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Eubacterial consensus oligonucleotide primers were used to amplify by polymerase chain reaction the nearly
full-length 16S rRNA gene of isolate C7, a gram-negative rod capable of aerobic degradation of azo dyes. The
DNA product was cloned and sequenced. Phylogenetic analysis based upon this DNA sequence places C7 within
the at subdivision of proteobacteria, most dosely related to Caulobacter subvibrioides. The phospholipid fatty
acid pattern resembles that of caulobacters, with monounsaturated 16- and 18-carbon fatty acids predominat-
ing. C7 is unusual in having a monounsaturated branched fatty acid in the phospholipids and exclusively
2-hydroxy fatty acids in the lipid-extracted residue. This organism is of potential use in bioreactors operated
for azo dye degradation.

Bacterial isolate C7 has been described in earlier reports
as a gram-negative rod capable of oxygen-insensitive azo
bond cleavage of dyes such as acid orange 7 and acid red 151
during aerobic growth in glucose-enriched minimal medium
(28). This organism is a potential candidate for incorporation
into experimental bioreactors operated for azo dye degrada-
tion. We have pursued a better understanding of C7 through
its taxonomic characterization. However, attempts at iden-
tification with the API NFT test strip (Analytab, Plainview,
N.Y.), with the Biolog Identification System (Biolog, Inc.,
Hayward, Calif.), and by fatty acid analysis profile (Micro-
bial ID, Inc., Newark, Del.) were all inconclusive (27).

In recent years, 16S rRNA sequence comparison has been
used as a powerful tool for establishing phylogenetic and
evolutionary relationships among organisms (14, 16, 32). An
approach presently employed in many laboratories uses the
polymerase chain reaction (25) to obtain 16S rRNA-specific
DNA for sequence analysis. With this approach, the goal of
this investigation was to determine the 16S rDNA sequence
of C7 in order to assess its phylogenetic position. Examina-
tion of the pattern of phospholipid fatty acids (PLFA) and
lipid-extracted residue hydroxy fatty acids (OHFA) was also
utilized to further characterize this gram-negative rod.

Strain C7 was cultured by shaking at 30°C in Vogel-
Bonner minimal E-medium (7) supplemented with 25 ,g of
filter-sterilized acid orange 7 or acid red 151 per ml. Cells in
exponential growth were pelleted by centrifugation at 12,100
x g for 5 min at 4°C. Genomic DNA was isolated by
standard methods and was gel purified (15).
The nearly full-length 16S rRNA gene was amplified by

polymerase chain reaction with oligodeoxynucleotide prim-
ers designed to anneal to conserved regions of eubacterial
16S rRNA. The forward primer corresponded to nucleotide
positions 8 to 27 of Escherichia coli 16S rRNA (5'-
AGAGTITGATCCTGGCTCAG-3'), and the reverse primer
was rP2 (29) (5'-TACGGCTACCITIGTTACGAC-3'). Primer
rP2 corresponds to the complement of nucleotide positions
1513 to 1494 in the E. coli sequence except that nucleotide
1508 was changed from T to C. Polymerase chain reaction
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amplification was carried out in a 100-,ul mixture containing
10 mM Tris-HCl (pH 8.3), 1.5 mM MgCl2, 50 mM KCl, 100
,ug of gelatin per ml, 200 p,M dATP, 200 ,uM dCTP, 200 ,M
dYJ7P, 200 ,uM dGTP, 250 nM each oligonucleotide primer,
2.5 U of Taq DNA polymerase (Perkin-Elmer Cetus), and
100 ng of purified C7 chromosomal DNA. The mixture was
subjected to 30 cycles in a Perkin-Elmer DNA Thermal
cycler, with each cycle consisting of denaturation at 94°C for
1 min, primer annealing at 60°C for 1 min, and chain
extension at 72°C for 2 min; 7 min more was added to the
chain extension step on the last cycle. Following amplifica-
tion, the DNA mixture was extracted with phenol-chloro-
form (1:1) and with chloroform, and the DNA was precipi-
tated with ethanol in the presence of sodium acetate and
resuspended in 100 ,ul of Tris-EDTA.
These conditions reproducibly gave a single, full-length

