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A bacterial consortium which rapidly mineralizes benzo[a]pyrene when it is grown on a high-boiling-point
diesel fuel distillate (HBD) was recovered from soil and maintained for approximately 3 years. Previous studies
have shown that mobilization of benzo[a]pyrene into the supernatant liquid precedes mineralization of this
compound (R. Kanaly, R. Bartha, K. Watanabe, and S. Harayama, Appl. Environ. Microbiol. 66:4205-4211,
2000). In the present study, we found that sterilized supernatant liquid filtrate (SSLF) obtained from the
growing consortium stimulated mineralization of benzo[a]pyrene when it was readministered to a consortium
inoculum without HBD. Following this observation, eight bacterial strains were isolated from the consortium,
and SSLF of each of them was assayed for the ability to stimulate benzo[a]pyrene mineralization by the
original consortium. The SSLF obtained from one strain, designated BPC1, most vigorously stimulated
benzo[a]pyrene mineralization by the original consortium; its effect was more than twofold greater than the
effect of the SSLF obtained from the original consortium. A 16S rRNA gene sequence analysis and biochemical
tests identified strain BPC1 as a member of the genus Rhodanobacter, whose type strain, Rhodanobacter
lindaniclasticus RP5557, which was isolated for its ability to grow on the pesticide lindane, is not extant. Strain
BPC1 could not grow on lindane, benzo[a]pyrene, simple hydrocarbons, and HBD in pure culture. In contrast,
a competitive PCR assay indicated that strain BPC1 grew in the consortium fed only HBD and benzo[a]pyrene.
This growth of BPC1 was concomitant with growth of the total bacterial consortium and preceded the initiation
of benzo[a]pyrene mineralization. These results suggest that strain BPC1 has a specialized niche in the
benzo[a]pyrene-mineralizing consortium; namely, it grows on metabolites produced by fellow members and

contributes to benzo[a]pyrene mineralization by increasing the bioavailability of this compound.

Environmental pollution caused by the release of crude and
refined petroleum products occurs in all areas of the world.
These complex hydrocarbon mixtures may consist of hundreds
of compounds that are highly variable in structure and in
susceptibility to biodegradation (9). High-molecular-weight
(HMW) polycyclic aromatic hydrocarbons (PAHs) are a class
of compounds that are known for their environmental persis-
tence (10, 26, 43) and are frequently encountered as constitu-
ents of multicompound non-aqueous-phase liquid (NAPL)
mixtures, such as products of petroleum refining. The HMW
PAH benzo[a]pyrene is a compound that has been intensely
studied for many years due to its potent genotoxic (44) and
immunotoxic (14) properties. Because of this, there is much
interest in determining the fate of this compound in the natural
environment in order to assess the potential exposure risk to
humans (4) and to efficiently reduce elevated levels of the
compound at polluted sites. Hence, benzo[a]pyrene is regu-
lated by environmental agencies in countries throughout the
world (12, 24, 31). Benzo[a]pyrene may be removed from the
environment through the biodegradative actions of bacteria
and fungi (10, 22, 26). The microbially induced biotransforma-
tions may be partial, as is the case for most fungi, or may lead
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to ring opening, as is the case for some bacteria. Although
benzo[a]pyrene is a difficult compound for bacteria to biode-
grade, a number of studies in the last 5 years have described
benzo[a]pyrene biodegradation under various conditions (1, 7,
11, 19-21, 23, 37, 42, 47, 48). Extensive transformation of
radiolabeled benzo[a]pyrene to carbon dioxide was shown to
occur in some instances (8, 25-29, 54). Benzo[a]pyrene and
other HMW PAHs are often biodegraded by fortuitous me-
tabolism (26, 49), and under such circumstances an organism
that grows on one compound biotransforms a second com-
pound even though the organism derives neither energy nor
carbon from transformation of the second compound.

We recovered from soil a bacterial consortium which rapidly
mineralizes benzo[a]|pyrene when it is grown on diesel fuel
constituents, such as a high-boiling-point diesel fuel distillate
(HBD) (25, 27-29). Due to the rapid nature of benzo[a]pyrene
mineralization by this bacterial consortium, we were interested
in examining more closely the microbial interactions that occur
during the biodegradation process. Especially provocative was
the possibility that benzo[a]pyrene mineralization could be
stimulated by water-soluble supernatant compounds which ap-
pear during bacterial growth on mostly sparingly water-soluble
NAPLs. Water-soluble compounds, such as biologically pro-
duced biosurfactant- and bioemulsifier-like compounds (7, 53)
or synthetic surfactants (52), may act as contributing factors in
facilitating HMW PAH biodegradation by bacteria. Our aims
in this study were to investigate the potential role of biopro-
duced compounds and to continue to improve our understand-
ing of the complex ecological interactions that occur within this
bacterial consortium. Below we discuss a second member of
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the genus Rhodanobacter in the context of a complex bacterial
consortium that rapidly mineralizes benzo[a]pyrene and grows
on NAPLs.

