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Oral streptococci have been associated with systemic diseases, including infective endocarditis and neutropenic bacteremia. We
analyzed 58 recent oral streptococcal bloodstream isolates, and we obtained clinical and demographic data for source patients.
The sodA gene was found to be a better target than the 16S-23S rRNA internal transcribed spacer for DNA sequence-based spe-
cies identification. Together, Streptococcus mitis and Streptococcus oralis were significantly more likely than the 12 combined
remaining species to be isolated from neutropenic patients.

Streptococci are the most abundant inhabitants of the human
mouth (6, 24), and they gain frequent access to the blood-

stream through periodontal lesions or oral abrasions created by
routine activities (32). This can lead to serious illnesses, including
infective endocarditis (IE) (28) and neutropenic bacteremia (29).
The taxonomy of the oral streptococci has long been a source of
confusion (4, 9, 20, 22, 31). Sequencing of the 16S rRNA gene has
clarified the situation immensely (13); however, this approach
lacks the sensitivity required to distinguish certain closely related
species, including Streptococcus mitis and Streptococcus oralis (12),
or to allow for strain typing or phylogenetic analysis within spe-
cies. Genes possessing greater variability have therefore been ex-
amined, including the 16S-23S rRNA intergenic transcribed
spacer (ITS) (2), protein-coding housekeeping genes (1, 5, 7, 10,
12, 14, 15, 19, 23), or both (17, 18). Consensus concerning the
gene(s) best suited for these purposes has yet to emerge. Further,
although previous studies have identified oral streptococci from
clinical blood cultures using definitive sequencing methods (12,
23, 30), none have reported detailed clinical information about
underlying disease. We set out to do both.

Bloodstream cultures performed at Virginia Commonwealth
University Medical Center Hospital from May 2003 to May 2008
were presumptively identified as containing streptococci by the
clinical microbiology laboratory. A computer script was used to
exclude nonoral species. To avoid analysis of contaminants, isola-
tion plates were requested only when two or more reports origi-
nated from separate cultures of the same patient. One colony from
each available isolation plate was grown in broth culture and ex-
amined macroscopically and microscopically. If any differences
were observed in separate cultures derived from the same patient,
both cultures were retained. Otherwise, a single culture from each
patient was cryopreserved, and aliquots were removed for PCR
amplification.

To determine the species identity and phylogenetic relatedness
of each isolate, the 16S-23S ITS was amplified using the 6R and
13BF primers described previously (2). When products were not
obtained from some isolates, we noted that the final three nucle-
otides of the 6R primer did not align with 23S rRNA sequences in
GenBank from several species of interest. We therefore shortened
and simplified the 6R primer, creating 6R-S, and shortened the
13BF primer to match its annealing temperature (see Table S1 in
the supplemental material). A similar modification of the 6R

primer was reported recently (18). Using these primers, PCR am-
plicons were obtained from all isolates and submitted for capillary
DNA sequence analysis.

Most DNA sequences contained the complete ITS and por-
tions of the 16S and 23S rRNA genes, which were aligned with ITS
sequences from type strains available in GenBank or determined
by us from strains obtained from the American Type Culture Col-
lection (ATCC). We found that flanking 16S and 23S sequences,
though not retained in most published sequences, facilitated ITS
alignment. Indeed, at least four type strain sequences have been
published (18) in which a CTAAGG located 78 bp prior to the 3=
end of the 16S rRNA gene appears to have been confused with an
identical hexanucleotide sequence defined previously (2) as the
beginning of the ITS. Trimmed ITS sequences (2) were then com-
pared and aligned with MEGA 4 software (25) to construct a
neighbor-joining phylogenetic tree (Fig. 1).

