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Abstract

Aerobically grown enrichment cultures derived from hydrocarbon-contaminated seawater and freshwater sediments were
generated by growth on crude oil as sole carbon source. Both cultures displayed a high rate of degradation for a wide range
of hydrocarbon compounds. The bacterial species composition of these cultures was investigated by PCR of the 16S rDNA
gene using multiple primer combinations. Near full-length 16S rDNA clone libraries were generated and screened by
restriction analysis prior to sequence analysis. Polymerase chain reaction-denaturing gradient gel electrophoresis (PCR-
DGGE) was carried out using two other PCR primer sets targeting either the V3 or V6–V8 regions, and sequences derived
from prominent DGGE bands were compared to sequences obtained via cloning. All data sets suggested that the seawater
culture was dominated by a-subgroup proteobacteria, whereas the freshwater culture was dominated by members of the b-
and g-proteobacteria. However, the V6–V8 primer pair was deficient in the recovery of Sphingomonas-like 16S rDNA due to
a 39 terminal mismatch with the reverse primer. Most 16S rDNA sequences recovered from the marine enrichment were not
closely related to genera containing known oil-degrading organisms, although some were detected. All methods suggested
that the freshwater enrichment was dominated by genera containing known hydrocarbon-degrading species.  2000
Elsevier Science B.V. All rights reserved.

Keywords: Enrichment cultures; DGGE; Hydrocarbon degradation; Polymerase chain reaction; Phylogenetic analysis; 16S rDNA

1. Introduction
*Corresponding author. Tel.: 1 1-423-974-8009; fax: 1 1-423-

974-8027. Hydrocarbon-degrading consortia of bacteria de-
E-mail address: stephe01@utk.edu (J.R. Stephen)
1 rived from contaminated environments are generatedOak Ridge National Laboratory, managed by Lockheed Martin

under laboratory conditions for a number of reasons.Energy Research Corporation, for the U.S. Department of Energy
under contract number DEACOS-960R22464. These include investigation of chemical degradation

0167-7012/00/$ – see front matter  2000 Elsevier Science B.V. All rights reserved.
PI I : S0167-7012( 99 )00134-7



20 Y.-J. Chang et al. / Journal of Microbiological Methods 40 (2000) 19 –31

pathways, isolation and characterization of hydro- efficient and unbiased recovery of diverse bacterial
carbon-degrading organisms, and production of templates (Marchesi et al., 1998). In order to avoid
large-scale inocula for bioaugmentation to accelerate the limitations of one particular primer set and also
intrinsic remediation of contaminated environments. to allow comparison of efficiency between primer
The species composition of cultures showing po- sets, we used three previously described primer sets
tential for use in bioaugmentation is of interest for for the amplification of bacterial community 16S
scientific, regulatory and biotechnological reasons, rDNA.
and an understanding of the composition of hydro- Subsequent analysis of the amplified products can
carbon-degrading consortia may assist the develop- be carried out in a number of ways, classed as either
ment of bioremediation monitoring systems (Head, cloning dependent or cloning independent. The se-
1998). quences of cloned 16S rDNA fragments allow

Isolation of individual members of a consortium as comparison with the 16S rDNA sequences of cul-
pure cultures is not always practical due to its time- tured organisms, and because this type of infor-
consuming nature and the lack of understanding of mation is additive, also with the sequences of cloned
the growth requirements for most environmental material from previous studies. At the time of
bacteria (Skinner et al., 1952; White, 1983; Bakken, writing, the GenBank database carries over 31 600
1985; Tunlid and White, 1992; White et al., 1993). partial and complete 16S rDNA sequences (Schuler
Therefore, molecular methods have been increasing- et al., 1996). A commonly employed cloning-in-
ly employed over recent years in the description of dependent method is based on denaturing gradient
complex microbial communities in environmental gel electrophoresis (DUGE; Muyzer et al., 1993),
samples, and environmentally derived enrichment which can be used to separate mixed PCR products
cultures (Muyzer and Smalla, 1998; Torsvik et al., into the constituent sequence types based upon their
1998, Rabus et al., 1999). Nucleic acid-based analy- differential melting behavior in a gradient of denatur-
ses of prokaryotic species in complex samples ant chemicals. Herein, one primer set was used to
usually target the gene for 16S rRNA, due to the amplify near-full-length copies of the community
ubiquity of the gene for 16S rRNA and the presence 16S rRNA genes, for the generation of clone li-
of conserved regions suitable as amplification target braries to be subjected to sequence analysis (Lane et
sites. Moreover, the existence of an extensive data- al., 1985). Two other primer sets were used for
base of sequences from cultured organisms (Lane et domain-level PCR-DGGE analysis of 16S rDNA of
al., 1985, Marchesi et al., 1998, Maidak et al., 1999) the major bacterial populations, with the excision of
enables confirmation of the in situ significance of prominent bands for sequence analysis (Muyzer et

