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Carolina bays are naturally occurring shallow elliptical depressions largely fed by rain and shallow ground
water. To identify members of the domain Bacteria which inhabit such an environment, we used PCR to
construct a library of 16S rRNA genes (16S rDNAs) cloned from DNA extracted from the sediments of Rainbow
Bay, located on the Savannah River Site, near Aiken, S.C. Oligonucleotides complementary to conserved
regions of 16S rDNA were used as primers for PCR, and gel-purified PCR products were cloned into vector
pGEM-T. Partial sequencing of the cloned 16S rDNAs revealed an extensive amount of phylogenetic diversity
within this system. Of the 35 clones sequenced, 32 were affiliated with five bacterial groups: 11 clustered with
the Proteobacteria division (including members of the alpha, beta, and delta subdivisions), 8 clustered with the
Acidobacterium subdivision of the Fibrobacter division (as categorized by the Ribosomal Database Project’s
taxonomic scheme, version 5.0), 7 clustered with the Verrucomicrobium subdivision of the Planctomyces division,
3 clustered with the gram-positive bacteria (Clostridium and relatives subdivision), and 3 clustered with the
green nonsulfur bacteria. One sequence branched very deeply from the Bacteria and was found not to be
associated with any of the major divisions when phylogenetic trees were constructed. Two clones did not
consistently cluster with specific groups and may be chimeric sequences. None of the clones exhibited an exact
match to any of the 16S rDNA sequences deposited in the databases, suggesting that most of the bacteria in
Rainbow Bay are novel species. In particular, the clones related to the Acidobacterium subdivision and the
Verrucomicrobium subdivision confirm the presence of novel taxa discovered previously in other molecular
surveys of this type.

Over the past decade, the use of 16S rRNAs or genes coding
for 16S rRNA (16S rDNAs) as molecular markers has become
a routine technique for microbial ecologists. This type of anal-
ysis can circumvent the limitations of traditional culturing tech-
niques in the assessment of the biodiversity of microbial com-
munities. In one such approach, nucleic acids extracted directly
from environmental samples are purified and 16S rDNAs are
amplified by the PCR and then cloned and sequenced. Phylo-
genetic analysis can then be used to determine relationships
with 16S rRNA sequences from cultured organisms. Most ex-
aminations of this type, carried out in a variety of habitats,
have revealed that natural ecosystems include novel species
that are unknown to microbiologists (for a review, see refer-
ence 2). Evidently, the vast majority of bacteria have never
been described. Nevertheless, most investigators using this
technique have discovered that the observed diversity is not
equally spread throughout the prokaryotic world. Instead phy-
logenetic analysis has shown that sequences often tend to clus-
ter in distinct groups. These clusters are sometimes called
“phylotypes” (although technically, a phylotype can consist of
just one sequence), and they are often recovered in indepen-
dent examinations of the same or similar habitat (or
“ecotype”) (40). This suggests that certain groups of organ-
isms, phylogenetically related, are adapted to particular habitat
types. An excellent example of this phenomenon is the marine
water column. Independent studies of this habitat have shown
the same novel taxa occurring in samples as geographically
separated as the Atlantic Ocean, the Pacific Ocean, and an
Antarctic sea (5, 9, 10, 14–16, 38).

Sediments and soils probably represent the most complex
microbial habitat on earth. There may be several thousand
species of bacteria in a single gram of soil (43). In order to gain
some insight into the types of bacteria found in the sediments
of a freshwater pond, we focused on a Carolina bay, a common
natural lentic ecosystem located on the Carolina coastal plain.
These freshwater ponds of unknown origin are characterized
by their elliptical shape and constant orientation (northwest to
southeast) (26). Water levels in Carolina bays fluctuate sea-
sonally as a function of precipitation, usually filling in the
winter and drying in the spring or summer. Rainbow Bay, the
subject of this study, has acidic water and moderate dissolved
organic carbon concentrations (36). Primary production by
macrophytes, algae, and autotrophic bacteria, as well as input
from riparian vegetation, provides the base of the food web in
this system.

The eukaryotic biological diversity of Rainbow Bay has been
extensively studied with regard to groups ranging from zoo-
plankton to copepods to amphibians (31, 42, 49). To comple-
ment these studies, we investigated the microbial diversity of
members of the domain Bacteria. We cloned and sequenced
16S rDNAs amplified from DNA extracted from the sediments
of Rainbow Bay. Here we report the retrieval of clones related
to taxa found previously in DNA extracted from Australian soil
(27, 39) and more recently in other habitats.

MATERIALS AND METHODS

Sampling. A sediment sample submerged under approximately 18 cm of stand-
ing water was collected near the center of Rainbow Bay, located on the Savannah
River Site, near Aiken, S.C., on 8 December 1994. The sediment sample ex-
tended to approximately 5 cm below the benthic surface.

