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Although isolates of the “Streptococcus milleri” group (SMG) of bacteria are regarded as members of the
commensal microflora of the body, they are frequently encountered in purulent infections from a range of body
sites. The genetic diversity of 91 epidemiologically unrelated SMG isolates (including 37 commensal strains
and 49 disease-associated strains) was analyzed by macrorestriction fingerprinting (MF). The genomes were
digested with SmaI and ApaI independently, and fragments were resolved by pulsed-field gel electrophoresis.
Similarities between banding profiles were determined, and strains were clustered on this basis into dendro-
grams. In common with other commensal species that have been examined by MF, considerable genetic
diversity was revealed. In addition, the clustering of strains tended to support the current taxonomic position
of this heterogeneous group. The present study has shown that MF is a powerful tool for characterization of
SMG strains and that its use is likely to be of great value in epidemiological and population genetic studies of
this group of bacteria.

Isolates of the “Streptococcus milleri” group (SMG) of bac-
teria are generally regarded as members of the commensal
microflora of the body and are found at various sites including
the oral cavity, genitourinary system, and gastrointestinal tract
(10, 34, 38). However, SMG bacteria are also frequently en-
countered in suppurative infections at a range of clinical sites,
including liver and brain abscesses, dentoalveolar infections,
and infective endocarditis (10, 17, 24, 33, 34). It has been
suggested that these microaerophilic anaerobes are initiators
of infection and, as such, prepare the environment for subse-
quent colonization by the strict anaerobes with which they are
frequently isolated (1, 15, 21, 33).

The taxonomy of this bacterial group has been a cause for
much debate, largely due to the great heterogeneity of the
microorganisms. Although regarded as closely related species
on the basis of rRNA sequencing data, three species, S. inter-
medius, S. constellatus, and S. anginosus, distinguishable by
phenotypic methods have been described (35, 37, 39, 40, 41). It
has been suggested on the basis of DNA homology and sodium
dodecyl sulfate-polyacrylamide gel electrophoresis studies that
a further species may exist in addition to a distinct subspecies
within the S. anginosus group (39, 40).

It is assumed that the endogenous microflora is the source of
strains of SMG that are encountered in clinical infection in-
volving SMG. However, little is known about the epidemiology
of infection, and individual strain characterization or the com-
parison of the commensal and disease-associated microflora
has rarely been performed.

Macrorestriction analysis of the genome is a technique
which has been used extensively for strain characterization
mainly in typing studies for epidemiological purposes but less
frequently for taxonomic and population genetics studies, par-
ticularly of autochthonous bacteria (22, 32).

The aim of the present study was to develop a reproducible
technique for genotypic characterization of SMG strains by

analysis of macrorestriction fingerprints obtained by pulsed-
field gel electrophoresis (PFGE) of genomic fragments.

MATERIALS AND METHODS

Test strains. The isolates of SMG were obtained from dentoalveolar abscesses
(n 5 21), extraoral infections (n 5 28), and healthy oral sites (n 5 37); and 5
isolates were of unknown origin. Strains isolated from extraoral sites originated
from blood, brain, lung, abdominal, perianal, urogenital, skin, soft tissue, bone,
and miscellaneous infections (Table 1). The majority of the nonoral isolates were
kindly provided by R. Whiley (Oral Microbiology, St. Bartholomew’s and the
Royal London, United Kingdom). Commensal oral strains of SMG (Table 2)
were isolated from the mixed saliva, supra- and subgingival plaques, dorsum of
the tongue, and throat swabs obtained from unrelated healthy individuals and
were cultured by use of a selective medium (4). The isolates were routinely
maintained either in brain heart infusion broth (Oxoid Ltd., Basingstoke, United
Kingdom) or on blood base agar (Oxoid Ltd.) containing 5% (vol/vol) defi-
brinated horse blood (TCS Microbiology, Botolph Claydon, United Kingdom).
Cultures were incubated at 37°C in an anaerobic workstation (Don Whitley
Scientific Ltd., Shipley, United Kingdom) containing an atmosphere of 10%
hydrogen, 10% carbon dioxide, 80% nitrogen.

