


Fig. 1. Streptococcus spp. (yellow) in a thin smear of the gingival specimen
revealed by in situ hybridization with a Streptococcus-specific Texas Red-
labeled oligonucleotide probe (red) and a broad range bacterial FITC-labeled
oligonucleotide probe (green). (x500.)

16S rDNA positions between members of monophyletic groups.
Sequences differing by =1% were considered to be representa-
tive of a single phylotype. This phylotype definition was chosen
after evaluating the heterogeneity among multiple copies of 16S
rRNA genes in 6 fully sequenced bacterial genomes containing
multiple rrn operon copies: Synechocystis PCC 6803, 0% among
2 operons; Haemophilus influenzae, 0% among 6 operons; Hel-
icobacter pylori, =0.1% sequence dissimilarity among 3 operons;
Treponema pallidum, 0.06% among 2 operons; Bacillus subtilis,
=0.6% among 10 operons; and E. coli, =1.1% among 7 operons.
This definition may in fact under-represent the diversity found
among closely related taxa. Based on our definition, the 264
clones represented 59 unique phylotypes (Figs. 2—-4). These 59
phylotypes constitute ~88% of all sequences within the cloned
population [(number of phylotypes observed once/total number
of observations) X100] (21). The remaining 12% of the cloned
population could potentially be composed of hundreds of addi-
tional unique phylotypes. The number of unique unseen species
may be estimated by using a parametric model that examines the
number of phylotypes observed only once versus those observed
multiple times (A = nit — nat? + nat... ; where At is the
expected number of new phylotypes, ¢ is the number of additional
sample sets and n, is the number of phylotypes appearing x times
in the original sample set). Based on methods for estimating the
number of unseen species (22), these 59 phylotypes constitute
<70% of the total predicted number of unique phylotypes within
the clone libraries.

The creation of 15 individual libraries by using different
methods allowed us to examine the effect of DNA purification
and primer pairs on library composition. Phenolchloroform
extraction of DNA had no significant effect. Primer selection was
associated with several notable differences: Capnocytophaga
were represented by only 1 of 86 clones (1.2%) in libraries
created by using primer pair “C” whereas they were represented
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by 14 of 124 clones (11.3%) in libraries created with primer pair
“A” and 5 of 52 clones (9.6%) in libraries created by using primer
pair “D.” None of the Capnocytophaga sequences within the ARB
16S rDNA database contained mismatches with the S-D-Bact-
0515-a-A-19 primer. Similarly, Actinomyces spp. were observed
frequently by using primer pair “C” (20 of 86 clones) but not with
primer pair “D” (1 of 52 clones). There were no mismatches
between the Actinomyces sequences and the S-D-Bact-1529-a-
S-17 primer.

Comparison of Cultivated and Amplified Phylotypes. Cultivation
methods yielded 56 isolates from subgingival plaque that were
distinct based on antigenic or biochemical traits; 37.5% of these
isolates could not be definitively identified at the genus level, and
55% could not be identified at the species level, using conven-
tional phenotypic methods. Sequence analysis of 489-690 ho-
mologous positions from the 16S rDNA of these 56 isolates
indicated 28 unique phylotypes based on our 1% identity defi-
nition (Figs. 2-4).

The phylotypes recovered by amplification and cloning exhib-
ited greater divergence and diversity than phylotypes recovered
by cultivation. The use of a strict definition of species boundaries
(=97% sequence identity) (36) did not alter this finding. The 16S
rDNA from 22 of the 28 cultivated isolates showed =99%
identity to sequences within public databases. Conversely, 52.5%
of the 59 amplified phylotypes had not been previously charac-
terized (<99% identity) by 16S rDNA analysis (Table 2). Fifty
percent of the cultivated phylotypes were also present within the
59 phylotypes recovered by direct, broad-range amplification
whereas only 24% of the directly amplified phylotypes were
recovered by cultivation. Although cultivation did not reveal the
same degree of divergence as amplification, selected groups of
bacteria were more readily recovered by cultivation. Cultivation
recovered four Prevotella phylotypes and two phylotypes of
Staphylococcus, Rothia dentocariosa and Micrococcus luteus,
whereas only a single Prevotella phylotype and none of the other
organisms were detected by direct amplification.