DNA extraction. DNA was extracted following the method of Tsai and Olson
(44), with modifications from Barns et al. (3). Approximately 40 g of sediment
(wet weight) was divided into four 10-g samples. To each 10-g sample, 10 ml of
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120 mM sodium phosphate (pH 8.0) was added, and the slurry was shaken at 150
rpm for 15 min. The slurry was pelleted by centrifugation at 6,000 3 g for 10 min,
and the pellet was resuspended in 10 ml of lysis solution (0.15 M NaCl, 0.1 M
Na2–EDTA [pH 8.0]) containing 15 mg of lysozyme ml21 (added freshly). The
mixture was incubated at 378C for 1 h 30 min with occasional agitation. Protein-
ase K (2 mg ml21) was then added, and the samples were incubated at the same
temperature for an additional 30 min. Ten milliliters of lysis buffer (0.1 M NaCl,
0.5 M Tris-HCl [pH 8.0], 10% sodium dodecyl sulfate) was added, and three
cycles of freezing (2708C ethanol bath) and thawing (708C water bath) were
conducted. Ten milliliters of 0.1 M Tris-HCl (pH 8.0)-saturated phenol was
added to each tube, and the tubes were vortexed to obtain an emulsion. They

were then centrifuged at 6,000 3 g for 10 min, and 15 ml from the top aqueous
layer was retained. To this, an equal volume of phenol-chloroform-isoamyl al-
cohol (25:24:1) was added, and the mixture was centrifuged as described above.
Then, 12.5 ml from the top phase was collected and mixed with an equal volume
of chloroform-isoamyl alcohol (24:1) and centrifuged as described above. Ten
milliliters of the aqueous phase was collected, and 5 g of acid-washed polyvinyl-
polypyrollidone (PVPP) was added to each tube. PVPP binds humic acids often
present in environmental samples that comigrate with DNA in the aqueous
phase of phenol extractions (50). The mixture was vortexed and allowed to
incubate at 378C for 30 min with occasional agitation. PVPP was sedimented by
centrifugation, and the supernatant was filtered through a 0.45-mm-pore-size
filter to remove any remaining PVPP. Two volumes of ice-cold isopropanol was
added to precipitate the nucleic acids, and the tubes were stored overnight at
2208C. Nucleic acids were pelleted at 10,000 3 g for 10 min, and the sample was
resuspended in 500 ml of TE (10 mM Tris-HCl, 1 mM EDTA) buffer. Then, 0.1 g
of anhydrous ammonium acetate was added and the samples were spun at room
temperature for 30 min in a microcentrifuge. One and one-half volumes of
isopropanol was added to the supernatant, and the nucleic acids were allowed to
precipitate at 2208C for 2 h. After centrifugation (as described above), the
samples were suspended in 300 ml of TE and this DNA was pooled and further
purified by CsCl-ethidium bromide density-gradient ultracentrifugation (35). As
a final purification step, ethanol-precipitated DNA was passed through gel fil-
tration columns (Sephadex G-200) preequilibrated with TE (35). DNA present
in the second, third, fourth, and fifth elutions was retained.

PCR amplification and cloning. rDNAs present in the purified samples were
amplified by using Taq polymerase (Perkin Elmer). The reaction mixture con-
tained the Bacteria-specific primer 68F (59-TNANACATGCAAGTCGAKCG-
39) (5) and the universal primer 1392R (59-ACGGGCGGTGTGTRC-39) (2)
(final concentration of each, 2 mM), the four deoxynucleoside triphosphates
(final concentration of each, 0.2 mM), Taq buffer (final concentration, 13),
MgCl2 (final concentration, 4 mM), purified Rainbow Bay environmental DNA
(final concentration, 0.6 ng/ml) and 10 U of Amplitaq DNA polymerase. The
PCR conditions were as follows: 1 min 30 s at 948C, followed by 10 cycles of 948C
for 30 s, 538C for 45 s, and 708C for 1 min. Then, 10 cycles of 948C for 30 s, 538C
for 1 min, and 708C for 2 min 30 s were carried out and followed by 12 cycles of
948C for 30 s, 538C for 1 min 15 s, and 708C for 3 min 30 s. The final extension
step was at 708C for 7 min 30 s. The PCR products were visualized on a 0.7%
agarose gel, the size was confirmed to be correct, and the band was excised and
purified by the Prep-a-Gene (Bio-Rad) gel purification protocol. The purified
PCR products were then cloned into pGEM-T (Promega). The pGEM-T vector
is constructed with a 39-terminal thymidine on each end of a blunt-end digestion
product, thus improving the efficiency of ligation of PCR products into the vector
by taking advantage of the non-template-dependent addition of a single deoxy-
adenosine to the 39 end of PCR products by Taq polymerase.

Sequencing and phylogenetic analysis. The first 35 (of a total of 99) clones
with the full-length insert (approximately 1.34 kbp) were sequenced by using an
automated sequencer (model 373A; Applied Biosystems) and the universal
rRNA primers 907R and 1392R (24). Sequence data from the two reactions was
merged by using the Fragment Assembly System suite of programs that are part
of the University of Wisconsin Genetics Computer Group (GCG) Sequence
Analysis Software Package. This resulted in a range of 891 to 987 usable bases for
each clone. These sequences were checked for chimeric artifacts by the
CHECK_CHIMERA program of the Ribosomal Database Project (RDP), release
number 5.0 (30), and compared to similar rDNA sequences retrieved from the
RDP, as well as the GenBank and EMBL databases, using the FASTA program
of the GCG package. Sequences were aligned by using the PILEUP program of
the GCG package, and phylogenetic trees were constructed from a matrix of
pairwise genetic distances by the maximum-parsimony algorithm (18) and the
neighbor-joining method (34) by using the PHYLIP package (version 3.5c, from
J. Felsenstein, University of Washington). Bootstrap analyses for 100 replicates
were performed to provide confidence estimates for tree topologies (11).