MATERIALS AND METHODS

Chemicals. [7-'“C]benzo[a]pyrene (26.6 mCi mmol~') was purchased from
Sigma Chemical Co., and the reported radiochemical purity was =98%. [**C]so-
dium bicarbonate (50.0 mCi mmol~'; purity, =98%) was purchased from New
England Nuclear. Unlabeled benzo[a]pyrene (purity, 98%), diethyl ether, and
chloroform were purchased from Wako Chemical Co. Diesel fuel was originally
obtained from Exxon Corp. A diesel fuel distillation product (HBD) was pre-
pared from diesel fuel by heat distillation to approximately >310°C, accounted
for 42% of the diesel fuel by weight, and consisted of gas chromatography
(GC)-analyzable hydrocarbons no lower than tetradecane (29). The straight-
chain alkanes n-pentadecane through n-octadecane, naphthalene, phenanthrene,
anthracene, fluoranthene, pyrene, and y-hexachlorocyclohexane (lindane) were
purchased from Wako Chemical Co.

Maintenance of the consortium. A bacterial consortium which grew on diesel
fuel or diesel fuel distillation products as sole carbon sources and which miner-
alized benzo[a]pyrene was recovered from soil that had been used previously in
hydrocarbon fuel bioremediation studies (25, 28). Some of the consortium mem-
bers were preliminarily identified by sequencing major bands of 16S rRNA gene
fragments appearing on denaturing gradient gel electrophoresis profiles of the
benzo[a]pyrene-mineralizing consortium (27). The consortium was maintained
in 3-liter flasks which contained 300 ml of Stanier’s basal medium (SBM) (5), 10
mg of benzo[a]pyrene liter ™!, and 0.2% (wt/vol) diesel fuel with continuous
rotary shaking at 100 rpm at 30°C in the dark. Approximately every 14 days, 10
ml of the culture suspension was transferred to fresh medium.

Monitoring [7-'*C]benzo[a]pyrene mineralization in liquid culture.
[7-'“C]benzo[a]pyrene mineralization was monitored in 300-ml Erlenmeyer
flasks. For each flask two 16-gauge stainless steel syringe needles (lengths, 13 and
7 cm) were inserted through a silicone stopper, and the stopper was wrapped in
Teflon tape. The 7-cm-long syringe needle was fitted with a one-way valve
(Sigma), and the 13-cm-long syringe needle was fitted with a plastic plug. Ex-
perimental treatments were prepared by adding [7-'*C]benzo[a]pyrene plus
other compounds (depending on the experiment), and then the flasks were
sealed with the needle-containing silicone stoppers described above.

Addition of [7-"*C]benzo[a]pyrene to the flasks and monitoring of '“CO,
evolution were performed as follows. A solution containing a known mass of
benzo[a]pyrene and [7-'*C]benzo[a]pyrene was prepared by dissolving the com-
ponents in a known volume of diethyl ether in a 10-ml glass vial sealed with a
Teflon septum and aluminum crimp top. A known volume of this mixture was
added to each of the flasks by using a gas-tight Hamilton microsyringe. After the
diethyl ether was evaporated under a gentle N, stream, all remaining flask
contents were added. Aqueous-phase additions and inocula were typically added
to the flask after all other components were added. The flasks were incubated at
28°C in the dark with rotary shaking (150 rpm). The radiolabeled carbon dioxide
released during [7-'*C]benzo[a]pyrene mineralization was trapped by flushing
the flasks with air through a series of vials which contained Oxosol C'* (National
Diagnostics). Radioactivity was measured with a model 1900CA Tri-Carb liquid
scintillation analyzer (Packard Instrument Co.), and counts were corrected for
background by using pure Oxosol C'*. The efficiency of the CO,-trapping appa-
ratus was checked routinely by transferring aliquots of an aqueous NaH'*CO,
(pH 10) solution to sealed Erlenmeyer flasks and then adding HCI; the amount
of the resulting '*CO, was measured.

Preparation of consortium supernatant liquid fractions for [7-'*C]benzo-
[a]pyrene radiorespirometry assays. Stimulation of benzo[a]pyrene mineraliza-
tion by the consortium was tested after addition of sterilized supernatant liquid
fractions that were obtained from the original consortium. Three fractions were
prepared following consortium growth for 7 days in SBM which contained 0.1%
(wt/vol) diesel fuel plus 10 mg of benzo[a]pyrene liter ™' as follows. Twelve-
milliliter aliquots of the culture suspension were centrifuged at 10,000 X g for 20
min. The resultant supernatant liquid was collected and designated the raw
supernatant liquid. Other 12-ml aliquots were filtered through Whatman no. 1
filter paper (Whatman, Maidstone, England) following centrifugation. Both the
clear filtrate and the filter residue were recovered, and they were designated the
supernatant liquid filtrate and the supernatant liquid filter residue, respectively.
The supernatant liquid residue was obtained by carefully rinsing the filter paper
with SBM, after which the recovered material was resuspended in 12 ml of SBM.
The three supernatant liquid fractions (raw supernatant liquid, supernatant lig-
uid filtrate, and supernatant liquid filter residue) were sterilized by autoclaving
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them at 121°C for 30 min. After this each fraction was added to flasks that were
prepared for [7-'“C]benzo[a]pyrene radiorespirometry studies as described
above.

Isolation of bacteria. Bacterial strains were isolated from the consortium
grown on diesel fuel and benzo[a]pyrene by serial dilution followed by streaking
on agar plates under various conditions. The agar plates (containing 1.5% Bacto
Agar [Difco]) used for isolation contained one of the following media: SBM
supplemented with phenanthrene or chrysene crystals, SBM supplemented with
diesel fuel volatile compounds (0.8%, wt/vol), nutrient broth (Difco), or dCGY
medium (composed of 0.1% [wt/vol] Casamino Acids, 0.1% [wt/vol] glycerol, and
0.1% [wt/vol] yeast extract, all obtained from Difco). The plates were incubated
at 30°C. Colonies that formed on the plates were picked and purified by restreak-
ing. Following isolation, all strains were maintained in liquid culture in SBM
containing 0.1% (wt/vol) HBD, 10 mg of benzo[a]pyrene liter ', and 120 mg of
PCY (40 mg of peptone [Difco] liter !, 40 mg of yeast extract liter !, and 40 mg
of Casamino Acids liter ') liter .

