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Phenanthrene- and naphthalene-degrading bacteria were isolated from four offshore and nearshore loca-
tions in the Gulf of Mexico by using a modified most-probable-number technique. The concentrations of
these bacteria ranged from 10> to 10° cells per ml of wet surficial sediment in mildly contaminated and
noncontaminated sediments. A total of 23 strains of polycyclic aromatic hydrocarbon (PAH)-degrading bac-
teria were obtained. Based on partial 16S ribosomal DNA sequences and phenotypic characteristics, these 23
strains are members of the genus Cycloclasticus. Three representatives were chosen for a complete phylogenetic
analysis, which confirmed the close relationship of these isolates to type strain Cycloclasticus pugetii PS-1, which
was isolated from Puget Sound. PAH substrate utilization tests which included high-molecular-weight PAHs
revealed that these isolates had similar, broad substrate ranges which included naphthalene, substituted
naphthalenes, phenanthrene, biphenyl, anthracene, acenaphthene, and fluorene. Degradation of pyrene and
fluoranthene occurred only when the strains were incubated with phenanthrene. Two distinct partial PAH
dioxygenase iron sulfur protein (ISP) gene sequences were PCR amplified from Puget Sound and Gulf of
Mexico Cycloclasticus strains. Phylogenetic analyses of these sequences revealed that one ISP type is related to
the bph type of ISP sequences, while the other ISP type is related to the nah type of ISP sequences. The
predicted ISP amino acid sequences for the Gulf of Mexico and Puget Sound strains are identical, which
supports the hypothesis that these geographically separated isolates are closely related phylogentically. Cy-
cloclasticus species appear to be numerically important and widespread PAH-degrading bacteria in both Puget

Sound and the Gulf of Mexico.

Polycyclic aromatic hydrocarbons (PAHs) are a group of
compounds composed of two or more fused aromatic rings that
are formed by incomplete combustion of organic matter. A
variety of PAHs, ranging from naphthalene to high-molecular-
weight PAHs such as benzo(a)pyrene, are found in the marine
environment. Localized accumulations can occur as a result of
human activities, such as industrial processes, or as a result of
natural events, such as forest fires and petroleum seeps. Some
PAHs are toxic; others are carcinogenic to marine organisms
and may transferred to humans through seafood consumption
(42, 44, 52, 53).

Work in our laboratory focusing on PAH-degrading bacteria
in Puget Sound, Washington, has implicated several new taxa
in PAH degradation. Members of one of the new taxa, the
genus Cycloclasticus, have been isolated at several locations in
Puget Sound from both contaminated and noncontaminated
sediments (16, 25). Cycloclasticus strains have been found in
Eagle Harbor, Puget Sound, a creosote-contaminated Environ-
mental Protection Agency Superfund site, as well as in non-
contaminated sediments in Puget Sound (25). These strains
grow by using a limited number of organic compounds, includ-
ing the aromatic hydrocarbons biphenyl, naphthalene, phenan-

* Corresponding author. Present address: Northwest Fisheries Sci-
ence Center, National Marine Fisheries Service, National Oceanic and
Atmospheric Administration, 2725 Montlake Boulevard East, Seattle,
WA 98112-2013. Phone: (206) 860-3301. Fax: (206) 860-3335. E-mail:
Allison.Geiselbrecht@noaa.gov.

T Present address: Department of Microbiology, The Ohio State
University, Columbus, OH 43210.

4703

threne, and toluene, as sole carbon sources. They grow poorly
on complex bacteriological media containing no aromatic com-
pounds and require at least 10%o salinity for growth (16).
Phylogenetically, their closest known relatives are the genera
Methylobacter and Methylomonas, as well as several uncultured
marine sulfur-oxidizing gill symbionts and an uncultured envi-
ronmental clone from the Santa Barbara channel, FL5 (8,
11-14). The type strain of the new genus Cycloclasticus is
Cycloclasticus pugetii PS-1.

A Cycloclasticus strain, “Cycloclasticus oligotrophus” RB1,
has been isolated by the dilution culture technique from the
water column in Resurrection Bay, Alaska (5). “C. oligotro-
phus” RB1 is also capable of using a variety of aromatic com-
pounds, such as toluene and o-, m-, and p-xylenes, as sole
carbon sources (61). Thus, members of the aromatic hydrocar-
bon-degrading genus Cycloclasticus appear to be widespread in
Pacific nearshore coastal environments.

