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We reinvestigated the clonal diversity and dynamics of Streptococcus mitis and two other abundant members
of the commensal microbiota of the upper respiratory tract, Streptococcus oralis and Streptococcus infantis, to
obtain information about the origin of frequently emerging clones in this habitat. A culture-independent
method was used, based on cloning and sequencing of PCR amplicons of the housekeeping gene gdh, which
shows remarkable, yet species-specific, genetic polymorphism. Samples were collected from all potential
ecological niches in the oral cavity and pharynx of two adults on two occasions separated by 2 years. Based on
analysis of close to 10,000 sequences, significant diversity was observed in populations of all three species.
Fluctuations in the relative proportions of individual clones and species were observed over time. While a few
clones dominated, the proportions of most clones were very small. The results show that the frequent turnover
of S. mitis, S. oralis, and S. infantis clones observed by cultivation can be explained by fluctuations in the relative
proportions of clones, most of which are below the level of detection by the traditional culture technique,
possibly combined with loss and acquisition from contacts. These findings provide a platform for understand-
ing the mechanisms that govern the balance within the complex microbiota at mucosal sites and between the
microbiota and the mucosal immune system of the host.

Emerging insight at the molecular level supports the new
paradigm that the human body and its commensal microbiota
constitute a highly integrated “superorganism.” The benefits
for both the microbiota and the host are substantial and mul-
tifaceted and apparently build on a state of mutual tolerance.
The commensal microbiota becomes established immediately
after birth and develops into complex ecosystems characteristic
of the many different niches present on the surfaces of the
mucosal membranes and the skin. At the gross level, the com-
position of this microbiota is very stable during the entire
lifetime of an individual, and the compositions for different
individuals are similar. However, at the detailed level the in-
terpersonal and interspecies differences are considerable.
Thus, each bacterial species is often represented by numerous
clones that appear to be specific to the individual or to mem-
bers of a family, and in contrast to traditional concepts of
climax ecosystems, the species niches often appear to be main-
tained by a succession of clones rather than by stably colonizing
clones (6, 15). The nature of the ecological pressure driving
these dynamic changes in the microbial population is not
known.

The mitis group streptococci, like Streptococcus mitis and
Streptococcus oralis, are attractive models for analysis of the
intricate relationship between commensals and the host. These
organisms are abundant members of the microbiota on all
surfaces in the oral cavity and pharynx from birth and through-

out life, and they can be easily accessed for sampling (1, 8, 12,
19, 27, 29, 34). Although true commensals, many of the mitis
group streptococci are opportunistic pathogens implicated in
dental caries (4, 36), in subacute bacterial endocarditis (17,
23), in bacteremia in immunocompromised patients (13, 16, 35,
38), and occasionally in cases of extraoral diseases, such as
brain abscesses, meningitis, eye infections, and pneumonia (3,
5, 25, 26, 31). Moreover, S. mitis, in particular, is strikingly
closely related to Streptococcus pneumoniae despite distinct
differences in its pathogenic potential (M. Kilian, K. Poulsen,
T. Blomqvist, L. S. Håvarstein, M. Bek-Thomsen, and U. B. S.
Sørensen, submitted for publication). Studies of these strepto-
cocci may therefore provide important insight into molecular
determinants of the different lifestyles of commensals and
pathogens.

Previous cross-sectional and longitudinal studies focusing on
the S. mitis population in newborns and infants demonstrated
that there are numerous clones assigned to this species in the
respiratory tract of each individual. Of the multiple genotypes
detected in infants sampled at intervals of weeks to months
over a 1-year period, only a few were isolated on more than
one occasion (15, 20). Isolates from adults showed the same
degree of clonal diversity, but some of the clones colonizing
adults were more stably present, although their abundance
fluctuated (15, 20). Similar population kinetics was observed
for S. oralis in dental plaque (2). Three hypotheses were con-
sidered to explain the origin of the multiple new clones that
appear to be acquired over time by infants and adults (15).
Continuous acquisition over time from close contacts undoubt-
edly contributes to the process, but the limited sharing of
detectable S. mitis genotypes between family members ob-
served in two independent studies suggests that this is not the
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main factor (14, 20). Frequent emergence of new genotypes in
an individual as a result of homologous recombination within
the pool of streptococci carried by the individual is an attrac-
tive hypothesis for these naturally transformation-competent
bacteria, but this hypothesis is not supported by experimental
data for S. mitis (15). Rather, the presence of largely different
clonal S. mitis populations in different niches in the upper
respiratory tract (15, 20) points to transmission between dif-
ferent habitats combined with fluctuations in the abundance of
individual clones, the levels of most of which are below the
level detectable by the traditional culture technique. In support
of this theory a recent study demonstrated that there is in-
traoral transfer of S. mitis clones in neonates and that the
representation of such clones in samples from different habi-
tats varied (20).

