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The degradation of polycyclic aromatic hydrocarbons (PAHs) by bacteria has been widely studied. While
many pure cultures have been isolated and characterized for their ability to grow on PAHs, limited information
is available on the diversity of microbes involved in PAH degradation in the environment. We have designed
generic PCR primers targeting the gene fragment encoding the Rieske iron sulfur center common to all PAH
dioxygenase enzymes. These Rieske primers were employed to track dioxygenase gene population shifts in soil
enrichment cultures following exposure to naphthalene, phenanthrene, or pyrene. PAH degradation was
monitored by gas chromatograph with flame ionization detection. DNA was extracted from the enrichment
cultures following PAH degradation. 16S rRNA and Rieske gene fragments were PCR amplified from DNA
extracted from each enrichment culture and an unamended treatment. The PCR products were cloned and
sequenced. Molecular monitoring of the enrichment cultures before and after PAH degradation using dena-
turing gradient gel electrophoresis and 16S rRNA gene libraries suggests that specific phylotypes of bacteria
were associated with the degradation of each PAH. Sequencing of the cloned Rieske gene fragments showed
that different suites of genes were present in soil microbe populations under each enrichment culture condition.
Many of the Rieske gene fragment sequences fell into clades which are distinct from the reference dioxygenase
gene sequences used to design the PCR primers. The ability to profile not only the bacterial community but also
the dioxygenases which they encode provides a powerful tool for both assessing bioremediation potential in the
environment and for the discovery of novel dioxygenase genes.

Polycyclic aromatic hydrocarbons (PAHs) are widespread in
nature due to both their natural production in the environment
and input from anthropogenic activities, such as the burning of
fossil fuels, the use of wood preservatives such as creosote, and
the generation of wastes from coal gasification plants. Some
PAHS, especially the higher molecular weight compounds, are
toxic to living organisms, and this toxicity is enhanced by their
intrinsic chemical stability and resistance to many forms of
degradation (13, 16). Therefore, there is great interest in de-
veloping strategies to remove PAHs from contaminated sites.
Many of these remediation strategies employ microorganisms
which can degrade PAHSs. Bioremediation of contaminated
sites relies on either the activity of microorganisms already
present at the site or the addition of selected microorganisms
with desired catabolic traits in bioaugmentation techniques (9,
48). Molecular ecological approaches, combined with tradi-
tional laboratory enrichments, are often utilized to identify
bacterial populations that are functionally important in the
biodegradation of organic pollutants. For example, a compre-
hensive phylogenetic study of PAH-degrading bacteria from
geographically diverse soils suggests that PAH degradation is
associated with distinct genera independent of geographic lo-
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cation (38). Similar research demonstrated a shift in microbial
community structure from alpha- and betaproteobacteria to
gammaproteobacteria when a microbial community was ex-
posed to a mixture of aromatic hydrocarbons (53). Molecular-
based techniques have also been used to follow the establish-
ment of a soil-derived consortium capable of mineralizing
benzo[a]pyrene during the biodegradation of a complex hydro-
carbon mixture (26). While these studies suggest that diverse
microorganisms are present in polluted environments, a
greater understanding of the diversity, ecology, and biochem-
istry of these PAH-degrading microorganisms is necessary in
order to effectively remediate contaminated environments.
Aerobic degradation of lower molecular weight PAHs such
as naphthalene (NP) by cultured microorganisms has been
studied extensively (9). Bacterial degradation of PAHs under
aerobic conditions begins with the addition of both molecules
of molecular oxygen to the aromatic ring by a dioxygenase
system. Aromatic ring dioxygenases are multicomponent en-
zymes which consist of an electron transport chain containing
a ferredoxin and a reductase and a terminal dioxygenase (21).
The dioxygenase is composed of two subunits. The alpha sub-
unit is the catalytic component and contains two conserved
regions: the [Fe,-S,] Rieske center and the mononuclear iron-
containing catalytic domain. The Rieske cluster accepts elec-
trons from the ferredoxin and passes them on to the mononu-
clear iron for catalysis (19, 42). The majority of information on
PAH degradation pathways has come from studies on gram-
negative bacteria, particularly the pseudomonads (7, 49). The
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best studied PAH dioxygenase is naphthalene dioxygenase
from Pseudomonas putida NCIB 9816-4 (28, 35, 43), encoded
by the NAH plasmid pDTG1 (14). These nah genes have been
found in a wide variety of bacteria and geographic locations (1,
20, 36, 54, 55). Other more distantly related PAH degradation
genes have also been described. Burkholderia sp. strain RP007,
which was isolated from a PAH-contaminated site in New
Zealand based on its ability to degrade phenanthrene (PH),
contains a suite of PAH catabolic genes, the phn genes, which,
while possessing activity similar to that of the nah genes, are
only distantly related on the DNA and amino acid level (33).
Competitive PCR studies by Laurie and Lloyd-Jones also
showed that the Pseudomonas-type nah genes are not always
dominant in the environment and that the phn-type genes can
have a greater ecological significance than the nah-like geno-
type (34). Less information is available on PAH degradation by
gram-positive bacteria, although recent reports have docu-
mented genetic and biochemical analysis of PAH degradation
by Rhodococcus, Mycobacterium, Terrabacter, and Nocardioides
(2, 8, 29, 41). Indeed, as more PAH-degrading bacteria have
been isolated and characterized, it has become apparent that
pseudomonads and the nah-like genes represent only a frac-
tion of the PAH degradation picture. However, surveys of
PAH degradation potential frequently rely on nah-based prim-
ers or probes to assess biodegradation potential in the envi-
ronment (1, 52, 56).