While PAH degradation has been well-characterized in ter-
restrial isolates, little is known about the mechanisms by which
obligately marine bacteria, such as members of the genus Cy-
cloclasticus, catabolize PAHs. Previously characterized systems
in terrestrial isolates, such as Pseudomonas putida isolates,
utilize a PAH dioxygenase to catalyze the first step in PAH
catabolism. Dioxygenases consist of three components; these
three components are a reductase, a ferredoxin, and a compo-
nent consisting of two proteins, large and small iron sulfur
protein (ISP) subunits (17, 18, 54, 55). Recently, Wang et al.
cloned and sequenced a 5.7-kbp DNA fragment from the
marine isolate “C. oligotrophus” RB1 (61). This DNA region
contains genes that encode proteins homologous to the large-
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FIG. 1. Locations of sampling sites in the Gulf of Mexico. Sediment samples
were collected at offshore sites MAI-686 and MU-ASS5 as part of the Gulf of
Mexico offshore operations monitoring experiment, phase 1 (35, 36).

subunit (XylC1) and small-subunit (XylC2) biphenyl dioxy-
genases of the terrestrial bacteria Pseudomonas pseudoalcali-
genes BphAl (ISP large subunit) and P. pseudoalcaligenes
BphA2 (ISP small subunit) (60) (which exhibit 67.5 and 63.3%
amino acid identity, respectively, to XylCl and XylC2 of
“C. oligotrophus” RB1). These ISP subunits have been shown
to be crucial for aromatic substrate specificity for biphenyl, ben-
zene, and related compounds in the P. putida F1 tod and
P. pseudoalcaligenes KF707 bph gene clusters (33). In another
study, the polychlorinated biphenyl (PCB) substrate range of
PCB-degrading strain P. pseudoalcaligenes KF707 was expand-
ed by using directed mutagenesis to alter four amino acids in
the large ISP subunit bphAI so that they more closely resem-
bled the amino acids in the bphA large ISP subunit of Burk-
holderia cepacia 1.B400, which has a broader PCB substrate
range (20). Therefore, ISP dioxygenase sequences may help
predict the PAH-degradative capabilities of an organism, but
more data is needed.

Little is known about PAH-degrading bacteria in the Gulf of
Mexico, despite the potential for PAH contamination from
offshore hydrocarbon drilling and production, as well as a
history of major oil spills. In addition, fairly high background
hydrocarbon concentrations (up to 70 ppm) are found in the
shallow nearshore areas west of the Mississippi River delta and
in the vicinity of Galveston Bay (2). Previous studies have
indicated that chronic exposure to this level of petroleum hy-
drocarbons results in a microbial community that is adapted to
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hydrocarbons (6, 7, 28), and contains correspondingly higher
concentrations of hydrocarbon-degrading bacteria. Our study
was undertaken to determine if PAH-degrading bacteria like
the Cycloclasticus spp. found in Puget Sound occur in the Gulf
of Mexico, despite the geographic separation of the two sites
and if they do, how the PAH-degradative capabilities of the
strains compare.

MATERIALS AND METHODS

Sediment sampling. Sediment samples were collected from nearshore and
offshore sites in January 1994 (Fig. 1 and Table 1). Surficial sediment samples
were collected from nearshore sites (R. A. Apfel Beach Park and Texas City) at
a water depth of 1.5 m by using sterile 60-ml syringes that had been modified into
coring devices by removing the tips and beveling the edges. Samples were ob-
tained at offshore sites MAI-686 and MU-A85 with a boxcore apparatus. Near-
shore sediments were processed immediately, whereas offshore sediments were
kept at 4°C until processing.

Enumeration and isolation of PAH-degrading microorganisms. The surficial
(aerobic) 1-cm portions of sediments were used as the inocula for the most-
probable-number (MPN) preparations used to enumerate PAH-degrading bac-
teria, as described previously (9, 25). Briefly, the PAH MPN technique involved
serially diluting wet sediments with artificial seawater containing PAHs as sole
carbon sources. Tubes were scored positive or negative on the basis of PAH
degradation. After incubation for approximately 5 months, the most dilute tubes
that showed color changes indicative of PAH degradation (45) were used for
isolation. Samples from positive MPN tubes were streaked onto plates containing
marine salts solution ONR7a (16) solidified with 0.8% agarose. Phenanthrene or
naphthalene was used as the sole carbon source; these PAHs were provided in
the vapor phase by placing approximately 1 mg of PAH in the lid of each plate
and storing the plates inverted and wrapped in Parafilm. Colonies that were
capable of growing with either of these PAHs as a sole carbon source were
picked and inoculated into an ONR7a solution containing the appropriate PAH
in crystal form at a concentration of approximately 1 mg ml~'. Colony morphol-
ogy was observed with a dissecting microscope at a magnification of X4. Colonies
were picked with an inoculating needle. After repeated restreaking, pure cultures
were obtained for further study. The resulting colonies were small, and at least
2 weeks was required for visible growth to occur.