A total of 91 clinical SMG isolates were examined in the study, including 3 type
strains, S. anginosus NCTC 10713 (ATCC 12395); S. constellatus NCTC 11325
(ATCC 27823), and S. intermedius NCTC 11324 (ATCC 27335) (Table 1). Each
strain was assigned to either S. anginosus, S. constellatus, or S. intermedius
according to a differential phenotypic identification scheme (37). Briefly, strains
were tested for a panel of six glycosidase reactions by using 4-methylumbelliferyl-
linked fluorogenic substrates and hyaluronidase production by a modified plate
assay (37). The identity of each isolate was confirmed with the Rapid ID 32 Strep
API system (bioMérieux sa, Marcy l’Etoile, France). All isolates were tested for
the presence of Lancefield group antigens A, C, F, and G by using the Streptex
kit (Murex Biotech Ltd., Dartford, United Kingdom). Carbohydrate fermenta-
tion and esculin and arginine hydrolysis tests were miniaturized to a microtiter
plate assay.

DNA preparation. The genomic DNA of the test strains was prepared in
agarose plugs by the rapid DNA extraction procedure described by Matsuhek et
al. (23), with minor modifications. A 5-ml volume of an overnight bacterial
culture in brain heart infusion broth was harvested by centrifugation. The bac-
terial pellet was resuspended in 0.5 ml of 23 lysis solution (12 mM Tris HCl [pH
7.4], 2 M NaCl, 20 mM EDTA [pH 7.5], 1.0% Brij, 0.4% sodium deoxycholate,
1.0% sodium lauroyl sarcosine) containing lysozyme at 1.0 mg/ml, mutanolysin at
10 U/ml, and RNase A at 40 mg/ml. This suspension was mixed with an equal
volume of 2% low-melting-point agarose (Bio-Rad Laboratories Ltd., Hemel
Hempstead, United Kingdom) tempered at 56°C. The agarose mixture was
placed in a 100-ml plug mold agarose (Bio-Rad). After solidification, the result-
ing agarose blocks were incubated sequentially in the following solutions for the
indicated times: 3 ml of 13 lysis buffer (6 mM Tris HCl [pH 7.4], 1 M NaCl, 10
mM EDTA [pH 7.5], 0.5% Brij, 0.2% sodium deoxycholate, 0.5% sodium lauroyl
sarcosine) containing lysozyme at 0.5 mg/ml, mutanolysin at 5 U/ml, and RNase
A at 20 mg/ml for 2 h at 37°C; 3 ml of proteinase K buffer (10 mM Tris HCl [pH
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7.4], 1 mM EDTA) to which proteinase K at 100 mg/ml and 1% sodium dodecyl
sulfate was freshly added before incubation for 1 h at 50°C; and 5 ml of dilute TE
(10 mM Tris HCl [pH 7.4], 0.1 mM EDTA) for 1 h at 50°C. The plugs were
washed three times in 5 ml of TE buffer containing 1 mM phenylmethylsulfonyl
fluoride (stock solution freshly made at 100 mM in absolute ethanol) for 1 h at
room temperature in order to inactivate the proteinase K. The agarose blocks
were finally washed in 5 ml of TE buffer and were stored at 4°C until restriction
digestion.

Restriction digestion of DNA. Prior to DNA restriction, a slice of an agarose
plug was cut with sterilized coverslips (Chance Propper Ltd., Warley, United
Kingdom) and was equilibrated in distilled water for 1 h at 4°C. The selection of

a restriction endonuclease was based on the recognition sequence of the enzyme
and the G1C DNA base composition of 38 to 40 mol% reported for SMG
isolates (35). In a preliminary experiment, four restriction endonucleases that
recognize eight G1C-rich sites (SfiI [GGCCN5GGCC] and NotI [GCGGCCG
C]) or 6 bp SmaI [CCCGGG] and ApaI [GGGCCC]) were tested with 10 strains.
The restriction profiles of NotI and SfiI produced too few fragments. SmaI and
ApaI were found to be most suitable in their ability to produce highly resolved
genomic restriction fragments of sufficient complexity. These two enzymes were
consequently used to analyze all of the strains in the study. The reactions were
performed in a 100-ml volume containing 10 U of the restriction enzyme accord-
ing to the manufacturer’s instructions (New England Biolabs, Hitchin, United
Kingdom). Each digestion was carried out for 18 h. After the digestion, the plug
slices were placed in dilute TE for 1 h at 4°C before loading onto the gel.