Attempts to study populations of S. mitis and S. oralis have
been hampered by difficulties in differentiation of these two
species. Introduction of the species Streptococcus infantis (18)
and Streptococcus pseudopneumoniae (3) further emphasized
the problems of differentiation based on traditional phenotypic
tests and 16S rRNA sequences, and recent results reported by
us demonstrated that neither phenotypic characteristics nor
analysis of 16S rRNA sequences allows differentiation of these
species (16; Kilian et al., submitted). With this background, it
is fair to conclude that previous studies of S. mitis populations
may have encompassed several of these mitis group species,
which may have affected conclusions concerning the degree of
diversity of populations of S. mitis and S. oralis carried by single
individuals. We recently demonstrated that S. mitis, S. oralis,
and S. infantis indeed do constitute distinct populations of
bacteria, although the populations are less coherent than tra-
ditionally expected for bacterial species (Kilian et al., submit-
ted). Unambiguous differentiation of these species and, more
surprisingly, of the majority of individual clones of these spe-
cies is feasible based on the sequence of the glucose dehydro-
genase gene (gdh) (Kilian et al., submitted).

In the present study we reinvestigated the clonal diversity
and dynamics of S. mitis in potential habitats in the oral cavity
and pharynx by using a culture-independent method previously
used to explore microbial diversity in complex habitats, such as
soil (24), the bovine rumen (37), the oral cavity (1), and other
environmental and human habitats. In addition to S. mitis, this
study included S. oralis and S. infantis and was based on cloning
and sequencing of close to 10,000 PCR amplicons of the house-
keeping gene gdh amplified from pooled samples collected
from two adults on two occasions separated by 2 years.

MATERIALS AND METHODS

Sample collection. Samples were collected at two times separated by 2 years
from two females; subject A was Caucasian and was 26 years old, and subject B
was Asian and was 32 years old. Each sample was a pool of bacteria collected
with cotton swabs from all surfaces of the teeth and mucosal membranes in the
oral cavity and the pharynx. After collection, the samples were immediately
transferred to and pooled in 1 ml of buffer (1.5 mM sodium citrate, 15 mM
sodium chloride). Neither of the two subjects was treated with antibiotics during
the 2-year observation period. The subjects were included based on informed
consent.

DNA extraction and PCR amplification. Bacteria in the samples were har-
vested by centrifugation and resuspended in 300 �l of a lysozyme solution (0.05
M Tris-HCl [pH 8], 20% sucrose, 1 mg/ml lysozyme, 100 U/ml mutanolysin).
After incubation at 37°C for 1 h, 250 �l of lysis buffer (10% Sarkosyl, 0.5 M
EDTA, MilliQ H2O) and 100 �l of a 10-mg/ml proteinase K solution were added.

After incubation at 55°C for 2 h, an additional 100 �l of the 10-mg/ml proteinase
K solution was added, and the preparation was incubated at 37°C overnight.
DNA was extracted with phenol-chloroform (1:1) and precipitated with ethanol
(96%). The quality and amount of DNA were determined by electrophoresis on
a 1% agarose gel. An approximately 650-bp internal fragment of the glucose-6-
phosphate dehydrogenase gene (gdh) was amplified with primers 5�-ATG GAC
AAA CCA GCN AGY TT-3� (forward primer) and 5�-GCT TGA GGT CCC
ATR CTN CC-3� (reverse primer). Previous use of this primer set with a com-
prehensive collection of mitis, anginosus, salivarius, and mutans group strepto-
cocci revealed that it amplifies the gdh target sequence in all strains of S. oralis,
S. mitis, S. infantis, S. pneumoniae, and S. pseudopneumoniae and in some strains
of the taxon “Streptococcus mitis biovar 2,” which according to recent phyloge-
netic analyses is a distinct species more closely related to S. oralis than to S. mitis.
No other Streptococcus species gave amplicons with this primer set (Kilian et al.,
submitted). Duplicate PCR amplification reactions were carried out for each
sample using 50-�l (total volume) mixtures containing approximately 3 ng of
whole-cell DNA as the template, 10 �M of each primer, and Platinum PCR
SuperMix (Invitrogen Corporation, California). The amplification conditions
comprised 2 min of incubation at 94°C, followed by 35 cycles of 30 s at 94°C, 30 s
at 55°C, and 1 min at 72°C and then a final extension for 7 min at 72°C.
Amplification products were visualized by electrophoresis on a 1% agarose gel
supplemented with ethidium bromide.