Combined PCR-DNA sequencing error rate. Since only one strand of each
clone was sequenced and the fidelity of Taq polymerase is less than 100%, we
decided to empirically determine the error rate of our clone sequences. To do
this, Escherichia coli JM83 cells were added to sterile sediment (1010 cells/g [wet
weight]) and DNA was extracted and purified in the same manner as described
above. The E. coli 16S rDNA was amplified by using the same primers listed
above and cloned into pGEM-T. One clone was isolated and sequenced by using
the same sequencing primers previously described. The two contiguous se-
quences from the sequencing reactions were merged into a 968-bp sequence, and
this sequence was compared to the published sequence of an E. coli 16S rDNA
(7). The cloned sequence aligned with the published E. coli gene sequence from
positions 374 to 1344. Along the length of the alignment there were two mis-
matches, including one ambiguous N position, and five single-base gaps, yielding
an overall identity of 99.3%.

Nucleotide sequence accession numbers. The nucleotide sequences of all 16S
rDNA Rainbow Bay clones (except those suspected of being chimeras) have
been deposited into GenBank and assigned accession numbers U62825 through
U62857. The accession numbers are correlated with specific clones in Table 1.

TABLE 1. Summary of taxonomical groups and GenBank accession
numbers for Rainbow Bay 16S rDNA clones

Phylogenetic affiliation and clone (RDP designation) Accession no.

Proteobacteria (2.13)
Alpha subdivision (2.13.1)

RB10 ....................................................................................U62833
RB13 ....................................................................................U62836
RB25 ....................................................................................U62846

Beta subdivision (2.13.2)
RB06 ....................................................................................U62830
RB11 ....................................................................................U62834
RB12 ....................................................................................U62835
RB23 ....................................................................................U62844
RB33 ....................................................................................U62851
RB37 ....................................................................................U62854

Delta subdivision (2.13.4)
RB18 ....................................................................................U62841
RB28 ....................................................................................U62848

Fibrobacter and relatives (2.11)
Acidobacterium subdivision (2.11.2)

RB04 ....................................................................................U62828
RB05 ....................................................................................U62829
RB07 ....................................................................................U62831
RB08 ....................................................................................U62832
RB16 ....................................................................................U62839
RB17 ....................................................................................U62840
RB29 ....................................................................................U62849
RB38 ....................................................................................U62855

Planctomyces and relatives (2.9)
Verrucomicrobium subdivision (2.9.3)

RB01 ....................................................................................U62825
RB02 ....................................................................................U62826
RB14 ....................................................................................U62837
RB22 ....................................................................................U62843
RB24 ....................................................................................U62845
RB31 ....................................................................................U62850
RB35 ....................................................................................U62853

Gram-positive bacteria (2.15)
Clostridium and relatives subdivision (2.15.2)

RB15 ....................................................................................U62838
RB26 ....................................................................................U62847
RB34 ....................................................................................U62852

Green nonsulfur bacteria and relatives (2.4)
Chloroflexus subdivision (2.4.1)

RB03 ....................................................................................U62827
RB21 ....................................................................................U62842
RB41 ....................................................................................U62857

Inconsistent (possible chimeric sequence)
RB09 ........................................................................................NDa

RB36 ........................................................................................ND

Unaffiliated
RB39 ........................................................................................U62856

a ND, sequence not deposited in database.
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RESULTS

Overall phylogenetic analysis. Large-scale phylogenetic
trees (using either 600 or 900 aligned positions corresponding
to E. coli positions 503 to 1069 and 491 to 1346, respectively)
based on all the sequenced clones and representative members
of the major lines of Bacteria descent were produced (data not
shown). Trees constructed from a matrix of pairwise genetic
distances by both the neighbor-joining method and the maxi-
mum-parsimony algorithm revealed that 32 of the 35 clones
could be consistently associated with five major groups of the
domain Bacteria: the Proteobacteria (including members of the
alpha, beta, and delta subdivisions), the Acidobacterium subdi-
vision of the Fibrobacter division, the Verrucomicrobium subdi-
vision of the Planctomyces division, the gram-positive bacteria,
and the green nonsulfur bacteria (Table 1). One clone (RB39)
was not associated with any major group and branched deeply
within the Bacteria. Two clones (RB09 and RB36) were not
consistently affiliated with specific groups. These sequences
tended to cluster with different taxa depending upon the tree-
building algorithm employed. A large-scale phylogenetic tree
showing most of the major radiations of the Bacteria (with an
archaeon as an outgroup) is shown in Fig. 1. This tree was
constructed on the basis of 917 aligned positions correspond-
ing to E. coli positions 476 to 1355, and it includes represen-

tative members, but not all members, of the Rainbow Bay
clusters corresponding to the major groups (and RB39) listed
in Table 1. A more detailed examination of the relationship
among all clones and some members of specific bacterial divi-
sions is given in subsequent figures (see Fig. 2 to 6).