¨isolates (Watanabe et al., 1998), and can provide al., 1993, Nubel et al., 1996).
clues as to proper growth conditions for the isolation The study described herein had two aims. (1) To
of the dominant organisms (Juretschko et al., 1998). determine the major bacterial groups comprising the

In this study, we have applied 16S rDNA ana- oil-degrading consortia of two highly active enrich-
lytical techniques to two highly active hydrocarbon- ment cultures derived from polluted marine and
degrading enrichment cultures derived from contami- freshwater sediments (previously described in Holder
nated sediments. The kinetics of hydrocarbon-degra- et al., 1999) and (2), to compare the community
dation by these enrichments has been described profiles obtained by various primer sets and post-
elsewhere (Holder et al., 1999). The choice of amplification screening methods, thereby identifying
primers and PCR conditions are critical to the their strengths and weaknesses as regards the diversi-
generation and interpretation of the community ty of sequences recovered in relation to the other
profile recovered. The 16S rDNA sequence database methods employed.
is growing rapidly, and as sequence information
continues to accrue, it is becoming increasingly

2. Methods and materialsapparent that the available data represents only a
small fraction of naturally occurring 16S rDNA 2.1. Origin of cultures
sequence variation. Frequent revision of PCR prim-
ers is therefore necessary to achieve the most The microbial communities described herein com-
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4 4prised two hydrocarbon-degrading enrichment cul- detectable alkane-degrading and 1.1 3 10 –5.2 3 10
tures capable of rapid degradation of both aliphatic aromatic-degrading bacteria per ml as determined by
and polyaromatic hydrocarbons (Holder et al., 1999). most probable number (MPN) analysis (Wrenn and
The cultures were derived from long-term accidental- Venosa, 1996). The freshwater culture was similarly

7ly contaminated marine and freshwater sediments. estimated to contain 2.7 3 10 alkane-degrading and
7The marine enrichment culture (4-Org) was original- 1.9 3 10 aromatic-degrading bacteria per ml.

ly isolated from marine sediment contaminated in
1989 after the Exxon Valdez tanker ran aground. 2.3. Nucleic acid extraction
Sediment was collected from Disk Island (1478409W,
608299309N), and the enrichment was grown in GP2 A portion of each enrichment culture (1 ml) was
medium supplemented with potassium nitrate (g / l; centrifuged at 13 000 rpm in a bench-top micro-
NaCl, 21.03; Na SO , 3.52; KCl, 0.61, KBr, 0.088; centrifuge for 10 min (Biofuge 13E, Hereus2 4

Na B O ? 10H 0, 0.034; MgCl ? 6H 0, 9.50; Sepatech, GmbH, Germany). The supernatant was2 4 7 2 2 2

CaCl ? 2H 0, 1.32; SrCl ? 6H 0; NaHCO , 0.17; discarded and the cell pellet was resuspended in2 2 2 2 2