PCR, cloning, and sequencing of 16S rDNA. Total genomic DNA for 16S
ribosomal DNA (rDNA) amplification was isolated from 1.5 ml of late-log-phase
cells grown in ONR7a broth containing phenanthrene or naphthalene crystals by
using InstaGene (Bio-Rad, Hercules, Calif.). PCR amplification of the 16S
rDNA genes was carried out by using the buffer and primers described previously
(16); the thermal cycling parameters used have also been described previously
(25). Primers and free nucleotides were removed from PCR mixtures by using a
Prep-A-Gene kit (Bio-Rad). 16S rDNA PCR products were sequenced directly
by using 16S rDNA-specific forward and reverse primers (16) and 100 ng of DNA
per sequencing reaction mixture. The following two additional primers were
designed and utilized to sequence the ends of the 16S rDNA PCR product in
order to ensure bidirectional overlap: SP1 (5" TGCAGAGTTTGATCCTGG 3')
and SP15R (5" CCGGGTTTACCTTGTTACG 3'). For grouping and identifi-
cation purposes, partial 300-bp 16S rDNA sequences were obtained for each
strain by using forward primer SP3 (nucleotide positions 338 to 357 [Escherichia
coli 16S rDNA numbering]) (4). These sequences were used to determine a
similarity ranking with the SIM_RANK program obtained from the Ribosomal
Database Project (RDP) (39). In addition, these sequences were aligned with
each other and with the sequences of C. pugetii PS-1" (T = type strain) by using
the SeqApp program (27). Nucleotide differences were counted manually. The
complete 16S rDNA gene of three representative isolates was sequenced by using
16S rDNA-specific forward and reverse primers (16). Secondary structures were
aligned manually based on the closest relative provided by the RDP (29).

TABLE 1. Gulf of Mexico sampling data

Site No. of Date sampled Temp Depth Salinity Total PAH
Location Designation isolates (mo/day/yr or mo/yr) (°C) (m) (ppt) concn (ppb)
Neashore sites
Galveston Island 1 7 1/1/94 15 1.5 25 ND“
Texas City Pier 2 7 1/1/94 15 1.5 17 ND
Offshore sites”
Matagorda Island Field Block MAI-686 8 1/94 15.58 = 0.19 29 3412 £ 2.27 11.5
Mustang Island area MU-AS85 1 1/94 17.21 = 0.80 80 35.44 + 0.37 25

“ND, not determined.
’ Data from reference 35.
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Phylogenetic analysis. The following three representative PAH-degrading
strains were selected for complete 16S rDNA phylogenetic analysis: NOP-822A
(= strain G), NOP-122G1 (= strain E), and P-211B2 (= strain W). Initially,
the 16S rDNA sequences of these representative strains were aligned with the
most similar sequences in the RDP release 5.0 database (39) by using the ALIGN
_SEQUENCE program. The aligned sequences were imported into the sequence
editor SeqApp (27). Prealigned 16S rDNA sequences of the following organisms
were obtained from the RDP and were imported into SeqApp: Cycloclasticus sp.
strain N3-PA321 (GenBank accession no. U57920) (25), a methanotrophic sym-
biont of Louisiana Slope mussel gills (U05595) (12), a symbiont of Lucinoma an-
nulata (13) (M99449 and M994450), a symbiont of Lucinoma floridana (L25707)
(14), environmental clone FL5 (L10936) (8), and a symbiont of Codackia costata
gills (L25712) (14). In addition, the unaligned C. pugetii PS-1" sequence (acces-
sion no. L34955) was retrieved from the Genome Sequence DataBase (16) and
aligned as described above.

Trees were generated with branch and bound unweighted parsimony searches
by using PAUP, version 3.0s (56). The data set was resampled 100 times by us-
ing random sequence addition. A similar tree topology was generated with the
maximum-likelihood method by using the program DNAml in the PHYLIP,
release 3.57, package (21).

PCR, cloning, and sequencing of the large-subunit dioxygenase fragment.
Dioxygenase ISP gene fragments were isolated from Cycloclasticus strains PS-1T
and W by using the following degenerate PCR primers: pPAH-F (5" GGYAA
YGCNAAAGAATTCGTNTGYWSHTAYCAY 3’) and pPAH-NR700 (5" CC
AGAATTCNGTNGTRTTHGCATCRATSGGRTKCCA 3'). The PCR condi-
tions were identical to those described previously (25), except that the MgCl,
concentration in the PCR buffer was increased to 3.0 mM. AmpliTaq DNA
polymerase (Perkin-Elmer Cetus, Norwalk, Conn.) was used. The cycling tem-
perature parameters were as follows: one cycle consisting of 1 min at 96°C; 34
cycles consisting of 1 min at 94°C, 1.5 min at 42°C, and 2 min at 72°C; and a final
cycle consisting of 1 min at 94°C, 1.5 min at 42°C, and 7 min at 72°C. The 630-bp
amplified dioxygenase product was electrophoresed onto a 1% low-melting-point
agarose gel and removed from the gel. Due to the degeneracy of the primers,
various minor bands were visible, so a second round of cycling was performed
prior to cloning. After the gel slices were melted briefly, 4 wl of a gel slice was
used for a second set of PCR designed to amplify only the 630-bp product with
the conditions and parameters described above. The PCR product was cleaned
by removing the primers and free nucleotides with spin columns (Millipore,
Bedford, Mass.), digested with EcoRI (Gibco BRL, Gaithersburg, Md.), and
cloned into pBluescript KS+ (Stratagene, La Jolla, Calif.). Sequencing was
performed with 500 ng of purified DNA (Wizard Miniprep system; Promega,
Madison, Wis.) by using primers T3 and T7. An additional clone from a single-
round PCR was sequenced and was found to be identical.