Proteobacteria. Figure 2 shows the results of the phylogenetic
analysis of all Rainbow Bay clones related to members of the
Proteobacteria (RDP designation, 2.13). This tree was con-
structed from a matrix of pairwise genetic distances by the
neighbor-joining method (34) using 905 aligned positions cor-
responding to E. coli positions 500 to 1371. Six clones clustered
within the beta subdivision (RDP designation, 2.13.2), three
clustered within the alpha subdivision (RDP designation,
2.13.1) and two clustered within the delta subdivision (RDP
designation, 2.13.4). Within the beta subdivision, four clones
(RB06, RB12, RB33, and RB37) group near species in the
Nitrosomonas group (RDP designation, 2.13.2.6). GenBank
and EMBL database searches using the FASTA program of
GCG revealed that two clones, RB33 and RB37, were most
identical to Nitrosospira sp. isolate AF (46), at 89.2% identity
in 931 bp and 90.4% in 934 bp, respectively. Nitrosospira is one
of the genera comprising the nitrifying bacteria; these are
obligate chemoautotrophs that use CO2 as the sole source of
carbon and obtain energy from the oxidation of ammonia to
nitrite (20). RB06 shows 96.2% nucleotide identity to uniden-

FIG. 1. Large unrooted phylogenetic tree showing the relationship of representative members (but not all members) of the main groups of Rainbow Bay 16S rDNA
clones (listed in Table 1) to the major lines of radiation comprising the domain Bacteria. This tree was constructed from a matrix of pairwise genetic distances by the
neighbor-joining method (34). A total of 917 aligned positions, corresponding to E. coli positions 476 to 1355, were used in this analysis. A member of the domain
Archaea (Methanococcus voltae) was used as the outgroup. The scale bar represents 0.05 substitutions per base position. The numbers at the nodes of the tree indicate
bootstrap values for each node out of 100 bootstrap resamplings (values below 50 are not shown). The numbers in parentheses are the designations of the RDP’s
phylogenetic scheme.
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tified beta proteobacterium clone 10.40 (GenBank accession
no. U34035), and RB12 is closely related to unclassified beta
proteobacterium isolate B0265 (GenBank accession no.
U12216), showing 94.8% identity in 842 bp. One clone (RB23)
clusters with Zoogloea ramigera (90.8% identity in 975 bp).
FASTA searches revealed, however, that this sequence shows
slightly higher identity to Burkholderia sp. isolate N2P5, at
91.0% identity in 976 bp (GenBank accession no. U37342).
RB11 is related to Leptothrix discophora, a member of the
Rubrivivax subgroup (RDP designation, 2.13.2.2.6) as evi-
denced by the bootstrap value of 100 at that node. This se-
quence shows 94.9% identity in 891 bp to L. discophora.

Among the clones related to the alpha subdivision, two
(RB13 and RB25) fall in the Agrobacterium-Rhizobium group
(RDP designation, 2.13.1.8) and one (RB10) clusters within

the Rhodospirillum rubrum assemblage (RDP designation,
2.13.1.1). RB13 shows the highest identity to Rhodopseudomo-
nas acidophila (89.8% identity in 886 bp), and RB25 is most
identical to Rhizobium etli (89.5% identity in 940 bp). RB10 is
85% identical to two species: Rhodospirillum salinarum and
Azospirillum brasilense over 906 and 907 bp, respectively.

Both clones that cluster in the Desulfuromonas group of the
delta subdivision (RDP designation, 2.13.4.3), RB18 and
RB28, are closely related to the genus Geobacter, a collection
of anaerobic dissimilatory metal reducers that has recently
been described (29). Both clones show their highest identity to
Geobacter chapelleii: RB18 is 93.3% identical in 949 bp, while
RB28 is 94.9% identical in 945 bp, the latter being one of the
highest percentage identities to a known, cultured organism
seen in this study.

FIG. 2. Unrooted phylogenetic tree showing the relationship of selected Rainbow Bay 16S rDNA clones to representatives of the Proteobacteria. This tree was
constructed from a matrix of pairwise genetic distances by the neighbor-joining method (34). A total of 905 aligned positions, corresponding to E. coli positions 500
to 1371, were used in this analysis. Aquifex pyrophilus was used as the outgroup. The scale bar represents 0.05 substitutions per base position. The numbers at the nodes
of the tree indicate bootstrap values for each node out of 100 bootstrap resamplings (values below 50 are not shown).
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Acidobacterium subdivision. Phylogenetic analysis suggested
that eight Rainbow Bay clones belong to a unique group re-
lated to the Acidobacterium subdivision (RDP designation,
2.11.2), a group that contains the sequence of only one cul-
tured organism, Acidobacterium capsulatum. Interestingly, the
only other members of this group that we are aware of are
environmental clones retrieved from forest soil in Brisbane,
Queensland, Australia (39), and clover-grass pasture soil in
Wisconsin (4). Some of the clones from Australia (designa-
tions with MC, for the Mount Coot-tha region from which they
were obtained) have been included on the tree shown in Fig. 3.
Since only partial 16S rDNA sequences were available from
members of this group (termed soil cluster MC VI), the tree
was constructed with only 631 overlapping aligned positions,
corresponding to E. coli positions 482 to 1100. Nevertheless,
the specific relationship among these Rainbow Bay clones, the
MC VI clones, and A. capsulatum is evident. Since the Ac-
idobacterium group is listed as a subdivision of the Fibrobacter
division according to the most recent RDP phylogenetic
scheme, we included two members of the Fibrobacter division
(F. succinogenes and F. intestinalis) on this dendrogram. The
phylogeny of the Acidobacterium subdivision, however, re-
mains controversial: a recent study reported that A. capsulatum
belongs to a unique lineage deeply branching from either the
Planctomyces or the gram-positive line (19). Indeed, our anal-
ysis did not support the inclusion of A. capsulatum (or related