Approximately 48% of the 77 phylotypes (59 amplified and 28
cultivated) were previously uncharacterized sequences (<99%
identical to any of the nearly 5,000 bacterial 16S rRNA sequences
>1,000 nucleotides in length within the ARB database). Se-
quences obtained by direct amplification and cloning repre-
sented ~83% of these novel phylotypes whereas ~10.5% were
discovered only by cultivation; the remaining 6.5% were revealed
by both approaches (Figs. 2-4). Many of the novel phylotypes
with the lowest similarity to public database sequences fell within
the Low GC Gram Positive Clostridia and Actinobacteria divi-
sions (Figs. 3 and 4).

The Clostridia group of Low GC Gram Positives displays
extensive phenotypic and phylogenetic diversity (26). In our
study, the majority of phylotypes within this group were recov-
ered only by amplification (Fig. 3). Among the 15 phylotypes
identified, 9 were previously uncharacterized by 16S rDNA
analysis, and 5 of these displayed <93% sequence identity with
organisms within the ARB database and to each other. Phylotype
A-35 exhibited the greatest divergence among the clone libraries:
89.0% sequence identity with its closest relative, a ruminal
bacterium sequence (GenBank accession no. AF001743). Sim-
ilarly, A-36 (not shown) displayed 89.4% sequence identity with
a different ruminal bacterium sequence (GenBank accession no.
AF001716). A-38 and A-39 were 98% identical to each other and
93% identical to their closest relative, Schwartzia succinivorans.
S. succinivorans is an obligate succinate fermenter that has been
isolated from the rumen of a cow. Veillonella spp. are early
plaque colonizers (27) and are instrumental in the formation of
the matrix to which late colonizers such as Selenomonas and
Eubacterium adhere. The A-44 sequence is identical to one
recently cloned from a dentoalveolar abcess (11). Finally, A-33,
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Phylogeneticrelationships of bacteria detected in a subgingival specimen, inferred from 16S rDNA sequence analysis. This unrooted tree was constructed

by using 489 homologous sequence positions (534-1,050; E. colinumbering) and a maximume-likelihood algorithm. Sequences were given a colored alphanumeric
designation according to whether they were amplified directly from the specimen (A; red), obtained from organisms cultivated from the specimen (C; green),
or found by both methods (AC; blue). An organism name is provided adjacent to an alphanumeric designation when a sequence generated from this study was
=99.0% identical to a sequence in a public database. Sequences selected from a public database for purposes of reference (not detected in the specimen) are
indicated with the organism namein black. The number within each shaded fan indicates the total number of unique (amplified and cultivated) phylotypes within

the group.

A-34, A-72, and C-73 are related to Eubacterium saburreum, a
common oral isolate. Many of the Eubacterium species have been
isolated from the rumen and/or are capable of degrading various
plant polymers (saccharolytic, xylanotic, or cellulolytic).
Phylogenetic analysis revealed 18 phylotypes within the Acti-
nobacteria group, 12 of which were previously unidentified. Nine
of these twelve novel phylotypes displayed <93% sequence
identity with organisms within the ARB database (Fig. 4). Of
these, A-11 had the lowest similarity value to its closest relative
(=90%). This phylotype clustered consistently with Actinobacu-

14550 | www.pnas.org

lum schaalii and Actinomyces suis. A. schaalii has been isolated
from human blood and urine (28) whereas 4. suis has been
associated with porcine cystitis and pyelonephritis.

Several interesting phylotypes were not assigned to the Clos-
tridia or Actinobacteria groups and are listed in Table 3. For
example, the deeply divergent phylotype A-63 was most similar
to Weeksella zoohelcum, a normal inhabitant of the canine upper
respiratory tract that has been cultured from human dog bite
wounds (29). However, drawing conclusions about an organism
whose existence is inferred from only sequence is problematic

Kroes et al.