product of approximately 1.5 kb, while the control contain-
ing no added template DNA yielded no amplification prod-
uct. To reduce the likelihood of misidentifying errors incor-
porated during amplification because of the low fidelity of
Taq polymerase, samples from six amplifications were
pooled and used for cloning. With this practice an error at
any given position in one amplification would have to occur
at the same position in all six amplifications for it to be
misidentified. The purified polymerase chain reaction prod-
uct was treated with Klenow DNA polymerase (New En-
gland BioLabs) and ligated as a blunt-end fragment into
SmaI (New England BioLabs)-digested Bluescript KS(-)
(Stratagene) by standard protocols (15). The ligation mixture
was transformed into E. coli DH5cx cells and plated onto LB
agar plates containing 100 jxg of ampicillin per ml (13).
Plasmid DNA was prepared from 10 positive recombinant
transformants (2, 15), pooled, and used as template for direct
dideoxy sequencing with 32P, using Sequenase V.2 (United
States Biochemical) according to the protocol recommended
by the manufacturer for sequencing double-stranded plasmid
DNA. The cloned C7 16S rDNA was sequenced on both
strands by using primers complementary to conserved re-
gions of the E. coli 16S rRNA sequence. Ninety percent of
the sequence was determined on both strands; the remaining
was determined from replicate sequencing reactions using
one strand.
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FIG. 1. Phylogenetic relationships of selected proteobacteria from 16S rRNA sequences. The tree was rooted with Clostridiumperfringens
(not shown).

The C7 16S rRNA sequence was aligned manually with the
sequences of other 16S rRNAs on the basis of regions of
conserved sequences and secondary structures. All refer-
ence 16S rRNA sequences were obtained from either Gen-
Bank (Los Alamos, N.Mex.) or the ribosomal data base
project (21). Regions of sequences that could not be aligned
unambiguously were omitted from the phylogenetic analysis.
Regions included in this analysis were positions 28 to 68, 101
to 180, 220 to 451, 481 to 836, 850 to 1002, 1037 to 1128, 1144
to 1439, and 1460 to 1489 (E. coli numbers).
The evolutionary distance between each pair of sequences

was calculated, and a least-squares method was used to infer
the phylogenetic tree most consistent with the pairwise
distance estimate (20). The helices between bases (E. coli
numbers) 69 and 100, 180 and 220, 455 and 480, and 997 and
1044 were either truncated to shorter loops (4), deleted, or
altered in secondary structure; these features strongly sug-
gest that C7 is a member of the a subdivision of the
proteobacteria (12, 33). Analysis of signature sequences (32)
is also consistent with placement of C7 within the a subdi-
vision of the proteobacteria.
A phylogenetic tree (Fig. 1) constructed by the distance

matrix method (19) displays C7's position in relation to other
members of the proteobacteria, using sequences obtained
from GenBank (1) or the 16S rRNA data base project (21).
The statistical significance of the phylogenetic tree was

tested by bootstrap analysis (9). The relationship shown is
robust; bootstrap analysis with 100 replicates places C7
within the a group of proteobacteria, and most closely

related to Caulobacter subvibrioides, in all 100 bootstrap
trees. The overall secondary structure of C7 16S rRNA
showed no unusual base pairing, structural deviations, or
variation in length compared with other members of this
subdivision of proteobacteria. Initial phylogenetic analysis
showed C7 to be most closely related to Aquaspinllum
magnetotacticum (10), with a sequence similarity of 85.4%,
while our analysis using a more recent data base detected
one more closely related organism, C. subvibrioides, with a

sequence similarity of 92.8% (Fig. 1). A sequence similarity
comparison for these and other selected bacteria appears in
Table 1.
Although the evolutionary origin of C7 most closely coin-

cides with those of C. subvibrioides and A. magnetotacti-
cum, C7 differs from both of these type species in several
physiological traits. C. subvibrioides isolates have been
found in water and in soil, but laboratory cultures have
requirements for unknown organic growth factors that are

not satisfied by mixtures of B vitamins, amino acids, and
purine and pyrimidine bases (23). A. magnetotacticum is an
obligate microaerophile and grows best under an atmosphere
of 1 to 3% oxygen in a simple, chemically defined medium. It
is unable to grow anaerobically or under an air atmosphere
(3). C7 is not a microaerophile and grows well in defined
synthetic media under high-oxygen conditions. It has been
observed that C7 grows much better on minimal medium
than it does in more-complex media such as tryptic soy
broth. Thus, C7 does not require special growth factors and
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TABLE 1. Similarities between 16S rRNA sequences of C7 and
selected bacteria