Benzo[a]pyrene biotransformation, mineralization, and mobilization assays
with isolated bacteria. Bacterial inocula for benzo[a]pyrene biotransformation
assays were cultured for 1 week on a medium containing 0.1% (wt/vol) HBD, 120
mg of PCY liter™!, and 10 mg of benzo[a]pyrene liter '. A known mass of
benzo[a]pyrene was dissolved in diethyl ether, and the resulting solution was
added to the bottoms of 200-ml Erlenmeyer flasks with a microsyringe under
aseptic conditions. After evaporation of the diethyl ether, 2 ml of inoculum,
SBM, HBD, and PCY were aseptically added, and the flasks were incubated with
continuous rotary shaking at 100 rpm at 30°C in the dark. After 14 days, the flasks
were removed from the shaker, tetracosane (internal extraction standard) was
added, and the culture fluids were extracted with 2 volumes of chloroform in
separatory funnels. The chloroform extracts were each filtered through anhy-
drous sodium sulfate, concentrated to approximately 2 ml in a rotary evaporator,
transferred to a volumetric flask, and resuspended in a known volume of chlo-
roform. Analyses of culture extracts by GC-mass spectrometry (MS) were per-
formed by using a QP-5000 instrument (Shimadzu) fitted with a fused silica
capillary column (DB-5; 30 m by 0.25 mm; J & W Scientific). The temperature
program was as follows: 50°C for 2 min, followed by an increase at a rate of 6°C
per min to 300°C. The injection volume was 1 pl, and the carrier gas was helium
(flow rate, 1.7 ml min~"). The mass selective detector was operated in the scan
mode to obtain spectral data for compound identification (benzo[a]pyrene mo-
lecular ion at m/z 252 and characteristic fragments at m/z 126).

In radiolabeled benzo[a|pyrene mineralization and mobilization assays, bac-
terial strains were grown for 1 week as described above, after which 3-ml portions
each of culture suspension were transferred to 300-ml flasks which contained
HBD (0.1%, wt/vol), PCY (120 mg liter '), and [7-'*C]benzo[a]pyrene (10 mg
liter!). Each culture was grown under the conditions described above and was
subjected to a radiorespirometry assay as described above. A set of abiotic
controls were also prepared. After the flasks were monitored for '*CO, evolution
for 2 weeks, the culture medium in each flask was decanted, and the inside of the
flask was gently rinsed with SBM and air dried. The residue adhering to the inner
glass surface of the flask was extracted twice with 100 ml of chloroform. The
chloroform extract was concentrated in a water bath under a gentle nitrogen
stream to known volumes in 20-ml graduated cylinders. Aliquots of the resulting
concentrated extracts were transferred to liquid scintillation vials (Wheaton) in
triplicate and combined with Scintiverse BD (Fisher Scientific). Radioactivity
was measured with the scintillation analyzer, and the values were corrected by
using background measurements.

Screening supernatant liquid filtrates of bacterial isolates for stimulation of
benzo[a]pyrene mineralization. Bacterial isolates were cultivated in 200 ml of
SBM which contained 0.1% (wt/vol) HBD, 10 mg of benzo[a]pyrene liter !, and
120 mg of PCY liter™! in 2-liter baffled flasks at 30°C with rotary shaking (100
rpm). After 1 week of growth, the culture suspensions were centrifuged for 20
min at 13,100 X g and 4°C. The supernatant liquid was recovered and filtered
through Whatman no. 1 filter paper to remove floating aggregates. This was
followed by second filtration through 0.2-pm-pore-size nitrocellulose mem-
branes (Millipore). The resulting supernatant liquid filtrate was autoclaved at
121°C for 30 min. In duplicate 300-ml flasks, 15 ml of supernatant liquid filtrate
from each strain was added to an equal volume of SBM containing 120 mg of
PCY liter—!, 10 mg of benzo[a]pyrene liter ', and 1 ml of consortium inoculum.
Positive and negative controls were also prepared. The positive control consisted
of sterile supernatant liquid filtrate from a 1-week-old consortium growing on
0.1% (wt/vol) HBD and 120 mg of PCY liter ' and exposed to 10 mg of
benzo[a]pyrene liter !, and the negative control consisted of sterile supernatant
liquid filtrate prepared abiotically from flasks that were incubated with 0.1%
(wt/vol) HBD, 10 mg of benzo[a]pyrene liter !, and 120 mg of PCY liter ! for
1 week without inoculum.
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16S rRNA gene sequence analysis. Isolated strains were grown in liquid SBM
cultures containing PCY, diesel fuel, and benzo[a]pyrene. Cells were collected by
centrifugation (15,000 X g, 10 min), suspended in Tris-EDTA buffer, and ex-
tracted for recovery of total DNA as described previously (51). The DNA was
subjected to PCR to amplify almost full-length 16S rRNA gene (16S rDNA)
fragments by using the following primers: 5'-AGAGTTTGATCCTGGCTCA
G-3' (Escherichia coli 16S rDNA positions 8 to 27) and 5'-CAKAAAGGAGG
TGATCC-3" (E. coli 16S rDNA positions 1529 to 1546). Amplification was
performed with a Progene thermal cycler (Techne) by using a 50-ul mixture
containing 1.25 U of Tag DNA polymerase (Amplitaq Gold; Applied Biosys-
tems), 10 mM Tris-HCI (pH 8.3), 50 mM KClI, 1.5 mM MgCl,, 0.001% (wt/vol)
gelatin, each deoxynucleoside triphosphate at a concentration of 200 mM, 50
pmol of each primer, and 50 ng of template DNA. The PCR conditions used
were as follows: 10 min of activation of the polymerase at 94°C, followed by 35
cycles consisting of 1 min at 94°C, 1 min at 52°C, and 2 min at 72°C, and finally
10 min of extension at 72°C. The PCR products were electrophoresed and then
purified with a QIAquick gel extraction kit (QIAGEN). The nucleotide se-
quences of the PCR products were determined as described previously (15) by
using a Dye terminator cycle DNA sequencing kit (Applied Biosystems) and a
model 377 DNA sequencer (Applied Biosystems).

