
Different isolates of Streptococcus mutans
are known to vary in a range of phenotypic
properties including serotype polysaccha-
ride, ability to utilize various sugars, pro-
duce mutacins, bind macromolecules,
synthesize polymers from sucrose, generate
acid, and tolerate acid conditions. Variation
in such properties is believed to underlie
the known variation in cariogenicity in
experimental animals, though attempts to
correlate specific individual properties with
caries in humans have been largely unsuc-
cessful. Paralleling the phenotypic vari-
ation, genetic fingerprinting techniques
have revealed an enormous degree of
genetic variation, with distinct genotypes
being carried by each person and (some-
times) their close contacts. However, the
basis for this phenotypic and genotypic
variation is poorly understood.
The main sources of genetic variation are

mutation and recombination. Examples of

point mutations in isolates of S. mutans
include those altering the pac, srtA and
gbpC genes, which affect surface properties
(15, 25). Mutational deletions of groups of
genes associated with carbohydrate meta-
bolism have also been identified (20, 24,
31). These deletions may, in at least some
cases, have been mediated by the transpo-
sition of insertion sequence elements (24)
and insertion sequence transposition can
also lead to inactivation of single genes
(17). Mutations may also be generated by
recombination between closely-linked re-
gions of the chromosome as has been
proposed for recombination between gtfB
and gtfC to form a single hybrid GTF (30)
and has been proposed for deletions of bgl
genes (24). All these mechanisms have
been known for many years but the advent
of whole genome sequencing projects has
radically altered our view of the complexity
of bacterial populations (2). In particular,

mobile genetic elements such as plasmids,
bacteriophage, transposons, insertion se-
quence elements and genomic islands have
been recognized as important agents gen-
erating diversity. Bacteriophages have not
been demonstrated in S. mutans and plas-
mids are rare. However, bioinformatic
analysis of the S. mutans UA159 genome
revealed the presence of several putative
genomic islands indicative of foreign DNA
obtained by horizontal transfer as well as
multiple intact and fragmented insertion
sequences (1).
We have recently examined a collection

of strains of S. mutans isolated in various
parts of the world over the last 40 years for
genetic insertion and deletion events in
defined regions of the genome (33).
Extensive differences between strains were
detected, and similar insertion/deletion
events appear to be present in the genomes
of strains with very different origins,
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indicating extensive recombination within
the worldwide S. mutans population. In at
least two instances, insertion of foreign
DNA appears to have displaced original
S. mutans genes. That study was limited to
specific regions associated with a known
phenotype that covered only about 5% of
the genome; the present work was under-
taken to extend the findings to the entire
genome. A subset of strains was therefore
chosen for DNA-DNA hybridization ana-
lysis with a microarray representing the
open reading frames of S. mutans UA159
to further explore the extent of genomic
variation. The strains were selected
because they represent the spectrum of
variation observed in the previous
study. They were isolated in England,
Sweden, Finland, Japan and the USA at
widely different times so they are a
representative sample of S. mutans world-
wide. In this study we have made no
attempt to correlate their genetic properties
with their site of isolation or potential
cariogenicity.

Materials and methods

Bacterial strains

Strains of S. mutans listed in Table 1 were
used in previous studies to examine chro-
mosomal deletions (20, 24, 31, 33) and
chosen to represent the range of genetic
variation identified by a polymerase chain
reaction approach to analyse specific
regions.

DNA microarrays

Microarray slides were kindly provided
through the NIDCR Oral Microbe Micro-
array Initiative. The genome array
consisted of 1948 70-mer oligonucleotides
representing open reading frames
from S. mutans UA159, with each 70-
mer represented in quadruplicate.
Additional details of the arrays are avail-
able at http://pfgrc.tigr.org/descriptions/
S_mutans.shtml.