In addition to the biphenyl type of ISP gene, the degenerate PCR protocol also
amplified a naphthalene type of ISP gene fragment from a Puget Sound Cyclo-
clasticus isolate (data not shown). Based on these findings, the following two
additional primers were designed that were specific for the Cycloclasticus naph-
thalene type of dioxygenase fragments (the introduced NorI restriction enzyme
site is underlined): pC-N1 (5" TGCTACCACGCGGCCGCGGATAGAGAT
TCG 3') and pC-N2 (5' TGGCGGCCGCAGGTTCTCTGCCACCTTGGG 3').
These primers were used in PCR as described previously (25), except that the
72°C extension time was decreased to 1 min during the thermal cycling. PCR
products were digested with NotI (Gibco BRL) and ligated into pBluescript KS+
(Stratagene). An additional clone obtained from a separate PCR was sequenced
and found to be identical.

Measurement of PAH degradation. PAH degradation experiments involved
growing cultures with individual PAHs as sole carbon sources and monitoring the
disappearance of the PAHs with a gas chromatograph equipped with a flame
ionization detector in comparison to sterile controls. Experiments were con-
ducted in triplicate in 20-ml Balch tubes fitted with Teflon-lined stoppers. The
PAHs were added as concentrated solutions in methylene chloride. Different
PAH concentrations were used so that the concentration of each PAH remained
below the saturation concentration in seawater. A final concentration of 5 ppm
of naphthalene, 5 ppm of 1-methylnaphthalene, 5 ppm of 2-methylnaphthalene,
or 5 ppm of biphenyl was used. Phenanthrene, fluorene, and acenaphthene were
each added at a concentration of 1 ppm, and dimethylnaphthalene was added at
a concentration of 0.5 ppm. In the co-PAH experiments, which involved adding
two PAHs simultaneously, 10 ppm of phenanthrene was added as a low-molec-
ular-weight PAH to each vial. Fluoranthene, pyrene, and chrysene were each
added at a concentration of 1 ppm as the high-molecular-weight PAHs. After the
methylene chloride evaporated, 5 ml of ONR7a (16) was added. The tubes were
vortexed for 30 s at the maximum speed and were shaken for several days to
allow the PAH to reach maximum solubility.

The inoculum used for each tube was 50 pl of an exponential-phase culture
(approximately 10° cells) grown in ONR7a containing phenanthrene as the sole
carbon and energy source. Control tubes received no inoculum. The tubes were
incubated in the dark on a rotary shaker (220 rpm) at room temperature for 7
days, and then 1 ml of each culture was removed and extracted with hexane (1:1,
vol/vol). Each extract was analyzed with a Hewlett-Packard model 5890 Series 11
gas chromatograph equipped with a 30-m DB-5 column (diameter, 0.5 mm).
Hewlett-Packard Chemstation software was used to control the instrument and
to integrate the chromatographic peaks. Hydrogen was used as the carrier gas at
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TABLE 2. Gulf of Mexico strains and concentrations

Site Strain® MPN dilution”
MAI-686 NOP-122A 2 % 10*
NOP-122B 2 % 10*
NOP-122E1 2 % 10*
NOP-122E2 2 % 10*
NOP-122G1 (= E)* 2 % 10*
NOP-122G2 2 % 10*
NOP-122J1 2 x 10*
NOP-122]2 2 % 10*
MU-A85 NOP-822A (= G)* 2 x 10*
1 N-131 2 %X 10°
P-122B1 2 % 10*
P-131A2 2 %X 10°
P-132A2 2% 10°
P-211A2 2% 10°
P-211B2 (= W)° 2 % 10°
P-212A1 2% 10°
2 N-112A1 2% 10°
N-112A2 2 % 10°
N-221A 2 % 10*
N-231B 2% 10°
P-111A1 2% 10°
P-112B2 2 % 10°
P-123A2 2 % 10*

“ The first letter in each designation indicates the PAH used for initial isola-
tion of the organism (P, phenanthrene; N, naphthalene).

* Sediment dilution from which the strain was isolated.

< Strain used in the complete 16S rDNA sequencing analysis.

a flow rate of 59.5 cm/s; the initial temperature was 50°C, and the temperature
was increased at a rate of 10°C/min until the final temperature, 250°C, was
reached. All PAHs were the highest purity obtainable from Sigma Chemical Co.
(St. Louis, Mo.). The levels of recovery in control tubes that received no inoc-
ulum were 90 to 100%.