Genomic libraries and sequencing. Libraries of the gdh amplicons were pre-
pared for each sample using pools of the two independent amplification products.
PCR amplification products were ligated into the pCR 4-TOPO cloning vector
(Invitrogen) and cloned into Escherichia coli One Shot electrocompetent cells (In-
vitrogen) by electroporation performed with a Bio-Rad electroporator (Bio-Rad
Laboratories, Hercules, CA). Cloning and transformation reactions were performed
as described by the supplier. Transformants were plated onto YET/2 agar (Invitro-
gen) supplemented with 100 �g/ml ampicillin and incubated overnight at 37°C. From
the libraries constructed using baseline samples from subjects A and B, approxi-
mately 1,800 and 3,700 colonies, respectively, were picked for sequencing. From the
two libraries constructed using the 2-year follow-up samples, approximately 2,500
clones from each subject were sequenced. Plasmid purification and sequencing of
the inserts were performed at the J. Craig Venter Science Foundation Joint Tech-
nology Center (Rockville, MD).

Sequence analysis. Raw sequences were processed using Lucy, version 1.20p
(http://www.tigr.org/software/sequencing.shtml), a program that performs auto-
mated sequence quality assessment, confidence reassurance, vector trimming,
and vector removal. The initial alignment of amplified sequences from each of
the individuals was performed with the Clustal software in MEGA3.1 (21). The
sequences were manually edited, and sequences shorter than 400 bp were omit-
ted. Corrected sequences were grouped, and representative sequences were
identified with the program FastgroupII available at http://phage.sdsu.edu
/research/tools/fastgroup/. Representatives of the identified sequence variants
were resequenced in the opposite direction for quality control. Potential chi-
meric molecules artificially assembled during the PCR were identified by com-
paring phylogenetic trees based on the 5� end and the 3� end of representative
sequences. Phylogenetic associations of identified gdh alleles were determined by
including gdh sequences from the type strains of S. mitis (NCTC12261), S. oralis
(NCTC11427), S. infantis (GTC849), S. pneumoniae (NCTC7465), and S. pseu-
dopneumoniae (CCUG49455), as well as two reference strains of the taxon
known as “S. mitis biovar 2,” in the phylogenetic analysis. The analysis was
performed with MEGA3.1 by using the Minimum Evolution algorithm and the
Kimura two-parameter model (21). The robustness of the clusters obtained was
evaluated by bootstrap analysis using 500 resamplings.

Estimation of diversity. Rarefaction curves and richness estimates were cal-
culated with the program EstimateS, version 8.0, available at http://viceroy.eeb
.uconn.edu/EstimateS. The sample-based Mao Tau method was used to compute
the rarefaction curves. The bias-corrected Chao1 estimator of species richness
was calculated after 100 randomizations of sampling without replacement.

Sequence divergence within species. The range of divergence within the tar-
geted gdh sequence in a collection of epidemiologically independent isolates of
S. mitis, S. oralis, and S. infantis was determined on the basis of pairwise distances
calculated using MEGA3.1. Only isolates that were distinct at other gene loci
were included. The gdh sequences included 62 sequences from S. mitis, 47
sequences from S. oralis, and 12 sequences from S. infantis. The origin of these
strains has been described previously (16; Kilian et al., submitted).