Recently there have been a number of reports that describe
primers or probes that can be used to measure PAH degrada-
tion potential in the environment (4, 17, 50, 55). Widada et al.
(55) used a combination of isolation of PAH-degrading bacte-
ria and PCR amplification of dioxygenase genes with a suite of
degenerate primers to assess the diversity of PAH-degrading
bacteria from different geographic locations. Even using a va-
riety of primers, they failed to identify PAH dioxygenases
genes from 7 of the 19 PAH-degrading isolates tested. Baldwin
et al. (4) described a suite of aromatic oxygenase PCR primer
pairs which amplify naphthalene, toluene, and biphenyl dioxy-
genase genes and their use in real-time PCR assessment of
PAH biodegradation. While their study had the advantage of
bypassing the culturing and isolation of the PAH degraders,
which probably misses many of the important players in PAH
biodegradation, they require the use of multiple primer sets to
assess bioremediation at a site. Here we describe primers
which target the conserved Rieske center of PAH dioxygenases
and their use in monitoring PAH dioxygenase population shifts
during degradation of naphthalene, phenanthrene, and pyrene
(PY) in a series of enrichment experiments. The Rieske prim-
ers allow us to target only the dioxygenases which oxidize
neutral aromatic hydrocarbons and represent a useful tool for
assessing biodegradation potential in contaminated environ-
ments without cultivation and isolation of bacteria.

MATERIALS AND METHODS

Soil. Medium loam soil was collected from a PAH-impacted site in Somerset
County, New Jersey. Soil was sieved to a particle size of =2 mm and consisted of
37% sand, 43% silt, 20% clay. It contained 2.77% organic carbon and had a pH
of 4.95 in water. PAH residue analysis of background soil performed by Accutest
Laboratories (Dayton, NJ) showed the following PAH content: 220 mg/kg
phenanthrene; 457 mg/kg pyrene; 7 mg/kg acenaphthylene; 8 mg/kg dibenzo[a, i)
anthracene; 11 mg/kg acenaphthene; 17 mg/kg benzo[g, A, i]perylene; 20 mg/kg
indeno[1,2,3-cd]pyrene; 21 mg/kg fluorene; 31 mg/kg anthracene; 45 mg/kg benzo
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[a]pyrene; 68 mg/kg benzo[k]fluoranthene; 83 mg/kg benzo[b]fluoranthene; 108
mg/kg benzo[a]anthracene; 166 mg/kg chrysene; and 513 mg/kg fluoranthene.

Enrichment cultures. Triplicate cultures were initiated in 150-ml serum bottles
using 1 g of PAH-impacted soil and 25 ml of minimal medium (51) spiked with
200 mg/liter of NP, PH, or PY. Bottles were sealed using Teflon caps and shaken
at 200 rpm for up to 250 h at 30°C. At each time point, samples were removed
and separate triplicate cultures were used for cell enumeration and DNA ex-
traction or PAH analysis.

Cell enumeration. One milliliter of the enrichment culture was removed and
fixed overnight at 4°C with 100 wl of 37% formaldehyde. Samples were vortexed
to ensure even sample distribution, diluted 1:200 using sterile minimal medium,
and placed with ice in an ultrasonic water bath for 5 min. Cells were stained with
5 pg/ml 4',6'-diamidino-2-phenylindole (DAPI [Sigma Aldrich, St. Louis, MO])
for 1 h in the dark at 4°C. Resulting solutions were filtered through a Millipore
0.2-um prestained black 22-mm diameter filter, and a total of 9 grid fields per
slide were counted using a Zeiss Axiovert 200 M epifluorescent microscope (45).

PAH analysis. Dichloromethane (25 ml) was added to the enrichment cul-
tures, and PAHs were extracted overnight at 200 rpm. Following extraction, the
solvent layers were removed and dried with 4 g of anhydrous sodium sulfate.
Extracts (1 ml) were analyzed on a Varian CP-3800 gas chromatograph with
flame ionization detection using an RTX-5 column. The gas chromatograph
program consisted of 6 min at 40°C followed by a 10°C/min increase to 300°C.
The concentration of each PAH was calculated by comparison against individual
PAH standard curves.

DNA extraction, PCR, and DGGE analysis. At each time point, enrichment
cultures were transferred to 50-ml Teflon tubes and centrifuged for 10 min at
27,000 X g. Total community DNA was extracted from the soil pellet using the
UltraClean Soil DNA kit (MoBio Laboratories, Solana Beach, CA) and further
purified using the Geneclean Spin kit (Q-BIOgene, Irvine, CA). For denaturing
gradient gel electrophoresis (DGGE) analysis, a 193-bp sequence of the V3
region of the 16S rRNA genes was amplified using the primer set 341FGC and
534R as described by Muyzer et al. (39). PCR products were purified using
QIAquick PCR purification columns (QIAGEN, Valencia, CA) and analyzed by
denaturing gradient gel electrophoresis using a Dcode Universal Mutation De-
tection system (Bio-Rad Laboratories, Hercules, CA). Briefly, samples were run
on 10% polyacrylamide gels with a denaturant gradient from 40% to 60%.
Electrophoresis was carried out for 16 h at 70 V and 60°C. The gels were stained
for 1 h with SYBR Green I and imaged using a gel documentation station
(Kodak, Rochester, NY). Variability in the DGGE profiles for each treatment
was determined by principal component analysis (PCA) based on the number of
bands shared between profiles.

