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The diversity of indigenous bacteria in sediments from several sites in the Elizabeth River (Virginia)
able to degrade multiple polycyclic aromatic hydrocarbons (PAHs) was investigated by the use of classical
selective enrichment and molecular analyses. Enrichment cultures containing naphthalene, phenan-
threne, fluoranthene, or pyrene as a sole carbon and energy source were monitored by denaturing gradient
gel electrophoresis (DGGE) to detect changes in the bacterial-community profile during enrichment and
to determine whether the representative strains present were successfully cultured. The DGGE profiles of
the final enrichments grown solely on naphthalene and pyrene showed no clear relationship with the site
from which the inoculum was obtained. The enrichments grown solely on pyrene for two sample sites had
>80% similarity, which suggests that common pyrene-degrading strains may be present in these sedi-
ments. The final enrichments grown on fluoranthene and phenanthrene remained diverse by site, sug-
gesting that these strains may be influenced by environmental conditions. One hundred and one isolates
were obtained, comprising representatives of the actinomycetes and alpha-, beta-, and gammaproteobac-
teria, including seven novel isolates with 16S rRNA gene sequences less than 98% similar to known strains.
The ability to degrade multiple PAHs was demonstrated by mineralization of 14C-labeled substrate and
growth in pure culture. This supports our hypothesis that a high diversity of bacterial strains with the
ability to degrade multiple PAHs can be confirmed by the combined use of classical selective enrichment
and molecular analyses. This large collection of diverse PAH-degrading strains provides a valuable
resource for studies on mechanisms of PAH degradation and bioremediation.

Polycyclic aromatic hydrocarbons (PAHs) are common
ubiquitous compounds found worldwide in soils and sediments
as a result of both natural and anthropogenic production (7).
High-molecular-weight PAHs from anthropogenic sources can
reach toxic concentrations that are detrimental to the environ-
ment and human health (1, 23, 25, 33). These compounds
persist in the environment and, due to their hydrophobicity,
become associated with particulate matter, such as clays and
humics, that are deposited in soils and sediment. PAHs are
lipophilic and have the potential to biomagnify through the
food chain (18). Recently, the U.S. Department of Health and
Human Services listed 15 PAHs as being carcinogenic (32).

The use of conventional remediation approaches, such as
dredging and incineration, can be costly and may cause further
damage to the environment by dispersing PAHs and making
them more bioavailable. PAHs are naturally degraded by mi-
croorganisms (18, 19, 26, 27), so an understanding of the

microbial processes occurring at contaminated sites may sug-
gest bioremediation strategies that could be effective in reduc-
ing PAH concentrations below toxic levels. Previous studies
have resulted in the successful isolation of PAH-degrading
bacteria from contaminated environmental samples (4, 5, 10,
35), including aquatic sediments (8, 9, 12, 13, 14, 15). In gen-
eral, these studies have relied on selective enrichment in min-
imal media supplemented with naphthalene, pyrene, and/or
phenanthrene, but the diversity of bacterial assemblages in
enrichments has not been monitored by molecular approaches
and it has not been clear whether many of the strains enriched
in the liquid media have subsequently been successfully iso-
lated on plates and obtained in pure culture. The diversity of
microbes involved in PAH degradation in the environment has
also been studied by molecular approaches using primers or
probes that can be used to measure PAH degradation potential
(3, 22, 30).

There are advantages to successfully isolating and growing
PAH-degrading isolates compared to using molecular tech-
niques to demonstrate their presence in environmental sam-
ples. First, isolates can be examined in detail to elucidate links
between phylogeny and catabolic capability and to examine
processes such as horizontal gene transfer. For example, Hed-
lund and Staley (15) found that Pseudoalteromonas strains with
identical 16S rRNA gene sequences varied in the suite of
PAHs that they could degrade and had likely acquired a gene
coding for a naphthalene-degrading enzyme by horizontal
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transfer. Second, isolates can be identified that degrade PAHs
but do not contain genes with high homology to known genes
implicated in PAH degradation (15, 36). These isolates can
then be studied as sources of highly divergent or novel PAH-
degrading enzymes. Third, strains may be useful in bioaugmen-
tation of PAH-contaminated sites for bioremediation. Micro-
cosm and pilot-scale studies testing bioaugmentation have
often given poor results (17), but it is conceivable that out-
comes could be better with novel isolates that have not yet
been tested for environmental persistence and PAH degrada-
tion metabolic capability.