Phylogenetic analysis of the large-subunit dioxygenase fragment. The follow-
ing dioxygenase sequences were obtained from GenBank and were used for the
dioxygenase phylogenetic analysis: “C. oligotrophus” RB1 xyl (GenBank acces-
sion no. U51165) (61), P. pseudoalcaligenes bphA1 (M83673) (60), Pseudomonas
sp. strain B4 bphA1 (U95054) (15), B. cepacia bphA (P37333) (19), Pseudomonas
sp. strain KKS102 bphAl (D17319) (37), Comamonas testosteroni bphAl
(U47637) (57), Pseudomonas sp. strain C18 nahAc (P23094) (38), Pseudomonas
sp. strain doxB (S27632) (10), P. putida nahA3 (AF010471) (3), Pseudomonas
Sfluorescens ndoC2 (AF004283) (30), Pseudomonas aeruginosa pahA3 (D84146)
(59), “Neptunomonas naphthovorans” NAG-2N-113 nahAc (AF053735), and
“N. napthovorans” NAG-2N-126 nahAc (AF053736) (31). Deduced amino acid
dioxygenase sequences were aligned by using Pileup, which was obtained from
the PHYLIP package of the Genetics Computer Group (26). Trees were gen-
erated with parsimony searches by using PAUP, version 3.0s (56). Heuristic
bootstrapping (100 replicates) was performed by using random addition of taxa.
Tree topology was confirmed by neighbor joining by using Neighbor in the
PHYLIP package, version 3.572 (21). Similar clusters occurred in the neighbor-
joining tree (data not shown).

Nucleotide sequence accession numbers. The 16S rDNA sequences of isolates
G, E, and W have been deposited in the GenBank database under accession no.
AF093002, AF093003, and AF093004, respectively. Partial dioxygenase ISP se-
quences of C. pugetii PS-1" (accession no. AF092998 and AF092999) and strain
W (accession no. AF093000 and AF093001) have also been deposited in the
GenBank database.

RESULTS

Enumeration and isolation of PAH-degrading isolates. A
total of 14 nearshore and 9 offshore PAH-degrading strains
were obtained (Table 2). The sampling locations are shown in
Fig. 1. The offshore samples were obtained as part of a study to
assess the effects of long-term oil and gas exploration and
development on marine organisms (35, 36). Eight of the off-
shore strains were obtained from the Matagorda Island Field
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FIG. 2. Phylogenetic relationships based on 16S rDNA sequences of repre-
sentative strains G, E, and W from the Gulf of Mexico and the most closely
related species found in RDP, release 5.0. Environmental clone FLS5 is an rDNA
clone amplified from free-living bacteria in the marine water column (8). This
tree was the most parsimonious tree generated with PAUP, version 3.0s (56).
Branch and bound unweighted search bootstrap values are shown near the
clades; only values greater than 50% are shown. Scale bar = approximately 0.01
change per nucleotide position.

Block 686 site (site MAI-686), and one offshore strain was
obtained from the Mustang Island Area site (site MU-ASY).
Seven of the nearshore strains were obtained from the R. A.
Apfel Beach Park site on Galveston island (site 1), and seven
nearshore strains were obtained from Texas City Pier (site 2).
All of the strains were relatively slow growing on solid media,
requiring at least 2 weeks for visible colony formation even in
the presence of volatile PAHs, such as naphthalene. Colonies
were small enough that a dissecting microscope had to be used
for purification. In addition, consortia seemed to be favored in
the early stages of isolation. The initial isolation preparation
frequently consisted of a PAH-degrading strain mixed with a
hexadecane-degrading strain (data not shown). All of the iso-
lates were obtained from MPN tubes that corresponded to at
least 2 X 10 dilutions of the starting sediments, indicating that
the strains were relatively numerous in the sediments. Four
strains came from tubes that corresponded to 2 X 10° dilutions
of the sediments.

Preliminary identification of strains by partial 16S rDNA
sequencing. After pure cultures were obtained and verified by
repeated restreaking, the strains were grouped by performing
a partial 16S rDNA sequence analysis. The partial sequence
used (approximately position 390 to position 670 [E. coli 16S
rDNA numbering]) contains a hypervariable region of the 16S
rDNA. In general, the phylogenetic relationships obtained
from analysis of this region agree well with phylogenetic rela-
tionships derived from complete 16S rDNA sequences (8). A
preliminary phylogenetic analysis performed by generating a
majority rule consensus tree via a heuristic analysis indicated
that all 23 isolates were very closely related to one another
(data not shown) and closely related to the type strain of the
genus Cycloclasticus, C. pugetii PS-1 (16). Since there were few
sequence differences, the numbers of sequence differences in
the hypervariable region were determined for the 23 isolates
and C. pugetii PS-1T, and the sequences were grouped from
those sequences with the fewest differences to those sequences
with the most differences compared to C. pugetii PS-17. Based
on these data, three strains, strains G, E, and W, were chosen
for complete 16S rDNA sequencing.
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Phylogenetic analysis. Approximately 1,470 bp of strain G,
E, and W 16S rDNA was sequenced. The 16S rRNA sequences
were aligned manually with secondary structures provided by
the RDP in order to ensure that base pair changes were most-
ly compensatory across predicted ribosomal stem-loop struc-
tures. The most parsimonious tree generated by PAUP for
these isolates is shown in Fig. 2. All three isolates clustered in
the marine PAH-degrading genus Cycloclasticus.