DNA extraction and probe labelling

Genomic DNA was prepared from station-
ary-phase cultures grown at 37�C in Todd–
Hewitt broth supplied with 0.5% (weight/
volume) yeast extract and 20 mm

dl-threonine using the GenEluteTM Bac-
terial Genomic DNA Kit (Sigma, Poole,
UK ). The DNAwas sonicated for 2 min in
a Decon Ultrasonic FS200 water bath
using a random frequency sweep of
35–45 kHz, and fragmentation of DNA
to 2–5 kilobases was confirmed by gel
electrophoresis.
Random hexamers (9 lg) were annealed

to 3 lg fragmented DNA by heating to
99�C then chilling on ice. The DNA was
labelled either with 0.5 m Cy3-dCTP or
Cy5-dCTP (Amersham Biosciences) using
15 U Klenow (Bioline) and 0.1 mm of
dATP, dGTP, dTTP, and 0.05 mm of
dCTP (Bioline) by incubation at 37�C
for 2 h. Quenching of the fluorescent
Cy-dCTP dyes was minimized by per-
forming all incubations under reduced
lighting conditions. The S. mutans
UA159 reference strain DNA fragments
labelled with either Cy3-dCTP or Cy5-
dCTP was combined with the test
S. mutans strain bearing the opposite
fluorescent label, and the probes were
purified using the QIAquick polymerase
chain reaction Purification Kit (QIAGEN,
Crawley, UK).

Hybridization

Hybridization was carried out following
protocols provided by The Institute for
Genomic Research using solutions from
the Pronto!TM Universal Microarray Rea-
gent System (Corning, Corning, NY)
according to the manufacturer’s instruc-
tions. Briefly, microarray slides were
primed in Pre-Soak Solution (42�C for
20 min) and inserted into the microarray
chamber of a Tecan HS400 Hybridization
Station. The slides were then coated with
Pre-Hybridization Solution by washing at

42�C for 15 s, soaking for 15 s, a second
wash for 15 s, and a final wash for 30 s.
The labelled reference and test strain
DNAs were added to 80 ll Hybridization
Solution, and the mixture was denatured
at 95�C for 3 min, injected into the
microarray chamber, and hybridized with
the microarray slides at 42�C for 16 h
with medium agitation frequency. The
slides were then washed with Wash
Solution 1 for 1 min and soaked for
1 min at 42�C. This procedure was
repeated with Wash Solutions 2 and 3,
except at a temperature of 23�C. Slides
were dried and scanned immediately.

Microarray scanning and data analysis

Microarray slides were scanned at 5-lm
resolution at 532 and 635 nm using a
GenePix 4000B scanner (Axon, Union
City, CA) with GenePix Pro4 software.
Competitive hybridization was carried out
twice for each strain; UA159 was labelled
with Cy3-dCTP and the test strain was
labelled with Cy5-dCTP, and in the second
hybridization the dyes were switched (dye
swaps).

GenePix results files were loaded into
GeneSpring GX (Agilent, Santa Clara,
CA) on top of a genome annotation
created from the GAL file supplied by the
NIDCR Oral Microbe Microarray Initi-
ative (http://www.nidcr.nih.gov/Research/
Extramural/NIDCR_TIGR_Facility.htm).
Slides representing dye swaps were trans-
formed for analysis (swapping signal for
control in one sample) and normalized
using intensity-dependent (Lowess) nor-
malization. Dye swaps were then treated as
replicates. Data from slides were filtered to
remove open reading frames flagged as
‘reserved’ spots from the analysis, and
filtered again to remove open reading
frames flagged as ‘absent’ by GenePix

Pro to provide a quality-controlled set of
genes for further analysis. To provide a
cut-off point for deletion detection, the
change in intensity between open reading

Table 1. Strains of Streptococcus mutans tested in hybridization against the UA159 microarray

Strain Isolation Year Serotype msm bgl cel gbpA IS3 TnSmu2

UA159 USA 1982 c + + + + + +
GS-5 (HK) USA 1966 c + + + + + +
AT10 Sweden 1968 c ) ) ) + ) )
Mt4653 Japan 1980 e ) ) ) + ) )
MT4863 Japan 1980 c ) + + + ) )
V1996 USA 1991 c + + + ) ) )
L13 Finland 2000 e ) + ) + ) )
L18 Finland 2000 c ) + + + ) )
LML5 England 2001 c + ) + - ) )
LML7 England 2001 c + + + + ) )