PFGE. The gel slices of one-fourth to one-half of a plug were loaded into a
20-well 1% agarose gel (Bio-Rad). Typically, each PFGE gel consisted of 17
DNA sample lanes. A bacteriophage concatemer with 48.5-kb increments (Bio-
Rad) was used as a molecular size marker and was run on the outermost and
middle lane in each electrophoresis run to facilitate band alignment. The mac-
rorestriction fragments were separated with a contour-clamped homogeneous
field electrophoresis apparatus (CHEF-DRII; (Bio-Rad). PFGE was performed
in 0.53 TBE buffer (13 TBE buffer is 89 mM Tris HCl [pH 7.4], 89 mM boric
acid, 25 mM EDTA [pH 8.0]) at 4°C. The pulsed-field parameters for SmaI and
ApaI were 20 h at 6 V/cm (200 V), with switch times ramped from 5 to 35 s and
50 to 90 s for NotI and SfiI, respectively. After electrophoresis, the nucleic acid
present in the gel was stained in 300 ml of distilled water containing 0.5 mg of
ethidium bromide per ml and was destained in distilled water for at least 3 h. The
DNA bands were visualized under UV illumination, and the gel image was
captured and digitized by Windows, version 1.5, Molecular Analyst software
(Bio-Rad).

Data analysis. The macrorestriction fingerprints generated by PFGE were
analyzed by Windows, version 3.0, Gelcompar software (Applied Maths, Kor-
trijk, Belgium). The gels were normalized in order to avoid intergel and intragel

TABLE 1. Sources and identities of 54 infection-related SMG
isolates used in this study

Reference
strain

Species
identificationa Clinical source

54244/95 S. constellatus Pilonidal abscess
54252/95 S. intermedius Ethmoidal fluid
4515/96 S. constellatus Perianal abscess
25358/96 S. anginosus High vaginal swab
27647/96 S. constellatus Wound swab, appendix
43586/96 S. anginosus High vaginal swab
240A/95 S. anginosus Dentoalveolar abscess
240B/95 S. intermedius Dentoalveolar abscess
313A/95 S. intermedius Dentoalveolar abscess
313B/95 S. constellatus Dentoalveolar abscess
322/95 S. constellatus Dentoalveolar abscess
428/95 S. constellatus Dentoalveolar abscess
447/95 S. intermedius Dentoalveolar abscess
500/95 S. anginosus Dentoalveolar abscess
670/95 S. anginosus Dentoalveolar abscess
743/95 S. constellatus Dentoalveolar abscess
762/95 S. constellatus Dentoalveolar abscess
870/95 S. intermedius Dentoalveolar abscess
904/95 S. anginosus Dentoalveolar abscess
910/95 S. anginosus Dentoalveolar abscess
48/96 S. intermedius Dentoalveolar abscess
127/96 S. intermedius Dentoalveolar abscess
183/96 S. constellatus Dentoalveolar abscess
229/96 S. constellatus Dentoalveolar abscess
232/96 S. intermedius Finger abscess
274/96 S. constellatus Dentoalveolar abscess
322/96 S. anginosus Dentoalveolar abscess
350/96 S. constellatus Dentoalveolar abscess
HW69 S. intermedius Brain abscess
‘HW13’ S. intermedius Unknown
7K S. anginosus Brain abscess
CDC 2236-81 S. anginosus Blood
CDC 2405-81 S. anginosus Blood
R87/3795 S. constellatus Blood
R87/3802 S. constellatus Blood
R87/3972 S. intermedius Blood
A2940 S. anginosus Blood
W414 S. constellatus Abdominal mass
F458L S. intermedius Abdominal mass
‘M6561’ S. constellatus Unknown
SL34/W S. anginosus Subphrenic abscess
H-D T2 S. intermedius Acute sinusitis
C1792 S. constellatus Spinal osteomyelitis
F436 S. constellatus Pleural empyema
NCTC 10713 S. anginosus Throat (ATCC 12395)
39/2/14A S. anginosus Unknown
55371/96 S. constellatus Wound swab trachea
4216/24A S. anginosus Unknown
3244/97 S. intermedius Swab, pilonidal abscess
3287/97 S. anginosus Ear swab
3395/97 S. constellatus Perianal swab
16/3/11N S. constellatus Bacteremia
NCTC 11325 S. constellatus Purulent pleurisy (ATCC 27823)
NCTC 11324 S. intermedius Unknown (ATCC 27335)