Our hypothesis was that a high diversity of bacterial strains
with the ability to degrade multiple PAHs can be confirmed by
combining the use of selective enrichment and molecular anal-
yses to follow the enrichment process and to characterize those
isolates that could be maintained in pure culture. We used
naturally occurring aerobic bacterial communities in estuarine
sediments contaminated with PAHs as inocula to establish a
series of enrichment cultures. Our goal was twofold: (i) to
monitor the population shifts during enrichment on different
substrates by using molecular approaches, including denatur-
ing gradient gel electrophoresis (DGGE), PCR, and 16S
rRNA gene sequencing, and (ii) to obtain novel isolates with
the ability to degrade multiple PAHs.

MATERIALS AND METHODS

Sediment samples. Sediment samples were collected from three sites desig-
nated L, RC, and P16 in the Elizabeth River, Norfolk, VA (Fig. 1). Each site was
located just offshore from oil storage tanks and next to fueling piers. The site L
sediment sample was collected at a water depth of 5 m at 15°C, pH 7.2, 1.7%
(wt/wt) salinity, and dissolved oxygen (DO) at 76% saturation. The sample from
site RC was collected at a water depth of 1.4 m at 19°C, pH 7.3, 1.6% (wt/wt)
salinity, and DO at 85% saturation. The sample from site P16 was collected at a
water depth of 1 m at 20°C, pH 7.2, 1.5% (wt/wt) salinity, and DO at 89%
saturation. The samples were transported to the laboratory on ice and stored at
4°C until they were analyzed. The presence of PAH contamination in the sedi-
ment samples was confirmed by solvent extraction (accelerated solvent extractor;
Dionex, Sunnyvale, CA) and gas chromatography-mass spectrometry analysis
using a Hewlett-Packard model 6890 gas chromatograph with a 5973 mass se-
lective detector (Agilent Technologies, Palo Alto, CA), as described previously
(34).

Media. Bushnell-Haas (BH) minimal medium (Sigma-Aldrich Co., St. Louis,
MO) with 1.5% NaCl was used for enrichment cultures and isolation. Solid
medium contained 1.5% (wt/vol) Noble agar (Difco Laboratories, Detroit, MI).
PAHs were purchased from Sigma-Aldrich Co. Stock concentrations (50 mg/ml)
of phenanthrene, fluoranthene, pyrene, chrysene, and benzo[a]pyrene were pre-
pared in acetone, while naphthalene was dissolved in methanol at a final con-
centration of 100 mg/ml. Phenanthrene, fluoranthene, and pyrene were over-
sprayed onto a solid agar medium after streak plating of bacteria (20).
Naphthalene dissolved in methanol was applied to a petri dish lid, the methanol
was allowed to evaporate, and volatile naphthalene was the sole carbon and
energy source for microbes on BH agar plates.

Enrichment cultures and isolation. Four �1-g sediment samples were inocu-
lated into separate Erlenmeyer flasks containing 100 ml BH minimal medium
and 1.5% (wt/vol) NaCl. One of the following PAHs (5 mg) served as the sole
carbon and energy source for growth: naphthalene, phenanthrene, fluoranthene,
or pyrene. The PAHs were added to empty flasks, the solvent was allowed to
evaporate, and liquid medium was added, followed by an inoculum. An addi-
tional culture flask was set up for each sample site with no added carbon source
to serve as a negative control. Two successive enrichments were prepared, with
1% (vol/vol) culture fluid used as the inoculum for each subculture at 3-week
intervals. The cultures were incubated aerobically at room temperature with
shaking at 175 rpm. The initial enrichment culture was designated A, and the
second and third subcultures were designated B and C. To obtain PAH-degrad-
ing isolates, the B and C enrichments were diluted in BH, plated on BH agar
plates, and sprayed with the same PAH used in the enrichment. Colonies sur-
rounded by zones of clearing were subcultured to BH agar plates and sprayed