Database searches were conducted by using the BLAST program (2, 3) with
the GenBank database. 16S rDNA sequences of strains BPC1 through BPC8 and
sequences retrieved from the database were aligned by using the ClustalW
software, version 1.7 (46), and alignments were refined by visual inspection. A
neighbor-joining tree (41) was constructed by using the njplot software in Clust-
alW, version 1.7.

Substrate utilization, phenotypic, and tax ic tests. The following carbon
sources were tested as carbon and energy sources; n-pentadecane through n-
octadecane, naphthalene, phenanthrene, anthracene, fluoranthene, pyrene, lin-
dane, HBD, and PCY. In duplicate 300-ml flasks, SBM was inoculated with 100
wl of bacterial cells grown on PCY and one of the substrates at a concentration
of 100 mg liter ™! and incubated at 28°C in the dark with rotary shaking at 100
rpm. Culture samples were taken at regular intervals, and optical density was
measured at 600 nm. Two weeks after cultivation was started, culture suspensions
were extracted with chloroform and analyzed by GC-MS by using the procedures
described above.

To test for the ability to utilize (oxidize) various carbon sources, a 96-well
BIOLOG GN microplate (Biolog Inc.) was used as recommended by the man-
ufacturer. The cells used for the Biolog tests were grown on 0.8% (wt/vol) PCY
for approximately 48 h, harvested by centrifugation, washed, and resuspended in
0.85% sterile saline buffer. Phenotypic characteristics were also determined by
using the API 20NE microtube system (API bioMérieux) as recommended by the
manufacturer.

The guanine-plus-cytosine (G+C) content of the DNA of strain BPC1 was
determined by high-performance liquid chromatography after the strain DNA
was extracted, purified, and digested by nuclease P1 by using the method of
Katayama-Fujimura et al. (30).

For microscopic characterization, cells were grown on PCY medium contain-
ing diesel fuel, and the morphology and dimensions of the organism were de-
termined from photomicrographs obtained by using scanning electron micros-
copy and phase microscopy. For electron microscopy, cells were collected by
centrifugation at approximately 10,000 X g, resuspended in water, and fixed on
an aluminum plate by using a standard procedure (6). Cells were visualized with
an S-2500 scanning electron microscope (Hitachi). The width and length values
given below are the averages of several cell measurements.

c¢PCR. The abundance of strain BPC1 in the benzo[a]pyrene-mineralizing
consortium was determined by competitive PCR (cPCR) by using the method
described previously (51). The primers used for cPCR, 444-F (5'-CAGGAACG
AAATCTGCATGC-3") and 865-R (5'-TGCTTCGACACTGATCTCCG-3'),
were designed by comparing the 16S rDNA sequence of strain BPC1 with the 16S
rDNA sequences of closely related strains (see Fig. 5). The specificity of these
primers was checked by using the probe match program in the Ribosomal
Database Project (RDP) database (36). For comparison, the total bacterial
abundance was determined by cPCR performed with primers P1 and P2 (38).
Competitor fragments were produced by using a competitive DNA construction
kit (Takara Shuzo). Amplification was performed as described above, except that
an appropriate amount of the competitor fragment was added. The thermal cycle
was 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 55°C (for the total bacteria) or 60°C
(for the strain BPC1 population), and 2 min at 72°C, and finally 10 min of
extension at 72°C. Two microliters of the PCR product was electrophoresed
through a 1.5% (wt/vol) agarose gel with Tris-borate-EDTA buffer, and the gel
was photographed after it was stained with SYBR Gold I. Band intensity was
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quantified by using the Multianalyst software supplied with Gel Doc 2000 (Bio-
Rad). The copy number was estimated by a method described elsewhere (34).
Nucleotide seq e accession bers. The nucleotide sequences reported
in this paper have been deposited in the GSDB, DDBJ, EMBL, and NCBI
nucleotide sequence databases under accession no. AF494537 to AF494544.