The genes and regions listed were previously examined by polymerase chain reaction (20,24,33), using primers based on flanking sequences, and are
identified as present (+) or absent ()).
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frames known from previous experimental
work to be deleted in certain test strains
was examined. For each strain, open
reading frames exhibiting a similar or
greater change in intensity between the
reference strain and the experimental strain
(indicating a deletion) were separated into
a list for further analysis.

Sugar utilization

Fermentation and utilization of sugars as
sole carbon source were determined as
described by Colby et al. (6).

Results

Comparison of test strains with S. mutans

UA159

The S. mutans UA159 genome has 1963
identified open reading frames, of which
1948 are represented on the microarray. Of
the 1948 open reading frames, 385
(19.76%) failed to give a positive hybrid-
ization result with one or more of the nine
test strains, indicating either that they were
absent from the test strain or that their
sequence differed substantially from that
of UA159. These absent open reading
frames were scattered throughout the
genome. Seventy-two (18.7%) of the
affected open reading frames were absent
from only one of the nine test strains so the
great majority were altered in more than
one strain and in the case of 13 open
reading frames, DNA from all nine of the
test strains failed to hybridize with the
UA159 microarray (indicated by a con-
tinuous red line in Fig. 1).
A number of regions of the chromosome

of the strains used in this study have
previously been examined by polymerase
chain reaction, to characterize the presence
of insertions and deletions in the nine test
strains. The results from these previous
studies, which used a different experimen-
tal approach, provide a control for the
microarray data.
Figure 2 represents a ‘zoom-in’ to

microarray results including a previously
studied region of the genome. Genomic
DNA from strains known to lack genes in
the msm, gal and bgl operons and open
reading frames needed for serotype c
antigen production all failed to hybridize
to the microarray spots representing the
known blocks of affected open reading
frames (Fig. 2). The genotypic changes
detected by microarray correlated exactly
with the observable phenotypes of sugar
utilization patterns and serotype. Strains
L13 and MT4653 are both serotype ‘e’ and
lack open reading frames SMU.831–

SMU.834 (27); At10, L13, L18, MT4653
and MT4863, which are all melibiose-
negative and unable to grow on galactose
as sole carbon source, lack open reading
frames SMU.876–SMU.888 (24); At10,
LML5 and MT4653 are unable to attach
the b-glucoside aesculin in the presence of
glucose as a result of the absence of
SMU.980–SMU.982 (20). No observable
phenotype has been associated with the
presence or absence of SMU.891–
SMU.897, predicted to encode DNA-
modifying enzymes. In a few instances,
individual open reading frames within the
blocks of previously studied deletions
gave a positive hybridization result
(Table 2), suggesting either that a dupli-
cate open reading frame exists elsewhere
in the chromosome of the test strain or that
there has been gene rearrangement with
respect to UA159.

Block deletions and genomic islands

Forty-nine (12.7%) of the absent open
reading frames affected individual open
reading frames. The others affected a
variable number of adjacent open reading
frames, the two largest differences from
UA159 indicating the absence of 32 or

33 open reading frames from the test
strains. A total of 37 such blocks invol-
ving more than one open reading frame
were identified and are summarized in
Table 2. Of the absent open reading
frames, just over half are currently only
predicted hypothetical proteins with no
clues as to their possible function or
origin. The next most common class of
open reading frames (10%) comprises
those identified as intact or fragmented
transposons and insertion sequences. An-
other 10% are associated with carbohy-
drate metabolism (though this study was
biased towards strains known to have
defects in sugar fermentation patterns).
Other open reading frames commonly
affected were those predicted to be con-
cerned with nucleases and restriction
enzymes, bacteriocins and ATP binding
cassette transport systems.
Each strain gave a unique pattern of

hybridization. A spreadsheet detailing all
the absent open reading frames for each of
the strains is provided as Supplementary
Material (Figure S1). Three major groups
of affected regions are considered further
below.