ARDRA. For amplified ribosomal DNA restriction analysis (ARDRA), a
585-bp sequence of the 16S rRNA genes was amplified using the primer set 341F
and 907R as described by Muyzer et al. (39). PCR products were gel purified,
ligated into the pCR4-TOPO vector, and transformed into One Shot TOP10
chemically competent Escherichia coli following the manufacturer’s protocol.
One hundred randomly picked colonies per sample were each grown overnight
at 37°C in Luria broth containing antibiotics. Plasmid DNA extraction was
performed using the Qiaprep Spin Miniprep kit (QIAGEN, Valencia, CA), and
the insert was amplified using primers 341F and 907R. Ten microliters of each
amplicon was digested for 3 h at 37°C with 2.5 U of HaelIl, 2.5 U of Rsal, and
2.5 U of Hinfl in 15-pl reactions. Restriction patterns were separated on 2%
Metaphor agarose gels and imaged with SYBR Green I DNA stain. Each dif-
ferent restriction pattern was defined as an operational taxonomical unit (OTU).
Amplicons from unique OTUs were sequenced, edited, and aligned using La-
sergene sequence analysis software (DNAstar, Madison, WI). The distribution of
OTUs in each treatment was determined and used to calculate the Shannon-
Weaver index of diversity {H = —X[n; - log(n;)], where n; represents the relative
contribution of each OTU to the entire library}. Amplicons from unique OTUs
were sequenced, confirmed, and hand aligned using Lasergene sequence analysis
software (DNAStar, Madison, WI). Corrected sequences were screened against
those in the GenBank database using Blastn.

Rieske primer design. Amino acid sequences of the large subunit of dioxyge-
nases targeting aromatic hydrocarbons were aligned using the ClustalW function
in MegAlign (DNAStar, Madison, WI). The ProSite motif database describes the
bacterial ring hydroxylating dioxygenase alpha-subunit signature as C-x-H-R-
[GAR]-x (7, 8)-[GEKVI]-[NERAQ]-x (4, 5)-C-x-[FY]-H (40). However, close
inspection of the aligned aromatic hydrocarbon dioxygenase amino acid se-
quences revealed differences in the Rieske sequences of the dioxygenases which
attack nonpolar aromatic compounds, such as PAHs, polychlorinated biphenyls,
benzene, toluene, and xylene, and those which attack polar aromatic compounds,
such as benzoate, toluate, and phthalate. Primers were then designed based on
this Rieske motif (Rieske_f, CRHRG; Rieske_r, CSYHGW) which allowed us to
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distinguish between dioxygenases targeting polar and nonpolar aromatic hydro-
carbons. The sequences of the primers are the following: Rieske_f, TGYMGN
CAYMGNGG; Rieske_r, CCANCCRTGRTANSWRCA. A second set of prim-
ers was designed substituting inosine residues for “N” residues to reduce the
degeneracy of the primers. The Rieske primers are similar to those described by
Cigolini et al. (12) and Kasuga et al. (27) but incorporate more degeneracies in
order to amplify a wider diversity of PAH dioxygenase genes. The primers
amplify a 78-bp PCR product. PCRs were prepared in either 25 or 50 ul con-
taining 2 ng pl~! DNA, 1x PCR buffer, 2.5 mM MgCl,, 1 uM each forward and
reverse primers, and 1 U Taq polymerase (Sigma, St. Louis, MO) and amplified
with the following program: an initial denaturation step of 94°C for 5 min; 35
cycles of 94°C for 30 s, 48°C for 30 s, and 72°C for 30 s; and a final extension of
72°C for 5 min. The primers were tested on a series of bacterial strains which
grow on benzene, toluene, naphthalene, phenanthrene, and biphenyl with suc-
cessful results.

Amplification of dioxygenase genes from enrichment cultures. DNA isolated
from various time points of the PAH enrichments was screened for PAH dioxy-
genase genes using the Rieske primers. PAH dioxygenase genes were amplified
as described above and cloned into pCR2.1 TOPO (Invitrogen, Carlsbad, CA).
Colonies were picked, and plasmid DNA was isolated using the Concert 96 kit
(Invitrogen). Rieske clones were sequenced with an ABI Prism 3100 Genetic
Analyzer using Big Dye v3.1 chemistry (Applied Biosystems, Foster City, CA).

Phylogenetic analysis. The nucleotide sequences were assembled, and the
primer sequence was removed using SeqMan (DNAStar, Madison, WI). Rieske
sequences which were 95% identical were assigned to the same clone family and
aligned with reference sequences from GenBank using the ClustalW function in
MegAlign (DNAStar). The phylogenetic tree was constructed by neighbor-join-
ing analysis using Molecular Evolutionary Genetics Analysis software (32) with
1,000 bootstrap replicates.

Rieske clone library diversity analysis. Accumulation curves were plotted for
each library. The data were rarefied using the internet-based Rarefaction Cal-
culator of Krebs and Brzustowski (31). The nonparametric richness estimates
Chaol and ACE (10, 11) and Shannon-Weaver diversity indices (H") (44) were
calculated for each clone library.