with the same PAH. Replicate plating was done using LB agar plates, BH agar
plates sprayed with PAH, and BH agar plates without PAH (control). The
criterion for selection of naphthalene-degrading strains was enhanced growth on
plates with added substrate compared to the control plates without added sub-
strate. Selected pyrene-degrading isolates from pyrene spray plates were subcul-
tured to BH agar plates and oversprayed with either fluoranthene, chrysene,
benzo[a]pyrene, dibenzo[a,i]pyrene, or a mixture of phenanthrene/pyrene for
cometabolism studies.

Liquid culture and mineralization. Twelve isolates representing each genus
were grown in liquid culture tubes containing 4 ml (BH) minimal medium and
0.5 mg of one of the following PAHs: naphthalene, phenanthrene, fluoranthene,
pyrene, chrysene, or benzo[a]pyrene. Percent transmittance was measured at 540
nm on a Spectronic 20 (Milton Roy Company) to monitor growth. Overnight
cultures grown in LB broth (Difco Laboratories) were diluted 1:20 in BH min-
imal medium for use as inocula in the mineralization experiment. PAH miner-
alization was determined with 14C-labeled substrates by a method modified from
previous studies (6, 11, 31). One milliliter of the diluted culture fluid was injected
into a 40-ml prestoppered serum vial charged with one of the following
14C-labeled substrates: 1.76 �g [14C]naphthalene, 18.6 mCi/mmol; 1.33 �g
[14C]phenanthrene, 9 mCi/mmol; 0.91 �g [14C]fluoranthene, 45 mCi/mmol; or
0.34 �g [14C]pyrene, 55 mCi/mmol (Sigma-Aldrich Co.). Vials were prepared in
quadruplicate, with one vial serving as an acidified control. Each stopper also
contained NaOH-soaked filter paper suspended in the headspace. After incuba-
tion for 46 h, samples were acidified with 1 ml 1 M H2SO4 and incubated
overnight. The filter papers were removed and placed into vials containing 5 ml
scintillation cocktail. Disintegrations per minute were measured on a Beckman
LS6500 scintillation counter, and the values were used to calculate mineraliza-
tion. Mineralization rates were calculated from the 14CO2 recovered and the
specific activity of the initial 14C-labeled substrate.

DNA preparation. Total-community DNA was extracted from each sediment
sample using a PowerSoil DNA extraction kit (Mo Bio Laboratories, Inc., Carls-
bad, CA) in accordance with the manufacturer’s instructions. Total DNA from
enrichment cultures was similarly extracted at 3-week intervals at the time of
subculturing. Genomic DNA was obtained from isolates by using an UltraClean
microbial DNA extraction kit (Mo Bio Laboratories, Inc.).

DGGE-PCR. Whole-community DNA from each enrichment was subjected
to PCR amplification using primers p3-GC (29) and p907R (28) targeting the
V3-to-V5 region of the 16S rRNA gene. The final PCR mixture (50 �l)
consisted of 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.0 mM MgCl2, 200 �M
of each deoxynucleoside triphosphate, 1.0 �M (each) of forward and reverse
primers, 1.0 U of AmpliTaq DNA Polymerase LD (Applied Biosystems,
Foster City, CA), and 2.5 �l of template DNA. Amplification was performed
in a Perkin-Elmer GeneAmp PCR System 9700 thermocycler (Applied Bio-
systems) with cycling as follows: an initial denaturation step at 95°C for 5 min,
followed by 30 cycles of 92°C for 1 min, 56°C for 1 min, and 72°C for 3 min.
A final extension step at 72°C for 30 min was included to reduce the possi-
bility of double band formation (16). DGGE was performed on the PCR
products as follows. Samples were loaded onto a 6% polyacrylamide gel with
a denaturing gradient of 40% to 60%. Electrophoresis was accomplished

FIG. 1. Locations of the three sample sites along the southern
branch of the Elizabeth River in Virginia.
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using a DCode Universal Mutation Detection System (Bio-Rad, Hercules,
CA) run at 75 V and 60°C for 18 h. Bands were visualized by staining them
with SYBR Green I (Molecular Probes, Eugene, OR). The gel was digitized
with the UVP/EC3 BioImaging System (UVP, Inc., Upland, CA) and ana-
lyzed with BioNumerics software (Applied Maths, Inc., Austin, TX). Den-
drograms were constructed using percent similarities from unweighted-pair
group method using average linkages and Dice coefficients. Band position
tolerance and optimization were set at 1.3 and 0.17%, respectively.