KNO , 2.89; FeCl ? 6H 0, 0.05; Na P O , 0.297; sodium phosphate buffer (500 ml, 120 mM, pH 8.0).3 3 2 5 3 10

pH 8.0). The freshwater culture was derived from an DNA was then extracted by mechanical lysis by
Ohio River site in Cincinnati, Ohio (Anderson bead-beating, phenol /chloroform extraction, and
Ferry), downstream of a petroleum storage area and resin purification as described previously (Stephen et
constantly contaminated by hydrocarbon spillage for al., 1999) with the exceptions that an extra chloro-
several decades. Sediment was collected from the form extraction was employed immediately after
north side of the Ohio River (84.628W, 39.078N) and beating to remove contaminating hydrocarbons and a
the enrichment grown in Bushnell–Haas medium ‘FastPrepE’ beating system (Bio-101) was used.
(g / l MgSO ? 7H O, 0.2; CaCl , 0.02, KH PO , 1.04 2 2 2 4

K HPO, 1.0; NH NO 1.0; FeCl , 0.05; cholesterol 2.4. Amplification of rDNA fragment2 4 3 3

0.3; in distilled water pH 7.0–7.2). Both cultures
were provided with Alaska North Slope crude oil All primers and PCR conditions have been de-

21[ANS521, 5 g 1 weathered under vacuum at 2508C scribed previously. Primer names, PCR parameters
to remove the light hydrocarbons; (Anon, 1989)] and and references are given in Table 1. All amplifica-
grown in 10-l batch culture with vigorous aeration at tions used Expand High FidelityE polymerase (1.2
208C for 21 days per sub-culture. Each enrichment U; Boehringer Mannheim, Indianapolis, IN, USA)
culture underwent a minimum of five subcultures executed on a Robocycler 96 GradientE (Stratagene)
(1% inoculum) prior to analysis. with 1 ng of template DNA in a 25-ml reaction

volume.
2.2. Culture characterization

2.5. Cloning and screening of 16S rDNA
The marine culture (4-Org) degraded alkanes with fragments

2a first-order rate constant of 2 0.425 (r 5 0.939)
21 2day and aromatics at a rate of 2 0.186 (r 5 Amplification products from duplicate DNA ex-

0.908) per day. The freshwater culture degraded tractions were cloned directly into the PCR-TOPO
2alkanes at a rate of 2 0.43 (r 5 0.97) per day and 2.1E cloning vector (Invitrogen, Carsbad, CA, USA)

2aromatics at a rate of 2 0.036 (r 5 0.76) per day. according to manufacturer’s instructions. For each
Rates were calculated as described previously (Hol- enrichment, two independent libraries were con-
der et al., 1999). Cultures were concentrated by structed. Recombinant (white) clones were screened
centrifugation (Beckman J2-21 M centrifuge, JA10 for the presence of insert-containing plasmids by
rotor, 10 000 rpm, 48C, 20 min) and resuspended in PCR using vector-specific primers (M13 reverse and
2% NaCl (marine) or 0.85% NaCl (freshwater) T7; Invitrogen) and a portion of a colony as template
containing 10% (v/v) glycerol prior to cell number source. Amplification products were digested with
assay and storage at 2 808C. The marine culture restriction endonuclease MspI and analyzed by aga-

6 8(4-Org) was shown to contain 2.5 3 10 –4.2 3 10 rose gel electrophoresis (2% agarose, 1 3 TAE buf-
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Table 1
PCR primers sets used in this study, amplification parameters and primary references

aPrimer set Published pair name PCR conditions Reference

1 27F and 1492r 938C 2 min, Lane et al., 1985
followed by 35 cycles of
928C, 30 s; 508C, 30 s;
688C, 90 s

2 341F-GC and 534r 938C 2 min, Muyzer et al., 1993
followed by 35 cycles of
928C, 30 s; 558C, 30 s;
688C, 30 s

¨3 968F-GC and 1401r 938C 2 min, Nubel et al., 1996
followed by 35 cycles of
928C, 30 s; 558C, 30 s;
688C, 30 s

a All amplification reactions finished with a 7-min incubation at 688C.