Similarity determined with:
Organism compared Positions considered

with C7 in phylogenetic All
analysis positions

Escherichia coli 0.826 0.797
Biejerinckia indica 0.879 0.859
Caulobacter subvibrioides 0.942 0.928
Aquaspirillum magnetotacticum 0.879 0.854
Rhodopseudomonas marina 0.881 0.860
Agrobacterium tumefaciens 0.884 0.861
Rochalimaea quintana 0.888 0.860
Ancylobacter aquaticus 0.887 0.865
Rhodopseudomonas palustris 0.868 0.835
Rhodopseudomonas acidophila 0.868 0.840
Methylosinus trichosporium 0.844 0.817
Clostridium perfringens 0.806 0.774
Pseudomonas aeruginosa 0.822 0.788
Chromatium vinosum 0.835 0.799
Methylophilus methylotrophus 0.799 0.761
Nitrosomonas europaea 0.820 0.779
Pseudomonas testosteroni 0.811 0.780
Rhodocyclus gelatinosus 0.809 0.772
Erythrobacter longus 0.854 0.820
Rhodobacter capsulatus 0.858 0.847
Methylobacterium sp. 0.844 0.817

may be slightly inhibited in the presence of complex organic
compounds.

In a recent study Stahl et al. (26) showed through phylo-
genetic analysis that the caulobacters examined are all
affiliated with the alpha proteobacteria but that there was an
early divergence into two primary lines of descent, one
composed exclusively of marine caulobacters and the other
made up primarily of freshwater species. The only exception
to this pattern was the species C subvibrioides, which was
seen to be only peripherally related to the greater caulobac-
ter assemblage. This implies an early origin of the caulobac-
ter phenotype within the alpha subdivision. Since C7 is most
closely related to C. subvibrioides, C7 could also have an
early origin within the alpha proteobacteria.
For lipid analysis, approximately 20 to 25 mg (dry weight)

of bacterial cells was extracted in a chloroform-methanol,
single-phase solvent system modified to include phosphate
buffer (30). The total lipid extract was fractionated on silicic
acid columns into neutral, glyco-, and phospholipids (22).
The polar lipid fraction recovered in methanol was transes-
terified with mild alkaline methanolysis (30), and the methyl
esters were separated, quantified, and tentatively identified
after injection by capillary gas chromatography (GC) using a
50-m HP-1 (nonpolar methyl silicone) column under the
conditions described previously (24). The PLFA structures
were verified by GC-mass spectrometry (MS) with the same
GC column for Hewlett-Packard 5996A GC-MS as described
previously (24). Mono- and dienoic PLFA double-bond
positions and conformations were determined by GC-MS
analysis of the dimethyl disulfide adducts (17). Cyclopropyl-
PLFA ring positions were determined by GC-MS after
hydrogenation (11). Equivalent chain length was calculated
as described previously (6).
The lipid-extracted residue OHFA were recovered from

the lipid A fraction (8, 18). This material was found in the
upper phase of the extraction. The upper phase was concen-
trated in a rotary evaporator in vacuo and hydrolyzed in 1 N

TABLE 2. Analysis of PLFA and lipid-extracted residue
OHFA of C7

Fatty acida %b

PLFA
16:1w7c.......... 25.66 (0.77)
16:1wSc.......... 1.37 (0.31)
16:0.......... 10.70 (2.72)
cy17:0.......... 0.36 (0.13)
17:0.......... 0.05 (0.01)
18:1w7c.......... 57.60 (3.00)
18:1wSc.......... 0.87 (0.13)
18:0.......... 0.37 (0.06)
brl9:1.......... 2.97 (0.88)
cyl9:0.......... 0.10 (0.08)
Total.......... 100.00

Residue OHFA
2-OH14:0.......... 84.72 (0.51)
2-OH16:0.......... 15.28 (0.51)
Total.......... 100.00

a Fatty acid designations are total number of carbon atoms:number of
double bonds, with the position of the double bond closest to aliphatic end (w)
of the molecule (aliphatic for methyl). Configurations of the double bonds are
indicated as cis (c) or trans (t). For example, 16:1w7c is a PLFA with a total
of 16 carbons with one double bond 7 carbons from the methyl end in the cis
configuration. Branched (br) fatty acids are designated iso (i) or anteiso (a)
(see text) if the methyl branch is one or two carbons from the w end (e.g.,
(i15:0) or by the position from the methyl end of the molecule (e.g.,
10Mel6:0). Cyclopropyl (cy) fatty acids are designated by the total number of
carbons (e.g., cyl7:0), and the position of the hydroxyl from the carboxyl end
of the fatty acid is indicated as a prefix (e.g., 2-OH16:0).

b Mean, with standard deviation in parentheses (n = 2).