clones) within the Fibrobacter division, as evidenced by the
100% bootstrap value separating the Fibrobacter division from
the Acidobacterium subdivision. However, we did find evidence
for a separate clade consisting of environmental clones related
to, but apart from, the Acidobacterium subdivision. The three
clones RB04, RB05, and RB16 are much more closely related
to A. capsulatum (showing from 86.6 to 92.9% identity) than
are the other five clones (RB07, RB08, RB17, RB29, and
RB38) in this group. These five sequences branch off the main
Acidobacterium cluster (with a 99% bootstrap value) and show
a higher percentage identity to certain Mount Coot-tha clones
than to A. capsulatum. For example RB29 is 94.6% identical to
MC9 in 661 bp but only 83.0% identical to A. capsulatum in 936
bp.

Verrucomicrobium subdivision. Figure 4 shows the phyloge-
netic relationship of several Rainbow Bay clones to members
of the Planctomyces division. These clones are only peripher-
ally associated with any true Planctomyces species but instead
cluster near the Verrucomicrobium subdivision (RDP designa-
tion, 2.9.3), a subset of the Planctomyces division, according to
the RDP. Until very recently, this subdivision contained only
one known, cultured organism, Verrucomicrobium spinosum,
and the sequences of several environmental clones. Included
among these are four sequences from the Mount Coot-tha
region of Brisbane, Australia (designated soil cluster MC III)
(27), clones from the soil of a paddy field (PAD7, PAD18, and
PAD50 [GenBank accession no. D26194, D26205, and
D26237, respectively]), a clone from soil from a soybean field
(FIE19) (45), a clone retrieved from DNA collected from
100 m below the surface of the Pacific Ocean (NH25-19) (15),
and a clone obtained from surface soil in eastern Washington
State (EA25) (25). Recently, the 16S rDNA of Prosthecobacter
fusiformis was sequenced and phylogenetic analysis showed
that it also fell within this group (17). The dendrogram pre-
sented in Fig. 4 shows the phylogenetic relationship of certain
Rainbow Bay clones to the MC III soil clones, EA25, V. spi-
nosum, and P. fusiformis. In order to perform this comparison,
we had to reduce the number of positions examined to 609
(corresponding to E. coli positions 467 to 1065), the number of
positions overlapping between some MC III clones and the
Rainbow Bay sequences. Unfortunately, the other environ-
mental clones reported to be related to this group consist of ca.
250 to 280 bases, too few to be useful for this analysis. One
Rainbow Bay clone, RB35, groups specifically with V. spino-
sum, P. fusiformis, clone EA25, and the MC III soil cluster; this
clone is 92.7% identical in 975 bp to EA25, 92.7% identical in
840 bp to MC18, and 86.0% identical in 910 bp to V. spinosum.
The other six clones in this group, RB01, RB02, RB14, RB22,
RB24, and RB31, form their own distinct cluster apart from
the V. spinosum-MC III group (with a 100% bootstrap value).
These clones range from only 84.8 to 87.7% identity to EA25
and from 83.5 to 85.6% identity to V. spinosum. The entire
group forms a cluster that is unique from both the Chlamydia
division and the Planctomyces division as manifested by the
high bootstrap values at the nodes separating these taxa.

Gram-positive bacteria. Gram-positive 16S rDNA se-
quences were also represented in the library. Three clones
(RB15, RB26, and RB34) clustered with members of the Clos-
tridium and relatives subdivision (RDP designation, 2.15.2)
(Fig. 5). RB26 is related to “Clostridium saccharoperbutylac-
etonicum,” showing 98.5% identity in 927 bp, the highest such
value observed in this study. “C. saccharoperbutylacetonicum”
is a saccharolytic, solvent-producing bacterium originally iso-
lated from soil in Japan and used for the industrial production
of butanol and acetone (21). RB15 is related to Clostridium
pascui (93.4% identity in 909 bp), and RB34 is related to

FIG. 3. Unrooted phylogenetic tree showing the relationship of selected
Rainbow Bay 16S rDNA clones to representatives of the Fibrobacter division and
environmental clones from Australian soil (soil cluster MC VI) (39). The tree
was constructed from a matrix of pairwise genetic distances by the neighbor-
joining method (34). A total of 631 aligned positions, corresponding to E. coli
positions 482 to 1100, were used in this analysis. Aquifex pyrophilus was used as
the outgroup. The scale bar represents 0.05 substitutions per base position. The
numbers at the nodes of the tree indicate bootstrap values for each node out of
100 bootstrap resamplings (values below 50 are not shown).
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Clostridium subterminale (90.6% identity in 967 bp). The Clos-
tridia are anaerobic spore formers, and their presence in our
collection (along with the genus Geobacter) indicates that the
sediment sampled at Rainbow Bay contained some anaerobic
microhabitats.

