
Streptococcus mutans is capable of utilising
a broad range of carbohydrates and it is
thought that this versatility is one of the
characteristics contributing to its survival in
plaque and involvement in the caries pro-
cess. The carbohydrates may originate from
dietary sources or from host macromole-
cules. Among the substrates utilised are
b-glucosides such as aesculin, arbutin,
cellobiose and salicin. All these substrates
contain a glucose moiety that can enter
glycolysis, coupled to another glucose or
some other nonmetabolisable component.
Different species of oral streptococci vary in
their capacity to attack these substrates and

this variation has been of value in the
development of identification schemes (33).
The description of S. mutans includes its
ability to hydrolyse aesculin and ferment
amygdalin, arbutin and salicin but it has
been reported that many isolates of
S. mutans do not possess one or more of
these properties (2, 33). While such vari-
ation can confuse identification schemes,
variation within the species may also reflect
variation in the competitiveness of different
strains, and possibly in their virulence.
Furthermore, if S. mutans as a species
demonstrates variability in sugar utilisation
patterns, it seems probable that other

important properties, for which the pheno-
type is not so readily observable, may also
be subject to variability. Such variation
clearly is of considerable relevance to our
understanding of S. mutans virulence, and
in the selection of potential targets for
preventive measures. However, little is
known as yet about the extent of genomic
variation within S. mutans or the mecha-
nisms for generating diversity. We have
therefore used analysis of genes involved in
carbohydratemetabolism as amodel system
to explore genetic variation, and this work
was undertaken to unravel the complexities
of b-glucoside metabolism in S. mutans.
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The genome of Streptococcus mutans UA159 contains two phospho-b-glucosidase genes,
bglA and celA, which occur in operon-like arrangements along with genes for components
of phosphotransferase transport systems and a third phospho-b-glucosidase encoded by
the arb gene, which does not have its own associated transport system but relies on
uptake by the bgl or cel systems. Targeted inactivation of each of the phospho-b-
glucosidase genes revealed that bglA is involved in aesculin hydrolysis, celA is essential
for utilisation of cellobiose, amygdalin, gentobiose and salicin, and arb is required for
utilisation of arbutin. Inactivation of genes for the phosphotransferase systems revealed
an overlap of specificity for transport of b-glucosides and also indicated that further,
unidentified transport systems exist. The cel and arb genes are subject to catabolite
repression by glucose, but the regM gene is not essential for catabolite repression.
Screening a collection of isolates of S. mutans revealed strains with deletions affecting the
msm, bgl and/or cel operons. The phenotypes of these strains could largely be explained
on the basis of the results obtained from the knockout mutants of S. mutans UA159 but
also indicated the existence of other pathways apparently absent from UA159. The
extensive genetic and phenotypic variation found in b-glucoside metabolism indicates
that there may be extensive heterogeneity in the species.
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In a number of species of bacteria, it has
been demonstrated that multiple systems
exist for the transport and utilisation of
b-glucosides; for example, Bacillus subtil-
is and various species of enterobacteria
have four (13, 26). The systems in
Escherichia coli have been the most
thoroughly studied and it is known that
in this species there are several sets of
cryptic (silent) genes that can be activated
by mutation or insertion of a mobile
genetic element (10). To understand such
cases, it is necessary to apply a genetic
approach in parallel with studies of the
phenotypic capabilities of the species.
b-glucosides are generally transported by
b-glucoside-specific phosphotransferase
systems (PTS) whereby the substrate is
vectorially phosphorylated as it is taken
up, and subsequently cleaved by a phos-
pho-b-glucosidase (31). In S. mutans NG8,
Cote et al. (5) have described the bgl
regulon that includes bglA, encoding a
phospho-b-glucosidase, bglP, that encodes
an Enzyme II PTS component and a
regulatory gene, licT. They also provided
evidence from gene-inactivation experi-
ments that one or more additional systems
for b-glucoside utilisation must be present
in S. mutans. A similar conclusion was
obtained from a study of S. mutans isolates
naturally defective in bgl genes (18).
Annotation of the S. mutans UA159
genome sequence has subsequently iden-
tified genes potentially involved in
b-glucoside metabolism, on the basis of
homology to genes from other bacteria (1).
We have previously reported that the

inability of certain strains of S. mutans to
utilise melibiose and galactose is due to an
18 kb chromosomal deletion involving the
msm and gal operons and that a number of
such strains also had a 4 kb deletion
affecting the bglP and bglC genes (18).
In this work, we exploited the availability
of the genome sequence of S. mutans
strain UA159 to investigate the function of
genes associated with b-glucosidase meta-
bolism and examined a collection of
clinical isolates for the presence or absence
of these genes.

