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The production of water-insoluble glucan (WIG) enables Streptococcus mutans to survive and persist in the
oral niche. WIG is produced from sucrose by glucosyltransferase encoded tandemly by the highly homologous
gtfB and gtfC genes. Conversely, a single hybrid gene from the endogenous recombination of g¢fB and gtfC is
easily generated using RecA, resulting in S. mutans UA159 WIG™ (rate of ~1.0 X 107?). The pneumococcus
recA gene is regulated as a late competence gene. comX gene mutations did not lead to the appearance of WIG™
cells. The biofilm collected from the flow cell had more WIG™ cells than among the planktonic cells. Among
the planktonic cells, WIG™ cells appeared after 16 h and increased ~10-fold after 32 h of cultivation,
suggesting an increase in planktonic WIG™ cells after longer culture. The strain may be derived from the
biofilm environment. In coculture with donor WIG™ and recipient WIG™ cells, the recipient cells reverted to
WIG™ and acquired an intact g¢fBC region from the environment, indicating that the uptake of extracellular
DNA resulted in the phenotypic change. Here we demonstrate that endogenous DNA rearrangement and
uptake of extracellular DNA generate WIG™ cells and that both are induced by the same signal transducer, the
com system. Our findings may help in understanding how S. mutans can adapt to the oral environment and may

explain the evolution of S. mutans.

Biofilms are defined as matrix-enclosed bacterial popula-
tions that are adherent to each other and/or to surfaces or
interfaces (8). Biofilms are studied due to their significance in
medical, industrial, and environmental settings. Biofilm forma-
tion consists of several phases: (i) initial adherence of plank-
tonic cells to a surface, (ii) irreversible attachment to the sur-
face, (iii) unstructured biofilm growth through cell division and
exopolysaccharide synthesis, and (iv) maturation into a com-
plex three-dimensional architecture of microcolonies and void
spaces (13, 37). As biofilm accumulation progresses, the cells
within biofilms can disperse in response to environmental
changes. Biofilms are resistant to environmental stresses (e.g.,
nutritional, oxidative, and antibiotic stress) and to host-medi-
ated responses (e.g., complement proteins and phagocytes)
(11, 16, 33). Therefore, understanding the molecular mechanisms
underlying the life cycle of biofilm-forming bacteria may assist in
the development of prevention and treatment strategies.

Streptococcus mutans is an oral bacterium that depends on
biofilms for survival and persistence in its natural ecosystem.
Under favorable environmental conditions, S. mutans can rap-
idly produce acid from fermentable dietary carbohydrates and
initiate demineralization of the tooth surface. Therefore, S.
mutans is an important etiological agent for dental caries. S.
mutans is capable of forming biofilms using various mecha-
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nisms, e.g., surface adhesion- and cell density-dependent gene
expression (9, 18). Clinically relevant in caries development is
the ability of S. mutans to metabolize sucrose. Sucrose is the
substrate for glucosyltransferase-mediated sucrose-dependent
glucan production that promotes adhesion of S. mutans to the
tooth surface. Water-insoluble glucan (WIG) is synthesized
using GtfB- and GtfC-glucosyltransferases and promotes ad-
hesion and biofilm maturation. Conversely, reports describe
the spontaneous occurrence of a naturally derived WIG™
strain (1, 40). This deletion is a recombination of gtfB and gtfC
(which are proximate and have a high homology) (40), result-
ing in the generation of the single hybrid gi/BC gene. This
mutation decreases the synthesis of WIG and reduces its bio-
film-forming ability (40). Conversely, the growth rate of the
WIG™ strain in media supplemented with sucrose is greater
than that of the wild type (31). Additionally, the appearance of
an S. mutans WIG™ strain exerts pleiotropic effects, e.g., re-
duced WIG in a gnotobiotic rat model using the gtfBC recom-
binant strain showed lower cariogenicity, inactivating the glu-
can-binding protein and thus changing the plaque structure
(15). Further, Nomura et al. (32) reported the detection of S.
mutans in human heart valve tissues with a reduced biofilm due
to gtfB-gtfC recombination and with a lower susceptibility to
antibiotics. With this adaptive ability, the WIG™ variant may
play a role in survival and development of the microorganism
in its environmental niche; however, its appearance and eco-
logical significance are not understood.