RESULTS AND DISCUSSION

Effects of supernatant liquid fractions on benzo[a]pyrene
mineralization. Rapid benzo[a]pyrene mineralization by the
consortium occurs only when the consortium is supplied with a
hydrocarbon NAPL, such as diesel fuel or HBD (27, 29). It was
determined in a previous study that benzo[a]pyrene was mo-
bilized into culture supernatant at levels greater than its aque-
ous solubility prior to its mineralization (27); more than 2 mg
of benzo[a]pyrene liter "' was detected in suspension by radio-
tracer mass balances by using [7-'*C]benzo[a]pyrene (the
aqueous solubility of benzo[a]pyrene is approximately 0.0038
mg liter ™). It was hypothesized that solubilization of benzo-
[a]lpyrene was a necessary step in the overall biodegradation
process because benzo[a]pyrene bioavailability to the consor-
tium organisms was increased. Increased bioavailability of tar-
get hydrophobic compounds to degrading organisms is an in-
tegral part of the biodegradation of these compounds,
especially PAHs (18, 32).

In the present study, we first investigated the possibility that
water-soluble compounds in the supernatant liquid might con-
tribute to benzo[a]pyrene biodegradation by testing three su-
pernatant liquid fractions from the growing consortium. The
supernatant liquid fractions were obtained from a 1-week-old
consortium culture which was fed diesel fuel and benzo-
[a]lpyrene. Methylene chloride- and chloroform-extractable
GC-analyzable diesel fuel compounds were mostly undetected
at this time (data not shown). Our aim was to examine the
supernatant liquid filtrate which contained neither consortium
cells, polymer-like matrix, nor diesel fuel residues. Some un-
degraded diesel fuel compounds did not settle during the cen-
trifugation step, and therefore the filtration step was included.
When the consortium inoculum was added to SBM which
contained [7-'*C]benzo[a]pyrene and the recovered superna-
tant liquid fractions (neither diesel fuel nor HBD was added),
it was found that benzo[a]pyrene mineralization was stimu-
lated in all cases and to various extents (Fig. 1). After 3 weeks,
the sterile raw supernatant liquid and the sterile filter residue
stimulated approximately 35 and 17% conversion of
[7-'*C]benzo[a]pyrene to carbon dioxide, respectively. How-
ever, the sterile supernatant liquid filtrate also stimulated ap-
proximately 17% conversion of [7-'*C]benzo[a]pyrene. The
fact that diesel fuel components were unable to pass through
the filter indicated that the supernatant liquid filtrate con-
tained soluble stimulatory compounds produced by the con-
sortium. The stimulatory effect of the sterile filter residue was
most likely due to the presence of metabolites or undegraded
diesel fuel components or both. The negative control, which
consisted of inoculum only without additional treatment, stim-
ulated less than 10% mineralization.

Isolation of consortium members and their effects. Follow-
ing the detection of benzo[a]pyrene mineralization stimulation
by the sterile supernatant liquid filtrate, we were interested in
examining specific consortium strains to determine which
strains were instrumental in benzo[a]pyrene biodegradation.
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FIG. 1. Mineralization of 10 mg of [7-'*C]benzo[a]pyrene liter ! by
a bacterial consortium treated with different supernatant liquid frac-
tions. The treatments consisted of sterile raw supernatant liquid from
the parent consortium (m), sterile supernatant liquid filtrate from the
parent consortium (@), sterile supernatant liquid filter residue from
the parent consortium (A), and inoculum only without treatment (neg-
ative control) (V). Each point represents the average for triplicate
flasks, and the error bars indicate the standard deviations; error bars
smaller than the symbols are not shown.

Eight bacterial isolates were selected for further investigation
based on (i) the similarity of their 16S rDNA sequences to the
sequences of denaturing gradient gel electrophoresis bands
that represented major members of the benzo[a]pyrene-min-
eralizing consortium (27) or (ii) the similarity of their se-
quences to the sequences of organisms that are known to have
properties relevant to benzo[a]pyrene biodegradation (e.g.,
strains known to produce biosurfactant or biodegrade persis-
tent compounds). Information regarding the eight strains, des-
ignated BPC1 (benzo[a]pyrene consortium 1) through BPCS,
is given in Table 1. The strains were isolated on various carbon
sources, as indicated in Table 1, and the 16S rDNA of each
strain was partially sequenced. Two strains were isolated by
using chrysene, and although we have not yet examined the
catabolic capabilities of these strains in detail, we have found
that the consortium is capable of mineralizing radiolabeled
chrysene to '*CO, (unpublished data). We found that the 16S
rDNA sequences of three of the eight strains were 100% iden-
tical to the sequences of major bands appearing in denaturing
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gradient gel electrophoresis profiles for the benzo[a]pyrene-
mineralizing consortium (27), Ralstonia eutropha, Sphingomo-
nas paucimobilis, and Mycobacterium ratisbonense. Two of the
other strains isolated were found to be members of the same
genera of organisms previously identified by denaturing gradi-
ent gel electrophoresis, namely, Burkholderia and Sphingobac-
terium. All strains were tested individually in radiorespirometry
studies for the ability to cometabolically mineralize radiola-
beled benzo[a]pyrene when they were incubated for 3 weeks
with 0.1% HBD. HBD was used as a carbon source throughout
these studies because it was previously found to facilitate min-
eralization of benzo[a]pyrene by the consortium at a higher
rate than the rate facilitated by diesel fuel (29). The radiore-
spirometry assays showed that none of the individual strains
could mineralize benzo[a]pyrene singly or when it was com-
bined into an eight-member gnotobiotic consortium (data not
shown). Additionally, we tested each strain individually for the
ability to biotransform nonradiolabeled benzo[a]pyrene when
it was incubated with 0.1% HBD for 2 weeks. Our aim was to
identify an organism that might be instrumental in initiating
the benzo[a]pyrene biodegradation process, at least. GC-MS
analyses following culture medium extraction indicated that
none of the strains was able to significantly biotransform ben-
zo[a]pyrene singly or when it was recombined (the level of
benzo[a]pyrene recovery for each strain is shown in Table 1).
Indeed, it is difficult to isolate benzo[a]pyrene-degrading or-
ganisms by serial dilution or plating techniques, presumably
because benzo[a |pyrene biodegradation most likely occurs by a
cooperative mechanism involving at least several consortium
members.