Nucleotide sequence accession numbers. Representative gdh nucleotide se-
quences have been deposited in the GenBank database (http://www.ncbi.nlm.nih
.gov/) under accession numbers EU486460 to EU486523 and EU486526 to
EU486538.
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RESULTS

Sequence divergence within species. The distribution of gdh
pairwise sequence distances among the 121 independent iso-
lates of S. mitis (n � 62), S. oralis (n � 47), and S. infantis (n �
12) is shown in Fig. 1. In agreement with our previous obser-
vation based on analysis of several housekeeping genes (Kilian
et al., submitted), the range of interstrain gdh sequence dis-
tances was significantly larger than that found in traditional
pathogenic bacteria, such as S. pneumoniae (0.010 � 0.001
[mean � standard error of the mean]). Based on these obser-
vations, we selected an allele cutoff of 4 nucleotide differences
corresponding to a distance of approximately 0.01 (1.0%). Al-
though this cutoff may have resulted in a marginal underesti-
mate of the total number of clones with no relevance for the
aims of this study, it eliminated biases due to Taq polymerase-
induced errors, which have been estimated to be within 0.2%
of amplified nucleotides in a sequence (32). Although based on
a limited collection of strains, the significant sequence diver-
gence calculated for strains assigned to S. infantis (Fig. 1) raises
doubts about the coherence of this species.

Identification of genotypes. Sequencing of the gdh gene in-
sert libraries constructed on the basis of PCR amplicons from
S. mitis, S. oralis, and S. infantis clones present in the baseline
and follow-up samples resulted in a total of 9,846 sequences.
All sequences from each individual were aligned and corrected
manually. Sequences that spanned less than 400 bp of the
expected 619 bp were omitted. Of 4,628 sequences from base-
line samples, 4,317 were used in subsequent analyses. Chimeric
molecules were identified by comparing trees based on the first
100 nucleotides of the 5� end and the last 100 nucleotides of
the 3� end of all observed gdh alleles. In 4,317 baseline se-
quences, a total of 90 potential chimeras (2.0%) were identi-
fied. For the majority of chimeric sequences we were able to
identify the component molecules, which were derived from

other alleles observed in our samples. Six sequences for which
discordant tree positions were obtained for the two ends but
for which we failed to identify both of the component se-
quences were considered natural recombinant forms and were
included in the subsequent analysis. This is in agreement with
the concept that homologous recombination resulting in mo-
saic gene structures has been an important factor in the long-
term evolution of streptococci belonging to the species studied
(Kilian et al., submitted).

Sorting of all sequences, after exclusion of assumed chi-
meras, resulted in identification of a total of 39 gdh alleles.
Phylogenetic analysis of these sequences together with refer-
ence gdh sequences of the type strains of S. mitis, S. oralis, S.
infantis, S. pneumoniae, and S. pseudopneumoniae by the Min-
imum Evolution algorithm in MEGA3.1 identified three dis-
tinct clusters supported by significant bootstrap values, each of
which contained one type strain (Fig. 2). The only exception
was the mitis cluster, which, in agreement with our previous
observations (Kilian et al., submitted), included the S. pneu-
moniae and S. pseudopneumoniae sequences. We excluded the
possibility that sequences in the libraries originated from S.
pneumoniae, which is a rare organism in the oral cavity and
only occasionally colonizes the pharynx of healthy adults. Fur-
thermore, according to our previous observations, gdh se-
quences of S. pneumoniae are monophyletic. We previously
observed that S. pseudopneumoniae has gdh alleles that cluster
with S. mitis alleles (Kilian et al., submitted). As no informa-
tion on the occurrence of this recently described species is avail-
able, we cannot exclude the possibility that some of the clones
ascribed to S. mitis may represent S. pseudopneumoniae. None of
the gdh sequences amplified from the samples clustered with the
sequences from two reference strains of “S. mitis biovar 2.”

The numbers of sequences assigned to each ofthe three
species based on the cluster analysis and the numbers of clones

FIG. 1. Distribution of pairwise sequence distances for a fragment of the gdh gene in collections of independent isolates of S. mitis (n � 62),
S. oralis (n � 47), and S. infantis (n � 12). By comparison, the range of genetic distances among alleles of housekeeping genes of S. pneumoniae
is 0 to 0.012. The lower cutoff distance used to define distinct alleles in this study was 0.01.