Green nonsulfur bacteria. Three more clones (RB03, RB21,
and RB41) consistently clustered with the green nonsulfur
division (RDP designation, 2.4), a branch consisting of mostly
anoxygenic photosynthetic bacteria. Figure 6 shows the rela-
tionship between these clones and some members of this divi-
sion. Phylogenetic analysis showed that the closest cultured
relative to these three clones in this group is the nonphotosyn-
thetic, obligately aerobic thermophile Thermomicrobium ro-
seum. This relationship, however, is only tenuously supported,
since the bootstrap value linking these clones to T. roseum is
less than 50%. Since most members of this division are in fact
thermophiles, the presence of Rainbow Bay clones related to
this cluster is puzzling. Indeed, when FASTA searches were
performed the most identical organisms in the database were
often not from this division. RB03 is closest to unidentified

bacterium clone SAR202 (GenBank accession no. U20797),
from the Sargasso Sea, at 81.5% identity in 912 bp. RB41 is
most identical to Rubrobacter xylanophilus, at 80.3% identity in
899 bp (T. roseum shows 77.1% identity in 951 bp). Rubrobacter
xylanophilus is a newly described thermophilic, halotolerant
species that belongs to the high-G1C-content (G1C%) gram-
positive group (8). RB21 is 81.0% identical to Clostridium
aldrichii in 917 bp, but it is 83.1% identical in 682 bp to the
extreme thermophile Dictyoglomus thermophilum, a bacterium
related to the thermophilic clostridia. Environmental clones
related to the green nonsulfur bacteria have previously been
obtained from the soil of paddy fields (PAD2 and PAD5 [Gen-
Bank accession no. D26189 and D26192, respectively]), but
only ca. 250 bases from these clones have been reported, so it
was not possible to include them on the phylogenetic tree.

RB39. One clone, RB39, branches deeply within the Bacteria
and has no close relatives in the database (Fig. 1). FASTA
searches showed that this sequence is most similar to a clone
recovered from the Sargasso Sea, SAR307, but it was only
75.1% identical in 872 bp. Since chimeric rDNA clones can

FIG. 4. Unrooted phylogenetic tree showing the relationship of selected Rainbow Bay 16S rDNA clones to representatives of the Planctomyces division, Chlamydia
psittaci, V. spinosum, P. fusiformis, and environmental clones from Australian soil (cluster MC III) (28) and soil from Washington state (EA25) (25). The tree was
constructed from a matrix of pairwise genetic distances by the neighbor-joining method (34). A total of 609 aligned positions, corresponding to E. coli positions 467
to 1065, were used in this analysis. Aquifex pyrophilus was used as the outgroup. The scale bar represents 0.05 substitutions per base position. The numbers at the nodes
of the tree indicate bootstrap values for each node out of 100 bootstrap resamplings (values below 50 are not shown).
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arise during PCR amplification of mixed-population DNAs
(28), all sequences were analyzed for chimeric structure by
using the RDP’s CHECK_CHIMERA program. We were un-
able to detect any firm evidence implicating RB39 as a chi-
meric sequence, primarily because similarity values were very
low throughout the length of the gene. Since it is difficult to
detect chimeras for novel 16S rDNA sequences with no close

relatives in the database (23), the best confirmation of this
sequence as a true 16S rDNA would be the recovery of this
sequence in an independent sample.

Possible chimeras. Two clones, however, looked suspi-
ciously chimeric when examined with CHECK_CHIMERA.
This program divided the 903 bp of clone RB36 into two
fragments: the region from bp 1 to 500 had the highest binary
association coefficient (SAB), 0.503, (12) to environmental
clone MC13, and the second segment, from position 501 to
895, showed a high SAB, 0.607, to Cytophaga fermentans. Al-
though the relationship between SAB and percentage sequence
similarity cannot be theoretically derived, a plot of SAB versus
percent similarity reveals that these values correspond to ap-
proximately 85 to 90% sequence similarity (48). Sequences
that can be split into two fragments which show a high degree
of similarity to two very different bacteria are a hallmark of
chimeras. CHECK_CHIMERA divided clone RB09 into one
fragment from position 1 to 640 that was most similar to
Selenomonas sputigena (SAB 5 0.439), and a second fragment
from position 641 to 875 that had a SAB to environmental clone
PAD39 of 0.797. Selenomonas spp. are relatives of the clostridia in
the low-G1C% gram-positive group, and PAD39 is a clone from
paddy fields that clusters with the Myxobacteria in the delta sub-
division of the Proteobacteria. Although CHECK_CHIMERA is
not a definitive method for detection of chimeras (33), the fact
that these sequences tended to exhibit an unstable branching
order when phylogenetic trees were produced by different al-
gorithms could potentially be accounted for by the presence of
chimeric artifacts.

Confirmation of a novel cluster. In order to confirm the
presence of a novel cluster of sequences in our sample, we
focused on a cluster of Rainbow Bay clones related to the
Verrucomicrobium subdivision. As described above (and shown
in Fig. 4), RB01, RB02, RB14, RB22, RB24, and RB31 form a
clade separate from clones in the MC III soil group, EA25,
RB35, V. spinosum, and P. fusiformis. The unique phylogenetic
lineage of this cluster was exploited to design primers specific
for this group. Primers were discovered by aligning these
clones with 16S rDNA sequences from 17 bacterial species
representing all major lineages, including V. spinosum and P.
fusiformis, along with the clone sequences from the MC III
group, EA25, and RB35. Using the BOX_SHADE program of
the GCG package, two oligomers unique to the clade including
RB01, RB02, RB14, RB22, RB24, and RB31 were identified.
These oligomers are NRBV-1F (59-CACGTTTGCTGTAAA
AGG-39, corresponding to E. coli positions 822 to 839), which
hybridizes to the forward strand of the 16S rDNA, and
NRBV-2R (59-TTTCAYCCTTCTACTA-39, corresponding to
E. coli positions 1003 to 1014, where Y 5 C or T), which
hybridizes to the reverse strand of the 16S rDNA. Both were
tested against the all the sequences in the GenBank and
EMBL databases by using the FASTA program of the GCG
package and proved to be specific for this novel phylotype.
These primers were used in PCR (using the same conditions
previously described) to amplify DNA from our original envi-
ronmental DNA sample from Rainbow Bay sediments. The
expected amplification product from the members of this clade
is a 198-bp fragment. The results of the PCR are shown in Fig.
7. A product of the expected size was found when the Rainbow
Bay environmental DNA was used as a template. No such band
was obtained with the negative control, which was the same E.
coli-seeded sediment DNA used to calculate the PCR-se-
quencing error rate.