Material and methods

Bacterial strains

S. mutans UA159 was the strain selected
for the genome sequencing project (1); it is
‘wild-type’ and capable of utilising all the
sugars normally expected for the species.
S. mutans NG8 was used in a previous
study of the bgl genes (5, 6). Strains At10,
B2, MT4653, MT4863, 13.1, 12, 29, AS1,
L18, C4 and G8 are independent melibi-

ose-negative isolates used in previous
studies (4, 18, 30). A further 20 S. mutans
isolates from our local collection were
screened as described below, including
strains 34, LML1 and LML5. Conditions
of growth, fermentation and physiological
tests and assay for b-glucosidase using the
fluorescent substrate 4-methylumbellife-
ryl-b-D-glucoside were as described pre-
viously (4). Hydrolysis of aesculin on solid
media with and without glucose was
assayed as described by Cote et al. (5).

Bioinformatic analysis

The complete 2,032,327 bp S. mutans
UA159 genome sequence (GenBank
Accession NC004350) was searched with
the BLAST suite of programmes at http://
www.ncbi.nlm.nih.gov/BLAST/ to iden-
tify open reading frames (ORFs) with
homology to known b-glucosidases and
phospho-b-glucosidases. Genes were
located on the S. mutans UA159 genome
map visualised with the Artemis genome
viewer programme (23) from http://
www.sanger.ac.uk/. ORFs are numbered
according to the GenBank genome anno-
tation (1).

Extraction of DNA

Bacteria were grown overnight in Todd-
Hewitt broth containing 0.5% yeast extract
and 20 mm threonine. After harvesting
(3000 g for 5 min) the cell pellet was
washed in 2 ml of sterile distilled water
and resuspended in 2 ml of 50 mm Tris
HCl pH 8.0, 10 mm EDTA (Tris-EDTA)
supplemented with 0.45 mg/ml lysozyme
and 12 lg/ml mutanolysin, and incubated
at 50�C for 2 h. Complete lysis was
achieved by adding 2 ml of hot (65�C)
Tris-EDTA buffer containing 2% SDS.
Proteinase K was added to a final concen-
tration of 1.4 mg/ml and the tubes were
incubated at 50�C for a further 2 h. Cell
debris was removed by centrifugation and
the supernatant was extracted six times
with equal volumes of phenol chloroform.
Traces of phenol were removed by two
extractions with an equal volume of water-
saturated ether. Residual ether was boiled
off by incubation at 37�C for 15 min. The
DNA was precipitated by the addition of
2 volumes of ethanol and holding at
) 20�C for 30 min. After centrifugation
at 12,000 g for 5 min, the DNA pellet was
washed once with prechilled 70% ethanol
at ) 20�C, dried, and resuspended in
0.5 ml of sterile distilled water. Dilutions
of this stock were used as polymerase
chain reaction templates.

Polymerase chain reaction (PCR)

The confirmation of strains as S. mutans
was done using primers for 16S ribosomal
RNA genes described by Rupf et al. (22).
Primers for amplification of regions of
chromosomal DNA were designed with
the aid of the Primer3 programme of Rozen
& Skaletsky (21) available at http://www-
genome.wi.mit.edu/genome_software/other/
primer3.html using published sequences
or data from the genome of S. mutans
UA159. The Artemis programme
was used to locate open reading frames
and select regions for primer design. PCR
experiments were carried out with the high
fidelity, premixed Extensor Long PCR
Master Mix (ABgene, Epsom, Surrey,
UK) without oil overlays, on a Gen-
eAmp9700 thermal cycle essentially as
described previously, with appropriate var-
iation in extension time for different primer
pairs (18). Forward and reverse primers
used to screen for the cel operon
were TCTCTGCCTTTTGAGGCATT and
AACTTCTTGGCGCGGTTTG; those for
the arb gene were AACTGACGCCC-
TAATTTCTC and TGGAACTTTT-
GAAGGGCAAC, respectively.