VOL. 76, 2008 POPULATION DYNAMICS OF COMMENSAL STREPTOCOCCI 1891



FIG. 2. Consensus Minimum Evolution tree showing phylogenetic associations and genetic diversity of gdh alleles amplified from samples from two
individuals. Bootstrap values, based on 500 replicates, are shown for the major branches. Alleles from subjects A and B are designated A and B, respectively.
The boldface values that follow the allele designations are the numbers of identical sequences in the sequenced samples of the gene libraries.
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of each species detected in the two individuals are shown in
Table 1. The majority of sequences from subjects A and B
(1,233 sequences [79%] and 1,804 sequences [68%], respec-
tively) clustered with the S. oralis reference sequence and rep-
resented a total of four clones in subject A and eight clones in
subject B. The relative proportions of sequences identified as
S. mitis and S. infantis were different in the two subjects. In
subject A, S. mitis and S. infantis accounted for 7% (115) and
14% (211) of all sequences and comprised eight and nine
genotypes, respectively. In contrast, S. mitis was the dominant
species of these two species in subject B and accounted for
29% (770) of all sequences, representing seven distinct geno-
types. Only 4% (94) of all sequences in subject B were identi-
fied as S. infantis sequences; these sequences represented three
clones of the species.

As demonstrated by the number of sequences assigned to
each allele (Fig. 2), significant differences in the proportions of
individual sequences were observed. In both of the individuals
a single genotype accounted for 70% or more of the identified
sequences.

Coverage of alleles represented in gene libraries. The total
number of genotypes present in each of the two individuals was
estimated by the nonparametric estimator of total richness
Chao1. Based on these calculations, the number of alleles
present in subject A was �22 (95% confidence interval [CI], 21
to 31). Thus, the 21 alleles observed (95% CI, 18 to 24) rep-
resented 95.5% (95% CI, 77.4 to 85.7%) of the estimated
alleles. The estimated total richness in subject B was 18, and 18
alleles (range, 17 to 19 alleles) were observed, indicating that
the coverage was 100% (95% CI, 94.7 to 105.9%) (Fig. 3).

Follow-up examination. To evaluate the stability and dynam-
ics of clones of the three species in question, samples were
obtained from the two individuals 2 years after the baseline
observation, which provided a valid test of stability. A total of
5,121 valid gdh sequences were generated from these samples.
Among these sequences 56 distinct alleles were identified after
sorting and exclusion of chimeras. As described above, the
phylogenetic affiliation of the sequences was determined by
cluster analysis (data not shown). In agreement with the results
of the baseline examination, three distinct clusters correspond-
ing to S. mitis, S. oralis, and S. infantis were revealed by the
phylogenetic analysis of the 56 alleles. In contrast to the base-
line observations, S. mitis was the dominant species in both
individuals, accounting for 96% (2,007) and 86% (1,791) of all
the sequences, and was represented by increased numbers of

genotypes (15 and 13 genotypes, respectively). Accordingly,
the relative proportions of sequences identified as S. oralis
sequences were reduced to 2 and 3% in the two subjects, but
these sequences comprised more genotypes than the numbers
determined for the baseline observation (six and nine geno-
types in subjects A and B, respectively, versus four and eight
genotypes for the baseline observation). In subject A, S. infan-
tis was the least abundant species, accounting for only 2% of all
sequences, but it was represented by 10 distinct genotypes,
compared with values of 14% and nine genotypes for the

TABLE 1. Numbers of sequences allocated to S. mitis, S. oralis, and S. infantis by cluster analysis and inferred numbers of genotypes detected
for each species in two individuals at two observation times separated by 2 years

Subject Observation
time

S. oralis S. mitis S. infantis
Total no. of
genotypesNo. of

sequences
No. of

genotypes
No. of

sequences
No. of

genotypes
No. of

sequences
No. of

genotypes

A 1 1,233 4 115 8 211 9 21
2 40 6 2,007 15 37 10 31

B 1 1,804 8 770 7 94 3 18
2 72 9 1,791 13 216 3 25

Total 1 3,037 12 885 15 305 12 39
2 112 15 3,798 28 253 13 56

FIG. 3. Rarefaction analysis based on the gdh clone libraries gen-
erated from samples collected from subjects A and B. The curves
reflecting the observed [Mao Tau (obs.)] and estimated [Chao1 (Es-
tim.)] richness values plotted as a function of the number of sampled
clones demonstrate that virtually all genotypes were detected.
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baseline observation. In subject B, S. infantis accounted for
10% of all sequences, compared with 4% for the baseline
observation, and was still represented by three genotypes (Ta-
ble 1).