a Species were identified by the method of Whiley et al. (37).

TABLE 2. Sources and identities of 37 SMG commensal strains
isolated from healthy sites

Reference strain Species identification Clinical source

10c S. anginosus Plaque
18c S. anginosus Plaque
20c S. anginosus Plaque
28c S. intermedius Plaque
33c S. intermedius Plaque
30c S. intermedius Tongue
59c S. constellatus Plaque
239c S. intermedius Plaque
38c S. anginosus Tongue
41c S. anginosus Tongue
45c S. intermedius Tongue
46c S. anginosus Tongue
40c S. intermedius Tongue
42c S. anginosus Tongue
43c S. anginosus Tongue
259c S. intermedius Plaque
69C S. intermedius Plaque
48C S. constellatus Tongue
75C S. anginosus Plaque
72C S. constellatus Tongue
35C S. intermedius Plaque
34C S. constellatus Tongue
83C S. intermedius Plaque
84C S. intermedius Plaque
57C S. constellatus Tongue
56C S. anginosus Tongue
52C S. anginosus Throat
31C S. intermedius Plaque
11C S. intermedius Tongue
10C S. anginosus Tongue
19C S. anginosus Plaque
20C S. intermedius Plaque
17C S. anginosus Tongue
16C S. anginosus Plaque
62r S. anginosus Plaque
23r S. anginosus Plaque
4dw S. intermedius Plaque
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variations and were aligned by associating bands of the internal reference pattern
on each gel with the matching reference positions. The similarities of the restric-
tion fragment length polymorphisms (RFLPs) of pairs of isolates were deter-
mined by using the Dice coefficient of similarity (5) according to the formula
Sxy 5 2nxy/(nx 1 ny), where the similarity (Sxy) for isolates x and y is the number
of common fragments in the DNA profiles (nxy) divided by the average number
of fragments exhibited by both patterns (nx and ny).

Matrices of similarity coefficients between all possible pairs of strains were
obtained and clustered by the unweighted pair group method with arithmetic
averages (UPGMA) (26). Dendrograms were constructed to reflect the similar-
ities between the strains in the matrix. The optimization feature was enabled,
which allowed small global shifts of up to 4% in patterns that were not perfectly
aligned. A tolerance in the band position of 1.5% was applied during the com-
parison of PFGE fingerprinting patterns.

The discriminatory power of the PFGE technique was evaluated by the use of
Simpson’s index of diversity, as defined by Hunter and Gaston (14), after exclu-
sion of the nontypeable strains. This expresses the probability that two unrelated
stains will be placed into different typing groups. The discrimination index (D)
depends on the number of types defined by the test method and the relative
frequencies of these types: D 5 1 2 {[1/N(N 2 1)] 3 [Snj(nj 2 1)]}, where N is
the total number of unrelated strains and nj is the number of strains that belong
to the jth type.