DNA sequencing

PCR products separated by agarose gel
electrophoresis were purified from the gel
using the Qiaex II kit (Qiagen, Crawley,
West Sussex, UK). DNA sequencing was
carried out at the Molecular Biology
Unit, University of Newcastle, using
Thermosequenase and dye terminator
chemistry on an ABI377 sequencer.
Primers used for sequencing were the
same as primers used to generate the
PCR products.

Gene inactivation

The three phospho-b-glucosidase genes
were inactivated by gene replacement mut-
agenesis in which regions flanking the gene
to be inactivated were amplified from
S. mutans UA159 chromosomal DNA by
PCR, using primers designed using the
genome sequence and ligated to an eryth-
romycin-resistance determinant (16). The
construct was then used to transform
S. mutans UA159. Transport genes were
knocked out by insertion-duplication mut-
agenesis in which an internal fragment of
ca. 200 bp from the 5¢ end of the gene to be
inactivated was amplified by PCR. The
primers incorporated an XmaI site at either
end. Amplicons were purified and cloned
into the SmaI site of the suicide vector
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pVA8912, which carries erythromycin
resistance (27) or pSF151 (29), which
carries kanamycin resistance. Recombinant
plasmids were used to transform S. mutans
UA159 by the biofilm transformation meth-
od of Li et al. (17) using competence
stimulating peptide kindly provided by
D. Cvitkovitch, Toronto. Colonies in which
the resistancemarker had integrated into the
chromosome were selected on erythromy-
cin or kanamycin as required. Chromoso-
mal insertion of the resistancemarkers at the
correct location was confirmed using PCR
with primers within the insert and flanking
regions. A regM mutant of S. mutans
UA159 was constructed by transformation
with chromosomal DNA from the mutant
previously constructed in S. mutans LT11
(28).

Results

Search for genes involved in b-glucoside

metabolism

The genome of S. mutans UA159 was
searched by the BLAST suite of programs
for ORFs potentially encoding b-glucosid-
ases or phospho-b-glucosidases having
homology to the bglA gene sequence
described by Cote et al. (5) or to related
genes from other gram-positive bacteria
available in public databases. No b-gluco-
sidases were detected but two ORFs
paralogous to bglA and predicted to
encode phospho-b-glucosidase were dis-
covered (Table 1). The three ORFs are
located in different parts of the genome
and all are of similar length (478–479
residues). SMU.1102 shares 54% identical
amino acids with bglA and SMU.1601 has
52% identity. In addition, ORF SMU.1490
has 32% overall identity with bglA. This
ORF can be identified as a phospho-b-
galactosidase because of its possession of a
tryptophan residue in position 429 instead
of the alanine found in phospho-b-gluco-
sidases (25), and corresponds to lacG in
the lactose operon (20).
The occurrence of phospho-b-glucosid-

ases indicates that b-glucosides are likely
to be phosphorylated as they enter the cell,
as occurs when uptake is via the phospho-
transferase system. Cote et al. (5) des-
cribed the presence of b-glucoside specific
enzyme II component of the PTS system,
encoded by bglP, in the same regulon as
bglA. Enzyme II components were also
found in an operon-like arrangement with
SMU.1601 (Fig. 1). In contrast to bglP, the
enzyme II in this region is constructed
from three separate peptide chains encoded
by different ORFs. Also within this
operon-like arrangement is SMU.1597,

predicted to encode a transmembrane pro-
tein that is of unknown function and has
no homologues in the sequence databases.
The arrangement of the ORFs SMU.1595–
SMU.1601 is shown in Fig. 1. In their
annotation of the S. mutans UA159
genome, Ajdic et al. (1) identified these
genes as possibly being involved in cell-
obiose metabolism on the basis of their
homology with genes in other bacterial
species. Since experimental evidence (be-
low) supports such a function, it is
proposed that the genes be renamed cel,
as indicated in Table 1 and Fig. 1.
The third phospho-b-glucosidase,

SMU.1102, is not linked to any PTS
components and its separation from adja-
cent genes suggests that it is independently
transcribed. Ajdic et al. (1) found that
SMU.1102 showed homology to the ascB
gene of E. coli, which encodes an enzyme
that acts on aesculin, salicin and cellobiose
(10). However, results presented below
show that in S. mutans this gene is clearly
required for the degradation of arbutin, so
it is proposed that the name arb be applied.
Lactobacillus delbrueckii has also been
shown to possess an arbutin-specific
enzyme (32).