Table 2. Distribution of similarity scores of sequences to the
most closely related public database entry

Isolates Amplicons

Percent identity*  No.  Percent of total No.  Percent of total

=99.0% 22 78.6 28 47.5
97.0-98.9% 3 10.7 13 22.0
95.0-96.9% 3 10.7 10 17.0
90.0-94.9% 0 0.0 6 10.1
=89.9% 0 0.0 2 3.4

Values are based on an analysis of 489 or more homologous positions (see
text).
*Degree of identity with most closely related database sequence.

when the nearest-known relative is so distant. Amplification
reactions using Treponema-specific 16S rDNA primers (9) failed
to reveal treponemal sequences. The sensitivity of detection
using conserved bacterial primers and cloned bacterial (phylo-
type A-38) 16S rDNA was 4-40 gene copies.

Discussion

Sequence-based environmental microbial surveys have taught us
that cultivation methods woefully under-represent the true ex-
tent of bacterial diversity. The gross outlines of this diversity
have begun to emerge in recent years from comparative analyses
of 16S rRNAs. From these surveys, 36—40 higher order bacterial
divisions can be discerned (30). Our study sought to examine the
extent of bacterial diversity within a well studied human endog-
enous niche, the subgingival crevice, and to compare the rep-
resentations of diversity provided by two approaches, that based
on cultivation and that based on amplification of rDNA directly
from the same specimen. 4 priori, one might postulate that,
within a relatively familiar ecological niche that has been sub-
jected to numerous cultivation procedures—prompted in part by
the search for causative agents of local and systemic disease—
relatively few previously unrecognized bacteria would be iden-
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Fig.3. Phylogenetic relationships of bacteria that belong within the Low GC
Gram Positive division, inferred from 16S rDNA sequence analysis. This tree
was constructed by using 860 homologous sequence positions (534-1,400; E.
colinumbering) and a maximume-likelihood algorithm; it was rooted by using
the sequence of Peptococcus niger. Confidence values >50% from boot-
strapped data are displayed. For sequence designation scheme, see Fig. 2
legend. Cluster designations are based on the proposed phylogenetic scheme
of Collins et al. (26).
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Fig. 4. Phylogenetic relationships of bacteria that belong within the Acti-
nobacteria division, inferred from 16S rDNA sequence analysis. This tree was
constructed by using 894 homologous positions (534-1,438; E. coli number-
ing) and a maximum-likelihood algorithm; it was rooted by using the se-
quence of Streptomyces coelicolor. Confidence values >50% from boot-
strapped data are displayed. For sequence designation scheme, see Fig. 2
legend.

tified. Some of the phylotypes recovered by rDNA amplification
directly from the plaque specimen conformed well with previous
descriptions of the bacterial flora of the subgingival crevice,
including members associated with local and systemic disease
such as bacteremia, and endocarditis. However, we found that
the diversity revealed by direct amplification of rIDNA directly
from a subgingival plaque specimen substantively exceeded that
revealed by cultivation from the same specimen. Furthermore,
many of the more divergent phylotypes have not been detected
previously within humans.

Overall, we detected members of five of the bacterial divisions
proposed by Hugenholtz et al. (30) within subgingival plaque.
These five divisions (Low GC Gram Positives, Fusobacteria,
Actinobacteria, Proteobacteria, and Cytophagales) all appear to
be cosmopolitan in nature and are well represented among

Table 3. Phylotypes with <99.0% identity to a public database
sequence, excluding the Actinobacteria and the Low GC Gram
Positive Clostridia groups

Percent
Phylotypes* Related organism(s) Identity  Nucleotides
A50 Haemophilus segnis 98.9 541
A57 Kingella oralis 98.5 545
A27 Streptococcus parasanguis 98.3 529
A49 Haemophilus parainfluenzae 97.6 541
A26 Streptococcus parasanguis 97.5 529
A68 Prevotella loescheii 97.2 702
A56 K. oralis 97.1 545
AC60 Leptotrichia bucallis 97.1 1,370
C65 Prevotella oris 96.3 814
ce67 Porphyromonas catoniae 96.1 818
A63 W. zoohelcum 95.5 663
A18 Gemella morbillorum 95.3 953
A51 T. cuprinus 93.9 933