fer) and ethidium bromide fluorescence. A total of 40 Supplemental sequences were retrieved from Gen-
insert-containing clones from each enrichment were Bank via the National Institute for Biotechnology
screened by MspI digestion. Clones were selected to Information (NCIB) internet node using the Entrez
represent each restriction pattern (at least one clone facility (Schuler et al., 1996). Crude alignments of
for each pattern, two for common patterns) and recovered sequences were performed using the
subjected to sequence analysis. ALIGN facility of the RDP followed by manual

alignment within Seqpup V. 0.6. Ambiguous bases
2.6. Sequence analysis of cloned products and regions that could not be unambiguously aligned

were deleted from phylogenetic analysis by use of
PCR products derived from clones after amplifica- the Genetic Data Environment 2.2 ‘mask’ function

tion with the vector-specific primers M13 reverse operated within ARB (Strunk and Ludwig, 1998).
and T7 (Invitrogen) were purified by use of Gene- Phylogenetic algorithms (DNA-DIST, NEIGHBOR
Clean Spin columns (BIO-101, Vista, CA, USA) and and SEQBOOT) also operated within the ARB
quantified by fluorimetry (Hoefer DyNA-Quant software environment. Compiled sequences were
200E Fluorometer and Hoechst H33258 dye binding screened for possible chimeric origin by use of the
assay; Pharmacia Biotech, Piscataway, NJ, USA). RDP ‘CHECK CHIMERA’ program and by indepen-
Double-strand sequencing was carried out on an dent neighbor-joining analysis of the 59 and 39 halves
Applied Biosystems automated sequencer (model of sequences within the dataset shown in Fig. 1.
373) with ‘Prism’E dye terminators. All clones were Similarity comparisons of partial clone sequences
sequenced using the primers 27f, 519r, 907r, 1492r using the BLAST 2.0 algorithm (Altschul et al.,
(Lane et al., 1985), and 1098r 1997) were carried out via the NCBI internet node.
(AAGGGTTGCGCTCGTTGCG; E. coli numbering
(Brosius et al., 1981; this study), except clones
4-Orgl-6 and 4-Orgl-38 for which the primer 1184r 2.7. Nucleic acid accession numbers
(ATGATTTGACGTCATCCCC; E. coli numbering
(Brosius et al., 1981; this study) was substituted for The near-full length 16S rDNA sequences of the
1098r due to primer site incompatibility. Sequences marine and freshwater hydrocarbon-degrading bac-
were assembled using ‘Seqpup Version 0.6.’ (Gilbert, teria have been submitted to GenBank with the
1996). Reference sequences were recovered from the consecutive accession numbers AF143820–
RDP release 7.0 of July 1998 (Maidak et al., 1999). AF143844.
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Fig. 1. Neighbor-joining dendrogram with Olsen correction of cloned near-full length sequences derived from marine (4-Org) and
freshwater (AF) enrichment cultures with reference sequences derived from the Ribosomal Database Project (Maidak et al., 1999). Numbers
represent Bootstrap support on 100 replicates for branches immediately to their right, and for simplicity are shown only for nodes of
relevance to the novel sequences described. All analyses were carried out within the ARB sequence management system for the Linux
operating system (Strunk and Ludwig, 1998). Scale-bar represents 10% estimated change.
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2.8. DGGE analysis 3. Results

All gradients, run times and percentages of acryl- 3.1. Phylogenetic analysis of near-full-length 16S
amide were as given in the appropriate reference for rDNA sequences
each primer set cited in Table 1. DGGE was
performed using the D-CodeE system (16/16 cm The number of clones selected for screening by
gel; BioRad, Hercules, CA) maintained at a constant restriction digestion was chosen to provide a similar
temperature of 608C in 6 l of 0.5 TAE buffer (20 level of sensitivity to detection of diversity as the
mM Tris–acetate, 0.5 mM EDTA, pH 8.0). The PCR-DGGE methods, which can detect organisms
denaturant was defined as 100% 5 7 M urea plus that provide 1–2% of the total population in a
40% v/v formamide. Gels were stained in purified mixture (Muyzer et al., 1993; Stephen et al., 1999).
water (Milli-RoE, Millipore, Bedford, MA) con- MspI digestion patterns of clones randomly selected