Nucleotide sequence accession numbers. The nucleotide sequences reported
in this study were deposited in the GenBank database with the following acces-
sion numbers: DQ270422 to DQ270455 (16S rRNA clones) and DQ325359 to
DQ325435 (Rieske clones).

RESULTS

Bacterial growth and PAH biodegradation. Enrichment cul-
tures were monitored over time to examine the growth and
biodegradation potential of soil bacterial communities en-
riched in the presence of different PAHs. Direct counting of
DAPI-stained cells showed that the initial bacterial density in
all enrichment cultures was approximately 4 X 10° cells/ml
(Fig. 1). NP degradation by the enrichment cultures occurred
after a 24-h lag and showed greater than 95% reduction of NP
by 46 h (Fig. 1A). At the onset of NP degradation, the enrich-
ment cultures demonstrated exponential-phase growth and
reached a maximum cell density of approximately 5 X 10*°
cells/ml by 63 h (Fig. 1A). At 80 h, the soil microbial commu-
nity was in stationary-phase growth and NP concentration was
below the level of detection and was not examined further. On
the other hand, the PH enrichment cultures showed no lag
time before the onset of growth and PH degradation and an
overall slower degradation rate, with greater than 90% degra-
dation occurring by 85 h (Fig. 1B). Initiation of PY degrada-
tion by the enrichment cultures occurred after a 46-h lag time
with approximately 90% PY degradation occurring by 250 h
(Fig. 1C). No lag time was observed for the growth of the PY
enrichment cultures with cultures reaching stationary-phase
growth by 250 h (Fig. 1C).

Bacterial community structure. The effect of individual
PAHSs on the bacterial community structure was determined
throughout the time course using 16S rRNA gene-based PCR-

APPL. ENVIRON. MICROBIOL.

>
[
()
tn
<

200

[ sod (199 ;01
o — ] w IS w
W —_ —_
@ (] 3
(] (]
Naphthalene (mg/1)

T T T T + 0
0 50 100 150 200 250 300
Time (h)
B s 250
200
3 o
:
g 150 =
i 2
= 2 O 5
% 90 s
2 =
; 100 §
= E
1 =
50
0L . . . . ; Lo
0 50 100 150 200 250 300
Time (h)
C 5 250
4 200
< N~
=1
8 3 150 g
= ~—
@ (9]
e} O‘ =
[« w
co2 100 5,
= &
1 50
0 T T T T T 1 0
0 50 100 150 200 250 300
Time (h)

FIG. 1. Microbial growth (A) and biodegradation of PAHs (O) over
time. (A) Enrichment cultures with NP; (B) enrichment cultures with PH;
(C) enrichment cultures with PY. Monitoring of NP cultures ended at
84 h due to rapid degradation of the compound in comparison to PH and
PY. Data represent the averages and standard errors of triplicate data.

DGGE for each treatment. As expected, all treatments showed
identical banding patterns at time zero, indicating that each
enrichment culture was initiated with the same bacterial com-
munity (Fig. 2). A decrease in the number of observed bands in
the unamended cultures throughout the time course suggests
an inherent decrease in species richness due to laboratory
conditions and utilization of the background PAH contami-
nants in the soil (Fig. 2). However, DGGE analysis of cultures
enriched on individual PAHs resulted in unique banding pro-
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FIG. 2. Denaturing gradient gel electrophoresis (DGGE) of PCR-amplified 16S rRNA gene fragments from PAH-amended enrichment
cultures over time. The time of sampling (hours) is listed above the lanes. DGGE lanes are representative of triplicate data.

files, suggesting the selection of PAH-specific bacterial com-
munities (Fig. 2). In order to determine relationships between
the bacterial community fingerprints shown in Fig. 2, principal
component analysis (PCA) was performed based on the pres-
ence or absence of each DGGE band under the different
conditions. PCA shows that time-zero samples from all treat-
ments as well as the 24-h sample from the NP treatment form
a distinct cluster, suggesting similar bacterial communities
(Fig. 3). However, after the onset of PAH degradation, each
treatment formed a distinct cluster, suggesting the formation
of PAH-specific bacterial communities (Fig. 3). Also, PCA
suggests that the PH- and PY-degrading communities change
in a fashion similar to that of the unamended cultures, while
the NP-degrading community is unique, forming a cluster sep-
arated from the other treatments.

To further examine the effect of individual PAHs on the
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FIG. 3. Ordination plots, by treatments and time, of bacterial com-
munities generated by principle component analysis of bacterial spe-
cies occurrence from 16S rRNA gene DGGE profiles. ¢, unamended
(UN); m, naphthalene amended (NP); @, phenanthrene amended
(PH); A, pyrene amended (PY).