TnSmu1 and TnSmu2

TnSmu1 was identified from the genome
sequence (1) and corresponds to a very
large region of around 23 kilobases in
UA159 involving SMU.191–SMU.226
(Fig. 1). It lies beside a cluster of tRNA
genes and contains multiple predicted
transposases and integrases, as well as
hypothetical proteins. The only strains in
this study that carry TnSmu1, and so show
hybridization with the UA159 array, are
LML7 and V1996.
TnSmu2 is a large genomic island of

about 50 kilobases of suspected foreign
DNA with a G + C composition that is
atypical for S. mutans containing open
reading frames related to the antimicrobial
peptide synthetases of Bacillus. Twenty-
nine open reading frames of TnSmu2
(SMU.1329–SMU.1363) are present in
UA159 and GS-5, but absent from the
other strains in this study, in agreement
with previous results obtained by poly-
merase chain reaction with primers flank-
ing TnSmu2 (33). Although polymerase
chain reaction results indicated that this
block was missing in its entirety (33),
several of the transposases and other open
reading frames within TnSmu2 showed
hybridization with one or more of the test
strains, again indicating the likelihood
that transposases may exist in multiple
copies located in more than one part of
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Fig. 1. Streptococcus mutans genetic diversity.
Genomic DNA of nine strains of S. mutans was
hybridized with a microarray representing the
open reading frames of S. mutans UA159.
Green sections indicate where DNA from the
test strain hybridized with the UA159 target
spots. Red sections indicate where hybridization
was more than two-fold reduced compared to
control and open reading frames were concluded
to be absent or substantially altered in the test
strain. The data represent from open reading
frame 1 (top) to open reading frame 2165
(bottom). An asterisk indicates the region of the
array presented in Fig. 2.
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the genome and may mediate rearrange-
ments.

Sugar uptake systems

Bioinformatic analysis predicted the occur-
rence of a genomic island comprised of
open reading frames SMU.100–SMU.105
including genes for a sorbose–phospho-
transferase uptake system. These open
reading frames are all absent from strains

At10, L13, L18, LML5, MT4653,
MT4863 and V1996 but are present in
GS5 and LML7, as well as UA159. None
of the strains, whether they carried the
sorbose island or not, were able to produce
acid from sorbose or grow on semi-defined
medium with sorbose as sole carbon
source. These results suggest that the
genes are not functioning in S. mutans.
In At10 and MT4863, the deletion extends
as far as SMU.116, so that one of the

fructose-specific phosphotransferase sys-
tems is also lost. In MT4863, SMU.1878
and SMU.1879 (which are predicted to
encode components of a mannose-specific
phosphotransferase system) are absent,
adding to the list of deletions that may
modulate the ability to utilize carbo-
hydrates. No differences in the sugar
fermentation patterns of At10 or MT4863
could be detected associated with these
deletions.
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Fig. 2. Representative region of microarray data showing open reading frames that are present in the UA159 genome but absent from one or more of the
test strains. open reading frames marked green indicate where DNA from the test strain hybridized with the UA159 microarray; open reading frames
marked red indicate that hybridization was not detected. Open reading frames present in all strains are omitted and blocks of absent open reading frames
are separated by thick black lines. Data for the complete genome are provided in Figure 3 as Supplementary Material.
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Bacteriocin-related open reading frames