Knockout of phospho-b-glucosidase genes

To explore their contribution to the meta-
bolism of the various b-glucoside sub-
strates, the genes encoding each of the
three phospho-b-glucosidases were inacti-
vated. Cote et al. (5) have previously
reported that inactivation of bglA in
S. mutans NG8 did not affect fermentation
of arbutin, cellobiose or salicin. However,
they could demonstrate that aesculin is a
substrate for BglA by incorporating glu-
cose into the test medium. This resulted in
catabolite repression of other phospho-b-
glucosidases (5) and the bglA knockout
removed the residual activity. In contrast,
we found that glucose completely
repressed aesculin hydrolysis in S. mutans
UA159 and all its derivative mutants
(Fig. 2a, compare ± glucose) so that this
strain displays the same phenotype as NG8
mutants in which bglA has been inacti-
vated. Inactivation of arb results in inab-
ility to ferment arbutin but other substrates
are unaffected. In contrast, celA appears to
encode an enzyme with broad specificity
because its inactivation destroyed the abil-
ity to ferment cellobiose, amygdalin, gent-
obiose and salicin. From this observation,

Table 1. Summary of open reading frames (ORFs) and names of genes associated with b-glucoside
metabolism in S. mutans UA159

ORF Current annotation (1) Proposed gene name Function

bgl region
SMU.977 licT licT transcriptional antiterminator
SMU.980 bglP bglP PTS system, enzyme EII component
SMU.981, 982 bglB bglB putative lipase, paralogue of gbpD
SMU.983 bglC bglC putative transcriptional regulator
SMU.985 bglA bglA 6-phospho-b-glucosidase
arb region
SMU.1102 ascB arb 6-phospho-b-glucosidase
cel region
SMU.1601 bgl celA 6-phospho-b-glucosidase
SMU.1600 ptcB celA PTS system IIB component
SMU.1599 celR celR Transcriptional regulator
SMU.1598 ptcA celC PTS system IIA component
SMU.1596 ptcC celD PTS system IIC component
SMU.1595 cah cah putative carbonic anhydrase precursor
SMU.1597 – – conserved hypothetical protein

(transmembrane protein)

celA celB celR cah celC celD

Fig. 1. Gene arrangement of the cel region of the S. mutans UA159 chromosome, derived from the
published genome sequence (1) with proposed new gene names. The upper line shows the
arrangement in S. mutans UA159, the lower line the arrangement in strains with a chromosomal
deletion of the cel region. celA, phospho-b-glucosidase. celB, PTS system IIB component. celR,
transcription regulator. celC, PTS system IIA component. celD, PTS system IIC component. cah,
carbonic anhydrase. Between celC and celD lies SMU.1597, encoding a hypothetical transmembrane
protein.
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it can also be concluded that neither BglA
nor Arb attacks these substrates. Construc-
tion of a bglA/arb double mutant by
insertional inactivation with kanamycin
and erythromycin-resistance determinants
confirmed that cellobiose, amygdalin, gent-
obiose and salicin were fermented even
when CelA was the only enzyme present.
The celA/arb double mutant could not
attack aesculin (Fig. 2c) or any of the other
substrates tested, indicating that BglA is
nonfunctional.

Knockout of PTS genes

A similar set of observations was made
with a mutant in which the bglP uptake
system was inactivated, confirming the
observation of Cote et al. (5) that loss of
bglP alone did not alter fermentation
patterns but that bglP is required for
uptake and subsequent hydrolysis of aes-
culin when glucose is present. When the
cel PTS system is inactivated by disrupting
the sugar-specific celD enzyme II compo-
nent, the resultant mutant can no longer
ferment cellobiose, amygdalin or gentobi-
ose, suggesting that the cel genes encode
the only uptake system for these sub-
strates. However, it seems that both the bgl
and cel PTS systems are capable of uptake
of aesculin and salicin and the fluorescent
substrate methylumbelliferyl-b-D-glucos-
ide, since it is only when both genes are
inactivated that there is an effect on the
utilisation of these. Finally, even when
both bglP and celD are inactivated in a
double mutant, arbutin can still be taken up
by some other transport system as fermen-
tation activity is still present (Table 2).

