0.8% (wt/vol) low-melting-point agarose gel in TBE buffer (29)
and then purified with a QIAquick gel extraction kit (QIAGEN). The purified
PCR products were ligated into the pGEM-T vector (Promega) as described in
the manufacturer’s instructions, and the ligation product was introduced into
E. coli competent cells supplied in the pGEM-T vector cloning kit. White colo-
nies on Luria-Bertani plates (29) supplemented with ampicillin (50 mg ml21),
isopropyl-b-D-thiogalactopyranoside, and 5-bromo-4-chloro-3-indolyl-b-D-galac-
toside (29) were selected and were subjected to PCR with primers T7W (59-TA
ATACGACTCACTATAGGGC-39) and SP6W (59-ATTTAGGTGACACTA
TAGAATACTC-39). The primers targeted the pGEM-T vector sequences
flanking the insertion. This amplification was performed with a Progene thermal

FIG. 1. Diagram of an underground oil storage cavity, showing the ground-
water flow (arrows) and sampling points (arrowheads).
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cycler by using a 50-ml mixture as described above, except that a small amount of
E. coli cells picked from a colony with a needle was added instead of DNA. The
PCR conditions were same with those described above. The nucleotide se-
quences of the PCR products were determined as described previously (36).

DGGE. The variable V3 region of bacterial 16S rDNA (corresponding to
positions 341 to 534 in the E. coli sequence) was analyzed by denaturing gradient
gel electrophoresis (DGGE) after PCR amplification with primers P2 and P3
(18). The PCR conditions used have been described previously (35). DGGE was
performed with a D-Code system (Bio-Rad Laboratories) used according to the
manufacturer’s instructions. Ten percent (wt/vol) polyacrylamide gels with a 40
to 55% denaturant gradient (18) were used, and electrophoresis was performed
for 3.5 h at 200 V at 58°C. Subsequently, the gels were stained with SYBR Gold
(FMC Bioproducts) used according to the manufacturer’s instructions, and gel
images were obtained by using the Gel Doc 2000 system (Bio-Rad Laboratories).
Densitometry of DGGE profiles was conducted by using the Multianalyst Soft-
ware supplied with Gel Doc 2000. Nucleotide sequences of DGGE bands were
determined by using previously described methods (35).

Nucleotide sequence analysis. Database searches with 16S rDNA sequences
determined in this study were conducted by using the BLAST program (13) and
the GenBank database. The profile alignment technique of ClustalW, version 1.7
(32), was used to align the sequences, and the alignments were refined by visual
inspection; secondary structures were considered for the refinement analysis
(10). Phylogenetic analyses were performed by applying the DNAML program in
PHYLIP, version 3.5c (9), and the tree structure was evaluated by the global
rearrangement method (9). Nucleotide positions at which any sequence had an
ambiguous base were not included in the phylogenetic calculations. Checks for
chimeric sequences were conducted by using the chimera check in the RDP
database (16).

In situ hybridization. A rhodamine-labeled oligonucleotide probe, EPS710
(59-CAGTATCATCCCAGCAGA-39), was used for fluorescence in situ hybrid-
ization (FISH) to specifically detect the cluster 1 bacteria (see Results for the
definition of cluster 1 bacteria). This probe was designed by comparing the 16S
rDNA sequences shown in Fig. 3 and 4. Only the 16S rDNA sequences of the
cluster 1 bacteria completely matched the probe sequence. Bacterial cells in
groundwater were collected by centrifugation at 10,000 3 g for 10 min, sus-
pended in phosphate-buffered saline (1), and fixed in a 4% (wt/vol) paraformal-
dehyde solution for 5 h at 0°C. The cells were attached to gelatin-coated slides
(1) and dehydrated by sequential washes in 50, 80, and 98% (vol/vol) ethanol (3

FIG. 2. Map of sampling sites.