16S rRNA gene sequencing. 16S rRNA genes from PAH-degrading isolates were
PCR amplified from genomic DNA with primers 27F and 1492R (21). The final
PCR mixture (25 �l) consisted of 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM
MgCl2, 200 �M of each deoxynucleoside triphosphate, 1.0 �M each of forward and
reverse primer, 1.0 U of AmpliTaq DNA Polymerase LD (Applied Biosystems), and
0.5 �l of template DNA. Amplification was performed in the thermocycler with
cycling as follows: an initial denaturation step at 95°C for 5 min, followed by 40 cycles
of 92°C for 30 s, 55°C for 30 s, and 72°C for 30 s, and finally a 3-min extension step
at 72°C. The amplified PCR products were excised from a 1.0% agarose gel and
purified using the UltraClean GelSpin DNA purification kit (Mo Bio Laboratories,
Inc.). The purified product was directly sequenced using published universal primers.
Bands chosen for sequencing were excised with a sterile razor blade. The gel slices
were soaked in 200 �l double-distilled H2O at room temperature for 1 h and
centrifuged, and the supernatant was discarded. One hundred microliters double-
distilled H2O was added to the tube, which was incubated at 4°C overnight. One
microliter was used for reamplification with the same primers used for DGGE-PCR
(the GC clamp was removed from primer p3-GC). The products were purified as
described above and sequenced with the same primers used for reamplification.
Partial 16S rRNA gene sequences were obtained using BigDye cycle sequencing on
an ABI 310 genetic analyzer (Applied Biosystems). All sequences obtained were
compared to available databases using the Basic Local Alignment Search Tool
(BLAST) (2).

Nucleotide sequence accession numbers. The 16S rRNA gene sequences have
been deposited in GenBank under accession numbers EU167937 to EU168037
and EU168038 to EU168066 for isolates and DGGE bands, respectively.

RESULTS

Enrichment and isolation. Enrichment cultures were har-
vested 3 weeks after inoculation. Positive growth was deter-
mined by an increase in the turbidity of the flasks containing
PAH as a sole carbon and energy source compared to the
negative control flasks. Serial dilutions of enrichment cultures
were plated on solid media and oversprayed with PAHs, en-
abling selection of colonies surrounded by zones of clearing.
Representative colonies of different morphotypes from each
final enrichment were selected for further characterization
(see Table S1 in the supplemental material).

Substrate utilization. Selected isolates were tested for utili-
zation of additional PAHs (fluoranthene, chrysene, benzo[a]pyrene,
dibenzo[a,i]pyrene, and a mixture of phenanthrene/pyrene)
(see Table S2 in the supplemental material). Degradation was
indicated by zones of clearing surrounding individual colonies.
The isolates designated as showing growth with no clearing
demonstrated no obvious visible degradation of PAH. The rate
of degradation for these isolates may have been too low to
produce detectable clearing of the substrate; however, their
growth was enhanced compared with the no-PAH control
plate, strongly suggesting use of the substrate for growth. The
main finding here was that pyrene-degrading isolates were
generally able to degrade several additional PAHs. Twelve
isolates comprising representatives from each bacterial genus
isolated from the final enrichments were selected for mineral-
ization studies. Seven of the nine isolates from enrichments
grown on pyrene mineralized phenathrene and fluoranthene.
These isolates were related to Pusillimonas sp., Alcaligenes sp.,
Mycobacterium sp., Pseudomonas sp., Parvibaculum sp., Stappia
sp., and Microbacterium sp. In general, isolates degraded two
or more PAHs on the basis of mineralization (Table 1). In
some cases, strains showed growth in minimal medium with
PAHs as the sole carbon and energy source, but mineralization
could not be detected by assay for release of labeled CO2,
possibly because this release was below the detection limit for
the assay.

