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Identification of viridans group streptococci (VGS) to the species level is difficult because VGS exchange
genetic material. We performed multilocus DNA target sequencing to assess phylogenetic concordance of VGS
for a well-defined clinical syndrome. The hierarchy of sequence data was often discordant, underscoring the
importance of establishing biological relevance for finer phylogenetic distinctions.

Identification of viridans group streptococci (VGS) to the
species level by genotypic and phenotypic methods is challeng-
ing since biologic or biochemical profiles may be ambiguous
because of natural competence, i.e., the ability of streptococci
to take up free DNA from the surrounding environment (5),
and other genetic transfer events. Clinical laboratories can
encounter “atypical pneumococci” that are optochin resistant,
bile insoluble, or unencapsulated (15). Similarly, some species,
such as Streptococcus mitis, an oral commensal commonly as-
sociated with infective endocarditis, may carry antimicrobial
resistance genes or pneumolysin genes that are commonly as-
sociated with Streptococcus pneumoniae (2, 15). Hence, taxo-
nomical classifications for members within VGS are not well
defined and for simplicity are divided into groups such as the S.
anginosus group (S. anginosus, S. constellatus, and S. interme-
dius), the S. bovis group (S. equinus, S. gallolyticus subsp. gallo-
ticus, S. gallolyticus subsp. macedonicus, S. gallolyticus subsp.
pasteurianus, S. infantarius, and S. alactolyticus), S. gordonii (S.
gordonii), the S. mitis group (S. cristatus, S. infantis, S. mitis, S.
oralis, and S. pneumoniae), the S. mutans group (S. mutans and
S. sobrinus), the S. salivarius group (S. salivarius, S. thermophi-
lus, and S. vestibularis), and the S. sanguinis group (S. sanguinis
and S. parasanguinis).

Since taxonomy of VGS is still evolving, our specific aim was
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to better understand the phylogenetic and phenotypic relation-
ships among VGS by studying a large collection of isolates
from a medically important, well-defined clinical syndrome.
Endocarditis is an important infectious disease that is com-
monly caused by VGS. The International Collaboration on
Endocarditis Microbiology, a large, multicenter, multinational
consortium, provided a unique opportunity to perform DNA
target sequencing with 16S rRNA, fuf (encoding elongation
factor Tu), and rpoB (beta subunit of RNA polymerase) genes
to evaluate the degree of phylogenetic concordance for VGS
isolates and to assess our ability to definitively assign a species
designation for patients with endocarditis.

VGS isolates from patients with definite endocarditis were
submitted by ICE investigators representing a collection from
18 medical centers in 12 countries. All patients were defined as
having definite infective endocarditis using the modified Duke
criteria (8). Conventional identification and susceptibility test-
ing were performed at a central laboratory using a commer-
cially available panel processed on a Microscan Walkaway
instrument (PC-21; Dade Behring, Deerfield, IL) with a stan-
dard laboratory protocol. Template DNA preparation and am-
plification were performed directly on frozen stocks as previ-
ously described (12). Amplification of the 16S rRNA, fuf, and
rpoB genes was achieved with the following primer pairs: 16S
rRNA 5F (5'-TTGGAGAGTTTGATCCTGGCTC-3") and
534R (5'-TACCGCGGCTGCTGGCAC-3"); tuf Strl (5'-GTA
CAGTTGCTTCAGGACGTATC-3') and Str2 (5" ACGTTC
GATTTCATCACGTTG-3") (9); and rpoB 31F (5'-GCCTTA
GGACCTGGTGGTTT-3') and 830R (5'-GTTGTAACCTTC
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FIG. 1. Neighbor-joining dendrograms of the 16S rRNA (A), tuf (B), or rpoB (C) gene for viridans group streptococci from patients with
endocarditis. Each entry represents a unique sequence among study isolates. Key: S. bovis group (isolates 37 and 90; S. gallolyticus subsp. gallolyticus
isolates 03, 04, 11, 13, 23, 24, 25, 26, 29, 31, 32, 34, 35, 45, 52, 55, 65, 69, and 82; and S. infantarius isolate 40); S. constellatus (isolate 80); S. gordonii
(isolates 01, 02, 05, 09, 10, 33, 46, 48, 49, 66, 71, 73, 74, and 95); S. mutans group (isolates 17, 22, 54, 62, 72, and 84); S. mitis group (isolates 08,
12, 14, 18, 20, 21, 27, 36, 38, 44, 53, 56, 58, 60, 61, 68, 75, 77, 79, 81, 89, 90, and 94; S. pneumoniae isolates 06, 07, 41, 85, and 91; S. cristatus, isolate
92); S. salivarius group (isolates 39, 43, 47, 59, and 70; S. thermophilus isolate 44); S. sanguinis group (isolates 15, 16, 19, 42, 57, 63, 64, 67, 76, 78,
83, 86, and 93; S. parasanguinis isolates 51 and 88); and S. sinensis isolate 28.
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CAWGTCAT-3") (3). PCR products were bidirectionally
sequenced with original amplification primers, and sequences
were compared to related sequences in the SmartGene IDNS-
Bacteria software program [SmartGene Inc., Raleigh, NC] us-
ing a standard laboratory protocol (12). Nucleotide alignments
and phylogenetic trees were constructed with the neighbor-
joining method using Kimura’s two-parameter distance correc-
tion model and 1,000 bootstrap replications in the MEGA
version 3.1 software package (7).