RESULTS

Determination of species of isolates. Biochemical and enzy-
matic analyses enabled determination of the species of all the
test strains by the proposed scheme of Whiley et al. (37).
Almost half of the isolates (n 5 40) possessed Lancefield group
antigens, the most frequent being F (n 5 29). The remainder
of strains belonged to Lancefield group A (n 5 1), group C
(n 5 7), and group G (n 5 3). Although the majority (83%) of
the isolates were nonhemolytic, 16 strains (mainly of the S.
constellatus species) showed beta-hemolysis. Strains 25358/98,
43586/96, and 3287/97 produced biochemically atypical results
and were shown to ferment mannitol. S. constellatus strain
F436 was unable to produce hyaluronidase. All isolates except
five strains of S. constellatas were shown to hydrolyze esculin
and arginine after 5 days of incubation.

Macrorestriction fingerprint analysis. Eight-six of the 91
isolates tested were typeable following digestion with either
enzyme, SmaI or ApaI (Table 3). The remaining five iso-
lates were resistant to digestion with one of the two enzymes.
Of these strains, four were S. constellatus (strains 762/95,
“M6561”, 3395/97, and 59c) and resisted digestion with SmaI
and one strain was S. intermedius, strain 232/96, and was not
amenable to digestion with ApaI. The discriminatory index of
the PFGE method was calculated to be 0.999 for both restric-
tion endonucleases. The reproducibility of the technique was
found to be 100% by the repeated testing of the isolates. The
fingerprints of 10 strains were shown to be stable over 1 year of
repeated triweekly subculturing (data not shown).

SmaI fingerprinting. Electrophoresis of SmaI digests yielded
well-resolved patterns of 4 to 16 fragments that ranged in size
from 10 kb to .1 Mb. The DNA bands were well spaced
throughout the gel under the parameters used. A total of 83
macrorestriction patterns were generated among the 87 clini-
cal isolates analyzed. Four pairs of commensal strains from
different subjects, isolated either from the dorsum of the
tongue or from plaque samples, had identical restriction pat-

terns and could not be differentiated from each other; rough
variant S. intermedius strains 28c and 30c, 40c and 45c (both
S. intermedius), 16C and 10C (S. anginosus strains), and group
C 43c and 17C (group C S. anginosus strains). The remaining
isolates yielded unique profiles. Representative restriction pro-
files are shown in Fig. 1.

ApaI fingerprinting. ApaI macrorestriction patterns con-
sisted of 7 to 19 clearly discernible bands of between 20 kb and
.1 Mb (Fig. 2). ApaI fragments tended to be more closely
spaced in the lower-molecular-size region of ,250 kb than the
SmaI profiles. Eighty-five distinctive restriction profiles were
apparent for the 90 isolates that yielded profiles. Five pairs of
strains yielded identical profiles and are indicated in Table 4.
From Table 4 it can be seen that three pairs of strains yielded
identical patterns with both enzymes tested. Again, the pairs of
strains were from apparently unrelated epidemiological sites.
Two pairs of strains, although apparently identical in profile
with one enzyme, produced different profiles when analyzed
with a second enzyme (Table 4).

Cluster analysis. The dendrograms obtained from numeri-
cal analysis of the SmaI and ApaI DNA restriction PFGE
profiles of the strains are shown in Fig. 3A and B, respectively.
The cluster analysis correlated with visual inspection in detect-
ing identical patterns of 100% similarity for the strains listed in
Table 4. In addition, the analysis revealed considerable
genomic diversity among SMG isolates, with similarities be-
tween strains ranging from 35 to 100%. The isolates were
divided into clusters of strains that showed at least 47% simi-
larity for SmaI and 52% similarity for ApaI (Fig. 3A and B).
Only major clusters are labeled.

SmaI. Cluster I contained 21 of the 23 S. constellatus strains
analyzed and includes the type strain NCTC 11325. The other
S. constellatus strains clustered deep within a group of S. an-
ginosus strains that showed similarities of 67 and 83% to their
nearest neighbors. Cluster III contained all 30 strains identi-
fied as S. intermedius. Five further clusters were present, with
each containing strains of S. anginosus. The S. anginosus type
strain clustered within cluster II, which as a group appeared to
be more closely related to the S. intermedius and S. constellatus
clusters than the other clusters of S. anginosus.