After we understood that the strains did not possess benzo-
[a]pyrene mineralization or biotransformation capabilities, we
were interested to know if any of the strains was more or less
capable of contributing to the mobilization of benzo[a]pyrene
into the culture supernatant. Therefore, in addition to the
radiorespirometry assays, we also measured [7-'*C]benzo-
[a]pyrene mobilization from the inner surfaces of glass flasks to
the culture medium. As shown in Fig. 2, all strains mobilized
benzo[a]pyrene into the culture medium compared to the abi-
otic control, but some strains were capable of mobilizing more
than 75% of the benzo[a]pyrene. The results of this assay
suggested that individual strains produced compounds during
growth on HBD hydrocarbons which contributed to the overall

TABLE 1. Strains isolated from the consortium

% Similarity of

Carbon source No. of base pairs

% of benzol[a]

Strain isolated from® sequenced ;solatefl strain and Most closely related organism Accession no.  Taxonomic group pyrene
atabase sequences recovered
BPC1 dCGY 1,504 98 Rhodanobacter lindanoclasticus ~ AF039167  vy-Proteobacteria ~ 93.7 = 4.2
BPC2 Phenanthrene 1,459 99 Burkholderia cepacia AF311971  B-Proteobacteria 89.6 = 10
BPC3 Nutrient 1,435 99 Ralstonia eutropha M32021 B-Proteobacteria ~ 93.3 = 3.7
BPC4 Diesel fuel vapor 1,331 97 Sphingomonas paucimobilis X94100 a-Proteobacteria 954 £ 4.2
BPC5 Chrysene 1,450 100 Mycobacterium ratisbonense AF055331  Actinomycetes 934 +19
BPC6 Chrysene 1,339 99 Ochrobactrum anthropi U88441 a-Proteobacteria  92.6 = 3.7
BPC7 Nutrient 1,468 98 Achromobacter xylosoxidans AF225979  B-Proteobacteria  88.3 = 0.3
BPC8 dCGY 1,030 91 Sphingobacterium comitans X91814 Cytophagales 93.8 = 3.6

@ Strains from the diesel fuel-maintained consortium were isolated after serial dilution and streaking onto agar plates. See text for details.
> All strains were screened for the ability to biotransform benzo[a]pyrene cometabolically when they were grown on HBD. Benzo[a]pyrene was recovered by
chloroform extraction and was quantified by GC-MS. The level of recovery of benzo[a]pyrene for abiotic controls was 95.8% =+ 2.3%. The level of recovery of

benzo[a]pyrene for the original consortium (positive control) was 33.5% *+ 0.5%.
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FIG. 2. [7-"*C]benzo[a]pyrene recovered from flask surfaces after
incubation with strains BPC1 through BPCS8. The error bars indicate
the ranges for duplicates.

benzo[a]pyrene mineralization process by mobilizing benzo-
[a]pyrene into the culture medium. Considering these results,
we next examined the supernatant liquid filtrates from the
individual strains for the ability to facilitate benzo[a]pyrene
mineralization by the original consortium in the absence of
diesel fuel fractions.

Effects of supernatant liquid filtrates from individual
strains on benzo[a]pyrene mineralization by the consortium.
The results of the radiorespirometry assays used to examine
the ability of the supernatant liquid filtrates from individual
strains to stimulate benzo[a|pyrene mineralization by the con-
sortium inoculum without diesel fuel fractions are shown in
Fig. 3. Figure 3 shows that the sterile supernatant liquid filtrate
of strain BPC1 stimulated benzo[a |pyrene mineralization most
vigorously; it stimulated mineralization approximately twofold
compared to the mineralization in the presence of sterile su-
pernatant liquid filtrates obtained from the original consor-
tium or from the other strains. This large stimulation effect of
strain BPC1 compared to the stimulation effects of the other
seven strains from the consortium resulted in an effort to
further elucidate the role of strain BPC1 in the consortium.

When the consortium culture was grown on a hydrocarbon
NAPL such as HBD, benzo[a]|pyrene mineralization began
only after a lag period and then occurred exponentially, as
shown in Fig. 4. The overall effect was a characteristic sigmoid
curve which represented conversion of carbon 7 in the benzo-
[a]pyrene molecule to carbon dioxide. Such a pattern of ben-
zo[a]|pyrene mineralization must have occurred because the
mineralization step was linked to the growth of some popula-
tion(s) in the consortium (29). Exponential growth of cells in
the consortium occurs during the utilization of NAPL constit-
uent compounds, and during this process some type of fortu-
itous or cooperative metabolism of benzo[a]|pyrene occurs.
However, when the rate of benzo[a]pyrene mineralization is
governed by the solubilization rate, mineralization must occur
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FIG. 3. Mineralization of 10 mg of [7-'*C]benzo[a]pyrene liter ' by
a bacterial consortium treated with sterile supernatant liquid filtrates
obtained from individual bacterial strains. The supernatants tested
were obtained from cultures of strain BPC1 (m), BPC2 (V), BPC3 (A),
BPC4 (@), BPC5 (A), BPC6 (), BPC7 (O), and BPCS8 (). For
comparison, sterile supernatant liquid filtrates obtained from the orig-
inal consortium (¢ ) and from an uninoculated control (V) were also
assayed. Each point represents the average for duplicate treatments.
The error bars indicate the ranges and are shown only for strain BPC1
supernatant liquid filtrate and the uninoculated control supernatant
liquid filtrate for clarity.