Ninety-four VGS isolates from 94 patients with definite en-
docarditis were examined. Characterization of these isolates by
three genetic targets is summarized in Fig. 1. For purposes of
comparison with conventional methods, final identification for
DNA target sequencing was arbitrarily defined as phylogenetic
concordance with two of three DNA targets. Using this defi-
nition, DNA target sequencing identified the S. mitis group (n =
29) as the most common VGS, followed by the S. bovis group
(n = 22), the S. sanguinis group (n = 15), S. gordonii (n = 14), 6
isolates each of the S. mutans and S. salivarius groups, and 1
isolate each of the S. anginosus group and S. sinensis. Conven-
tional methods identified 17 isolates to the Streptococcus genus
level only, 14 as VGS, 6 as belonging to the S. anginosus group,
24 as belonging to the S. mitis group, 16 as S. bovis, 2 as S.
mutans, 1 as S. salivarius, and 14 as S. sanguinis. Identification
by conventional methods disagreed with gene sequencing re-
sults for 25 (27%) of 94 isolates. Neighbor-joining dendro-
grams for all gene targets did not always demonstrate phylo-
genetic concordance (Fig. 1). Although intraspecies and
interspecies variability differed with each gene target, phyloge-
netic concordance was uniformly observed with all 3 gene
targets for isolates identified as S. gordonii (n = 14), S. mutans
(n = 6), S. parasanguinis (n = 2), S. salivarius (n = 6), or S.
sanguinis (n = 13). Within the S. mitis group, five S. pneu-
moniae isolates (no. 6, 7, 41, 85, and 91) demonstrated con-
cordance among all three targets but two isolates (no. 36 and
81) had no distinguishing genotypic or phenotypic character-
istics to enable definitive identification as pneumococcus. For
the S. bovis group, 19 isolates were identified as S. gallolyticus
subsp. gallolyticus, of which 15 isolates demonstrated concor-
dance among all 3 targets. Isolates 3, 24, and 65 clustered with
S. gallolyticus subsp. gallolyticus for 16S rRNA and rpoB genes,
but with the fuf gene they diverged on a unique branch. Isolate
no. 40, identified as S. infantarius by the rpoB gene, had a unique
divergent branch with each gene target. S. constellatus (no. 80)
had concordance with all three gene targets. S. cristatus (no. 92)
and S. sinensis (no. 28) were discordant among three gene targets.

To our knowledge, this study is the first to evaluate the
phylogenetic relationships of VGS with 16S rRNA, fuf, and
rpoB gene targets for patients with endocarditis. Since causality
is an important criterion when comprehending the significance
of finer phylogenetic distinctions by different gene targets, we
specifically studied a well-defined clinical syndrome, namely
endocarditis. Overall, VGS isolates demonstrated a high de-
gree of variability for all three targets, which was not a sur-
prising observation since transfer of genetic material among
microorganisms has been well described for streptococci (2, 5,
15). In our study, classifications within groups were not always
predictable or correlated with phenotype or phylogeny, an
observation also noted by Hoshino et al. for isolates from
patients with bacteremia and meningitis (6). By the current
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and published standard, our unusual sequence variants could
support several new species designations. In fact, prior inves-
tigators have proposed the assignment of new species based on
isolated case reports or have claimed a greater accuracy of
identification with sequencing of the 16S rRNA, mpB, rpoB,
sodA, and/or 16S-23S rRNA spacer targets (1, 3, 4, 6, 13, 14).
We have shown that both phenotype and hierarchy-of-sequence
data are often discordant, and the relative ability of a particular
DNA target to draw finer phylogenetic distinctions does not nec-
essarily warrant the description of a new species or support
greater accuracy of identification. Each DNA target has its own
evolutionary time clock, and reliance on both single- and multilo-
cus sequencing, including concatenated sequence analysis, may
result in taxonomical misclassification or overclassification.

Microbiologists and clinicians need a common lexicon to
convey information about microorganisms that is biologically
meaningful (10, 11). Population-based genomic and proteomic
approaches most likely are necessary to facilitate taxonomical
classifications that encompass the microbial diversity of VGS
from diverse environments and their unique features (i.e., vir-
ulence factors). Phenotypic and genotypic repositories are in-
valuable for the community of microbial systematics. Until we
better define VGS and more fully understand the added value
of new species designations, clinical microbiologists should
classify VGS with ambiguous phenotypic and genotypic pro-
files in their respective taxonomical clusters regardless of the
method of identification.

ICE-Micro received support from Cubist Pharmaceuticals (Christo-
pher W. Woods).
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