Catabolite repression

The results of Cote et al. (5) showed that
uptake and breakdown of aesculin is
partially repressed by glucose in S. mutans
NG8, and that the residual activity is
abolished by inactivation of bglA. That
observation is confirmed here but note that
in strain UA159, activity against aesculin
is completely repressed by glucose (Fig. 2,
compare a and b ± glucose). Amongst the
collection of 40 strains, 50% showed the
same pattern of complete repression as
UA159. In order to examine the involve-
ment of regM gene in catabolite repres-
sion, the effect of inactivating regM on
hydrolysis of aesculin in the presence and
absence of glucose was examined. The
result clearly shows that repression by
glucose in strain NG8 is even more
effective when regM is inactivated
(Fig. 2b,d, compare ± glucose).

Genetic variation among isolates of

S. mutans

We have previously reported that amongst
a collection of isolates with deletions of
the msm and gal operons, some also had
deletions affecting the bglP and bglC
genes (18). An additional 20 clinical
isolates were screened by PCR using
primers flanking the msm, bgl and cel
regions. Strains with deletions give smaller
PCR products than UA159 (18). The
screening led to the identification of one
(strain LML1) that resembled strains such
as At10 described earlier with regard to
fermentation pattern and deletion of msm
and bgl regions and two others (strains

LML5 and 34) that had sugar fermentation
patterns the same as wild-type but with a
4 kb deletion affecting bglP and bglC, of
the type described previously (18). These
strains showed the same phenotype as the
bglP knockout mutant of UA159.
As we found previously that deletions

were a frequent cause of the loss of sugar
fermentation ability, we explored whether
the cel operon and arb gene might also be
subject to deletion events. Primers were
therefore designed to amplify these genes
and c.1 kb of flanking sequence on either
side. For the cel operon, these primers
yielded a PCR product of 10 kb from
UA159 and other strains with wild-type
fermentation pattern. However, certain
strains (Table 3) gave a product of only
3 kb, indicating that a deletion event had
occurred. The precise site of the deletion
was determined by sequencing from either
end of the 3 kb amplicon and aligning the
sequence with the UA159 genome
sequence. This revealed that the deletion
affected the entire cel operon as well as the
adjacent cah gene, encoding carbonic
anhydrase (Fig. 1). The precise endpoints
corresponded to genome sequence nucleo-
tide positions 152,8067–153,2890. Exam-
ination of the sequences at the two
endpoints revealed no distinctive feature
such as inverted repeats or repetitive
sequences.
Similar experiments were carried out to

determine whether arb was affected by
deletions, but no deletions were found
among the strains examined.

Correlations between genotype and

phenotype

An attempt was made to explain the sugar
fermentation patterns of the clinical isolates
(Table 3) with reference to the insights
gained from targeted gene knockout in
UA159 (Table 2). As previously described,
strains such as L18 with only a deletion of
msm and gal genes are affected in their
utilisation of these sugars but still utilise
b-glucosides (18). Similarly, strains 34 and
LML5, in which the only detected change
was in bgl genes, were only altered with
respect to their hydrolysis of aesculin (i.e
were aesculin-negative in the presence of
glucose, as observed for NG8). The group
of strains MT4863, C4 and G8 that had
deletions of the cel genes could no longer
ferment amygdalin. This was expected
because celA and celD were shown to be
essential for amygdalin fermentation in
UA159. Unexpectedly, they could still use
cellobiose and gentobiose even though celD
is needed for fermentation of these sugars in

a b

c d

ab

cd

Fig. 2. Phenotype of S. mutans strains on medium containing aesculin (left) or aesculin + glucose
(right). a) S. mutans UA159; b) S. mutans NG8; c) S. mutans UA159 celA– arb–; d) S. mutans NG8
regM.
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UA159. The final group, in which deletions
affect msm, bgl and cel regions, behave as
predicted from the results withUA159, with
the exception that they still ferment salicin.