21taining ethidium bromide at 0.5 mg l , and de- from the seawater (4-Org) and freshwater hydro-
stained twice in 0.5 3 TAE. Images were digitally carbon-degrading enrichments (AF) generated 12 and
captured using ALPHA-IMAGERE software (Alpha-In- 22 different restriction patterns respectively. The
notech, San Leandro, CA). frequencies of recovery of each pattern are given in

The major bands were excised, re-amplified, and Table 2. At least one representative of each pattern-
subjected to sequence analysis using one of the type was selected for complete sequencing of the
original PCR primers to generate up to 300 bases of circa 1.5-kb insert. A total of ten of these clones
sequence data. Sequencing and sequence analysis were determined to be of chimeric origin (four
was as described in Section 2.6. Due to the presence marine, six freshwater; data not shown). Chimera-
of multiple PCR products migrating to the same check analysis of clone 4-Org 1–37 gave ambiguous
point in the DGGE gel, not all DGGE bands results and we reserve judgement on the validity of
generated high-quality sequence data. Illegible se- this sequence as a genuine 16S rDNA. As clones
quence data was discarded. were not selected randomly for sequence analysis, it

Table 2
Frequency of recovery of different Mspl restriction patterns from marine (4-Org) and freshwater (AF) hydrocarbon-degrading enrichment
cultures. Single enzyme digests are useful for screening purposes, but should not be used to infer phylogenetic placement

Restriction Frequency Clone representatives
pattern class % sequenced

Culture 4-Org 1 3 4-Org24/4-Org114
2 40 4-Org112/4-Org159
3 3 4-Org113/
4 7 4-Org136/4-Org227
5 7 4-Org137/4-Org228
6 3 4-Org138
7 3 4-Org158
8 10 4-Org220/4-0rg23 1
9 3 4-Org222

10 3 4-Org224
11 7 4-Org225
12 7 4-Org235

Culture AF 1 6 Af12
2 48 AF-13/AF-24
3 3 AF-15
4 3 AF-18
5 3 AF-21
6 24 AF-22
7 15 AF-23
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is not possible to estimate the percentage of clones of structure from that of the marine-derived clone
chimeric origin. A neighbor-joining comparison of library, with the majority of clones clearly related to
the remaining sequences from both enrichments is known bacterial genera (Fig. 1). One clone was
shown in Fig. 1. The frequency of recovery of each derived from the a-subgroup proteobacteria and fell
restriction-type are given in Table 2. within the Sphingomonas group, showing . 98%

sequence identity to the chlorophenol-degrading
3.2. Marine enrichment Sphingomonas sp. BN6 (Nohynek et al., 1996). Four

clones fell within the b-subdivision proteobacteria.
The majority of clones recovered from the sea- One of these fell within the Burkholdaria subgroup

water enrichment were related to the a-subgroup and one in the Bordetella subgroup. The remaining
proteobacteria and fell within four sequence clusters two clones could not be classified beyond the level
(Fig. 1). Half (9 /18) of the clones formed two of b-proteobacteria. The remaining three clones all
strongly supported sister-groups within the a- fell within the Acinetobacter subgroup of the g-
proteobacteria, neither cluster being closely related subgroup proteobacteria.
to any known bacteria for which comparable-length
sequences are available (clusters 1 and 2). As clones 3.4. Comparison of clone library structure with
recovered from environmental samples are generally DGGE band analysis
not subjected to full-length sequence analysis, the
BLAST 2.0 algorithm was used to compare short Figs. 2 and 3 show the DGGE profiles obtained
fragments of cloned sequences to the GenBank from the freshwater and marine enrichments with
database. This revealed that sequences belonging to primer sets 2 and 3, respectively. These results
clusters 1 and 2 showed a close relationship (at least demonstrated reasonable agreement between the
96 and 94% identity over the 443 bases of 59 clone libraries and the products amplified using both