It has been suggested previously that ITS analysis alone is suf-
ficient for species identification of oral streptococci, including that
of the closely related species S. mitis and S. oralis. Conserved
single-base deletions at two sites and a total ITS length of 246 bp
were suggested to be characteristic of S. oralis, while S. mitis was
proposed to lack the deletions and possess an ITS of 248 to 249 bp
(2, 3). In our study, we found isolates of both species that pos-
sessed both deletions or neither, along with overlapping ITS
lengths. Thus, the S. oralis and S. mitis isolates could not be reliably
distinguished by these criteria. Another study has suggested that
ITS sequence analysis, while not sufficient for distinguishing S.
oralis and S. mitis, is sufficient for identification of many other oral
streptococcal species, including those belonging to the anginosus
group (18). However, we found one isolate of the anginosus group
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FIG 1 Neighbor-joining trees for ITS and sodA sequences. Clinical isolates are indicated by VMC number and final species assignment. Fill colors correspond
to patient underlying illness, and red outlines indicate reference strains. The scale indicates the number of base substitutions per site, with distances determined
using the maximum composite likelihood method (21). Bootstrap values that were equal to or greater than 50% from 2,000 replicates are indicated in blue text
adjacent to the branches. *, isolate for which additional sequences (pfl and/or pyk) were determined.
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species S. intermedius (VMC38) that could not be classified by ITS
(see Table S1 in the supplemental material).

A large number of isolates, particularly for S. mitis and Strep-
tococcus constellatus, also possessed identical sequences, preclud-
ing phylogenetic analysis. Identical sequences were also obtained
from five pairs of isolates originating from the same patients (data
not shown).

Because the ITS analysis was not sufficient for our purposes, we
sequenced a second common target—the sodA gene, encoding
manganese-dependent superoxide dismutase (1, 5, 10, 12, 14, 19,
27). This allowed for the exclusion of several isolates. The strain
pairs mentioned above as originating from the same subjects and
having identical ITS sequences also possessed identical sodA se-
quences, confirming that the isolates were identical, and one iso-
late from each pair was dropped. Two isolates were dropped due
to an apparent mistake in strain handling, and another was not
retained because the ITS and sodA sequences indicated that it was
a strain of Enterococcus faecalis. A phylogenetic tree derived from
the remaining isolates is shown in Fig. 1.

The sodA alignment was superior to that of the ITS for phylo-
genetic analysis. The only isolates with identical sodA sequences
were two S. mitis strains and two strains of Streptococcus vestibu-
laris. The sodA alignment was also more useful for species deter-
mination. All reference strains were well separated from one an-
other in the phylogenetic tree. The result was only four ambiguous
species assignments for sodA, compared to 15 for the ITS (see
Table S1 in the supplemental material). In those cases in which a
single species designation was consistent with both the ITS and
sodA sequences, that designation was used. Only 3 of the final 58
clinical isolates could not be confidently identified using this
method. The VMC1 and VMC43 isolates produced ITS sequences
that were too short to be informative, despite repeated sequencing
attempts, and VMC58 was inconsistently identified by ITS and
sodA sequences (Fig. 1; Table S1). We confirmed the species iden-
tity of these isolates utilizing a recently published database con-
taining sequences of seven housekeeping genes from 420 well-
characterized streptococcal strains, including sodA, pfl, and pyk
(1). Sequences of the pfl and/or pyk genes from all questionable
strains were determined and aligned with the sequences in the
eMLSA.net database (http://www.emlsa.net/), as were the existing
sodA sequences. In all cases, the pfl and pyk species assignments
were in agreement with those from sodA. In addition, the sodA
alignment indicated that the VMC58 sequence, while divergent
from the type strain, fell within a cluster of 13 Streptococcus infan-
tis isolates in the database (data not shown). The consensus species
identification of all isolates included in the study are indicated in
Fig. 1 and Tables S1 and S2 in the supplemental material.