Discussion

The use of a representative strain of a
bacterial species for detailed laboratory
investigation, particularly if its genome
sequence is available, can give valuable
insights into its properties. However,
recent developments in our understanding
of bacterial populations have led to the
realisation that no single strain is likely
ever to be entirely representative of its
species. The extent of diversity varies in
different species and in some instances
even the current concept of species bor-
derlines may prove to be inappropriate. A
full understanding of the properties of a
species such as S. mutans will therefore
require study of a range of strains to
determine the spectrum of metabolic capa-
bilities encoded by the ‘supragenome’ (8).
There is an extensive literature on the
variation in phenotypic properties of
S. mutans and studies of genetic polymor-
phisms indicate extensive variation at the
nucleotide sequence level, though how this

relates to phenotypic variation is unknown.
From the limited information available on
specific chromosomal regions, we know
that, in comparison with UA159, some
strains have lost some genetic information
through chromosomal deletions, while
others have genes present that are not
represented in the UA159 genome (18,
24). Besides deletions of the size discussed
in this report, there will of course also be
small-scale deletions, insertions, inversions
and point mutations not detected by the
PCR method used but which could be
detected by sequencing. One example
pertinent to this paper is bglB, which exists
as a single ORF in strain NG8 but is
interrupted by a frameshift in UA159 (1, 5).
Results obtained from laboratory studies

of knockout mutations in the bgl region
and from study of b-glucoside-negative
clinical isolates led to the conclusion that
S. mutans possesses other systems for
metabolism of b-glucosides beside the
bgl regulon (5, 18). In the present study,
the arb gene and cel operons were iden-
tified from the genome sequence, and
results from targeted knockout experi-
ments were consistent with the proposed
function of their constituent genes in
metabolism of various b-glucosides. As

in other species such as B. subtilis and
E. coli, there is redundancy of transport
systems and overlapping specificity for
b-glucosidases (Table 2). However, it is
not known what the preferred natural
substrates encountered in nature might
be. b-glucosides are predominantly found
in plants, but chitin, from the exoskeleton
of insects and marine animals, is the
second most abundant polysaccharide in
nature after cellulose and is composed of
b1,4-linked N-acetyl glucosamine. In
E. coli, the enzyme originally thought to
be required for cellobiose degradation is
now considered to primarily be concerned
with chitobiose, a disaccharide derived
from chitin, and the cel genes have been
redesignated as chb (11, 12). The genes
identified in S. mutans may be needed for
metabolism of substrates as yet untested.
However, we propose the cel nomenclature
because cellobiose is a readily available
substrate and widely used in biochemical
identification schemes. The bgl and cel
PTS systems account for uptake of most of
the substrates tested, but even when both
are inactivated, arbutin is still broken
down (by Arb) and fermented. It must
therefore be transported by another,
unidentified PTS system. A total of 14
PTSs were identified in the genome of
UA159, though the specificity of most of
them remains unknown, (1) and it is
possible that one or more may be capable
of recognising b-glucosides.
Previous study of isolates of S. mutans

that fail to ferment melibiose led to the
discovery that this is commonly due to
an 18 kb chromosomal deletion in which
the entire msm and gal operons are
replaced by an incomplete insertion ele-
ment, named ISSmu3 (18). Some of the
strains studied also had deletions affecting
bglP and bglC and here we show that
deletions of the cel operon are also com-
mon. The origin of the deletion is not
obvious, as there is no indication of a
history of IS element insertion/excision or
of slipped-strand repair as proposed for the
msm and bgl deletions (18). The deletion
affects the entire cel operon and also
inactivates the adjacent cah gene that
encodes carbonic anhydrase. The physio-
logical consequences of loss of cah are
unknown. However, it is interesting to note
that carbonic anhydrase in E. coli is
required to detoxify cyanate (15), and
amygdalin is a diglucoside with a cyanide
radical attached. It will thus be interesting
to explore whether carbonic anhydrase in
S. mutans serves a function to detoxify
intracellular products generated from
breakdown of amygdalin.