Previous studies have shown that recombination of g¢tfB and
gtfC causes the formation of the WIG™ strain and is RecA
dependent (3). Previous studies with Streptococcus pneumoniae
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TABLE 1. Bacterial strains and plasmids

J. BACTERIOL.

Strain or plasmid

Relevant properties

Source or reference

E. coli DH5«a Cloning host Takara

S. mutans
FSM-11 WIG™ Clinical isolate, wild type; Amp® Erm® Spc® Km®, serotype e 29
WIG" recA mutant FSM-11 WIG *::pSAR; recA Erm" This study
WIG* comC mutant FSM-11 WIG *::pSAC; comC Erm" This study
WIG* comD mutant FSM-11 WIG *::pSAD; comD Erm" This study
WIG* comE mutant FSM-11 WIG *::pSAE; comE Erm" This study
WIG* comX mutant FSM-11 WIG *::pSAX; comX Erm" This study
WIG™" recA donor strain FSM-11 WIG*::pSAR, pSABC; recA gifBC Erm" Spc® Kan" This study
FSM-11 WIG™ Naturally derived variant of FSM-11 WIG™; Amp® Erm® Spc® Kan®; serotype e This study
WIG™ recipient strain FSM-11 WIG™ ::pSAL; Idh Erm® Kan® Spc" This study

Plasmids
pGEM-T PCR cloning vector; Amp" Promega
pUCI9 PCR cloning vector; Amp" 43
pDL276 E. coli-Streptococcus shuttle vector; Kan" 10
pResEmMCS10 Streptococcal integration plasmid; Erm” 38
pFW5 Streptococcal integration plasmid; Spc” 35
pSAR pUCI9 containing recA fragment; Amp" Erm" This study
pSAC pUC19 containing comC fragment; Amp" Erm" This study
pSAD pUCI9 containing comC fragment; Amp" Erm’ This study
pSAE pUC19 containing comE fragment; Amp" Erm" This study
pSAX pUCI9 containing comX fragment; Amp" Erm" This study
pSABC pUC19 containing gtfBC fragment; Amp" Kan® This study
pSAL pUCI9 containing Idh fragment; Amp" Spc” This study

found the that recA gene was induced at competence (23, 24),
and competence-specific induction of recA was also demon-
strated in Bacillus subtilis (22). The genetics and physiology of
the competence cascade in S. mutans have been reported (9,
24). In brief, the development of competence requires tran-
scriptional activation of the com regulon, which is induced
when the competence-stimulating peptide (CSP) (encoded by
comC) stimulates its receptor, the membrane-bound histidine
kinase ComD. ComD then autophosphorylates its cognate re-
sponse regulator ComE and then activates the expression of
early com genes, including comCDE and comX. The latter
encodes an alternative sigma factor (19). The ComDE signal
transduction system is among the primary sensory-regulatory
mechanisms that mediate bacterial adaptation processes in
response to environmental perturbation (24). The environ-
mental conditions encountered by S. mutans in dental bio-
films are highly variable, including frequent shifts in pH
from above 7.0 to as low as 3.0 during the ingestion of
dietary carbohydrates. In addition, S. mutans is subject to
various environmental stresses, such as temperature fluctu-
ation, nutritional limitation, antibiotic agents, and variation
in oxygen tension (6). Therefore, the appearance of the
WIG™ strain may result from environmental perturbation.
In this study, we investigated the mechanisms underlying
expansion of the WIG™ strain in a clonal population and the
ecological significance of this variant.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The bacterial strains and plasmids
used in this study are described in Table 1. Brain heart infusion (BHI) (Becton
Dickinson) was used, or pH-buffered BHI (prepared with phosphate-buffered
saline [pH 7.2]) was used for counting WIG™ cells and studying natural compe-
tency (see below). The clinical isolate S. mutans FSM-11 (29) was cultured at
37°C with 5% CO,. Escherichia coli DH5«a was used for cloning and plasmid
amplification and was grown in Luria-Bertani broth or 1.5% agar at 37°C. When

required, sucrose (0.25% [wt/vol]) or horse serum (10% [vol/vol]) was added to
the medium. Bactericidal agents tested for the appearance of WIG™ cells and
natural competency were used under different conditions at a 10% to 20%
reduction in optical density (OD) after 20 h of culture.