We previously reported extensive hetero-
geneity in the region of the genome that
encodes production of Mutacin 1 (33).
This is confirmed by the microarray data,
which revealed that only At10, L18 and
MT4863 had the same complement of
open reading frames SMU.651–SMU.658
as UA159, the other strains lacked one or
more of the open reading frames in this
block (Fig. 2). It should be noted that the
experiments performed here with the
UA159 microarray could not determine
whether additional open reading frames
were present in any of the strains. Two
other blocks are associated with possible
production of bacteriocins. SMU.1803–
SMU.1818 includes fragments of trans-
posases as well as five open reading
frames that are homologous to members
of the streptococcal lantibiotic scn regu-
lon, which contains nine open reading

frames and is found in some strains of
Streptococcus pyogenes (19). Only LML7
carries the same set of open reading
frames found in UA159, the other strains
all lacking eight or more of the open
reading frames and making it highly
improbable that this particular lantibiotic
will be produced in S. mutans. This may
also apply to the block SMU.1888–
SMU.1917, which contains a number of
open reading frames with a Gly-Gly motif
typical of many peptide secretion systems
involved in competence, quorum sensing
and bacteriocin production but shows
extensive variability between the nine
strains.

Discussion

We have previously described chromo-
somal deletions from strains of S. mutans,
first by DNA–DNA hybridization (31) and
later by an approach using polymerase

chain reaction primers based on flanking
regions to screen for the presence of
particular regions of the genome (20, 24,
33). These studies revealed extensive het-
erogeneity within the species, and suppor-
ted the idea that there exists a core genome
and a flexible genome comprised of
dispensable genes and foreign DNA
acquired by horizontal transfer. However,
those studies were limited to genes asso-
ciated with known or predicted phenotypes
whereas the microarray approach used
here examines the genome globally; exam-
ining the nine test strains for their posses-
sion of DNA capable of hybridizing with
individual oligonucleotides representing
over 99% of the identified open reading
frames in S. mutans UA159. The inter-
pretation of the data does not assume that
gene order in all strains is the same as that
in UA159, though we have argued else-
where that the core genome in S. mutans
appears to be well conserved (33).
If the assumption is made that those

open reading frames for which the test
strains failed to give a positive hybridiza-
tion result are absent or so altered in
sequence as to be non-functional in those
strains, it can be deduced that nearly one-
fifth of the open reading frames in
S. mutans UA159 are non-essential for
survival. This figure is very close to the
size of the ‘dispensable genome’ in other
species as diverse as Staphylococcus
aureus, Helicobacter pylori and Bordetella
pertussis and other streptococci including
Streptococcus agalactiae (3) and Strepto-
coccus pneumoniae (10). The open reading
frames that show variable occurrence
include both those that are considered to
be normal components of the S. mutans
core genome, such as msm, gal, bgl, cel
and gbpA genes, that are present in UA159
but are absent from the genomes of other
strains (20, 24, 33) and open reading
frames that are thought to represent foreign
DNA acquired by horizontal transfer from
other organisms (33).
Ajdic et al. (1) identified two large

transposon-like regions in the genome of
UA159 that they proposed might be
mobile genetic elements and named them
TnSmu1 and TnSmu2. Five of the open
reading frames in TnSmu1 correspond to
components of the ICESt1 integrative and
conjugative element of Streptococcus ther-
mophilus (5). Related elements have been
detected in a wide range of bacterial
species and have been proposed to be
important agents of change within species
and of inter-species DNA transfer (4). In
many other species, an insertion adjacent
to tRNA genes is observed, as in S. mutans

Table 2. Blocks of open reading frames absent in one or more strain of Streptococcus mutans

Block Predicted function GI1 Ref 2

SMU.42–SMU.47 DNA-modifying enzymes and hypothetical proteins 3
SMU.52–SMU.58 Hypothetical proteins
SMU92–SMU.94 Transposase
SMU.100–SMU.116 Sorbose PTS, transposase, hypothetical proteins,