PAH degradation range. PAH degradation studies were per-
formed by monitoring the disappearance of PAHs in triplicate
vials with a gas chromatograph equipped with a flame ioniza-
tion detector compared with sterile controls (Table 3). The bac-
teria were exposed to single low-molecular-weight PAHs at low
concentrations to ensure that each PAH was available at con-
centrations below its saturation level in artificial seawater; the
only exception was anthracene, which has a very low maximum
solubility in seawater (0.07 ppm) (41). Naphthalene, 1-methyl-
naphthalene, 2-methylnaphthalene, 2,6-dimethylnaphthalene,
phenanthrene, fluorene, and anthracene were removed com-
pletely in 7 days with no detectable trace of the parent PAH
peak. Biphenyl was partially removed by Cycloclasticus strain
N3-PA321 (= strain N3); strain W completely removed biphe-
nyl. Acenaphthene was partially removed (48% = 24% recov-
ery for strain N3; 50% =+ 32% recovery for strain W).

Cycloclasticus strains were not capable of using higher-mo-
lecular-weight PAHs, such as fluoranthene, pyrene, and chry-
sene, as sole carbon and energy sources (data not shown).
However, Cycloclasticus strains were able to partially degrade
1 ppm of pyrene or 1 ppm of fluoranthene when they were
grown with 10 ppm of phenanthrene as a cosubstrate (Table 3).
Chrysene remained undegraded in a similar experiment.

Dioxygenase sequences. Two different ISP gene fragments
were isolated from Cycloclasticus strains W and PS-17. One ISP
fragment, which was amplified by using pPAH-F and pPAH-
NR?700, was approximately 630 bp long (representing approx-
imately 50% of the ISP gene). This fragment was very similar
to the “C. oligotrophus” RB1 xyIC1 gene (predicted amino acid
identity, 93%), a distant member of the biphenyl ISP family.
The xylC1 deduced amino acid sequences for strains W and
PS-17 are identical, although the nucleotide sequences vary at
three nucleotide positions.

A second ISP type was initially amplified from a Puget

TABLE 3. PAH substrate ranges for representative Puget Sound
and Gulf of Mexico Cycloclasticus strains

% PAH recovered

PAH lglrtll;] after 7 days”
(ppm) Strain N3 Strain W
Naphthalene 5 0=x0 0x0
1-Methylnaphthalene 5 0x0 0x0
2-Methylnaphthalene 5 0x0 0x0
Acenaphthene 1 48 £ 24 50 £32
2,6-Dimethylnaphthalene 0.5 00 0x0
Biphenyl 5 43 =10 0x0
Phenanthrene 1 0x0 0x0
Anthracene 0.5 0+0 ND”
Fluorene 1 0x0 0x0
Fluoranthene (+ phenanthrene)” 1 40 x5 ND
Pyrene (+ phenanthrene)” 1 54 £18 ND
Chrysens (+ phenanthrene)” 1 116 = 1 ND

“Mean = standard deviation (n = 3). A value of zero indicates that the
compound was completely removed. The levels of recovery in sterile controls
were near 100%.

? ND, not determined.

¢ Phenanthrene (10 ppm) was completely removed in all replicates by day 7.
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FIG. 3. Phylogenetic relationships of strains PS1T, RB1, E, and W based on
dioxygenases, including both bph and nah type dioxygenases. Dioxygenase se-
quences were aligned by using Pileup (26) and were analyzed by using PAUP,
version 3.0s (56). The numbers at major nodes are bootstrap percentages; only
values greater than 50% are shown. The sequences in boxes were obtained in this
study. C. pugetii PS-17 is a Puget Sound isolate; strain W is a Gulf of Mexico
isolate. “C. oligotrophus” RB1 was isolated from Resurrection Bay, Alaska (5).

Sound strain by using pPAH-F and pNAH-R700 (data not
shown). Based on the sequence data, a second set of primers,
pCN-1 and pCN-2, was designed and utilized to retrieve this
second ISP from strain W and C. pugetii PS-17. This second
ISP resembled a naphthalene type of ISP; however, it was not
very similar to any known naphthalene dioxygenase (amino
acid identity to P. aeruginosa PaK1 pahAc, 45%). The naph-
thalene type of ISP (nahAc) nucleotide and the predicted ami-
no acid sequences for W and PS-17 are identical to each other.
Figure 3 shows the results of a parsimony analysis in which ISP
deduced amino acid sequences were used.

DISCUSSION

The genera previously implicated in PAH degradation in the
marine environment include the genera Pseudomonas (51, 58),
Flavobacterium (46, 51), Moraxella (58), Marinobacter (24), Vi-
brio (62), and Sphingomonas (63). Although terrestrial PAH-
degrading bacteria, such as Pseudomonas spp., have been found
in marine environments, more recent studies have indicated
that there are obligately marine PAH-degrading genera (16,
24, 25, 63). Work by members of our laboratory group who
have isolated numerically important PAH-degrading bacteria
from Puget Sound has resulted in the discovery of the genus
Cycloclasticus (16, 25), the genus “Neptunomonas,” a new ge-
nus related to the genus Oceanospirillum (31), a new Vibrio
species (25), and PAH-degrading Pseudalteromonas strains. All
of these bacteria require sodium for growth and therefore can
be considered obligately marine. Importantly, work in the lab-
oratory of Shiaris (49, 50) has suggested that obligately marine
bacteria may be more significant PAH degraders in coastal
marine environments than bacteria from terrestrial habitats,
such as Pseudomonas spp., are.