bacterial community composition, phylogenetic analysis of
cloned 16S rRNA genes was performed. To ensure comparison
of active PAH-degrading communities, clone libraries were
constructed from DNA extracted from enrichment cultures
demonstrating approximately 90% degradation of respective
PAHSs. For further comparison, a clone library was also con-
structed for the unamended enrichment cultures at 85 h. One
hundred clones from each clone library were screened by
ARDRA, and the unique OTUs were sequenced. Phylogenetic
analysis of representative OTUs from 16S rRNA gene libraries
show that enrichment culture clones are distributed through-
out the alpha-, beta-, and gamma-proteobacteria, the ac-
idobacteria, and the actinobacteria. The relative contribution
of each OTU type to the overall bacterial diversity among the
various treatments was examined (Table 1). While the clone
library constructed from unamended soil enrichments showed
a slight predominance of OTUs 1 and 4, it contained the
greatest number of OTUs (28) of the enrichments and had the
highest H' value (1.25), suggesting a high level of bacterial
diversity. In contrast, cultures enriched on NP showed greatly
reduced diversity (H' = 0.09), with only five OTUs and a
strong selection for a Pseudomonas fluorescens-like phylotype
(OTU 29). While PH-amended cultures demonstrated the
greatest diversity (H' = 0.90) among the PAH treatments with
12 OTUs and selection towards OTUs 1, 2, 22, 31, and 32, an
overall decrease in diversity was observed compared to that of
the unamended cultures. Similarly, cultures enriched on PY
also demonstrated decreased diversity (H' = 0.61) compared
to unamended and PH-amended cultures, with 10 OTUs and a
strong selection for a Stenotrophomonas maltophilia-like phy-
lotype (OTU 31). Furthermore, the composition of enrichment
culture diversity with respect to bacterial taxa showed similar
distribution of the alphaproteobacteria (27%), the betapro-
teobacteria (34%), and the acidobacteria (22%) in the un-
amended cultures (Table 2). With the exception of the NP-
amended cultures, the distribution of alpha- and betaproteobacteria
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TABLE 1. GenBank database sequences with the highest identity match to dominant OTUs and distribution of OTUs

in PAH enrichment cultures

No. of clones

OTU BLAST match Accession no. Identity (%)

UN“ NP PH PY
1 Burkholderia sp. strain Dintl AMO062710 100 20 1 19 9
2 Sphingomonas elodea AF503278 98 9 18 10
4 Acidobacterium Ellin7137 AY673303 95 12 2
5 Uncultured alphaproteobacterium clone EB1127 AY395446 98 5
7 Burkholderia sp. AB191222 99 7
12 Acidobacterium group bacterium clone FTL227 AF529104 96 6
22 Gammaproteobacterium SA29-B AB174845 99 3 13 3
29 Pseudomonas fluorescens A1XB1-4 AY512614 99 96 4
31 Stenotrophomonas maltophilia ZJUB-041 DQ223428 99 1 22 61
32 Massilia sp. AY177372 98 11
33 Sphingomonas agrestis AY506539 99 1 6

“ UN, unamended.

in PAH-amended cultures remained most similar to the un-
amended cultures. However, in all PAH-amended cultures, an
increase in gammaproteobacteria and a decrease in actinobac-
teria and acidobacteria was observed.

Rieske primer design and verification. The Rieske primers
were tested against a variety of bacteria known to degrade
PAHSs. The primers successfully amplified 78-bp DNA frag-
ments from Burkholderia xenovorans 1LB400 (biphenyl dioxyge-
nase), Comamonas testosteroni GZ39 (PAH dioxygenase),
Pseudomonas putida F1 (toluene dioxygenase), and Pseudomo-
nas putida NCIB 9816-4 (naphthalene dioxygenase). In each
case, a single 78-bp PCR product was obtained whose se-
quence was identical to the published dioxygenase sequences
from these strains. These strains also contain dioxygenase
genes encoding enzymes which oxidize polar compounds, but
in all cases our primers amplified only the gene encoding the
neutral dioxygenase (data not shown). In organisms containing
more than one PAH dioxygenase (Mycobacterium sp. strains
PYO1 and PYR1), multiple dioxygenase sequences were ob-
tained after cloning the PCR product and sequencing 20 ran-
dom clones (data not shown).

Amplification of Rieske gene fragments from environmental
samples. The Rieske primers were utilized to assay the PAH
dioxygenase gene complement from creosote-contaminated
soil. Using total community DNA as the template, the Rieske
primers amplified a single 78-bp PCR product (data not
shown). The unamended soil library contained 25 Rieske clone
families and was dominated by one family, S1, which repre-
sented 30% of the clones sequenced (Fig. 4). The closest match
for this family is naphthalene dioxygenase from Comamonas

TABLE 2. Number of clones from unamended and PAH-amended
enrichment culture 16S rRNA gene libraries representing
different bacterial taxa“

Proteobacteria

Enrichment Actinobacteria  Acidobacteria
culture Alpha Beta Gamma
Unamended 27 34 6 11 22
NP amended 1 1 97 0 1
PH amended 24 34 40 0 2
PY amended 24 10 64 0 2

“ The total number of clones sampled for each library was 100.

testosteroni GZ42 (Blastn and BlastP identity of 100%) (24).
Three other clone families, S2, S3, and S4, represented 36% of
the clone library. Clone family S2 is most closely related to
DxnAl, a dioxin dioxygenase from Sphingomonas sp. strain
RWI1 (3) (Table 3). Clone family S3 is most closely related to
naphthalene dioxygenase from Polaromonas naphthalenivorans
and P. putida G7 (Table 3) (49). Clone family S4, however,
which represents 9% of the soil Rieske library, does not
exhibit significant similarity to any dioxygenase sequences
currently in the GenBank database. Indeed, 18% of the soil
clone library sequences do not exhibit significant similarity
to any dioxygenase sequences currently in GenBank, and a
further 13% have only low matches (<50% identity) to
uncharacterized dioxygenase sequences from GenBank.
Some of these Rieske sequences form clusters with clone
sequences from the enrichment libraries, while others are
unique to the soil library (Fig. 4). Analysis of the relation-
ship of the Rieske sequences to one another shows that
clone families S5, S13, and S25 form a unique group (la-
beled A) and comprise 8% of the soil library. A second
cluster of sequences with no known relatives in GenBank
(labeled B) includes S6, S7, S21, and S23 in addition to PH6
and PH16. The remaining soil library sequences are distrib-
uted among 14 clone families and represent a wide diversity
of Rieske sequences (Fig. 4).