¨sequence, respectively) to a cloned sequence previ- DGGE primer sets (Muyzer et al., 1993; Nubel et al.,
ously recovered from a marine environment 1996; Heuer and Smalla, 1997). However, no Sph-
(‘Tomales Bay 1g wh’; Accession number ingomonas-like sequences were recovered from the
AF055829). A third group of three cloned sequences freshwater culture using primer set 3. In both enrich-
(cluster 3) also fell within the a-subdivision ments, both primer pairs 2 and 3 detected an
proteobacteria, showed a loose relationship to the Actinomycete-like sequence identical to several
genus Roseobacter, and fell within the Rhodobacter members of the genus Rhodococcus that was not
group (Maidak et al., 1999). The fourth cluster of recovered from the clone library. The groups de-
three sequences (cluster 4) was not affiliated with tected by each approach are summarized in Table 3.
any established 16S rDNA sequence cluster within
the a-proteobacteria. These sequences showed no
more than 90% similarity to any known sequences. 4. Discussion
The remaining two clones derived from this enrich-
ment represented single sequences within the Bac- 4.1. Dominant community members
teroides–Flexibacter–Cytophaga phylum and g-sub-
division of the class proteobacteria. The latter was The two enrichment cultures studied, which were
found to be . 99% identical to the 16S rDNA derived from different environments (freshwater and
sequences of a cultured Alcanivorax borkumensis seawater) and grown in different media, represented
strain capable of degrading n-alkanes and producing two different consortia capable of rapid hydrocarbon
biosurfactants (Yakimov et al., 1998). degradation. The marine culture was apparently

dominated by a-proteobacteria, the majority of
3.3. Freshwater enrichment which were inferred to have been recovered from, as

yet uncultured, organisms. Based on 16S sequence
Clones derived from the freshwater enrichment similarity, which should not be taken as confirmation

culture revealed a completely different community of species identity (Fox et al., 1992), two organisms
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Fig. 2. DGGE analysis of marine (4-org) and freshwater (AF) enrichment cultures generated by the method of Muyzer et al., 1993 (primer
set 2). Labeled bands generated legible sequences when excised and reamplified which were compared to clone sequences and databases.
Unlabeled bands generated mixed sequences that could not be used for taxonomic ranking.

were detected with close relationship to known 4.2. Consistency of profile with different domain-
hydrocarbon-degrading and surfactant-producing ge- level PCR primer sets
nera, Alcanivorax, in the g-subgroup proteobacteria
(Yakimov et al., 1998) and Rhodococcus sp., an The congruence between the community profiles
actinomycete lineage (Colquhoun et al., 1998a,b). provided using the PCR-primer sets 1 through 3 was
The domination of this culture by a-proteobacteria generally high, however none of the three profiles
may be interesting in the light of the recent discovery were identical (Table 3). Primer sets 1 and 2, used to
of a-proteobacteria as the dominant organisms create the clone library and to amplify the V3 region
colonizing an experimental beach oil-spill (Mac- for DGGE analysis respectively, both appear to
naughton et al., 1999). The freshwater enrichment target highly conserved sites in the bacterial 16S
culture appeared to be dominated by organisms rDNA gene. The primer set 2 forward primer is
closely related to cultured genera in the a- b- and commonly used as a diagnostic probe site to dif-
g-subgroups of the proteobacteria (including Sphing- ferentiate Bacteria from Archaea (Amann et al.,
omonas (a-subgroup), Alcaligenes (b-subgroup), 1990, Snaidr et al., 1999), and the reverse partner is
Acinetobacter, and Pseudomonas (g-subgroup)) and commonly considered a ‘universal’ conserved se-
an actinomycete identical over the regions sequenced quence within the small subunit rRNA genes of all
to cultured members of the genus Rhodococcus, all known organisms (Stahl et al., 1988; Stapleton and
of which contain efficient hydrocarbon-degrading Sayler, 1998). However, the region between these
species (Chaineau et al., 1999 and references cited two sites is highly variable and less than 200 bp in
therein). length, and therefore not ideal for phylogenetic
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¨Fig. 3. DGGE analysis of marine (4-org) and freshwater (AF) enrichment cultures generated by the method of Nubel et al., 1996 (primer set
3). Labeled bands generated legible sequences when excised and reamplified which were compared to clone sequences and databases.
Unlabeled bands generated mixed sequences that could not be used for taxonomic placement.