*Phylotypes were obtained by either direct amplification (A), cultivation (C),
or both (AC).
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cultivated microorganisms. Initially, most of the amplified 16S
rDNA was of streptococcal origin, a finding that was contra-
dicted by previously published data (25) and by our in situ
hybridization data. This discrepancy pointed to a bias in PCR
amplification. Previously reported PCR biases have been attrib-
uted to variation in bacterial genome size, 16S rDNA allele copy
number, G+C content, IDNA secondary structure, and tem-
plate concentration (31-33). Our subsequent strategy to reduce
the number of streptococcal 16S rDNA clones by using Bsu361
was successful; however, it probably reduced the representation
of other bacterial sequences within the libraries. In fact, there are
Bsu36l endonuclease restriction sites within 16S rDNAs from
cyanobacteria and spirochetes. Another obvious limitation in
our study was the use of just one specimen from one individual.
High-throughput sequencing methods and the possibility of high
density microarrays for microbial surveying should make analysis
of multiple specimens from numerous individuals increasingly
practicable.

Typically, large numbers of Treponema have been associated
with periodontitis (9, 34, 35). Choi et al. found that only 7% of
16S rDNA clones obtained by amplification using broad-range
bacterial primers were of treponemal origin whereas phase-
contrast microscopy indicated that spirochetes comprised ~20%
of the bacterial population (9). Attempts to amplify Treponema
16S rDNA from our specimen were unsuccessful. This failure
does not appear to be explained by the choice of primers because
the predicted annealing sites are well conserved among the
Treponema sequences within the ARB 16S rRNA database. It is
probable that treponemes, if present in our specimen, were
present in numbers below the detection limits of our PCR. The
absence of spirochetes detected by darkfield microscopy sup-
ports this presumption.

A crude estimate of the population coverage by the 59 unique
phylotypes we identified by direct amplification may be obtained
by using the estimator proposed by Good (21). By this estimate,
the 59 phylotypes accounted for 88% of all cloned sequences.
Using a parametric model for estimating the number of “unseen”
species, the 59 unique phylotypes represented <70% of the total
number of unique phylotypes within the clone population (22).
By inference, an additional 25 [(59/0.7) — 59] unique but
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undetected phylotypes were present within the clone libraries
and comprised ~12% of the clones. In ecological terms, the
clone libraries, which are assumed to represent the subgingival
microbial flora from this specimen, are uneven (a small number
of species dominate the population) but contain a large degree
of richness (a large number of unique phylotypes). This conclu-
sion is consistent with the cultivation-based findings of Moore
(8) in which 10-16 species accounted for 60-71% of the culti-
vatable oral bacteria in adult gingivitis. The transfer of mathe-
matical constructs, such as the Good coverage estimator or the
Shannon-Weaver index, from macroecology to human microbial
ecology should facilitate a more meaningful and quantifiable
comparison of the richness and evenness between different hosts
and sites over time.

Overall, direct amplification of 16S rDNA yielded a more
diverse view of the bacterial flora associated with subgingival
plaque than that found by cultivation. Our findings raise the
possibility that previously unidentified higher order taxonomic
divisions still exist within the human ecosystem. Direct ampli-
fication and cultivation may be viewed as complementary tech-
niques for the study of microbial diversity and identification of
potential opportunistic pathogens. Obviously, the physiological
and clinical relevance of the organisms detected in this study
remain unclear. At one extreme, some of the phylotypes may be
transient residents acquired from the environment. For example,
A-51 is related to metal-oxidizing y-proteobacteria, such as the
sulfur-oxidizer Thiobacillus cuprinus, a bacterium typically iso-
lated from lake sediments. A-51 may be a transient oral resident
obtained from drinking water. Other organisms may be critical
for maintenance of ecosystem stability and oral health or may be
occasional pathogens. Large-scale ecosystem analyses at multi-
ple intraoral sites in multiple hosts and at multiple times should
help to clarify some of these issues.
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