The Rieske gene fragment library from the NP enrichment
was much less diverse than the library constructed from the
contaminated soil. Only 12 clone families were identified in the
NP enrichment library (Table 4). One family (NP1) contained
78% of the clones sequenced (Fig. 4). NP1 is 100% identical to
the naphthalene dioxygenase of Pseudomonas putida NCIB9816-4
at both the nucleotide and amino acid levels (Table 3) (14). The
next most dominant clone families, NP2 and NP3, each account
for 4% of the library and are most closely related to naphthalene
dioxygenases from P. putida G7 (100%) and Comamonas testos-
teroni GZ42 (100%), respectively (Table 3). It is interesting that
these families account for such a small fraction of the NP enrich-
ment, when sequences similar to nagAc from C. testosteroni GZA42
accounted for 30% of the clones in the soil used to establish the
NP enrichment culture and sequences similar to P. putida G7
nahAc accounted for 9% of the soil library. 16S-DGGE and 16S
rRNA clone library profiling revealed that the NP enrichment
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FIG. 4. Phylogenetic distribution of the Rieske gene fragment families from the soil (S) and enrichment libraries. The dendrogram was
constructed from a ClustalW alignment of the Rieske sequences by neighbor-joining analysis using Mega 3.0. Nodes supported by bootstrap values
greater than 50 are indicated with a filled black circle. Major clone families are in boldface and have the number of clones observed indicated in
parentheses. Reference sequences from GenBank include the accession number. The scale bar represents substitutions per nucleotide.
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TABLE 3. Best matches in the GenBank database for the dominant Rieske clone families in the naphthalene, phenanthrene,
and pyrene enrichments and the unamended creosote-contaminated soil libraries

BlastN result

BlastP result

Clone family

Accession no. % Identity Name Accession no. % Identity Name
S1 AY194931 98 nagAc AAP30901 100 NagAc
S2 X72850 65 dxnAl CAAS51365 60 DxnAl
S3 DQ167474 100 nahAc AAA25902 100 G7 NahAc
NP1 AF491307 100 NCIB9816-4 nahAc AAO64274 100 NCIB9816-4 NahAc
NP2 DQ167474 100 nahAc AAA25902 100 G7 NahAc
NP3 AY194931 100 nagAc AAP30901 100 NagAc
PH1 AY502075 63 akbAla AAR90131 66 DK17 AkbAla
PH2 AY502075 74 akbAla AAR90131 86 DK17 AkbAla
PH3 AF380367 100 dbtAc AAK62353 100 DbtAc
PH4 AF079317 74 bphAla AADO03980 80 BphAla
PHS AY194931 100 nagAc AAP30901 100 NagAc
PY1 AY502075 63 akbAla AAR90131 66 DK17 AkbAla
PY2 AF079317 74 bphAla AAD03980 73 BphAla
PY3 AY502075 74 akbAla AAR90131 80 DK17 AkbAla

culture is dominated by one phylotype which is most closely re-
lated to Pseudomonas fluorescens (Table 1). An NP-degrading
isolate was obtained from the enrichment. The 16S rRNA and
Rieske gene fragment from this isolate were sequenced and are
identical to those obtained from the enrichment culture (data not
shown). The P. fluorescens pure culture thus links the observed
16S and Rieske gene fragment data.

In contrast to the Rieske sequences seen in the NP enrich-
ment, the Rieske sequences seen in the PH enrichment library
are more diverse. The PH enrichment culture library yielded
23 clone families from 113 clones sequenced (Table 4). The PH
enrichment culture clone library contained three dominant
families, PH1, PH2, and PH3, which represented 27, 19, and
17% of the clones sequenced, respectively. BLAST analysis
revealed that PH1 and PH2 are most closely related to alkyl-
benzene dioxygenase from Rhodococcus sp. strain DK17 (30)
(Table 3). Clone families PH1 and PH2 share 67% nucleotide
identity. Clone family PH3 is most closely related to dibenzo-
thiophene dioxygenase from Burkholderia sp. strain DBT1
(100% identity) (15). A fourth family, PH4, accounts for 8% of
the library and is most closely related to an uncharacterized
aromatic dioxygenase from Sphingomonas aromaticovorans
(46) (Table 3). The PH library also contained a number of
Rieske families for which no significant similarities were found
in GenBank. These include PH18, which clusters with PY4 and
PHI15, and PH22 and PH23, which cluster together with PY8
and PY15 to form clade C, which groups with carbazole dioxy-
genase from Pseudomonas sp. strain CA10 (47) (Fig. 4).