Frequency of WIG™ cells. S. mutans was precultivated to the stationary phase.
To eliminate extracellular DNA in the bacterial preculture, the culture was
washed twice in distilled water (D/W) using centrifugation. An aliquot of the
precultured solution with a reduced cell number (~100 to 500 cells) was inocu-
lated in pH-buffered BHI medium with or without bactericidal agents. These
cultures were incubated with 5% CO, at 37°C statically for 20 h. The cultures
were suspended in D/W, serially diluted, and spread-plated on BHI agar to 300
colonies/plate. The morphology of the samples were determined after 48 h on
plates with 0.25% sucrose, and the ratio of smooth colonies to total viable cells
was determined. Over 1,000 colonies were selected from at least three indepen-
dent experiments.

Biofilm formation. (i) Biofilm formation in flow cells. To show the appearance
of the WIG™ variant, S. mutans was grown in continuous-culture flow cells as
described previously with modifications (30). Flow cells were inoculated with
reduced numbers of precultured S. mutans (~100 to 500). After 1 h of incubation
at 37°C without flow, pH-buffered BHI with 0.25% sucrose was added at a rate
of 3.0 ml/h using a peristaltic pump. The detection cell at outflow was a silicon
tube 10 cm in length and 1 mm in inner diameter. After 16 h and 32 h of
cultivation, the viable cells in the biofilm and the effluent were collected and
plated on BHI agar with 0.25% sucrose. Over 1,000 colonies were selected from
at least three independent experiments.

(ii) Microtiter plate biofilm formation. Quantification of biofilm formation
was performed using cells grown in the wells of polystyrene microtiter plates
(Sumitomo Bakelite, Tokyo, Japan) (29). Strains were grown to an OD at 600 nm
(ODgqp) of 0.4, diluted 1:100 in BHI with 0.25% sucrose, and added to the wells
of the plates. The plates were incubated at 37°C with 5% CO, for 20 h. After
incubation, the plates were washed two times with D/W to remove planktonic
and loosely bound bacteria, and adherent cells were stained with safranin for 10
min. Biofilm formation was then quantified by measuring the OD of the solubi-
lized stain at 492 nm.

DNA extraction. DNA from bacterial cells was extracted using the benzyl
chloride method (47). The isolated DNA was used as the template for the PCR
experiments described below.

Construction of mutants. Insertion-inactivation of the gene in S. mutans
FSM-11 was performed with insertion of erythromycin (Erm), kanamycin (Kan),
and/or spectinomycin (Spc) resistance genes using homologous recombination.
Sequence information was obtained from the S. mutans UA159 genome (http:
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TABLE 2. Amplicons and oligonucleotide primers used
in this study
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TABLE 3. Appearance of WIG™ cells among various
com gene mutant cells