DGGE profile analysis. Fragments of 16S rRNA genes were
amplified from total-community genomic DNA by using prim-
ers p3-GC and p907r. The resulting fragments were approxi-
mately 566 bp in size and encompassed the variable region V3
to V5 of the 16S rRNA gene. Community DGGE profiles were
obtained from the three sampling site enrichment cultures
(Fig. 2). The C enrichment cultures showed a shift in diversity
and the emergence of a small number of dominant bands
compared to the corresponding A enrichments (Fig. 2). Den-
drograms of banding patterns from A and C enrichment cul-
tures were generated to examine the differences between sites
and substrates (Fig. 3). For the initial enrichment A, sites
clustered separately, indicating likely geographical differences
in the microbial communities in the sediment samples used as

TABLE 1. Substrate utilization by 12 representative isolates: mineralization rates and sole source degradationa

Isolate Source
Mineralization (�g C cell�1 day�1) � 10E�11 Degradation

N Ph F Py N Ph F Py C B�a�P

13-24 L-C-N 95.7 � 16.1 15.5 � 2.5 0 0 � � � � � �
15-27 P16-C-N 1,005.2 � 473.9 0 0 0 � � � � � �
16-17 R-C-Ph 0 414.9 � 306.4 0 6.2 � 2.4 � � � � � �
21-13 L-C-Py 0 539.3 � 129.7 323.4 � 108.8 170.0 � 89.2 � � � � � �
22-27 P16-C-Py 0 54.5 � 9.0 11.8 � 6.7 2.5 � 1.5 � � � � � �
22-29 P16-C-Py 0 581.7 � 438.6 149.6 � 44.4 168.6 � 29.5 � � � � � �
22-34 P16-C-Py 0 175.2 � 160.3 174.3 � 7.2 72.2 � 43.2 � � � � � �
22-39 P16-C-Py 0 323.8 � 82.1 225.2 � 49.5 194.6 � 13.5 � � � � � �
23-01 RC-C-Py 0 0 0 30.1 � 6.0 � � � � � �
23-04 RC-C-Py 0 0 0 0 � � � � � �
23-11 RC-C-Py 0 454.3 � 120.7 7.7 � 4.0 126.6 � 37.9 � � � � � �
23-44 RC-C-Py 0 149.3 � 0.7 20.9 � 4.2 34.4 � 7.8 � � � � � �

a L, RC, and P16 are the sediment sampling sites; C indicates the enrichment culture; N, naphthalene; Ph, phenanthrene; F, fluoranthene; Py, pyrene; C, chrysene;
B�a�P-benzo�a�pyrene. Microbial growth was measured as the increase in turbidity (percent transmittance at 540 nm). � indicates growth in medium with the specified
PAH as the sole carbon and energy source, and � indicates no growth.
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inocula. After two further enrichments, banding patterns for
fluoranthene and phenanthrene in C enrichment cultures (Fig.
3b) remained clustered according to the initial sampling sites
from which the enrichments were inoculated. However, the C
enrichment cultures grown on naphthalene and pyrene were
not clustered according to the site from which the inoculum
was obtained.

16S rRNA gene sequencing. A total of 101 PAH-degrading
isolates were obtained in culture and characterized by 16S
rRNA sequence analysis. Seven isolates were novel, according
to the criterion that they were 97% or less similar to known

isolates based on the 16S rRNA gene sequence (see Table S1
in the supplemental material).

Selected bands from DGGE gels were characterized by 16S
rRNA gene sequence analysis (Fig. 4). A common band in en-
richments grown on the substrates fluoranthene and phenan-
threne for all three sites is represented by RC-F-C3, L-F-C2,
P16-F-C2, RC-Ph-C3, L-Ph-C2, and P16-Ph-C4 (Fig. 4). The re-
spective sequences from these six bands had 100% identity and
clustered together with a sequence from Novosphingobium pen-
taromativorans (AF502400) (Fig. 5). A band in the corresponding
position was also present in the enrichments grown solely on
pyrene, but only from site L.