FIG. 3. Unrooted maximum-likelihood tree showing the phylogenetic positions of 16S rDNA sequences cloned from the cavity groundwater. Sequences corre-
sponding to nucleotide positions 50 to 1407 of the E. coli sequence were used for calculations. A number in parentheses indicates the number of clones obtained for
each sequence. Accession numbers of the sequences retrieved from the databases are also indicated in parentheses. The numbers at the branch nodes are bootstrap
values (per 100 trials); only values greater than 50 are shown. This tree also includes a cluster of 16S rDNAs having a sequence identical to that of probe EPS710. The
scale bar indicates 0.05 substitution per site.
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min each). Subsequently, 8 ml of hybridization solution (0.9 M NaCl, 20 mM
Tris-HCl [pH 7.2], 0.01% [wt/vol] sodium dodecyl sulfate, 20% [wt/vol] form-
amide) containing 50 ng of probe was added to each hybridization well and was
incubated at 40°C for 3 h in a humid chamber. Slides were washed in the
hybridization solution at 42°C for 20 min before all cells on the slide were stained
with DAPI (1). More than 1,000 DAPI-stained cells were counted to determine
the ratio of probe-labeled cells to DAPI-stained cells.

Nucleotide sequence accession numbers. The nucleotide sequences reported
in this paper have been deposited in the GSDB, DDBJ, EMBL, and NCBI
nucleotide sequence databases under accession no. AB030587 to AB030614
(cloned 16S rDNA) and AB030629 to AB030635 (DGGE bands).

RESULTS

Groundwater samples. Table 1 shows physical and chemical
characteristics and TDC values of the groundwater samples.
The oxidation-reduction potential values indicate that the cav-
ity groundwater was anaerobic. The data also show that the
nitrate concentrations in the cavity groundwater were signifi-
cantly lower than the concentrations in the control ground-
water (P , 0.01, evaluated by the t test). The TDC values of
the cavity groundwater were more than 100 times higher than
the values of the control groundwater and 10 times higher than
the value of the injected water.

Cloning and sequencing. To characterize bacterial popula-
tions in the cavity groundwater, 46 almost full-length 16S
rDNA fragments cloned from TK101 groundwater obtained in
July 1998 were sequenced. The sequenced clones were desig-
nated with four numbers (e.g., 1003 to 1070), as shown in Fig.
3. A total of 28 different sequences were found. None of the
sequences were judged to be a chimera. A maximum-likeli-
hood tree was constructed with these sequences and related
sequences in the databases (Fig. 3). All the sequences deter-
mined were affiliated with the class Proteobacteria; 25 se-
quences (43 clones) were affiliated with the epsilon subclass, 1
sequence was affiliated with the delta subclass, and 2 sequences
were affiliated with the beta subclass. Two major clusters of
sequences were found. The largest cluster (cluster 1) was most
closely related to Thiomicrospira denitrificans (88% identical in
nucleotide sequence), while the second-largest cluster (cluster

2) was closely related to Arcobacter spp. The cluster 1 clones
were considered to belong to the Thiovulum subgroup (16), as
shown in Fig. 4. We found that Thiovulum subgroup sequences
were divided into four assemblages; the cluster 1 sequences
grouped in the groundwater bacterial assemblage together with
three other sequences. Interestingly, these three sequences,
str.s26, env.G15, and env.JN5bf, were also cloned from ground-
water.

DGGE. To compare bacterial population structures in dif-
ferent groundwater samples obtained from either different oil
storage cavities or control groundwater wells and to investigate
seasonal fluctuation in the population structure, DGGE anal-
yses with partial 16S rDNA fragments were conducted (Fig. 5).
The sequences of some of the major bands indicated on Fig. 5
were then determined (Table 2). The sequence of the most
intense band (band e), which was found in all cavity ground-
water profiles, was identical to the sequence of most of the
cluster 1 clones. Band e did not appear in the profiles of the
control groundwater or the injected water. Figure 5 also shows
that the seasonal fluctuation in the population structure in
TK101 groundwater was not great. A densitometry analysis of
the DGGE profiles (Fig. 5) indicated that the intensity of band
e in the cavity groundwater profiles shared 12% (lane 6) to
37% (lane 4) of the total band intensities.