FIG. 5. Unrooted phylogenetic tree showing the relationship of selected
Rainbow Bay 16S rDNA clones to representatives of the gram-positive (low
G1C%) bacterial subdivision. The tree was constructed from a matrix of pair-
wise genetic distances by the neighbor-joining method (34). A total of 909
aligned positions, corresponding to E. coli positions 484 to 1378, were used in this
analysis. Aquifex pyrophilus was used as the outgroup. The scale bar represents
0.05 substitutions per base position. The numbers at the nodes of the tree
indicate bootstrap values for each node out of 100 bootstrap resamplings (values
below 50 are not shown).

FIG. 6. Unrooted phylogenetic tree showing the relationship of selected
Rainbow Bay 16S rDNA clones to representatives of the green nonsulfur bac-
terial subdivision. The tree was constructed from a matrix of pairwise genetic
distances by the neighbor-joining method (34). A total of 946 aligned positions,
corresponding to E. coli positions 445 to 1377, were used in this analysis. Aquifex
pyrophilus was used as the outgroup. The scale bar represents 0.05 substitutions
per base position. The numbers at the nodes of the tree indicate bootstrap values
for each node out of 100 bootstrap resamplings (values below 50 are not shown).
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DISCUSSION

The phylogenetic analysis of 16S rDNA clones from Rain-
bow Bay revealed a significant degree of microbial diversity; all
the clones sequenced and used in this analysis seemed to rep-
resent novel bacterial species. One clone (RB26) was 98.5%
identical to the sequence of a cultured organism (“Clostridium
saccharoperbutylacetonicum”); considering the error rate of
0.7%, these sequences are significantly different from one an-
other. No other clones were greater than 95% identical to
known species. These results confirm the suspicions raised by
previous studies, i.e., that the vast majority of microbial diver-
sity is uncharacterized. Two groups of Rainbow Bay clones
stand out as being especially interesting, and these warrant
further discussion since, in both cases, (i) cultured relatives to
these clones are particularly underrepresented in the 16S
rDNA sequence databases, (ii) similar sequences have been
recovered in molecular environmental surveys elsewhere, and
(iii) both groups represent distinct radiations within the Bac-
teria that may be deserving of unique taxonomical status.

First, we retrieved clones which belong to a phylogenetic
group that consists of only one known, cultured species, A.
capsulatum, and the sequence of several environmental clones
isolated from forest soil in Australia. A. capsulatum is a gram-
negative, acidophilic, chemo-organotrophic, menaquinone-
containing bacterium whose phylogeny remains controversial.
Reports suggest that it belongs to a unique lineage that
branches deeply from either the Fibrobacter, gram-positive, or
Planctomyces line (19, 30). A. capsulatum shows the highest
level of sequence similarity to Heliobacterium chlorum (a gram-
positive bacterium), but this level is only 81% (19). We ob-
served eight clones that grouped with A. capsulatum, which we
were able to subdivide into two clades (Fig. 3). The first cluster
contains three clones that are close relatives of A. capsulatum;
the second cluster contains five Rainbow Bay clones that

branch off with a 99% bootstrap value. Clones in this group are
most similar to environmental clones discovered in Australia
when 16S rDNAs were amplified from DNA extracted directly
from forest soil with bacterium-specific and Streptomyces-
specific primers (39). Members of the MC VI cluster, as this
group was termed, were tentatively labeled as unknown acti-
nomycetes, although the membership of this group within the
actinomycetes was not reproducible by bootstrapping. The
phylogenetic scheme presented by the RDP, however, groups
the MC IV clones with A. capsulatum, their closest cultured
relative, in the Fibrobacter division. Our analysis showed no
evidence that these groups are related to the Fibrobacter divi-
sion; instead our data suggest that the organisms represented
by the Rainbow Bay clones and the MC VI clones from a
distinct group deserving of their own taxonomical unit.

The Australian soil sampled by Stackebrandt et al. (39) was
quite acidic (pH 4.2); although we did not measure the pH of
our sample, sediments from Carolina bays are also known to be
acidic, typically ranging from pH 5 to 6 (26). A. capsulatum
strains were originally isolated from acid mineral environments
(22), and they grow between pH 3.0 and 6.0. Clones recovered
from Rainbow Bay and Mount Coot-tha soil could represent
species descendent from A. capsulatum that have adapted to
mildly acidic growth medium. The only other study that we are
aware of that reported sequences related to A. capsulatum was
carried out on slightly acidic (pH 6.5) soil in Wisconsin. Al-
though it is not possible to state conclusively with such a small
number of samples, this may be an example of a phylotype
being correlated with an ecotype (acidic environments); it
would be interesting to see whether RB clones from this group
are recoverable from alkaline soil or sediment. Regardless, the
fact that clones related to this group were retrieved in areas as
geographically separated as South Carolina, Wisconsin, and
Australia suggests that members of this group are widespread
and presently overlooked, perhaps due to limitations of cul-
turing techniques.