The PY enrichment culture clone library contained 15 clone

TABLE 4. Diversity analysis of the Rieske gene fragment libraries®

Library N n H’ Chaol
Soil 122 25 2.41 62
Naphthalene 99 12 1.14 21
Phenanthrene 113 23 2.30 37
Pyrene 106 15 1.83 47

“ N, the number of clones sequenced; n, the number of clone families; H', the
Shannon-Weaver diversity index; and Chaol, the Chaol nonparametric richness
estimate.

families. The library was dominated by clone family PY1, ac-
counting for 38% of the clones sequenced (Fig. 4). Clone
family PY1 is most closely related to an alkylbenzene dioxyge-
nase from Rhodococcus sp. strain DK17 (Table 3) (30). A
second clone family, PY3, which accounts for 22% of the
enrichment library, is also most closely related to alkylbenzene
dioxygenase from Rhodococcus sp. strain DK17. Clone family
PY2 is most closely related to an uncharacterized aromatic
dioxygenase from Sphingomonas aromaticovorans (Table 3).
The remaining 12 PY enrichment Rieske families occurred
rarely (Fig. 4). There was significant overlap between the PH
and PY libraries, with the dominant families in both libraries
being most closely related to alkylbenzene dioxygenase from
Rhodococcus sp. strain DK17. Indeed, clone families PY1 and
PH1 have identical nucleotide sequences, as do PY2 and PH4
as well as PY3 and PH2.

Diversity and species richness of the soil and enrichment
libraries. The Shannon-Weaver diversity index and the Chaol
nonparametric species richness estimators were calculated for
each Rieske library. The Shannon-Weaver index indicates that
the soil enrichment library was the most diverse, followed, in
order, by the PH, PY, and NP libraries (Table 4). This order is
in agreement with the 16S-based bacterial community diversity
reported above. The Chaol estimate of species richness also
indicates a difference in the estimated species richness of the
soil and enrichment libraries. Enrichment on the different
model PAHs led to selection of different dioxygenase gene
populations. Species accumulation curves were plotted for
each library using the internet-based rarefaction calculator
(31) in order to assess how well our sequencing effort had
sampled our libraries. Even though more than 100 clones were
sequenced from each library, none of the accumulation curves
reached an asymptote (Fig. 5). This is an indication that fur-
ther sequencing would likely yield new Rieske gene fragment
families. However, even our limited sampling effort indicates
clear differences in the richness of the four libraries, with the
NP and PY libraries being significantly less diverse than the
soil and PH libraries. Furthermore, our sampling clearly iden-
tified dominant Rieske gene fragment families in each enrich-
ment culture.
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samples are shown.

DISCUSSION

The ability of bacteria to utilize individual PAHs as carbon
and energy sources has been extensively documented over the
last few decades (1, 9, 38). While these studies have been
essential for establishing metabolic pathways for the biodegra-
dation of individual PAHs, there is increasing interest in un-
derstanding how organic pollutants affect the overall structure
of microbial communities. In this study, we assessed the influ-
ence of individual PAHSs on bacterial community structure by
monitoring PAH biodegradation and changes in diversity of
both PAH dioxygenase genes and bacterial species over time
for cultures enriched from a single PAH-impacted soil. Previ-
ous studies assessing the genetic potential for PAH degrada-
tion in the environment have been limited by the narrow scope
of the PCR primers used to screen for PAH dioxygenases
which detect only a fraction of the PAH degraders in the
environment (37, 55). PCR primers based on the nahAc gene
frequently detect only dioxygenases from pseudomonads and
fail to detect dioxygenases from other genera known to de-
grade PAHS, such as Rhodococcus, Terrabacter, and Nocardio-
ides (1, 17, 34). One approach to this problem has been to
design PCR primers which target specific subsets of PAH di-
oxygenase genes. Baldwin et al. (4) employed this approach in
the design of a set of real-time PCR primers which target
naphthalene, toluene, and biphenyl dioxygenase as well as tol-
uene and phenol monooxygenase genes. Stach and Burns (50)
took a similar approach in utilizing three different primer sets
in assessing the diversity of dioxygenase genes in enrichment
versus biofilm cultures. While these different primer sets are
useful in assessing the PAH biodegradation potential of spe-
cific gene families in an environment, they are less useful in
assessing the overall diversity of PAH degradation genes in a
sample, as they are rather narrowly targeted and may fail to
amplify previously uncharacterized dioxygenase genes. We
have designed PCR primers that allow us to detect those di-
oxygenases oxidizing PAHs and other neutral aromatic hydro-
carbons. The Rieske primers have the advantage of amplifying
a wide variety of dioxygenase genes, ranging from naphthalene
and biphenyl dioxygenases to pyrene and dioxin dioxygenases,
and provide sequence information that can be used at a later
date to interrogate metagenomic libraries and identify full-
length novel dioxygenase genes.
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In this study, we isolated DNA from a PAH-contaminated
site and used the Rieske PCR primers to screen for the pres-
ence of PAH dioxygenase genes. The site was contaminated
with a variety of high-molecular-weight PAHs. Enrichment of
the bacterial population in the presence of model two, three,
and four ring PAHs led to changes in both the microbial
community structure and the dioxygenase gene profile. Our
Rieske gene fragment survey revealed the presence of a wide
diversity of dioxygenase genes, ranging from the well charac-
terized naphthalene dioxygenase family to less well studied
genes such as those of the dioxin dioxygenase family. A signif-
icant number of the clones sequenced had no relatives in the
GenBank database.