While these results suggest that sodA analysis alone is sufficient
for identifying most strains, we recommend inclusion of at least
one additional protein-coding housekeeping gene for all strains.
Many oral streptococci are naturally competent, and instances of
acquisition of foreign housekeeping genes, including sodA, have
been reported (1, 12). This was not apparent in our study, but
there were instances of chimeric ITS (VMC38 and VMC50) and
sodA (VMC33) sequences. Two recent publications have gone far-
ther, each suggesting sequencing of a different set of seven house-
keeping genes for multilocus sequence typing (7) or multilocus
sequence analysis (1). These approaches rely on analysis of a larger
number of genes to provide increased resolution and to minimize
the effects of occasional chimeric or foreign genes (1, 7). These

schemes also allow for more sophisticated phylogenetic analyses
than are possible with only two or three genes. We occasionally
experienced difficulty, however, in amplification and sequencing
of pfl and pyk and little success with two of the other recom-
mended genes, map and ppaC (1). Another recent study reported
similar difficulties (27). Thus, the choice of additional genes may
require empirical testing, but those employed in the seven-gene
analyses should be explored first, since large collections of se-
quences from well-characterized strains are available for compar-
ison (1, 7).

To our knowledge, this is only the second report of a Strepto-
coccus australis (12) or S. infantis (30) blood culture isolate. The
only other association of the latter species with any illness comes
from two reports of its isolation from the sputum of adults with
cystic fibrosis (17, 26). It is therefore interesting that an adult with
cystic fibrosis was the source of our S. infantis isolate, VMC58 (see
Table S2 in the supplemental material).

Antibiotic susceptibility data are included in Table S2 and are
largely in agreement with previous studies (8). Table S2 also pro-
vides clinical and demographic data for source patients, categoriz-
ing them based on chief underlying illness: medical illness, malig-
nancy, IE, or surgery/trauma. All IE subjects were diagnosed
clinically, and all but the VMC56 case (Table S2) were classified as
“definite IE” by the modified Duke criteria (16). The lone excep-
tion had a history of previous IE and intravenous drug use
(IVDU), which in concert with the positive blood cultures would
result in categorization as “possible IE.” Data on possible sources
of infection, including central lines, gastrointestinal endoscopy,
oral mucositis, dental conditions, and IVDU, were also examined.
IVDU was found for 9 of the 13 IE patients and for only 1 other
patient in the study (Table S2). This difference was statistically
significant (P � 0.0001; Fisher’s exact test). Thus, although this
study was focused on oral species, IVDU was an overwhelming
risk factor.

Our phylogenetic analysis uncovered no statistically significant
associations between any particular species or clonal type and un-
derlying illness or other clinical parameters, including white blood
cell count, highest temperature, vegetation size, valve affected, or
patient death. One previous study contained enough information
to identify species isolated from neutropenic patients (12). Our
results were similar, in that 11 of 12 isolates in that study and 9 of
10 in ours (Table S2) were either S. mitis or the closely related S.
oralis. In our study, these two species, taken together, were signif-
icantly more likely than the 12 remaining species combined to be
isolated from neutropenic patients (P � 0.004; Fisher’s exact test).
This may reflect the prevalence of these species in the oral cavity. It
is interesting, though, that this trend did not carry over to IE.
Combining our data with those from the same study (12) for
neutropenia and IE, S. oralis and S. mitis were isolated from 20 of
22 neutropenia cases and only 15 of 27 IE cases, a difference that
was statistically significant (P � 0.01; Fisher’s exact test). As in
previous studies (11, 12, 30), sample numbers limited our ability
to confidently assess other possible associations between species
and particular illnesses or clinical characteristics. However, by
pairing definitive species identification with clinical and demo-
graphic characteristics for each source patient (Table S2), we have
sought to make our results suitable for meta-analysis or other
studies utilizing combined data.

DNA sequence accession numbers. DNA sequences of type
strains and clinical isolates determined in this study were deposited in
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GenBank, under accession numbers JN181256 to JN181394. A
whole-genome shotgun sequence of S. sanguinis isolate VMC66 de-
termined at the Baylor College of Medicine for the Human Micro-
biome Project (S. K. Highlander et al., unpublished data) is available
under GenBank accession number NZ_AEVH01000000.
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