ApaI. Percent similarity values for the strains analyzed with
ApaI ranged from 35 to 100%. Two large clusters were formed
at the 52% similarity level. Cluster I contained 10 isolates of S.
constellatus, in addition to two strains of S. anginosus. Cluster
II consisted of almost all of the strains of S. intermedius, with
only one strain (strain F 458L) clustering in a different group.
In addition, cluster II was seen to contain nine strains of S.
constellatus, including the type strain NCTC 11325. The re-
maining strains of S. anginosus clustered in groups other than
the two main clusters described.

For both enzymes it was apparent that S. intermedius strains
formed a cohesive cluster. This was also true for strains of
S. constellatus as analyzed by SmaI. However, the S. constella-
tus strains were not so closely related in the ApaI analysis. In
general, both analyses indicated that S. intermedius and S.
constellatus were more similar to each other than either was to
S. anginosus. In both cases, S. anginosus isolates showed the
greatest diversity of the three species groups. Interestingly, the
three atypical strains of S. anginosus, which were mannitol
positive, grouped closely together in the ApaI analysis.

DISCUSSION

The present study has demonstrated the characterization of
SMG strains from a range of epidemiologically unrelated sites
by macrorestriction fingerprinting (MF). The majority of

TABLE 3. Pulsotypes obtained by macrorestriction fingerprint
analysis of 91 strains of SMG following restriction

with either SmaI or ApaI

Restriction
enzyme

No. of
untypeable strains

No. of
typeable strains

No. of
identical pairs

No. of
pulsotypes

SmaI 4 87 4 83
ApaI 1 90 5 85
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strains of SMG were amenable to analysis by MF, which was
shown to yield reproducible profiles on repeated testing. Five
isolates were refractory to digestion with one or other of the
restriction enzymes tested. Studies of other species have re-
ported a similar failure of a minority of strains to undergo
digestion, and the reasons for this are not entirely clear (13, 22,
32).

The approach used in the present study proved to be highly
discriminatory, with 95% of strains yielding distinct finger-
prints. This high level of discrimination has been observed
previously in the analysis of a wide range of species, and in-
deed, MF has been proposed as the “gold standard” in typing
studies for some bacterial groups, such as enterococci (25). MF
profiles reflect the structural organization of the bacterial chro-
mosome, detecting the distribution of restriction sites through-
out the entire length of the genome (22). As such, MF has a
distinct advantage over other genotypic methods of strain char-
acterization, and it is therefore surprising that, to date, there
have been very few population studies with epidemiologically
unrelated strains. Snopkova et al. (29) studied 47 isolates of
coagulase-negative staphylococci and revealed high levels of
diversity. Considerable genetic diversity has also been revealed
in S. aureus subsp. aureus, with strains showing levels of simi-
larity ranging from 30 to 100% (27). It would appear that only
one other study has examined a large number of strains of
streptococci frequently encountered in the oropharyngeal
flora. It was found that although the index of diversity for
PFGE analysis of strains of S. dysgalactiae was high at 0.99,
when genetic similarity values were determined, the isolates as
a group were much more similar than the streptococcal isolates

examined in the present study, sharing more than 86% genetic
similarity (3).

In the present study, both commensal and clinical isolates
were examined. It was interesting to observe that the four pairs
of strains that yielded identical fingerprints were of commensal
origin from apparently unrelated sources, raising the possibility
that commensal isolates are less diverse than clinical isolates.
While there is no approved method of summarizing the diver-
sity of a collection of isolates, in this study, the means of the
similarity values for commensal and clinical isolates as two
independent groups were calculated and were not found to be
markedly different (ranging from 45 to 49% and 44 to 47% for
commensal and clinical isolates, respectively). Therefore, the
significance of the small numbers of pairs of commensal strains
with identical profiles is unclear.

For most bacterial pathogens, little information is available
regarding the frequency with which distinctive clones are re-
covered from asymptomatic persons. In the present study, two
individuals were studied longitudinally, and MF profiles of
SMG isolates from plaque samples were studied. In each case
strains with identical pulsotypes were isolated between two and
three times over a 12-month period. These findings confirm the
reported stability of other species within the endogenous oral
microflora (6).