Figure 4 shows the longitudinal aspects deduced from the
results of the two observations separated by 2 years. The data
showed that 18 of the 39 genotypes present at the baseline
observation time were redetected 2 years later (Fig. 4). In
subject A, the 11 redetected genotypes included four S. mitis
clones, two S. oralis clones, and five S. infantis clones. The
seven clones that were stably present in subject B included
three S. mitis clones and four S. oralis clones, whereas none of
the three initially identified S. infantis clones were redetected
after 2 years. Of the 56 clones detected in the two subjects at
the time of the second observation, 38 were not detected at the
initial sampling time. The abundance of persistent genotypes
was observed to fluctuate; some genotypes showed significant
fluctuations (e.g., clone A12, which represented 75% of all
sequences in the initial sample but only 1% of the sequences in
the second sample), while others showed minor variations
(Fig. 4).

DISCUSSION

In this study we reexamined the population diversity and
dynamics of S. mitis and two other important members of the
commensal microbiota of the human oral cavity and pharynx
using a highly sensitive nonculture detection method. The
study design made it possible to evaluate the hypothesis that
these anatomical sites and their many distinct ecological niches
house a large number of clones, the levels of most of which are
below the level detectable by traditional cultivation (15). We
have proposed that the apparent acquisition and loss of clones
observed in cultivation studies (11, 15, 20) to some extent may
be a result of fluctuations in the relative proportions of clones
in the microbiota (15). This study confirmed this hypothesis.

To fulfill the aim of the study, we needed a method with
sensitivity and discriminatory power that exceeded the sensi-

tivity and discriminatory power of traditional culture tech-
niques. The PCR-based strategy used has been successfully
employed in studies of the biodiversity of complex microbial
ecosystems (1, 24, 28, 37). Instead of 16S rRNA sequences,
which reveal species diversity, our target marker was the gdh
housekeeping gene. Due to the unusual sequence divergence
in housekeeping genes of S. mitis, S. oralis, and S. infantis,
which exceeds the sequence divergence of corresponding genes
in pathogens like S. pneumoniae by a factor 10 (Kilian et al.,
submitted) (Fig. 1), this method is capable of detecting indi-
vidual clones of the three commensal species with a high de-
gree of accuracy (Kilian et al., submitted). Sequencing of close
to 10,000 clones from the gdh libraries generated from the
samples collected from the two subjects on two occasions sep-
arated by 2 years ensured detection of clones that constituted
minor proportions (�0.1%) of the populations of the three
species.

By nature, our method allows comparison of only one gene
locus, which theoretically limits its discriminatory power. How-
ever, comprehensive phylogenetic analysis of a large collection
of isolates supported by polyphasic taxonomic analysis demon-
strated that gdh sequences provided unambiguous and reliable
information about species affiliation and that sharing of the
same allele by more strains is rare (Kilian et al., submitted), as
confirmed by the data shown in Fig. 1. In contrast, recent
studies demonstrated that no known phenotypic trait can be
used to differentiate the species in question (16). As a conse-
quence, previous conclusions concerning the diversity of S.
mitis and S. oralis populations (2, 14, 15, 20) conceivably were
based on mixtures of species.

Artifacts in the form of chimeric sequences are a potential
risk in PCR-based analyses of complex microbiota. In this
context it may be important that the streptococci in question
are naturally competent for transformation and that the mo-
saic structures of genes reflect the fact that homologous re-
combination contributed to their evolution (9, 10, 16, 22, 30).
Therefore, our attempt to eliminate artificial chimeric se-
quences by discarding the sequences showing discordant phy-

FIG. 4. Dynamics of clones of S. mitis (black circles and lines), S. oralis (red circles and lines), and S. infantis (green circles and lines) detected
on two occasions separated by 2 years in samples from all niches within the oral cavity and pharynx of two adult subjects. Circles connected by a
line represent a clone detected on both occasions. Other clones were detected on only one occasion.
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logenetic affiliations at the two ends may, theoretically, have
resulted in an underestimate of the natural diversity among the
sequences.