in a linear fashion with little or no lag time (29). Figure 4 shows
that this was the case for the effect of each of the supernatant
liquid filtrates. In these cases, benzo[a]pyrene became more
bioavailable to the benzo[a]pyrene-mineralizing but weakly
growing population (no additional carbon source was added)
via a physical effect that was most likely facilitated by the action
of surfactant-like water-soluble compounds present in the cul-
ture supernatant. Generally, surfactants and nonsubstrate
NAPLs may facilitate biodegradation of PAHs through an
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FIG. 4. Mineralization of 10 mg of [7-'*C]benzo[a]pyrene liter ' by
the bacterial consortium treated with HBD (@), supernatant liquid
filtrate from strain BPC1 (A), supernatant liquid filtrate from the
original consortium (V), and supernatant liquid filtrate from an unin-
oculated control (abiotic preculture) (m). Each point represents the
average for duplicate treatments, and the error bars indicate the
ranges.



VoL. 68, 2002

increase in the PAH-bacterium contact area. NAPL effects on
PAH biodegradation have been shown in various studies (16,
17, 33), including a study of the consortium examined in this
study (29).

Substrate utilization patterns of isolated strains, including
BPCI. Strains BPC1 through BPCS were incubated with HBD
as a sole carbon source for 2 weeks, and this was followed by
a GC-MS analysis of extracted culture suspensions. Most of the
strains degraded the GC-analyzable fraction of HBD (data not
shown); the only exception was strain BPC1, and the results for
this strain were similar to the results for the abiotic controls.
Indeed, the results for strain BPC1 were examined further by
subjecting the organism to growth requirement assays with
single hydrocarbon compounds. The results of these assays
indicated that strain BPC1 was unable to utilize any of the
single hydrocarbon compounds tested for growth, which in-
cluded straight-chain alkanes (pentadecane through octade-
cane), naphthalene, phenanthrene, anthracene, fluoranthene,
and pyrene. Growth occurred only in a PCY positive control
culture. In addition, strain BPCI1 failed to grow on the same
hydrocarbon compounds when the culture was supplemented
with PCY as there was no detectable difference between the
growth that occurred in the PCY positive control and the
growth that occurred in the hydrocarbon-containing cultures
supplemented with PCY. Interestingly, strain BPC1 cells also
failed to grow when they were fed HBD. In experiments in
which BPC1 was incubated with HBD and PCY and the cul-
ture suspensions were extracted and analyzed by GC-MS, the
data were inconclusive. We could not detect a noticeable dif-
ference in the biodegradation patterns between the BPCl1
treatments and the abiotic controls.

Growth of BPC1 in the benzo[a]pyrene-mineralizing con-
sortium. cPCR performed with primers 444-F and 865-R was
used to quantify the BPC1 population in the benzo[a]pyrene-
mineralizing consortium in order to determine if it actually
grew and played any role in the consortium fed only HBD and
benzo[a]pyrene (Fig. 5). The RDP search with the probe
match program (36) indicated that there was no sequence
which completely matched either 444-F or 865-R in the data-
base. One 16S rDNA sequence (that of Rhodanobacter lindani-
clasticus RP5557) exhibited one mismatch with 444-F, while
another sequence (that of Frateuria aurantia IFO 3245) exhib-
ited one mismatch with 865-F. Other sequences in the RDP
database exhibited at least two mismatches with 444-F and
865-R. This database analysis demonstrated the high specificity
of these primers for BPC1. The utility of cPCR for analyzing
the population dynamics of specific microorganisms in micro-
bial communities has been demonstrated and discussed in sev-
eral studies (35, 50).

Figure 5 shows the population dynamics of BPC1 over time
compared to the dynamics of the total bacterial populations
and to the benzo[a]pyrene mineralization pattern. The data
indicate that BPC1 actually grew in the consortium, which
occurred concomitant with the total growth of bacteria in the
consortium. In addition, the data show that the growth of
BPC1 preceded benzo[a]pyrene mineralization. Understand-
ing that strain BPC1 was incapable of growth on HBD and
benzo[a]pyrene, we surmised that strain BPC1 required me-
tabolites produced during the growth of other consortium
members to facilitate its growth in the consortium. This idea is

RHODANOBACTER SP. STRAIN BPC1 5831

1x109

1x108

1x107

1x108

RNA copies ml -

1x105

1x104

1x10
g 2 4 6 8 10 12 14 16 18 20

Time (Day)
60

50

40

30

1 4002 (%)

20

10

0 2 4 6 8 10 12 14 18
Time (Day)

FIG. 5. (A) Growth of strain BPC1 (m) compared to the total
growth of bacterial populations (@) in the benzo[a|pyrene-mineraliz-
ing consortium as determined by cPCR. (B) Time course of benzo-
[a]pyrene mineralization (**CO, evolution). The points represent the
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supported by the recent observation that there are active ex-
changes of intermediate metabolites in bacterial consortia in-
volved in hydrocarbon degradation (40). It is likely that the
growth of BPCI in the consortium was beneficial to benzo-
[a]pyrene mineralization, as was the supernatant liquid filtrate
of the BPC1 pure culture.