Table 3. Biochemical reactions of S. mutans UA159 and other isolates of S. mutans in which
chromosomal deletions (D) have been detected

Strain Genotype Mel Aesc
Aesc
+ Glu Arb Cell Amyg Gent Sal F-b-Glu

UA159 + + ) + + + + + +
L18 Dmsm – + + + + + + + +
LML5 Dbgl + + – + + + + + +
34 Dbgl + + – + + + + + +
MT4863 Dmsm, Dcel – + + + + – + + +
C4 Dmsm, Dcel – + + + + – + + +
G8 Dmsm, Dcel – + + + + – + + +
AT10 Dmsm, Dbgl, Dcel – – – + – – – + +
B2 Dmsm, Dbgl, Dcel – – – + – – – + +
MT4653 Dmsm, Dbgl, Dcel – – – + – – – + +
13.1 Dmsm, Dbgl, Dcel – – – + – – – + +
12 Dmsm, Dbgl, Dcel – – – + – – – + +
29 Dmsm, Dbgl, Dcel – – – + – – – + +
AS1 Dmsm, Dbgl, Dcel – – – + – – – + +

Mel, melibiose. Aesc, aesculin. Glu, glucose. Arb, arbutin. Cell, cellobiose. Amyg, amygdalin. Gent,
gentobiose. Sal, salicin. F-b-Glu, 4-methylumbelliferyl-b-D-glucoside.

Table 2. Biochemical reactions of S. mutans UA159 and mutants of UA159 in which specific genes
had been inactivated

Mutant Aesc Arb Cell Amyg Gent Sal F-b-Glu

UA159 + + + + + + +
bglA + + + + + + +
arb + – + + + + +
celA + + – – – – +
bglA/arb + – + + + + +
celA/arb – – – – – – –
bglP + + + + + + +
celD + + – – – + +
bglP/celD – + – – – – –

Mel, melibiose. Aesc, aesculin. Glu, glucose. Arb, arbutin. Cell, cellobiose. Amyg, amygdalin. Gent,
gentobiose. Sal, salicin. F-b-Glu, 4-methylumbelliferyl-b-D-glucoside.
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Information from the knockout of spe-
cific genes in UA159 provides a basis for
interpretation of the different pattern of
fermentation found amongst clinical iso-
lates. Some strains such as L13 studied
previously only have a deletion of msm
and gal genes; as a consequence they fail
to ferment melibiose or grow on galactose
as sole carbon source (18). The two newly
discovered strains LML5 and 34 have the
bglP, bglC deletion but their msm and gal
regions are intact so they appear wild-type
in the regular sugar fermentation tests.
Their mutant phenotype can only be
observed on aesculin plates in the presence
of glucose so they mimic the behaviour of
the bglA and bglP knockout mutants. The
Dcel strains MTc, C4 and G8 are unable to
ferment amygdalin, like the celA and celD
knockout mutants of UA159. However,
they still ferment cellobiose, gentobiose
and salicin and so differ from the celA and
celD knockout mutants. The pathways by
which these three sugars are taken up and
metabolised in MTc, C4 and G8 are
presently unknown. One explanation may
be that these strains possess transport
systems and/or phospho-b-glucosidases
that are not present in UA159, or it could
be that the specificity of their bgl and arb
gene products differ from those of UA159.
Similar arguments may explain why the
final group of isolates, with three identified
chromosomal deletions, can still utilise
salicin, though their inability to utilise
arbutin is in agreement with predictions
from the knockout experiments in UA159.
Another explanation for the differences
observed between the natural isolates with
deletions and the laboratory-constructed
mutants might be that some genes are
cryptic in UA159 but expressed in other
strains, in a way similarly observed for
cryptic bgl and cel genes in E. coli K12.
However, bioinformatic analysis of the
UA159 genome revealed no likely candi-
date genes beyond those described here.
Catabolite repression is clearly an

important influence on the expression of
the various genes concerned with b-glu-
coside metabolism. It was previously con-
cluded that the bglA gene in S. mutans
NG8 is not subject to catabolite repression
by glucose (6), whereas the other two
phospho-b-glucosidases are repressed. In
this study we could detect no hydrolysis of
aesculin in the presence of glucose in
S. mutans UA159. To distinguish between
the two possibilities that BglA is subject to
catabolite repression in UA159 but not in
NG8, or that BglA is inactive in UA159,
we constructed the celA/arb double
mutant. In this mutant, bglA is the only