Primer Sequence (5'—3")" Amplicon
Long-range PCR
GtfB186F TTGGAGGTTCCTAATGGAC gifBC
GtfC9269R GAAATTTACAGCTCAGACTTC
Mutants
RecA2F GAGTTGCAGGTCCGGATAGC recA
RecA2R GCAATGGAGAGCCTTAGCATAGCGG
ComEI1F CCTGAAAAGGGCAATCACCAG comE
ComE1R GCGATGGCACTGAAAAAGTCTC
ComCuF ccceegaattcAAATCTGAACAAGCAGGGG comC1
ComCuR cceeeggtaccGATAGTGTTTTTTTCATTTTATAT
CTCC
ComCdF ceceetctagaGCCTATCAACATTTTTCCGGC comC2
ComCdR cccccaagctt CCACTAAAGGCTCCAATCGC
ComDuF cceeegaattcCCATTCATCTGAAACTCAGT comDI1
ComDuR ceceeggtaccAACAGGCAGCAGACCATAA
ComDdF ceceetctagadGGCGGGCAATCATATTCTT comD2
ComDdR cceecaagcttTCCTGCAATTGATGTCCTG
ComX2uF cececgaattc ATTGGGCGTGTTCGACATAC comX1
ComX2uR cceeeggtaccTGACTTTCTTGCTGACGC
ComX2dF ceceetctagaTTGGTAGCAGGAGAGCAC comX2
ComX2dR cecccaagcttGAGATATGGTATCTCCTC
LdhuF cceeegaattctATCTGGAAGAGCCCGAGCAAC ldhl
LdhuR ceceeggtaccGGTGAAGTAAAAGCAAGTGC
LdhdF ceeeetetagaGGTATCTTCCTCGTTGCTGC ldh2
LdhdR cceccaagcttGGAATATTTACTGGGCGAAC
GtfuF ceceegaattcTGAGTGGTGTATGGCGTCAC gtfB
GtfuR ceeecggtaccGACCGTTAATGGTTCTGGC
GtfdF ceeectctagaAAACTCTGACTGCTACTGATAC gifC
GtfdR cceccaagcttGAGCAAAGCTGTTAGTGTTATCA

“ Sequences homologous to the S. mutans genome sequences are in uppercase;
synthetic restriction sites added for cloning purposes are in lowercase.

/www.ncbi.nlm.nih.gov/genomes). The method for homologous recombination
was described previously (29). The recA and comE gene fragments from
chromosomal DNA of S. mutans FSM-11 were ligated into the pGEM-T Easy
vector (Promega, Madison, WI). The constructed pSAR and pSAE, harboring
the recA and comE genes, respectively, were disrupted using digestion with
BamHI and ligation with the Erm fragment from pResEmMCS10 (38). To
construct comC, comD, and comX mutant strains and to insert an antibiotic
resistance marker in the Idh and gtf genes, a PCR fragment from the upstream
region of each gene from the chromosomal DNA of FSM-11 was amplified using
PCR. The amplified fragment was inserted into the respective sites of cloning
vector pUC19 (43). A PCR fragment from the downstream region was ligated to
pUC19 from the upstream region. The resultant plasmid was digested with
BamHI, and either an Erm fragment from pResEmMCS10 (38), a Kan fragment
from pDL276 (10), or a Spc fragment from pFW5 (35) was inserted. Each strain
was transformed with the resultant plasmids pSAC, pSAD, and pSAX for
disruption and with comC, comD, and comX for insertion of the antibiotic
resistance marker in the /dh gene. Further, each strain was transformed with the
resultant plasmids pSEL and pSEBC to insert the antibiotic resistance marker in
the gtf gene. Erm-resistant strains, Kan-resistant strains, and Spc-resistant strains
were selected on agar containing 10 pg/ml Erm, 800 pg/ml Kan, and 800 pg/ml
Spc, respectively. The mutations were confirmed using PCR.

Long-range PCR. Amplification of the gffB and gtfC region was achieved with
the primers GtfB186F and GtfC9269R (Table 2) with LA polymerase (Takara).
Amplification conditions were 30 cycles of 30 s at 95°C, 1 min at 56°C, and 9 min
at 70°C. PCR products were visualized after gel electrophoresis in 0.8% agarose
using ethidium bromide staining.

Transformation assay. After being washed in D/W, S. mutans cultures were
diluted 1:20 in BHI with horse serum. To determine the transformation fre-
quency under stress conditions of a 10% to 20% OD reduction, S. mutans was
grown to an ODj of 0.5 without horse serum. Aliquots (0.2 ml) of culture were
incubated at 37°C in equal volumes of fresh medium with 100 wg purified Idh (~2
kb) containing the Spc" gene. After 2 h of incubation, transformants and total
cells were plated on BHI agar with and without spectinomycin, respectively. The
transformation efficiency was determined after 48 h of incubation and was ex-
pressed as the percentage of transformants compared to the total number of
viable recipient cells.