inference. Conversely, primer set 3 targeted some- RDP database provided a clear explanation for the
what less highly conserved regions of the bacterial inability of primer set 3 to amplify Sphingomonas-
16S gene, but recovered a more informative and like sequences, a 39 terminal mismatch with the
longer fragment. The near-full-length rDNA frag- reverse primer. The incompatibility of this primer set
ments recovered using cloning strategies carry the with the 16S rDNA of Sphingomonas-like organisms
maximum amount of phylogenetic information, but was confirmed by failure to generate an amplification
are unsuitable for rapid community profiling (Fodde product from genomic DNA extracted from Sphing-
and Losekoot, 1994). omonas aromaticivorans B0695 (Balkwill et al.,

A comparison of the sequences of the primer set 3 1997; data not shown). The failure to recover several
oligonucleotides to the Sphingomonas-like clone groups of sequences with primer set 2 is less easily
sequence and Sphingomonas sequences from the explained, but it is possible that such products co-



28
Y.-J.

C
hang

et
al.

/
Journal

of
M

icrobiological
M

ethods
40

(2000)
19

–31

Table 3
aSummary of groups of organisms detected by the three community profiling methods applied to cultures 4-Org and AF

bPrimer a-Proteobacteria a-Proteobacteria a-Proteobacteria Roseobacter Alcanivorax B–F–C Rhodococcus Pseudomonas
set Cl.1 Cl.2 Cl.3 group group phylum group group

Culture 4-Org
1 ✓ ✓ ✓ ✓ ✓ ✓ 3 3

2 ✓ ✓ 3 3 3 ✓ ✓ 3

3 ✓ ✓ ✓ 3 ✓ 3 ✓ 3

Culture AF
Sphingomonas Rubrivivax Alcaligenes Burkholderia Acinetobacter Rhodococcus
group group group group group group

1 ✓ ✓ ✓ ✓ ✓ 3

2 ✓ ✓ ✓ 3 ✓ ✓

3 3 ✓ ✓ ✓ ✓ ✓

a A tick (✓) indicates that the group was detected, a cross ( 3 ) indicates that no members of this group were detected by the profiling method used.
b Bacteroides–Flexibacter–Cytophaga phylum.
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migrated with more dominant sequences and were methods used here generated identical results dem-
not detected, or fell within mixed bands that did not onstrates that these profiles must still be considered
generate legible sequences. Neither DGGE primer method-dependent. Specifically, due to the likelihood
set recovered Roseobacter-like sequences from the of failure to detect Sphingomonas species, which are
marine culture, despite their apparent abundance in heavily implicated in degradation of a broad range of
the clone library. However, based on both restriction pollutants (White et al., 1996; Kastner et al., 1998;
analysis and clone sequencing (Table 2, Fig. 1), the Barkay et al. 1999; Hamann et al., 1999; and
Roseobacter-like sequences formed a rather diverse references cited therein), this study has shown that
group, and it is possible that no individual sequence the use of primer set 3 to study bioremediative
was sufficiently common to form a distinct band in communities in non-marine environments cannot be
DGGE analysis. The Rhodococcus-like actinomycete recommended.
sequence detected in both cultures with both DGGE-
PCR primer-pairs was not detected during screening
of the clone-libraries. The high GC-content of this Acknowledgements
sequence made it particularly easy to recognize by
DGGE, due to its formation of a distinct band lower This research was supported by a grant from the
in the gel than all other detectable 16S rDNA National Science Foundation (NSF DEB 9814813),
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unusual melting behavior. Thus, the structure of a assessment component of the Natural and Acceler-
bacterial community revealed by 16S-rDNA based ated Bioremediation Research Program.
PCR methods is to a considerable extent dependent
on the method chosen to generate the profile, and it
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