Isolates obtained from C enrichments were compared with
DGGE analyses of those enrichments. A dendrogram illustrat-
ing phylogenetic relationships between the isolates and bands
excised from DGGE gels is shown in Fig. 5. The DGGE se-
quences formed six phylogenetic groups on the basis of 16S
rRNA gene sequence analysis, with representatives from the
alphaproteobacteria, betaproteobacteria, gammaproteobacte-
ria, Actinomycetes, Planctomycetes, and the Cytophaga-Flexi-
bacter-Bacteroides (CFB) group. Isolates were related to the
Actinobacteria (48.5%), alphaproteobacteria (31.7%), gamma-
proteobacteria (14.8%), and betaproteobacteria (5%). None
belonged to the Planctomycetes or the CFB group, although
these groups were represented in the DGGE analysis. Most
isolates grouping with the Actinomycetes were related to the
genus Mycobacterium. These isolates showed strain differences
based on growth substrates, with isolates obtained from the
enrichments grown solely on fluoranthene and pyrene group-
ing with Mycobacterium sacrum and Mycobacterium gilvum, re-
spectively.

Sequences from five DGGE bands showed high homology to
sequences of isolates from the same enrichment from which
the DGGE bands were excised. The sequence for band L-
Ph-C2 from the site L enrichment grown solely on phenan-
threne is most similar to those for isolates 17-30 to 17-34 (see
Table S1 in the supplemental material) and was matched by
BLAST to the genus Novosphingobium. Matching the genus
Mycobacterium were the sequences recovered from site P16
enrichment grown solely on pyrene from DGGE band P16-
Py-C4 and the isolates 22-28, 22-29, and 22-35 to 22-37. Band
P16-N-C7 from the P16 site enrichment grown solely on naph-
thalene was found to be most similar to isolates 15-27, 15-31,
15-39, and 15-41 and matched an uncultured bacterium. From
site RC, the sequence obtained for band RC-Ph-C3 was most

FIG. 2. Comparison of site enrichments by substrate, demonstrating the shift of predominant bands from the first enrichment (A) to the third
enrichment (C). For site P16, the A enrichment for naphthalene did not amplify (no DGGE gel). (i) Site L enrichments. (ii) Site P16 enrichments.
(iii) Site RC enrichments. PAHs are indicated as follows: F, fluoranthene; Ph, phenanthrene; Py, pyrene; N, naphthalene.

FIG. 3. Dendrograms of DGGE lanes from the initial enrichment
culture, A (a), and the final enrichment culture, C (b), of sediments from
the three sampling sites. Samples are labeled with the site identifier, the
PAH used in the enrichment (F, fluoranthene; Ph, phenanthrene; Py,
pyrene; N, naphthalene), and an A or C, designating the enrichment.
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similar to those for isolates 16-13, 16-15 to 16-17, and 16-21
cultured from the enrichment grown solely on phenanthrene.
These sequences were matched by BLAST to the genus No-
vosphingobium. Also from site RC, band RC-Py-C8 was most
similar to isolates 23-03, 23-05 to 23-10, 23-12, 23-14 to 23-18,
23-22 to 23-27, 23-29 to 23-34, 23-37, 23-42, 23-45, and 23-46
cultured from the enrichment grown solely on pyrene and
matched the genus Mycobacterium by BLAST analysis. The
length of the DGGE fragment analyzed was only ca. 560 bp.
Phylogenetic assignment based on this fragment should there-
fore be made cautiously, and we have limited assignments to
the genus rather than the species level.