Coculture experiments. WIG™ (Kan" and Erm") and WIG ™~ (Spc") strains were
grown separately overnight in BHI. The cultures were centrifuged and washed
two times to eliminate released extracellular DNA. The cells were resuspended

WIG™ cells
Genotype No. of colonies
No. of colonies Frequency (X1073)7
Wild type 3,468 23 6.63
recA 4,530 ND? ND
comC 2,953 ND ND
comD 3,087 ND ND
comE 2,839 1 0.34
comX 3,513 ND ND

“The WIG™ frequency was expressed as the ratio of cells with smooth colony
morphology to total viable cells on a sucrose-containing BHI plate. More than
1,000 colonies were selected from at least five independent experiments.

» ND, not detected.

in fresh BHI to an ODy, of 0.1. Both cultures were allowed to grow to an ODy
of 0.3 and mixed at a 1:4 ratio of donor to recipient strains. An aliquot (500 wl)
of the mixed sample was centrifuged and the supernatant discarded. The sample
was resuspended and incubated at 37°C for 8 h in 1 ml of fresh BHI medium with
10% horse serum. The culture was plated on BHI with 0.25% sucrose containing
various antibiotics. Transformation efficiency was determined after 48 h of in-
cubation and was expressed as the percentage of Spc- and Kan-resistant cells.

Bacteriocin production assay. To detect bacteriocin produced by S. mutans
FSM-11 WIG™" and the WIG™ variant, 5 pl of an overnight culture of each strain
adjusted to an ODg, of 0.4 was inoculated on BHI plates. After overnight
culture, 5 pl each of the indicator Streptococcus species, S. gordonii, S. mitis, and
S. sanguinis, at the same concentration was inoculated near the early colonies and
further incubated anaerobically at 37°C. Bacteriocin production was determined
by measuring the diameter of the zone inhibited compared to the indicator
strains.

RESULTS

WIG™ strains require a complete competence cascade. Col-
onies with the parental WIG™ phenotype show a hard and
rough colony morphology on sucrose agar medium, whereas
the naturally derived WIG™ colonies show a smooth morphol-
ogy. We used colony morphology as a criterion for the WIG™
phenotype. Using reduced inocula (~100 to 500 cells) de-
creased the number of naturally derived variants in the bacte-
rial preculture. After 20 h of culture in pH buffer (pH 7.2), the
cultures were plated on BHI agar plates containing sucrose.
Laboratory strains (MT8148, UA159, and GS5) and 16 clinical
isolates (29) all showed WIG ™~ cells at a rate of ~1.0 X 10> to
1.0 X 1072 Interestingly, several clinical isolates (FSC-1,
FSM-2, and FSM-11) produced 10-fold more WIG™ cells than
the laboratory strains (31). Thus, we used the FSM-11 isolate
to determine the mechanisms underlying the appearance of the
WIG™ variant.

Previous studies demonstrated that the recombination of
gtfB and gtfC causes the WIG ™ phenotype and is RecA depen-
dent (3). We found the S. mutans FSM-11 recA mutant did not
produce WIG™ cells (Table 3). The recA gene in pneumococci
regulates a late competence gene (24). The comX gene en-
codes an alternative sigma factor that recognizes a com box
(TACGAATA) that is conserved in the putative promoter
regions of the late com genes (19). The recA gene in S. mutans
is located immediately upstream of the cinA4 gene, the location
of the putative promoter com box. Additionally, using microar-
ray analysis, Perry et al. (34) showed that rec4 gene expression
was regulated by ComX. We therefore determined the appear-
ance of the WIG ™ variant using various com gene mutations.
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FIG. 1. Effect of environmental stresses on the appearance of WIG™ cells and the transformation frequency. (A) Appearance of WIG™ cells.
More than 1,000 colonies were selected from at least three independent experiments. (B) Transformation frequency. Transformation efficiency was
determined after 48 h of incubation and is expressed as the percentage of transformants among the total viable recipient cells. Data are averages
from three independent experiments. Bactericidal agents tested for the appearance of WIG™ cells and transformation frequency were used under
different conditions at a 10% to 20% OD reduction after 20 h of cultivation. Values are expressed as percentages of the control values.

comX, comC, and comD mutations completely inhibited
WIG™ strain formation, and the inactivation of comE de-
creased the appearance of WIG™ cells compared to that with
the wild type (Table 3). This indicates that the generation of
WIG™ cells is regulated by the com system.