S. oralis, S. mitis, and S. infantis are all members of the mitis
group, which currently includes 12 recognized species. We
have previously demonstrated that the primer set used in this
study amplifies the target gdh sequence exclusively in all strains
of S. mitis, S. oralis, S. infantis, S. pneumoniae, and S. pseudo-
pneumoniae and in some strains previously assigned to “S. mitis
biovar 2” (Kilian et al., submitted). Phylogenetic analysis of
gdh sequences revealed distinct clusters of S. oralis and S.
infantis. However, S. pneumoniae and S. pseudopneumoniae
each constitute single lineages within a distinct cluster of mul-
tiple lineages, the remainder of which currently belong to S.
mitis (Kilian et al., submitted). These phylogenetic relation-
ships are also reflected in the tree shown in Fig. 2. Although
some gdh alleles obtained in the present study were closely
related to the reference sequences for S. pneumoniae, we ex-
cluded the possibility that they originated from this species
based on our previous observation that gdh sequences of S.
pneumoniae form a monophyletic subcluster (Kilian et al., sub-
mitted). However, we cannot exclude the possibility that some
of the gdh sequences represent the recently described organism
S. pseudopneumoniae, for which no information on occurrence
is available. As indicated by the separate clustering of the two
reference strains of “S. mitis biovar 2,” none of the sequences
amplified from the samples represented this taxon. In agree-
ment with our previous observation based on comprehensive
phylogenetic analysis, “S. mitis biovar 2” represents a distinct
species that is more closely related to S. oralis than to S. mitis.

At the time of the first sampling, a total of 39 distinct gdh
alleles (21 alleles in subject A and 18 alleles in subject B) were
detected in the two individuals. According to the total richness
estimate, these numbers represent approximately 95.5 and
100% of the total number of distinct alleles in the libraries
established for the two subjects. We equated these figures with
the number of clones while recognizing that this may have
caused a marginal underestimate of the actual number of
clones due to potential sharing of gdh alleles by distinct clones
(Table 1). Of the 39 clones present at the time of the baseline
observation, 18 were redetected at the time of the second
observation. Combined with the fact that 38 of 56 clones iden-
tified at the second sampling time were not detected at the
initial sampling time, these observations suggest that acquisi-
tion and loss contribute to the strikingly unstable population
dynamics of each of the three species, but we cannot exclude
the possibility that some of these clones were present on both
occasions but below the detection level. The suggestion that
acquisition contributes to this phenomenon is in agreement
with the previously observed transfers of S. oralis clones among
cohabiting couples (2) and occasional sharing of S. mitis clones
by infants and their parents (11, 14).

Possible biases introduced by the PCR-based technique pre-
vent the relative abundance of a genotype from being precisely
determined from its proportional representation among am-
plified sequences. Yet previous studies demonstrated good
agreement between the proportions of bacterial species de-
tected by in situ hybridization and the relative proportions in
clone libraries (7, 33). On this basis, Fig. 4 clearly demonstrates
that the majority of the clones carried by the two individuals

studied accounted for minor proportions of the populations of
the respective species. It is conceivable that such clones would
have been missed by cultivation even if multiple isolates were
examined. Furthermore, Fig. 4 shows examples of fluctuations
from minor proportions to predominance and vice versa. This
finding is in agreement with our hypothesis that part of the
apparent acquisition and loss of clones observed in cultivation
studies may be explained by such fluctuations (11, 15, 20).
Furthermore, our longitudinal data demonstrate that such
fluctuations also affect the balance between individual species.
While S. oralis was the predominant species among the three
species harbored by the two individuals at the baseline sam-
pling time, both subjects exhibited a shift toward predomi-
nance of S. mitis 2 years later (Table 1). Due to the fact that
this study was based on pooled samples from multiple surfaces
in the oral cavity and pharynx, we could not discern if such
fluctuations are confined to particular habitats.

In conclusion, this study revealed significant clonal diversity
within populations of S. mitis, S. oralis, and S. infantis carried
by individuals in the upper respiratory tract. The total number
of clones, the demonstration of numerous clones in propor-
tions that are not detectable by traditional culture methods,
and the observed significant changes in proportions over time
demonstrate that the populations of commensal streptococci in
the oral cavity and pharynx are constantly changing due to
significant fluctuations in the relative proportions of existing
clones and species possibly combined with loss and acquisition
from close contacts. One important biological implication of
these findings is that, in contrast to individual clones of poten-
tial pathogens, like the closely related organism S. pneumoniae,
commensal bacteria are not subject to rapid elimination by the
adaptive mucosal immune system. Rather, the observed fluc-
tuations in abundance of individual clones of commensal strep-
tococci are due to interactions within the complex microbiota,
the nature of which is largely unknown.
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