While the unamended soil library was quite diverse, enrich-
ment on NP led to the domination of the Rieske library by one
nahAc-like Rieske sequence. It is interesting that the dominant
nahAc clone from the soil library is not the dominant nucleo-
tide sequence observed in the NP enrichment library. Se-
quences identical to P. putida G7 nahAc and C. testosteroni
nagAc accounted for 41% of the soil library but were barely
detected in the NP enrichment library. Instead, the NP enrich-
ment library was dominated by a Rieske fragment most closely
related to P. putida NCIB 9816-4 nahAc. The NP-enriched
cultures exhibited a 24-h lag time before the onset of NP
degradation followed by near-complete degradation by 46 h.
Analysis of the initial PAH levels in the contaminated soil used
in our study did not show the presence of NP, so the lag time
was likely due to the absence of chronic exposure to NP, thus
requiring time for an increase in the number or activity of
NP-degrading populations. This is supported by molecular
analysis of the NP-amended cultures showing that the micro-
bial community remained similar to unamended cultures until
after 24 h, at which point there was a shift in community
structure corresponding to increased NP degradation and the
development of an almost monoculture-like microbial commu-
nity consisting predominantly of a single Pseudomonas fluore-
scens-like phylotype. It is interesting that the NP enrichment
was dominated so quickly by one organism and one dioxygen-
ase gene. Stach and Burns (50) reported a similar decrease in
diversity in batch cultures compared to biofilm cultures in a
study that enriched with NP and PH.

A frequent criticism of enrichment cultures is that they se-
lect only for the fastest growing organisms under the condi-
tions utilized and do not reflect what occurs in nature (18, 23).
While enrichment on NP led to a profound decrease in diver-
sity, the PH enrichment library was more complex and more
closely resembled the unamended soil library, possibly because
the original soil contained relatively high PH concentrations.
The prior adaptation of the microbial community to the pres-
ence of PH is supported by molecular analysis of the commu-
nity structure. DGGE fingerprints for PH-amended cultures
did show a slight reduction in band number; however, the
overall community fingerprint changed in a way similar to that
of the unamended cultures. This is not surprising, given that
the three ring and higher PAHs in the original soil materials
most likely caused a shift in the unamended samples. Clone
libraries and phylogenetic analysis show similar enrichment for
OTU 1 and OTU 2 (phylotypes closely affiliated with Burk-
holderia and Sphingomonas) in the PH-amended and un-
amended cultures. Moreover, while small numbers of OTUs
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22, 31, and 32 (phylotypes affiliated with Nitrosococcus, Stenotro-
phomonas, and Massilia) were observed in the unamended cul-
tures, they were enriched to high numbers in PH-amended cul-
tures. Members of these genera have been demonstrated to
degrade a range of PAHs, suggesting they may play a role in PH
degradation in our cultures (5, 6, 22, 55, 57).

nahAc-like genes were rare in the PH enrichment. In con-
trast to the NP enrichment library, which was dominated by
one Rieske sequence, the PH enrichment library contained a
number of equally dominant Rieske sequences and remained
quite diverse. This contrasts with the findings of Stach and
Burns, who reported a decrease in dioxygenase gene diversity
in both PH and NP enrichment and biofilm communities (50).
The Rieske data also contrast with the microbial community
profiling results in that the unamended and PH enrichments
share some dominant bacterial phylotypes but have no domi-
nant Rieske families in common. It is possible that the bacte-
rial community analysis detects not only bacteria growing on
the added PH but also on by-products from PH degradation.
The use of the Rieske primers has the advantage of allowing us
to target bacteria possessing the ability to catalyze the first step
in PH biodegradation.

Molecular analysis of the adaptation of the microbial com-
munity to growth on PY shows that after PY degradation, the
community was enriched in three different phylotypes. As in
the unamended and PH-amended cultures, OTUs 1 and 2
(Burkholderia and Sphingomonas) were observed in PY-en-
riched cultures. However, we observed a strong selection for
OTU 31 (Stenotrophomonas), resulting in a low Shannon-
Weaver diversity index. Previous studies have documented the
presence of members of the genus Stenotrophomonas in PAH-
contaminated soils, and individual bacteria isolated from these
sites have been shown to mineralize PY (6, 25, 58). The PH
and PY enrichment libraries had a number of Rieske clone
families in common, suggesting that these enzymes may be
involved in both PH and PY degradation. Both the PH and PY
libraries contained alkylbenzene dioxygenase-like sequences
and an uncharacterized aromatic dioxygenase-like sequence as
two of their most dominant clone families. Both libraries also
contained a number of sequences that have no close relatives
in the GenBank database, indicating that there remains a
wealth of untapped dioxygenase sequence diversity and poten-
tially functional diversity in contaminated environments.

The goal of our current studies is to design a better
method of predicting the overall biodegradative and biore-
mediative potential of contaminated sites. Our approach
used traditional laboratory biodegradation studies com-
bined with molecular ecological techniques to characterize
shifts in both microbial community and functional gene pro-
files during the biodegradation of a range of model PAHs.
Overall, our study suggests that contaminated environments
can harbor a wide diversity of dioxygenase genes, allowing
for succession of different dioxygenase gene populations in
response to exposure to different PAHs. The combination of
the Rieske primers and bacterial community profiling rep-
resents a powerful tool for both assessing bioremediation
potential in the environment and for the discovery of novel
dioxygenase genes.
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