Environmental stress induces the WIG™ phenotype. Envi-
ronmental stress induces the competence cascade (36); we
therefore determined the effect of various environmental
stresses on the appearance of the WIG™ variant. Acid stress is
an important factor in the oral environment. A pH of 5.5
induced a 10% to 20% OD reduction where the final pH values
were pH 5.8 and pH 4.6, respectively. WIG™ cells were present
under acidic conditions at ~7-fold-higher levels than at neutral
pH (Fig. 1A). Oxidative stress and bactericidal agents were
tested because a number of antibiotics are linked to the devel-
opment of natural competence (34, 36). The presence of 660
wM H,0, in the pH-buffered medium induced the appearance
of WIG™ cells at an increased rate. Cell wall synthesis inhibi-
tors (ampicillin, vancomycin, bacitracin, and chlorhexidine)
had no effect. The protein synthesis inhibitors kanamycin and

streptomycin (not erythromycin) induced the appearance of
WIG™ cells. The DNA synthesis inhibitor mitomycin C in-
duced the appearance of WIG™ cells, whereas nalidixic acid
did not. Acidic conditions and sublethal concentrations of
H,O,, mitomycin C, streptomycin, and kanamycin induced the
transformation frequency >7- to 9-fold compared to that in the
culture at neutral pH (Fig. 1B), and these compounds induced
the WIG™ strain, indicating that the activation of natural com-
petence is related to the appearance of the WIG™ phenotype.

The biofilm environment induces the WIG™ phenotype. The
biofilm has a higher natural competence than planktonic cells
(21). To show the appearance of WIG™ biofilm cells, we in-
troduced a diluted inoculum into the flow cell (see Materials
and Methods). After 16 h and 32 h of cultivation, the biofilm
was directly collected from the flow cell and plated on sucrose
agar medium. We also plated the outflow at each time point
(planktonic cells). The biofilm biomasses after 16 h and 32 h
were 3.78 X 108 CFU/ml and 7.76 X 10® CFU/ml, respectively.
The biofilm cells at 16 h and 32 h included greater numbers of
WIG™ cells than in the planktonic cells (Fig. 2). Among plank-
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FIG. 2. Presence of WIG™ cells in the biofilm and among plank-
tonic cells. Frequency is expressed as the ratio of the WIG™ colony
number to the total colony number. The presence of WIG™ cells in the
biofilm (black bars) and among planktonic cells (gray bars) is ex-
pressed as a percentage of biofilm cells at 16 h. More than 1,000
colonies were selected from at least three independent experiments.

tonic cells, the presence of WIG™ cells was slightly induced at
of 16 h culture and increased after 32 h, suggesting that the
increase in the numbers of WIG™ cells among planktonic cells
after the longer cultivation period was derived from the bio-
film.