It would have been useful to have been able to analyze
duplicate isolates (commensal and disease related) from pa-
tients with clinical disease. In a separate study, saliva samples
and throat swabs were collected from patients presenting with
a bacteremia involving SMG. However, SMG isolates were not

FIG. 1. PFGE of SmaI restriction fragments from 17 strains of SMG isolated from infected sites. Lanes: 1, 11, and 20, bacteriophage lambda 50-kb ladder which
served as a molecular size marker; 2, 27647/96; 3, 43586/96; 4, 39/2/14A; 5, 55371/96; 6, 4216/24A; 7, 2405-81; 8, 2236-81; 9, HW13; 10, NCTC 11324; 12, HW69; 13,
25358/96; 14, R87/3795; 15, A2940; 16, 3244/97; 17, 3287/97; 18, NCTC 11325; 19, 4515/96.
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recovered from any of the oral or throat specimens of these
patients.

Although the reasons for the extensive genomic diversity
within the SMG are unclear, the findings are consistent with
the commensal nature of these organisms. The ability to gen-
erate genotypic and hence phenotypic variety within bacterial
populations is essential for the colonization or survival of the
pathogen within the host and, in fact, is the driving force of
microbial evolution (11, 28). Moreover, it has been suggested
that a high degree of genetic diversity is a useful mechanism for
avoidance of immune elimination of such bacteria (6). Al-
though, in theory, a number of genetic events can affect the
fingerprint profiles (8, 13, 22, 31), the factors contributing to
the heterogeneity of RFLPs revealed by MF have not been
studied extensively. However, the information available for the
enterococci and S. pneumoniae suggests that DNA rearrange-
ments rather than point mutations are responsible for the

RFLPs observed in these particular bacterial groups (12, 13). It
is not possible from the present analysis to infer which mech-
anisms for the generation of diversity might be in operation. As
the SMG is part of a complex microflora, it would theoretically
be possible for the exchange of genetic information to contrib-
ute to diversity, and indeed, the in vitro transformation of
cariogenic strains of SMG has been demonstrated (16).

In addition to supporting a nonclonal structure, the high
level of genetic diversity, the branched nature of the dendro-
grams, and the general lack of phenotypic associations within
the clusters observed here may reflect a high recombination
rate within the SMG (31). It is possible that the greater diver-
sity observed for the S. anginosus group of strains and the
lower level of concordance of the two dendrograms for mem-
bers of this group reflect a greater amount of gene exchange
within this taxon. The marked heterogeneity of the S. angino-
sus species has been shown by other methods, including ri-

FIG. 2. PFGE of ApaI restriction fragments from 17 strains of SMG isolated from healthy oral sites. Lanes: 1, 11, and 20, bacteriophage lambda 50-kb ladder; 2,
69C; 3, 48C; 4, 75C; 5, 72C; 6, 35C; 7, 34C; 8, 83C; 9, 57C; 10, 31C; 12, 19C, 13, 20C; 14, 16C; 15, 18c; 16, 20c; 17, 28c; 18, 33c; 19, 239c.

TABLE 4. Percent similarities (Dice coefficient) of six pairs of SMG strains yielding identical banding patterns
with one or both enzymes (SmaI and ApaI) following PFGE

Strains
compared Species

SmaI ApaI

% Similarity No. of band
differences % Similarity No. of band

differences

28c & 30c S. intermedius 100 0 100 0
16C & 10C S. anginosus 100 0 100 0
43c & 17C S. anginosus 100 0 100 0
40c & 45c S. intermedius 100 0 90 6
41c & A2940 S. anginosus 82 3 100 0
59c & 3395/97 S. constellatus NTa 100 0

a NT, nontypeable.
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FIG. 3. Dendrograms for SMG isolates digested with SmaI (A) and ApaI (B) after cluster analysis. Strain reference numbers and the sources and species
identification of the SMG isolates are shown on the vertical axis. The numbers on the horizontal axis indicate the percent similarities as determined with the Dice
correlation coefficient.
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FIG. 3—Continued.
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botyping, and has been reflected in a wide range of DNA
homology values (36, 39).