The second group of clones of interest presents a strikingly
similar story. Seven Rainbow Bay clones cluster in a group that
consists of but two known, cultured organisms, V. spinosum
and P. fusiformis, and several clones retrieved from DNA ex-
tracted from environments as diverse as paddy and soybean
fields, the Pacific Ocean, and the forest soil in Australia men-
tioned above. The MC III soil clones were the first such se-
quences reported, and they originally were believed to repre-
sent a novel phylum (27) with no close relatives among all
cultured bacterial species. Recently, however, the full 16S
rDNA of V. spinosum was sequenced and shown to be related
to clones in this group (47). V. spinosum is a heterotrophic,
fimbriate, prosthecate organism originally isolated from an
alkaline eutrophic lake in Germany (37). V. spinosum is only
distantly related to most of the other prosthecate bacteria and
occupies a unique phylogenetic lineage (1, 47). On the basis of
16S rRNA analysis, V. spinosum has been placed in the Planc-
tomyces division (30), although this relationship is remote at
best. It shows a lower G1C% than members of the Plancto-
myces division, and its cell walls contain meso-diaminopimelic
acid, unlike those of the Planctomyces division, which lack
peptidoglycan (13). V. spinosum and related clones could rep-
resent a distinct division of the Bacteria (27, 47), to which a
second appendaged bacterium, P. fusiformis, was recently
added (17).

Phylogenetic analysis of our results showed that one clone,
RB35, is closely related to the V. spinosum-MC III group, but
a second cluster of six Rainbow Bay clones constitute a unique
lineage, as evidenced by the 100% bootstrap value separating
this clade from the V. spinosum-MC III group (Fig. 4). This

FIG. 7. Agarose (2%) gel showing PCR amplification products obtained by
using primers targeted to members of a novel cluster of Rainbow Bay clones
(RB01, RB02, RB14, RB22, RB24, RB31) related to the order Verrucomicrobia-
les. See the text for details on primer design and reaction conditions. Lanes 1 and
5, molecular weight standard (fX174 DNA-HaeIII digest); lane 2, amplification
products with Rainbow Bay environmental DNA as the template; lane 3, ampli-
fication products with DNA extracted from sterile sediment spiked with E. coli
cells (1010 cells/g of sediment [wet weight]) as the template; lane 4, no template
added.
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group seems to be independent of the V. spinosum-MC III
group, constituting a distinct radiation. If we consider the V.
spinosum-P. fusiformis-MC III-EA25-RB group as a whole,
these bacteria seem to have a global distribution and are
present in a diverse variety of habitat types. Members of this
group (isolates or clones) have been collected from acidic soil
(27), freshwater sediment (this study), eutrophic alkaline pond
water (37), raw sewage (41), and even an oligotrophic saltwater
subsurface open-ocean habitat (15). It seems unlikely, then,
that this phylotype is correlated with an ecotype, but instead
these microorganisms seem to enjoy a global distribution and
are well adapted to a variety of environmental situations.

The major question remaining is whether these groups are
indeed widespread and numerous in many environments or
their retrieval is an artifact of selective recovery by the meth-
odology employed here. PCR is known to be somewhat biased
in its amplification (32); however, another member of our
research group has been able to obtain 16S rRNA clones
related to the V. spinosum-MC III group using a direct cloning
method that does not rely on PCR (6). Reproducing the re-
trieval of some of the most unique sequences obtained here
(i.e., RB39) in an independent sample would provide assur-
ance that these clones do indeed represent novel microorgan-
isms and are not artifactual. By using the information in se-
quence data, verification may ultimately be possible by
isolating these novel bacterial species in pure culture. Al-
though closely related phylogenetic groups often contain taxa
of widely differing physiological types, environmental se-
quences similar to those of culturable strains may significantly
enhance the chance of developing appropriate culture condi-
tions for novel bacterial groups. Also, sequence data may allow
one to develop group-specific nucleic acid probes that could
prove useful in determining the abundance of such groups.
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ADDENDUM IN PROOF

Subsequent to the most recent revision of this paper, 16S
rDNA sequences related to the Acidobacterium subdivision
have been deposited into the nucleic acid databases. These
clone sequences (with accession numbers) are TM1 (X97097),
TM2 (X97098), TM6 (X97099), TM13 (X97100), TM29
(X97101), TM21 (X97102), TM10 (X97103), TM44 (X97104),
TM22 (X97105), TM84 (X97106), TM72 (X97107), TM255
(X97108), and TM200 (X97109) from DNA extracted from
peat in Germany and Ep_T1.152 (Z73363), Ep_T1.153
(Z73364), Ep_T1.154 (Z73365), Ep_T1.172 (Z73366),
Ep_T1.184 (Z73367), Ep_T1.185 (Z73368) and Ep_T1.186
(Z73369) from DNA extracted from forest soil in England.
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