DNA uptake affects the appearance of WIG™ cells. Activa-
tion of the com cascade allows endogenous chromosomal
DNA to be transported and allows incorporation of exogenous
DNA (9). We therefore considered that incorporation of ex-
tracellular DNA may induce the presence of WIG. This was
difficult to evaluate quantitatively because both exogenous
DNA and endogenous DNA affect the appearance of WIG™
recombination. WIG™ cells were capable of transformation
(data not shown). Therefore, the appearance of the revertant
WIG™ to WIG™ with an intact gtfBC may indicate exogenous
transformation. To test this, we used a change of phenotype in
a coculture experiment. To monitor DNA transfer, a WIG™
strain with a Kan* marker in the intergenic region between gtfB
and gifC gene was constructed as the donor cell. The WIG™
strain with Kan" also was disrupted in the rec4 gene to elimi-
nate exogenous DNA integration into its chromosomal DNA.
The constructed WIG™ strain (Kan" and Erm") lost the inte-
gration of exogenous DNA into the genome (Table 4). Addi-
tionally, the WIG™ cells (Kan* and Erm") showed a rough
morphology on plates including sucrose (Fig. 3A, panel b);
however they showed a decrease in safranin-stained biofilm
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biomass compared to that for the parental WIG™ strain in the
microtiter plate biofilm assay with sucrose (Fig. 3C). We also
inserted a spectinomycin resistance gene into the Idh gene of
the WIG™ strain. The constructed WIG™ (Spc") strain main-
tained a natural competency as did the wild type (Table 4),
with a stable smooth colony morphology (Fig. 3A, panel c); no
revertants were detected after several passages (data not
shown). Both the WIG™ (Kan' and Erm") and WIG™ (Spc")
strains showed strong inhibitory activity against S. gordonii
(data not shown). We prepared a mixed 1:4 inoculum contain-
ing the donor WIG™ and the recipient WIG™ strains and
inoculated them into BHI with horse serum. After 8 h of
coculture, we plated on Kan-Spc to select revertants from the
recipient WIG™ cells and on Spc to detect the nontransformed
recipient cells. After 2 days of culture, Kan-Spc-resistant cells
with a rough morphology were found at a level of 8.45 X 10~°
using medium with sucrose (Table 4). The gf/BC region of the
revertants was determined using long-range PCR. PCR prod-
ucts of ~9.0 kb were amplified from the chromosomal DNAs
of the parent WIG™ cells (Fig. 3B, lane 2) and the donor
WIG™ cells (Fig. 3B, lane 3), whereas a 5.0-kb product was
amplified from the chromosomal DNA of the recipient WIG ™
cells (Fig. 3B, lane 4). A randomly selected rough-morphology
colony on the Kan-Spc-sucrose plate was used for replacement
with a 9.0-kb gene fragment (Fig. 3B, lane 5). In connection
with its gene replacement, biofilm formation of the revertant
was restored to the level of the donor WIG™ strain (Fig. 3C).

DISCUSSION

The spontaneous generation of genetic variation in bacteria
can be induced using three natural methods (2): small local
changes in the nucleotide sequence of the genome, intra-
genomic rearrangement of genomic sequences, and acquisition
of DNA sequences from the environment. Previous studies
showed that the generation of the WIG™ variant was depen-
dent on endogenous DNA rearrangement of gffB and gtfC
using homologous recombination (40). Here we found that in
mixed cultures of WIG™" and WIG™ cells, the reversion from
WIG™ to WIG" was enabled with exogenous DNA uptake,
indicating that extracellular DNA recombination contributes
to the expansion of mutants in a population. In general, natural
genetic transformation in bacteria uses active uptake of extra-
cellular DNA and heritable incorporation of this genetic in-
formation (9). Most of the natural transformations in strepto-

TABLE 4. Transformation efficiencies of WIG* and WIG™ strains in single- and two-species cultures

DNA recipient strain Donor DNA“

Target transformant gene Transformant frequency”

WIG™

WIG™ (gtf BC and recA)
WIG™ (gtf BC and recA)
WIG™

WIG™ (Idh)

ldh (Spc) gene

ldh (Spc) gene

WIG™ (Spc') strain

ldh (Spc) gene

WIG™ (Kan' and Erm") strain

Spc’ 387X 1074+ 145 x 107*
Spc” ND¢

Spc’ ND

Spc” 3.34 X 10* = 2.48 x 10*
Kan* 845X 107°+381x10°°

“The Idh gene with Spc' in the donor DNA was amplified from the S. mutans FSM-11 Idh mutant. An aliquot (100 ng) of purified PCR product was added to the
BHI medium with horse serum. The WIG™ and WIG™ donor DNA strains were cocultured with the recipient strain in BHI with horse serum.