The manner in which banding patterns are interpreted is as
important as the original choice of typing method (22). The
intention is to correlate the relatedness based on RFLP pat-
terns to the overall genetic similarity of isolates. As discussed,
the process is to a degree arbitrary as the actual genetic basis
underlying the RFLPs is lacking (22, 32). Attempts have been
made to quantitatively correlate the number of band differ-
ences with genetic events. Tenover et al. (32) proposed that
two or three band differences represented one independent
genetic event and that seven or more band differences repre-
sented three or more independent genetic events. However,
these guidelines are likely to vary depending on the nature of
the genetic rearrangements present. Further care in interpre-
tation is required since studies have shown that differences of
up to seven different bands can result by insertion of a single
mobile element such as Tn916 (31). Therefore, strains may
have major banding differences and still be closely related. It
has been reported that the interpretation of relationships at
lower levels of similarity are often inaccurate and clustering
becomes less reliable (31).

Although identical and highly similar strains were discern-
ible by eye, software-assisted analysis was found to be useful
due to the diversity of the patterns. However, it is not possible
to dispense with visual analysis entirely since a high degree of
manual and visual analysis is required for optimal performance
of the software, particularly for patterns as diverse as those
obtained in the current study.

In order to reduce the chances of misinterpretation of strain
affinities (7), two restriction enzymes were used in the present
study. Although there is some concordance, discrepancies were
also apparent. ApaI cuts more frequently than SmaI, produc-
ing greater numbers of bands, and, in effect, more information
about the genome is obtained. However, due to deficiencies in
the current algorithms in calculating similarities for distant
relationships as assessed by restriction profiles, it is possible
that the analysis of diverse strains may be more prone to
errors.

Even with the limitations discussed above, it is still possible
to make taxonomic inferences from the results obtained here.
Despite a high degree of intraspecies polymorphism, in gen-
eral, strains of the same species were more similar to each
other than to strains that belonged to a different species. Type
strains of each of the SMG species clustered within their ap-
propriate groups. The clusters that contained the majority of S.
constellatus and S. intermedius strains were more closely related
to each other than to S. anginosus strains. This is in agreement
with previous 16S rRNA sequence analysis and DNA hybrid-
ization studies (2, 19, 20). It is important that the species of the
test strains were determined by phenotypic means, and al-
though the discriminatory tests used have been extensively
validated, it may be the case that some of the discrepancies
seen reflect the limitations of reliance on phenotypic traits.

Of the three taxa, the greatest diversity was shown for S.
anginosus strains. In previous studies sufficient heterogeneity
was revealed within a group of beta-hemolytic, group C, hya-
luronidase-negative strains to represent a new species and
within hyaluronidase-positive strains to represent a new sub-
species (39, 40). It would be useful to examine such strains by
PFGE.

The results of MF would tend to further support the division
of the SMG into three taxa. However, there are no guidelines
regarding thresholds of genetic similarities based on MF useful
for species distinction. In the study of coagulase-negative
staphylococci by Snopkova et al. (29), it was assumed that

strains that had more than 25% similarity to and that shared
similar phenotypic traits with the type strains belonged to the
same species and were probably of common phylogenetic ori-
gin (29). Genetic similarity data derived from MF profiles is
required for a greater number of bacterial groups to address
this issue.

In summary, the analysis of the SMG by MF has provided a
highly discriminatory tool for strain characterization useful for
studies in population genetics and epidemiology. Considerable
genetic diversity was revealed for both commensal and disease-
associated isolates. In addition, the current findings tended to
support the current taxonomic status of the SMG. A protocol
for the rapid extraction of DNA was followed, taking only 3
days from beginning to end, and although specialized operator
expertise is required, the technique soon became routine. As a
method of genotypic strain characterization, MF provides a
highly discriminatory nonarbitrary approach and should be
reproducible in interlaboratory studies.
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