phospho-b-glucosidase gene present, but
there is no hydrolysis of aesculin or any
other substrate. There thus appears to be a
clear difference between expression of the
bglA genes of strains UA159 and NG8.
Comparison of the bglA sequences from
the two strains reveals 12 nucleotide
differences, 10 of which result in a differ-
ent amino acid. In the absence of structural
information, it is not possible to conclude
how these might impact on the function of
BglA in strain UA159 but the data
presented here indicate that bglA is a
pseudogene, its functional loss being cov-
ered by the redundancy of phospho-b-
glucosidase activity provided by the other
two enzymes. However, it is also possible
that the lack of bglA expression in UA159
is due to defects in licT or bglB genes,
which are both involved in the regulation
of bglA (6, 7). The mechanism of catab-
olite repression in S. mutans is incom-
pletely understood but in many other
gram-positive bacteria the protein CcpA
is required for catabolite repression. The
homologue of ccpA in S. mutans has been
named regM and construction of a knock-
out mutant of regM showed that it was not
required for catabolite repression of
a-galactosidase, mannitol-1-phosphate de-
hydrogenase or phospho-b-galactosidase
(28). In contrast, there is increased catab-
olite repression of these enzymes in a
regM mutant (28). Results presented here
show that regM is not required for catab-
olite repression of the pathways associated
with metabolism of b-glucosides either,
and that knockout of regM increases the
repression in strain NG8 (Fig. 2).
S. mutans, Streptococcus gordonii (19)
and Streptococcus pneumoniae (9) thus
differ from the CcpA paradigm established
for other bacteria.
Recently, Kilic et al. (14) have investi-

gated the b-glucoside metabolism of
S. gordonii and concluded that this organ-
ism possesses four metabolic pathways for
these substrates, though the arrangement
of genes seems to be quite different from
that found in S. mutans. There are, how-
ever, a number of similarities, including
the susceptibility to catabolite repression.
These authors also proposed that the
b-glucoside pathways may influence adhe-
sion, biofilm formation and in vivo colo-
nisation (14), possibly acting as
environmental sensors in a manner similar
to that observed in Listeria monocytogenes
(3). We do not have any evidence for or
against such a function for the pathways in
S. mutans but it is an intriguing possibility
that changes caused by the deletion of bgl
or cel genes might have far-reaching

consequences for the physiological respon-
siveness of a strain.
Our original collection of strains for

study was made on the basis of their easily
recognised melibiose-negative phenotype.
In this study, a further 20 recent clinical
isolates were screened by PCR, as well as
by phenotypic tests. This resulted in the
discovery of strains with genetic and
phenotypic properties similar to strains
already known, but also to the two Dbgl
strains, which are phenotypically the same
as wild-type in routine biochemical assays.
This illustrates the advantage of screening
at the nucleotide sequence level to explore
the extent of variation within S. mutans.
The work on b-glucoside metabolism

has drawn attention to three regions of the
S. mutans genome (msm, bgl and cel)
where some strains differ from UA159,
apparently because deletions have
occurred. In comparison with UA159,
some strains may also have additional
genetic information inserted, such as the
cnm gene for a collagen-binding adhesin
(24) or an additional sequence replacing
the gbpA gene (our unpublished observa-
tions). Preliminary results from intrage-
nome comparisons by DNA–DNA
hybridisation on microarrays representing
ORFs of UA159 indicate that besides the
msm, gal, bgl and cel genes missing in
strain At10, other ORFs are missing (J.
Waterhouse, personal communication).
Whether there are also insertions of genes
not found in UA159 is unknown. While
UA159 thus offers an enormously valuable
reference point for exploration of other
strains, it is clear that much remains to be
learnt about the diversity within the spe-
cies. Many important questions are also
raised concerning the mechanism for gen-
erating deletions and their ecological
advantage or disadvantage. We have found
deletions in both recent isolates and long-
established laboratory strains, so there is
no evidence for a selective pressure
imposed by subculturing. To date, the only
isolates found with a deletion of the cel
genes are ones that also lack msm but it is
not clear whether this observation is sig-
nificant: Which occurred first? Does one
deletion create a selective pressure for the
other? Since chromosomal deletions are
irreversible events, it is probable that they
will be transmitted clonally and that these
strains share a common ancestor in which
the two deletions originally arose inde-
pendently. It will be of considerable inter-
est to study a wider collection of strains in
order to address the question of whether
deletions have occurred as independent
events on a number of occasions, or in
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some ancestral S. mutans that has
subsequently become widely dissemin-
ated.
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