DISCUSSION

Selective cultures for enrichment of PAH-degrading strains
were monitored by DGGE to detect changes in the bacterial-
community profile during enrichment and to determine
whether representative strains present in the enrichments were
successfully cultured. Culturable PAH-degrading strains were
obtained from these enrichments. Comparison of 16S rRNA
gene sequences from bands excised from DGGE gels and from
these isolates confirmed that key groups of PAH-degrading
strains present in contaminated aquatic sediments from the
Elizabeth River were successfully isolated and obtained in pure

culture. Of the collection of 101 PAH-degrading isolates ob-
tained in culture, 7 isolates were novel, using the criterion that
they were 97% or less similar to known isolates based on the
16S rRNA gene sequence. This finding supports the hypothesis
that a high diversity of bacterial strains with the ability to
degrade multiple PAHs can be confirmed by the combined use
of classical selective enrichment and molecular analyses. The
collection of PAH-degrading bacteria from Elizabeth River
sediments is a valuable resource for studies on mechanisms of
PAH degradation and bioremediation.

Many of the bacteria present in the enrichments were suc-
cessfully brought into culture. Four of the major groups (acti-
nomycetes and alpha-, beta, and gammaproteobacteria) shown
to be present by the DGGE analysis were represented in the
set of isolates, although representatives of the Planctomycetes
and the CFB group were not cultured. PAH-degrading strains
in the Mycobacterium and Novosphingobium groups were par-
ticularly well represented in both the DGGE analysis and the
collection of isolates. The cultivation methods and approach of
selective enrichments carefully monitored by molecular analy-
ses used in this study may be of general utility in successfully
obtaining novel PAH-degrading strains from contaminated en-
vironments other than the Elizabeth River.

The dendrogram for initial enrichments (Fig. 3a) shows the

FIG. 4. DGGE comparison of microbial communities in C enrichments on various PAH substrates. The gel lane labels correspond to the enrichment
cultures in Fig. 3b. The arrows indicate the bands excised and sequenced. Sequences common to all three sites are indicated by asterisks.
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three sampling sites clustering separately. Since the initial en-
richments most closely resemble the original sediment compo-
sition, this clustering indicates a difference in the indigenous
microbial populations over a short geographic distance (the
three sites are within 1 mile of each other). DGGE profile
differences in bacterial communities enriched on different
PAHs (Fig. 4) were clearly evident in final enrichments for all
substrates tested. The DGGE profiles of the final enrichments
grown solely on naphthalene and pyrene showed no clear re-
lationship between the site from which the initial inocula were
obtained and the resultant microbial-community profiles after
enrichment on these substrates. In fact, the enrichments grown
solely on pyrene for sample sites L and RC had a greater than
80% similarity in banding patterns, which suggests that com-
mon pyrene-degrading strains may be present in these sedi-
ments. On the other hand, the final enrichments grown solely
on fluoranthene and phenanthrene remained clustered by site
(Fig. 3b), suggesting that fluoranthene- and phenanthrene-
degrading strains may be more specialized for conditions
found at each site rather than being ubiquitous in Elizabeth
River sediments.

Very few bands present in the DGGE of the initial enrich-

ments comigrated with dominant bands present in the DGGE
from each of the respective substrate-specific final enrich-
ments. In a previous study (24), an experimental inoculum of
natural hydrocarbon-degrading strains was isolated from beach
sand near the experimental site and enriched on light crude oil
before being sprayed onto experimental plots. Comparison of
the DGGE gel obtained from the enriched inoculum with the
DGGE gels obtained from the contaminated sites showed
markedly different microbial-community profiles (24). This ob-
servation and our finding of major shifts in bacterial-commu-
nity structure during enrichment on specific substrates demon-
strate the power of the selection process in the isolation of
strains that are present only as minor components in the orig-
inal environmental communities. Further study is necessary to
determine the contributions of these minor components to the
degradation of PAHs in the environment. The large collection
of PAH-degrading strains obtained during our study provides a
valuable resource for detailed examination of the PAH-cata-
bolic potential of environmental isolates and identification of
highly divergent or novel functional genes associated with the
degradation of PAHs and may include isolates of utility for the
bioaugmentation of contaminated sites.

FIG. 5. Dendrogram of 16S rRNA gene sequences from isolates obtained from C enrichments and from bands excised from DGGE gels
obtained from C enrichments. Isolate and DGGE bands are distinguished by red and blue labels, respectively.
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