Our initial studies focused on Puget Sound marine sedi-
ments (25). While we were performing similar studies in the
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Gulf of Mexico, it seemed reasonable to expect that we might
discover a variety of additional PAH-degrading marine bac-
teria. We did not expect to repeatedly isolate Cycloclasticus
strains, nor were the isolation conditions used designed to be
selective for Cycloclasticus strains. However, when we used the
MPN extinction dilution method to obtain numerically impor-
tant PAH-degrading bacteria in the Gulf of Mexico, we ob-
tained only Cycloclasticus strains. In fact, more diversity was
detected in our Puget Sound studies (25). However, it is im-
portant to note that all sampling in the Gulf of Mexico was
performed in January, when water temperatures and nutrient
concentrations are typically low. Like Vibrio vulnificus in Gulf
of Mexico estuaries (34), Vibrio spp. may exhibit strong sea-
sonal trends, so winter sampling may have limited the recovery
of phylogenetic diversity.

The Cycloclasticus strains obtained in this study are phylo-
genetically very similar to Puget Sound isolates, although none
of the full-length 16S rDNA sequences of the new isolates
are identical to the full-length 16S rDNA sequences of Puget
Sound isolates. Each of the strains examined had its own
unique 16S rDNA sequence, indicating that the same strain
was not repeatedly isolated. Furthermore, great care was taken
to ensure sequence accuracy; in addition to considerable over-
lap in the sequencing reads, a secondary structure analysis was
performed to confirm that base pair changes were mostly com-
pensatory in the predicted 16S rRNA structure.

At this time, many bacteriologists believe that most free-
living bacterial species are cosmopolitan in distribution. This
belief stems in part from the hypothesis of Baas-Becking that
the same species of free-living bacteria are found at disparate
geographic locations that have comparable habitats because of
the ready dispersal of microorganisms (1). Previous molecular
microbial ecology studies have concluded that some bacterial
species are indeed cosmopolitan in distribution, particularly in
soil environments.

However, less is known about the distribution of marine
bacteria. Field populations and cultures of the marine cyano-
bacterium Microcoleus chthonoplastes are very similar pheno-
typically and phylogenetically, suggesting that M. chthonoplas-
tes is cosmopolitan in distribution (23). In addition, Fuhrman
et al. (22) recovered transoceanic pairs of identical environ-
mental 16S rDNA clones. Identical Atlantic and Pacific 16S
rDNA clones were found in a phylogenetic group related to the
alpha subclass of the class Proteobacteria, and another identical
set was found in a gram-positive-related cluster. However,
the data involved short (approximately 200-bp) 16S rDNA se-
quences.

The genus Cycloclasticus appears to be cosmopolitan, and
the fact that the 16S rDNA sequences found in two geographic
locales are very similar suggests that the species may be cos-
mopolitan. However, it is not known whether the strains be-
long to different species or are members of the same species
since we have not performed DNA-DNA hybridization and
additional phenotypic tests. Thus, we cannot conclude from
this study whether there is a taxonomic distinction between the
Puget Sound and Gulf of Mexico strains without a more com-
plete study of the diversity of strains from each region.

Cycloclasticus spp. are relatively slowly growing bacteria,
especially on solid media. Furthermore, they have limited sub-
strate ranges (PAHs are preferred carbon sources) and grow
poorly on standard complex marine media without aromatic
hydrocarbons (16). This oligotrophic lifestyle might be well-
suited to the very low levels of PAHs found in most marine
sediments. PAH degradation studies performed with Cyclo-
clasticus strains N3 and W indicated that these strains have
similar, broad PAH substrate ranges (Table 3). Unsubstituted
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and substituted naphthalenes were removed completely, as
were phenanthrene and fluorene. Biphenyl was only partially
removed by Cycloclasticus strain N3 (43% = 10%) but was
completely removed by strain W; this was the only observed
degradative difference between the two strains. Acenaphthene
was partially removed by both strains (48% * 24% recovery
for strain N3 and 50% = 32% recovery for strain W). The large
standard deviations were caused by unusually high vial-to-vial
variability, which could have been the result of toxicity prob-
lems. While at least 20% of the acenaphthene was removed in
all vials, the efficiency of acenaphthene removal varied dramat-
ically. Although there have been few studies investigating the
microbial metabolism of acenaphthene, Schocken and Gibson
(48) found that P. putida metabolized acenaphthene to 1-ace-
naphthenol, 1-acenaphthenone, and acenaphthenequinone.
Similar experiments performed with a Beijerinkia sp. revealed
cooxidation of acenaphthene to the same intermediates. Ace-
naphthenequinone accumulated as the undegradable end
product. Thus, a pathway may involve only partial degradation
of a PAH and accumulation of intermediates. These interme-
diates could be toxic, or they could alter PAH degradation
kinetics, making product formation unfavorable. In either case,
we cannot explain the incongruity between replicate degrada-
tion experiments.