Characteristics of strain BPC1. A phylogenetic analysis per-
formed with 16S rDNA sequences indicated that strain BPC1
was most closely related to R. lindaniclasticus strain RP5557
(98% identity). R. lindaniclasticus was isolated because of its
ability to degrade the environmentally persistent pesticide lin-
dane (39, 45); unfortunately, however, this strain is not extant
(D. Janssens, BCCM/LMG Bacteria Collection, personal com-
munication). The total DNA of strain BPC1 had a G+C con-
tent of 67.9 mol%, a value that differed slightly from the 63.0
mol% G+C content described for R. lindaniclasticus (39).
Physiological comparisons of strain BPC1 and R. lindaniclasti-
cus indicated that there were some differences between the two
organisms. Strain BPC1 was capable of utilizing some com-
pounds that R. lindaniclasticus was reported to be unable to
utilize (39), including p-fructose, b-mannose, maltose, lactose,
p-raffinose, glycogen, xylitol, N-acetylglucosamine, B-gentiobi-
ose, methyl alpha-glucoside, p-turanose, glucanate, and mal-
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onate. In addition, strain BPC1 was positive for arginine dihy-
drolase in phenotypic tests. Strain BPC1 was a gram-negative,
rod-shaped, nonmotile organism that was originally isolated by
directly spreading a dilution of the consortium culture on
dCGY agar plates (50). On dCGY agar plates, colonies of
strain BPC1 were translucent whitish yellow, smoothly circular,
0.2 to 2 mm in diameter, and slightly raised with regular edges.
The cells were approximately 0.8 to 1.2 wm long and 0.3 to 0.6
pm wide. Flagella were not observed by scanning electron
microscopy, and the cells divided by binary fission. In contrast
to strain RP5557, strain BPC1 failed to grow on nutrient agar
plates after 4 weeks of incubation at 30°C and, most notably,
was unable to utilize lindane in liquid culture growth assays.
Based on these results, we tentatively identified strain BPC1 as
a Rhodanobacter sp. strain. Further studies are needed to pro-
pose a new species for strain BPCI.

Conclusions. Rapid mineralization of environmentally rele-
vant concentrations of benzo[a]pyrene was stimulated by wa-
ter-soluble products obtained from a growing bacterial consor-
tium. Previous discussions regarding the biodegradation of
benzo[a]pyrene and most HMW PAHs (PAHs with more than
three rings) in nature have focused on the degradation of these
compounds by fortuitous metabolism. Typically, benzo-
[a]pyrene biodegradation by bacteria occurs through fortuitous
metabolism, in which benzo[a]pyrene-degrading organisms
grow on a primary PAH or hydrocarbon cosubstrate having
relatively low water solubility as a source of carbon and energy.
During growth on the cosubstrate, benzo[a]pyrene is biode-
graded. In a previous study (27), it was shown that benzo-
[a]pyrene mineralization occurred only when the consortium
was supplied with a suitable hydrocarbon cosubstrate. In this
study, we determined that biologically produced aqueous-
phase compounds may stimulate benzo[a]pyrene mineraliza-
tion by a consortium.

Solubilization of benzo[a]pyrene into the culture suspension
seems to be an essential step for rapid mineralization of the
compound by the consortium. Rhodanobacter sp. strain BPC1
was identified as a bacterial strain in a population involved in
this solubilization step. Interestingly, although strain BPC1 was
unable to grow on diesel fuel constituents and benzo[a]pyrene
in pure culture, it grew in the consortium fed HBD and ben-
zo[a]pyrene, probably by utilizing metabolites produced by fel-
low members. We therefore believe that mineralization of ben-
zo[a]pyrene is a cooperative task involving bacteria with
specialized niches, and this may be a reason why we have failed
to isolate bacteria capable of degrading and mineralizing ben-
zo[a]pyrene.

Although benzo[a]pyrene mobilization and mineralization
were also influenced by other isolates in the consortium, strain
BPC1 was the most active organism. Ten organisms belonging
to the consortium were preliminarily identified previously by
molecular community analyses (27). Five of the eight isolates
that were recovered from the consortium in the present study
were members of the same genera that contain these previ-
ously identified organisms. However, when the isolates were
recombined into an eight-member gnotobiotic consortium,
benzo[a]pyrene was not biodegraded. Indeed, it seems that a
key strain that is needed to support benzo[a]pyrene mineral-
ization by providing either cofactors or metabolites to strain
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BPC1 or by acting directly in the benzo[a]|pyrene biotransfor-
mation process has yet to be recovered.

Research developments over the past 10 years have helped
shape the idea that microbial consortia as entities may be more
versatile and effective in cleaning up environmental pollution.
Indeed, microbial cooperation may promote broader and more
efficient in situ degradation of complex pollutant mixtures (49).
Recently, the use of microbial consortia has gained widespread
support due to advances in molecular biology and the resulting
ability of microbiologists to study and monitor such popula-
tions (13). Microbial consortia may possess more potential for
cleaning up polluting waste because the organisms comple-
ment each other through interdependence. Unraveling the mi-
crobial consortium black box is a difficult task, especially when
the organisms are growing on complex substrates, such as fuel
products. However, knowledge can be garnered from biocon-
sortium studies and can contribute to our understanding of
these microecosystems. Future investigations of the types and
properties of the compound(s) produced by Rhodanobacter
strain BPC1 during the NAPL-benzo[a]pyrene hydrocarbon
biodegradation process are planned.
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