(fructose PTS)
4

SMU.135–SMU.143 Hypothetical regulators
SMU.149–SMU.153 Transposase, hypothetical proteins
SMU.175–SMU.176 Hypothetical proteins
SMU.191–SMU.226 TnSmu1, ICESt, transposases, hypothetical proteins 6
SMU.261–SMU.265 Transposases, hypothetical proteins 7
SMU.276–SMU.277 Hypothetical proteins 7
SMU.281–SMU.284 Hypothetical proteins 7
SMU.344–SMU.348 Hypothetical proteins
SMU.372–SMU.381 Hypothetical proteins
SMU.504–SMU.505 DNA-modifying enzymes
SMU.604–SMU.606 Hypothetical proteins 9
SMU.651–SMU.658 ABC transporter, Mutacin I (33)
SMU.681–SMU.687 Hypothetical proteins
SMU.735–SMU.737 Hypothetical proteins
SMU.803–SMU.804 ABC transporter, hypothetical protein
SMU.831–SMU.834 Serotype c polysaccharide enzymes (27)
SMU.876–SMU.888 msm and gal operons
SMU.891–SMU.896 DNA-modifying enzymes
SMU.980–SMU.892 bgl operon (24)
SMU.1026–SMU.1032 Transposases, hypothetical proteins 16
SMU.1159–SMU.1161 Hypothetical proteins
SMU.1205–SMU.1209 Hypothetical proteins
SMU.1254–SMU.1259 DNA-modifying enzymes, hypothetical proteins
SMU.1262–SMU.1264 Hypothetical protein, histidine metabolism 11
SMU.1329–SMU.1363 TnSmu2, transposases, bacitracin synthetases etc. 12 (33)
SMU.1484–SMU.1485 DNA-modifying enzymes, hypothetical protein
SMU.1574–SMU.1577 Hypothetical proteins
SMU.1584–SMU.1585 Putative cross-reactive antigen, regulator
SMU.1596–SMU.1605 cel operon (20)
SMU.1750–SMU.1776 Hypothetical proteins
SMU.1804–SMU.1818 Transposases, scn bacteriocin
SMU.1896–SMU.2054 Transposases, blp bacteriocin 15
SMU.2069–SMU.2070 Hypothetical proteins
1Genomic Islands predicted by the Oral Pathogen Sequence Database http://www.oralgen.lanl.gov/.
References are to studies describing sequencing of the affected regions.
2ABC, ATP binding cassette; PTS, phosphotransferase.
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UA159. In contrast to TnSmu1, which
shows the greatest homology to other
streptococci, the DNA composition and
sequence homology suggests that TnSmu2
may have originated in a Bacillus species
(33). TnSmu1 and TnSmu2 were also
predicted to consist of foreign DNA in a
bioinformatic search of the S. mutans
UA159 genome for genomic islands car-
ried out for the Oral Pathogen Sequence
Database (http://www.oralgen.lanl.gov/).
Genomic Islands were predicted on the
basis of features including anomalous
G + C composition, BLAST analysis,
codon usage and direction of transcription.
Eleven genomic islands were predicted,
nine of which have been confirmed as
missing from one or more of the strains
studied here (Table 2). In the bioinformatic
analysis, Genomic Island 7 (SMU.267–
SMU.281) was not predicted with a high
degree of confidence and the microarray
data showed that only single open reading
frames within it are absent in two strains,
suggesting that it is probably not an
island. In particular, the predicted ribu-
lose–phosphotransferase components in
Genomic Island 7 are present in all nine
strains examined here and may represent
true S. mutans genes. It is possible that
examination of a wider range of strains
would confirm whether the remaining two
predicted genomic island regions do in-
deed occur, or would uncover new ones.
The first genomic deletions identified in

S. mutans were those that affect the
metabolism of melibiose and b-glucosides
(20, 24) and it is striking that several
variable blocks are associated with carbo-
hydrate metabolism. The bioinformatic
analysis of the UA159 sequence indicated
that SMU.100–SMU.105, absent from
seven of the nine strains, encoded an
uptake system that might be specific for
sorbose or mannose and that shows prop-
erties that indicate it has been acquired as
foreign DNA from another species of
Streptococcus or Lactobacillus. How-
ever, no phenotypic difference could be
detected, indicating that the genes are
non-functional. In some strains, a fruc-
tose–phosphotransferase is also missing,
although this is likely to be compensated
for by other fructose uptake systems (29),
indicating the complexity of deducing
phenotypic properties simply from genome
sequence data.
It is well-established that strains of