HCl for 2 to 4 h at 100°C. The residue was then reextracted
with two portions of methanol and three portions of chloro-
form so that the final volume contained chloroform-metha-
nol-1 M HCl (5:2:3, vol/vol/vol). After 24 h of storage at
room temperature, the preparation was centrifuged, and the
chloroform phase was recovered, evaporated to dryness,
and methylated with "magic" methanol (methanol-chloro-
form-concentrated HCI, [10:1:1, vol/vol/vol]) (16a) at 100°C
for 1 h. The methylated OHFA were recovered in the upper
phase following extraction (with three washes) in hexane-
chloroform (4:1, vol/vol). The volatile solvent was then
removed with a stream of nitrogen, and the OHFA were
purified on thin-layer plates (precleaned with hexane-ethyl-
ether [1:1]). Plates were developed in the same solvent, and
the OHFA band was recovered after location with a standard
that was run simultaneously. Before GC-MS analysis, the
hydroxyl groups were derivatized with N,O-bis(trimethylsi-
lyl)trifluoroacetamide (Pierce, Rockford, Ill.).
The PLFA of C7 have 16:0, 16:1w7c, and 18:1w7c consti-

tuting 94% of the total (Table 2). This is a rather common
pattern, generated by the anaerobic desaturase pathway and
shared by Caulobacter species, among others. However, the
presence of the unusual br19:1 at nearly 3 mol% in the PLFA
clearly differentiates this organism from the Caulobacter
species that have been examined (31). None of the 14 species
or strains of Caulobacter or the two species ofAsticcacaulis
or Prosthecomicrobium show 19-carbon PLFA, none show
PLFA longer than 17 carbon atoms, and, except for Caulo-
bacter vibrioides GB-G and Caulobacter intermedius CB63,
these strains have only traces of branched PLFA (GB-G
shows 6% a15:0 and CB63 shows 5% a15:0 [5]). C. subvibri-
oides subsp. albus CB88 contains only traces (< 1%) of a15:0
and i16:0 as branched PLFA (5). Of two Hyphomicrobium
species, one has 7% hydroxy-PLFA, which C7 does not
have, and the other has no branched PLFA (31). Moreover,
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C7 is extraordinary in having only 2-OHFA acids in the
lipid-extracted residue (Table 2). Other gram-negative bac-
teria have 3-OHFA or both 3-OHFA and 2-OHFA in their
lipopolysaccharide (LPS).

Caulobacters and other bacteria of similar morphology
represent an extremely diverse phylogeny as assessed by
16S rRNA-based phylogenetic analysis (26). Of the five
major groups defined by 16S rRNA, species in three groups
show divergences from the PLFA pattern of C7. PLFA
patterns of two groups of marine caulobacters have not been
examined. On the basis of 16S rRNA analysis, one of these
clusters with Pseudomonas diminuta. Fifty-two percent of
the LPS OHFA of P. diminuta was shown to be 3-OH12:0,
a compound which is not found in C7. Thus, C7 shows no
PLFA or LPS OHFA patterns in common with the analyzed
caulobacters, and there are no organisms with C7's charac-
teristics in the major lipid structure compendium (31).
C7 had been tentatively identified as Pseudomonas pauci-

mobilis by the API NFI test strip (Analytab) (28) and was
compared with the reference strain P. paucimobilis ATCC
29837 by use of the Biolog Identification System (Biolog,
Inc.) and by fatty acid analysis profile (Microbial ID, Inc.).
Both systems identified the ATCC strain as P. paucimobilis,
but neither identified C7. (The Microbial ID analysis came
up with a match with Pseudomonas saccharophila with a
low index value of 0.049, 1.0 being a perfect match. ATCC
29837 did not decolorize acid orange 7 in aerobic liquid
culture (27).
Our data provide the first phylogenetic classification of a

potentially useful aerobic azo dye-degrading microorganism,
isolate C7, by 16S rDNA and lipid analysis. The results
indicate that C7 most probably is a previously unrecognized
species and not a variant of a known species. Isolation and
characterization of microorganisms showing unique func-
tional properties from natural environments and 16S rRNA
analysis of these bacteria are likely to lead to the continued
identification of novel, previously uncharacterized species,
providing further insights into the diversity and complexity
of the microbial world. Isolate C7 is another organism for
which lipid analysis has revealed unique properties of taxo-
nomic relevance.

Nucleotide sequence accession number. The sequence re-
sults from this study are available from GenBank (accession
no. L22759).
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