FISH. FISH is another valuable means for identifying and
monitoring specific organisms in the natural environment (2).
To analyze the cluster 1 population in groundwater samples,
FISH was performed with probe EPS710. Typical examples of
the FISH images are presented in Fig. 6. As shown in this
figure, positive FISH signals appeared only in the cavity ground-
water samples, although most of the signals were weak. It was
also found that the labeled cells were curved rods. They oc-
curred singly, while some cells appeared as pairs attached at
their poles. The ratios of the number of probe-labeled cells
(the cluster 1 bacteria) to the number of DAPI-stained cells
were determined for the TK101 groundwater samples obtained
in July 1998 and March 1999 (Table 3). Cells labeled with
EPS710 were not found in the control groundwater and in-

FIG. 4. Maximum-likelihood tree based on partial 16S rDNA sequences (nucleotide positions 538 to 898 of the E. coli sequence) and showing the relationships
among the cluster 1 clones and Thiovulum subgroup sequences found in the database. Campylobacter jejuni is used as the outgroup. The scale bar indicates 0.02
substitution per site. For more details see the legend to Fig. 3. Thvl., Thiovulum; Tms. denitr. Thiomicrospira denitrificans.
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jected water samples, suggesting that the population densities
were less than 0.1% of the TDC values.

DISCUSSION

This study employed three 16S rRNA approaches, cloning
and sequencing, DGGE, and FISH, to characterize bacterial
populations in petroleum-contaminated cavity groundwater.
Although there were some quantitative variations (see below),
all three approaches revealed that the cluster 1 bacteria affil-
iated with the epsilon subclass of the Proteobacteria were a
dominant population in the cavity groundwater. The observa-
tions that this population was detected in the TK101 ground-
water throughout a year (Fig. 5) and could not be detected in
the control groundwater (Fig. 5), combined with the low TDC
values of the control groundwater (Table 1), indicate that this
novel epsilon-proteobacterial population grows in the ground-
water pool in the oil storage cavity.

The cluster 1 bacteria were affiliated with the Thiovulum
subgroup (Fig. 3 and 4) and formed a peculiar assemblage

together with three sequences in the nucleotide databases (Fig.
4). Interestingly, all of the sequences in this assemblage were
cloned from groundwater, although these sequences were ob-
tained from geologically distant sites; str.s26 was obtained in
Sweden (22), env.G15 was obtained in Gabon (20), env.JN5bf
was obtained in Jordan (23), and the cluster 1 clones were
obtained in Japan. This finding suggests that bacteria belong-
ing to the groundwater assemblage are widely distributed in
subterranean environments. The three sequences other than
the cluster 1 sequences were obtained as minor clones from the
environment at three sites (20, 22, 23), and it would be inter-
esting to examine if the populations at these sites are also
enriched after contact with petroleum.

The Thiovulum subgroup includes two isolated bacteria,
Thiovulum sp. and Thiomicrospira denitrificans. Thiovulum sp.
has been found in sharply localized white masses where sulfide
meets oxygen in marine sediments, saline springs, and fresh-
water environments (27), and this bacterium is not capable of
growing in the presence of elevated oxygen concentrations.
T. denitrificans has been isolated from anaerobic marine sedi-
ments; this bacterium has been shown to grow autotrophically
at the expense of sulfide and thiosulfate as the electron donors
and nitrate as the electron acceptor (14). Other members of
the Thiovulum subgroup were 16S rDNA sequences directly
cloned from anaerobic environments, including marine hyper-
thermal vents (11, 17, 24), marine sediment (7), and ground-
water (20–23). On the basis of the information described
above, the physiology of Thiovulum subgroup bacteria could be
assumed; these organisms thrive autotrophically at the expense
of reduced sulfur as the electron donor and nitrate or oxygen
as the electron acceptor in oxygen-limited environments. The
chemical analyses of the cavity groundwater samples (Table 1)
also suggested that nitrate was a possible electron acceptor for
anaerobic growth of the cluster 1 population in the cavity
groundwater. For a more complete understanding of the phys-
iology of the cluster 1 bacteria, pure-culture experiments are
needed. The phylogenetic information obtained in this study
would be useful for isolating the cluster 1 bacteria.

This study compared results of the three molecular methods,
cloning, DGGE, and FISH, to gain insight into the abundance
of the cluster 1 bacteria in TK101 groundwater (Table 3). We
found differences in the ratios of the cluster 1 population to the
total population estimated by the three methods. A number of
reports have suggested the limitations of PCR-mediated meth-
ods (e.g., cloning and DGGE) in quantitative analyses; possi-
ble biases are known to be associated with the DNA extraction
(37) and PCR amplification steps (26, 31, 37). When the three
ratios for the July 1998 sample were compared, it was apparent
that the ratio obtained by the cloning method was very differ-
ent from the ratios obtained by the DGGE and FISH methods.