S. mutans show a great deal of variability
in their production of, and sensitivity to,
bacteriocins. A region comparable to
SMU.1888–SMU.1917 is found in some
strains of S. pneumoniae and the genes

have been designated bacteriocin-like pep-
tide (blp) or pneumococcin (pnc) (10, 23).
These genes are involved in the complex
interplay between bacteriocin production
and competence development in S. pneu-
moniae (7, 22) and also in S. mutans (12,
16, 21, 32). However, the extensive vari-
ation between strains observed within the
block indicates that there will be hetero-
geneity in phenotype. It is interesting to
note that this region seems particularly
prone to horizontal gene transfer, as com-
ponents are also found in S. thermophilus
(14). Another group of open reading
frames associated with bacteriocin produc-
tion is SMU.1803–SMU.1818, which rep-
resents an incomplete set of genes for
the scn lantibiotic regulon described in
S. pyogenes (19) and is probably not
functional. It should be noted that both
blp and scn regions are associated with
open reading frames that are components
of transposons, an indication that they may
originally have been foreign DNA. In
contrast to the scn and blp regions that
appear to consist of DNA acquired by
horizontal transfer from other streptococci,
SMU.286 and SMU.287 (which have
recently been identified as encoding a
non-lantibiotic mutacin) designated as
nlmT and nlmE are conserved in all nine
strains examined so may represent true
S. mutans genes (11).
The open reading frames associated

with blp (pnc) and scn bacteriocins, as
well as ICESt1, seem likely to have a
streptococcal origin. In contrast, TnSmu2
is most likely to have originated in a
Bacillus species while the genome con-
tains several copies of ATP binding cas-
sette transporter components for which the
closest relative identified by BLAST
searches of available databases is Archaeo-
globus fulgidus. It thus appears that S.
mutans has acquired foreign DNA from a
wide range of sources, including other
species of Streptococcus, Bacillus and the
Archeae. It is somewhat surprising that
none of the putatively foreign DNA has a
recognizable source in other members of
the oral microflora, though information on
this aspect may well change as more
genome sequences enter the public
domain. On the basis of available evi-
dence, it appears that much of the foreign
DNA is non-functional in S. mutans,
though it should be noted that half of the
identified open reading frames as yet have
no proposed function. Evidence as to
whether or not any of these open reading
frames are expressed may come from
transcriptomics and proteomics. For exam-
ple, Wen et al. (34) found that a number of

the open reading frames identified as being
absent from some strains showed altered
transcription in a brpA-deficient mutant of
UA159. While this provides evidence that
the genes can be active, caution needs to
be applied in extrapolating from UA159 to
all strains of S. mutans. Further delineation
of the core genome will help in identifying
properties characteristic of the whole spe-
cies. Indeed, we may still be some way
from understanding what genes comprise
the core genome, because not all are
represented in UA159 (33). Detailed
examination of the regions affected by
blocks of deletions may be informative in
this regard because foreign DNA, partic-
ularly transposons and insertion
sequences, may displace the authentic
S. mutans genes (33). One of the displaced
genes in about 10% of S. mutans strains is
gbpA, which encodes a glucan-binding
protein. GbpA has been proposed as a
virulence determinant (18) and it is clearly
very important that we understand the
extent of such variation, particularly with
regard to virulence determinants and
potential targets of vaccines or other
preventive strategies.
The microarray used in this study is