Fluoranthene, chrysene, and pyrene cannot serve as sole car-
bon sources for Cycloclasticus spp. (data not shown). However,
when fluoranthene, chrysene, and pyrene were added in con-
junction with phenanthrene, which can be utilized, partial re-
moval of fluoranthene (40% =+ 5%) and pyrene (54% =+ 18%)
occurred (Table 3). This has relevance when one considers
what might occur in marine environments when these bacteria
are in contact with complex mixtures of PAHs. As long as low-
molecular-weight PAHs are present to support cell growth,
higher-molecular-weight PAHs can be partially degraded by
Cycloclasticus spp.

Chrysene was not removed, and the increase in recovery of
chrysene compared to the time zero recovery may having been
due to increased solubilization of chrysene over time. While
the vials were shaken for up to 7 days after the PAHs were
added to allow equilibration of the PAHs, this may not have
allowed sufficient time for chrysene to solubilize.

The partial ISP sequences obtained by PCR amplification
indicate that the isolates studied have phylogenetically similar
or identical dioxygenase sequences that are quite divergent
from the sequences of known dioxygenases (Fig. 3). By utiliz-
ing degenerate PCR primers, we were able to amplify a 630-bp
sequence related to bph type dioxygenase ISP sequences and
very similar to a region cloned and sequenced from “C. oligo-
trophus” RB1 (61). Furthermore, we were able to amplify a
sequence corresponding to an additional PAH dioxygenase
type more closely related to nah type dioxygenases. The primer
pair pC-N1 and pC-N2, which was specific for this second
dioxygenase type, amplified a PCR product of the predicted
size from 10 randomly selected Cycloclasticus genomic DNAs
(data not shown), indicating that this dioxygenase is potentially
found in all Cycloclasticus spp. Interestingly, the bph type ISP
sequences varied at only wobble positions, and there was only
a 3-bp difference between strain W and C. pugetii PS-1, which
resulted in identical predicted amino acid sequences; however,
“C. oligotrophus” RB1 differed at 14 predicted amino acids.
While the nah type of ISP consisted of a shorter sequence, it
was identical in the strains.

However, it is important to note that in our study we did not
examine functionality of the putative dioxygenases. Wang et al.
(61) were not able to reconstitute a functional dioxygenase
system in E. coli, as other genes necessary for PAH catabolism
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were not genetically linked in “C. oligotrophus” RB1. There-
fore, the function of the putative dioxygenases in the genus
Cycloclasticus remains unknown.

These findings have several implications. One is that multi-
ple large-subunit ISP types may contribute to the broad PAH
substrate range of the organisms studied. Bacterial strains that
are studied for their abilities to degrade aromatic compounds
are often able to degrade one or only a few structurally related
aromatic hydrocarbons. For example, the naphthalene dioxy-
genase system of P. putida G7 (47) can mineralize naphtha-
lene, phenanthrene, and anthracene. However, Cycloclasticus
spp. can degrade toluenes, xylenes (61), naphthalenes, substi-
tuted naphthalenes, phenanthrene, biphenyl, and other low-
molecular-weight PAHs, as well as higher-molecular-weight
PAHSs. This wide PAH substrate range is reminiscent of the
substrate range of certain Sphingomonas strains. Zylstra et al.
(63), working with Sphingomonas yanoikuyae B1, which can
grow on both monocyclic and polycyclic compounds, identified
a minimum of six operons with 32 putative genes coding for the
degradation of aromatic compounds by this strain. At least two
genes homologous to PAH ring-hydroxylating ISP genes were
identified. Thus, a broad PAH substrate range may mean that
multiple dioxygenase components are necessary.

The phylogeny based on partial dioxygenase sequences
agrees with the 16S rDNA phylogeny (Fig. 2 and 3) in that it
shows that there is a close relationship between Puget Sound
and Gulf of Mexico strains. Despite the geographic separation
of the two sites, the predicted dioxygenase amino acid se-
quences are perfectly conserved. One explanation of these data
is that horizontal gene transfer of the PAH catabolic genes has
occurred between Puget Sound and Gulf of Mexico strains, as
suggested previously by similar data (32, 43; reviewed in ref-
erence 40). In both previous reports, identical or closely re-
lated biodegradative genes were found in strains which were
isolated from different geographic locales. Alternatively, Cy-
cloclasticus spp. may be freely transported from one area to
another, resulting in no taxonomic or metabolic distinction
between strains from different geographic locales. Regardless,
the conservation of the dioxygenase sequence indicates that
there is strong selective pressure acting on the ISP sequences
due to the potential importance of these dioxygenases in the
Cycloclasticus lifestyle. Since Cycloclasticus spp. are monoaro-
matic compound- and PAH-degrading specialists, then there
may be strong evolutionary pressure to maintain functional
dioxygenase sequences. Given the broad PAH substrate range
of these organisms and the lack of other utilizable carbon
sources (16), this seems possible. Thus, nucleotide variation in
the bph ISP sequences was detected only at wobble positions
which were not predicted to alter the amino acid sequence.
Cycloclasticus spp. could have contained these dioxygenase se-
quences prior to possible geographic separation and well be-
fore any anthropogenic increases in environmental PAH levels.
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