FIG. 5. DGGE profiles of the partial 16S rDNA fragments, showing similar-
ities and differences in the bacterial population structures in groundwater sam-
ples. Lane 1, TK101 cavity groundwater obtained in May 1998; lane 2, TK101
cavity groundwater obtained in July 1998; lane 3, TK101 cavity groundwater
obtained in November 1998; lane 4, TK101 cavity groundwater obtained in
March 1999; lane 5, TK102 cavity groundwater obtained in July 1998; lane 6,
TK103 cavity groundwater obtained in July 1998, lane 7, injected water obtained
in July 1998; lane 8, control groundwater 1 obtained in July 1998; lane 9, control
groundwater 2 obtained in July 1998.

TABLE 2. Sequence analysis of major DGGE bands

DGGE
banda

Length
(bases)

Database search

Identical clone(s)Phylogenetically related organism
(accession no.)

%
Identity

a 189 Flavobacterium ferrugineum (M62798) 93
b 169 Arcobacter nitrofigilis (L14627) 100 1006
c 173 Meiothermus ruber (Y13594) 83
d 194 Pseudomonas sp. (D37925) 100
e 169 Thiomicrospira denitrificans (L40808) 97 1005, 1008, 1011, 1028, 1043, 1047, 1051, 1054, 1061
f 194 Hydrogenophaga taeniospiralis (AF078768) 90
g 194 Burkholderia phenazinium (U96936) 95

a DGGE bands marked in Fig. 5 were sequenced.
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Since the same DNA preparation was used in the cloning and
DGGE analyses and similar DGGE profiles were obtained by
directly amplifying 16S rDNAs from boiled cavity groundwater
without DNA purification (data not shown), the difference in
the ratios obtained with these two methods resulted from bi-
ases associated with the PCR amplification and/or cloning
steps.

Table 3 also shows that the cluster 1 population was more
abundantly detected by DGGE than by FISH (P , 0.05),
although the difference was rather small compared to the dif-
ferences reported in previous studies. Nielsen et al. (19) esti-
mated the abundance of a beta-proteobacterial population in
sludge from a deteriorated biological phosphate removal reac-
tor by densitometry of DGGE profiles (75% of the total PCR-
amplified sequences) and by FISH (35% of the total number of
cells). It has been suggested that PCR-mediated methods tend
to overestimate the abundance of detected populations, since
these methods fail to detect some populations whose DNA
fragments are difficult to amplify.

In this study, there was also possible bias in the FISH anal-
ysis. As shown in Fig. 6, most of the labeled cells exhibited
weak signals. Since the mean residence time of groundwater in
the cavity was approximately 7 days and the electron acceptors
were limited, cluster 1 bacteria may have been under starvation
conditions, resulting in low rRNA contents (6) and weak FISH
signals. The weak signals must not have been due to nonspe-

cific binding of the probe, because (i) the non-cluster 1 se-
quences cloned from the cavity groundwater had three or more
mismatches compared to the probe sequence and (ii) no weak
signals were observed in control groundwater images. We also
found that the intensities of FISH signals were not constant,
suggesting that cluster 1 bacteria in the cavity groundwater
were physiologically heterogeneous. This implies that there
may have been very weakly labeled cells that could not be
visualized in the image analysis. Thus, we believe that FISH
analysis tends to underestimate the abundance of slowly grow-
ing bacteria with low rRNA contents.

As suggested previously (30, 37), this study demonstrated
the importance of cross-checking the results of different ap-
proaches used for quantitative analysis of microbial popula-
tions. Understanding inherent biases in each method is also
important.
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37. Wintzingerode, F., U. B. Göbel, and E. Stackebrandt. 1997. Determination of
microbial diversity in environmental samples: pitfalls of PCR-based rRNA
analysis. FEMS Microbiol. Rev. 21:213–229.

38. Zhou, J., M. R. Fries, J. C. Chee-Sanford, and J. M. Tiedje. 1995. Phyloge-
netic analyses of a new group of denitrifiers capable of anaerobic growth on
toluene and description of Azoarcus tolulyticus sp. nov. Int. J. Syst. Bacteriol.
45:500–506.

VOL. 66, 2000 BACTERIA IN OIL-CONTAMINATED GROUNDWATER 4809