constructed of 70-mer oligonucleotides
designed to be unique for each open
reading frame. Failure to hybridize has
been taken as an indication of the absence
of that open reading frame in the test
strain, though it might also be the result of
extensive sequence divergence that would
most probably also indicate altered func-
tion. It has been estimated that probe-target
identity below c.85% would fail to give a
signal (13). The process of designing
unique microarray oligomers for each open
reading frame means that the hybridizing
region lies at a different position in each
open reading frame so it cannot immedi-
ately be told whether an entire open
reading frame is absent, nor can it deter-
mine a definitive end-point for a deletion.
The same problem arises with arrays that
are based on entire open reading frames
because hybridization does not have to
involve the full length of the coding
sequence to yield a signal. An open
reading frame might have lost a substantial
part of its sequence yet retain its hybrid-
izing region and we have identified several
examples of this occurring. Identifying the
termini of a deleted region requires
sequencing and this can be informative
about a possible mechanism and the con-
sequences of deletion. Of the regions
studied, the msm/gal deletion appears to
be associated with insertion sequence
movement, whereas it has been proposed
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that the bgl deletion is the result of
an intragenomic recombination of
homologous regions (24). No explanation
could be provided for the cel deletion (20).
Changes affecting TnSmu2 and gbpA
represent two instances where blocks pre-
sent in UA159 are substituted with novel
open reading frames that can be considered
as part of the entire S. mutans gene pool
(33). Detailed examination of the sequence
around the blocks identified here may well
uncover further examples, as well as
giving more insight into the mechanisms
causing genetic change.
When was the foreign DNA acquired

and how has it become disseminated
throughout the worldwide pool of
S. mutans strains? Together with previous
results on the occurrence of deletions, the
microarray results indicate that S. mutans
has a core genome and a dispensable
genome and that genomic changes as a
result of certain insertion/deletion events
have become widely distributed, possibly
through horizontal transfer between
S. mutans strains. Analysis of the pattern
obtained with a collection of strains has
proved to be a powerful tool with which to
explore population dynamics in a number
of species, and is at least as informative as
other approaches such as multi-locus
sequence typing (3, 35). The two approa-
ches complement each other but do not
necessarily correlate (28). The number of
strains of S. mutans examined so far is too
small and inappropriately structured for
useful phylogenetic analysis but the results
have considerable implications for our
understanding of the properties of S.
mutans and the evolution of the species.
Since there appears to be free and wide-
spread exchange of dispensable genes
throughout the species, it seems highly
probable that the core genome (including
housekeeping genes used for multi-locus
sequence typing studies) will also have
undergone such exchange. This would
suggest that S. mutans has a panmictic
population structure, in which recombina-
tion has played a large part in generating
diversity (8).
This study is based entirely upon the

UA159 genome, which provides a power-
ful starting point for comparative studies.
Because genomic DNA from the nine
strains tested hybridized with 80% of the
open reading frames in the UA159 micro-
array, this strain would appear to be a good
representative of the species. However, 12
open reading frame spots hybridized with
only UA159, indicating that they are
unique to this strain. None of them as yet
has predicted functions. It is probable that

other strains of S. mutans will carry other,
novel open reading frames and genomic
islands that will only be uncovered by
further genome sequencing or subtractive
hybridization experiments (9, 26). Indeed,
it is interesting that both this study and one
using subtractive hybridization identified a
predicted malolactic enzyme (SMU.137)
as a variable open reading frame (26). A
combination of these different approaches
will build up a complete picture of the
complexity of the S. mutans gene pool,
and the extent of variation between strains.
An awareness of this variation will also be
essential in future studies exploring the
potential contribution of different genomic
regions to the growth, survival and cario-
genicity of S. mutans.
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Supplementary Material

The following supplementary material is
available for this article:
Figure S1. Microarray data showing

open reading frames that are present in
the UA159 genome but that are absent
from one or more of the test strains. Open
reading frames marked green indicate
where DNA from the test strain hybridized
with the UA159 microarray; open reading
frames marked red indicate that hybridiza-
tion was not detected. Open reading
frames present in all strains are omitted
and blocks of absent open reading frames
are separated by thick black lines Other
colour coding is explained at the bottom of
the table. (Excel format)

This material is available as part of
the online article from: http://www.
blackwell-synergy.com/doi/abs/10.1111/
j.1399-302X.2006.00330.x (this link will
take you to the article abstract)

Please note: Blackwell Publishing are
not responsible for the content or func-
tionality of any supplementary materials
supplied by the authors. Any queries (other
than missing material) should be directed
to the corresponding author for the article.
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