® Transformation efficiency in single cultures was determined and was expressed as the percentage of Spc-resistant cells compared to total viable cells after 2 days
of culture. With coculture, the number of recipient WIG™ cells was expressed as the percentage of Spc-Erm-resistant cells compared to Erm-resistant cells, and the
number of recipient WIG ™ cells was expressed as the percentage of Spc-Kan-resistant cells compared to Spc-resistant cells. The data are the averages and standard

deviations from three independent experiments.
“ND, not detected.
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FIG. 3. Characterization of parental WIG™ cells, donor WIG™ cells, recipient WIG ™ cells, and WIG™ revertant cells. (A) Colony morphologies
of WIG™ (a), WIG™ donor (Kan* and Erm") (b), WIG™ recipient (Spc’) (¢), and revertant (Kan* Spc’) (d) cells on BHI agar plates with 0.25%
sucrose. Colonies were observed using a stereomicroscope (Nikon). (B) Amplification of the gtfB and gtfC regions. Lane M, Styl-digested lambda

DNA,; lane 2, WIG™ cells; lane 3, donor WIG" (Kan' and Erm") cells;

lane 4, recipient WIG™ (Spc") cells; lane 5, revertant (Kan" Spc”) cells.

(C) Biofilm formation assay on a microtiter plate. Cells were grown in BHI medium with 0.25% sucrose at 37°C. Quantification of the biofilm after
20 h of cultivation was performed using the safranin staining method (see Materials and Methods). The data are expressed as means * standard

deviations for three independent experiments.

cocei are regulated by a ComDE two-component regulatory
system and the extracellular CSP level. Here we found that
endogenous and exogenous DNA recombination generates
WIG™ cells and that both were induced by the same signal
transducer, the so-called com system. The RecA-induced DNA
recombination in pneumococci is regulated by ComX (23, 24,
34), and ComY has been shown to be essential for binding
DNA to the cell surface and is also dependent on ComX (27).
We speculated that the generation of the ancestral WIG™
variant and expansion of the mutant through the uptake of
extracellular DNA may be temporally coincident in the popu-
lation. This coordinated mechanism may be required for the
release of extracellular DNA from the cell. In S. pneumoniae a
competence-specific recA transcript was shown to induce lytA4,
which is located immediately downstream of rec4 and encodes
an autolysin (23, 28). Conversely, the downstream sequence of
recA in S. mutans is different from that in S. pneumoniae, where
disruption of S. mutans SMU2083 and SMU2084, located
downstream of the recA gene, did not affect the amount of
extracellular DNA uptake (data not shown). Recent studies
indicate that S. mutans can control the expression of many of
its bacteriocins through the com system (14, 17, 46). The co-
ordination of bacteriocin production and competence suggests
that S. mutans may generate DNA for uptake using lysis of
neighboring species (17). Perry et al. (34) indicate that there
also is a relationship between competence-regulated bacterio-
cin production and cell lysis and discuss the dissemination of a

fitness-enhancing gene in the oral biofilm. We propose that
coordination among endogenous DNA recombination, exoge-
nous DNA recombination, and cell lysis through the com sys-
tem contributes to the production of heterogeneity in the
clonal population, where this complex regulatory system may
not be limited to in vitro conditions. S. mutans is organized on
biofilms, where the cells are closely packed together and mul-
tiple species of microorganisms coexist. A previous study indi-
cates that the S. mutans WIG™ variant has a stronger presence
within biofilm cells than among planktonic cells (3). Our data
are in agreement with this (Fig. 2). Oral streptococci such as S.
gordonii and S. salivarius contain WIG homologs sharing high
homology with that of S. mutans. Future research will examine
interspecies interaction through uptake of WIG.

In S. mutans, no binding motif for ComE is present in the
promoter region of ComX, suggesting a missing link between
both regulators and ComX. Recent studies reported that com-
petence in S. mutans is controlled by two different quorum-
sensing systems, ComDE and ComRS (20, 25). They proposed
a model where the ComRS system is the proximal regulator of
comX and ComDE is an upstream regulator that may be con-
nected to the ComRS system. Signaling information from com-
petence regulators such as ComDE is integrated through the
control of ComRS activity, though their effects may not direct
and could be relayed through one or more undiscovered com-
ponents (25). The disruption of SMU61, encoding comR, in the
FSM-11 strain completely inhibited the appearance of WIG ™~
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cells (data not shown). This result supports at least our con-
clusion that the appearance of WIG™ cells is regulated by
competence. However, the detailed mechanisms underlying
the integration of the ComRS and ComDE systems will need
further investigation.

E. coli and other bacteria have a highly effective response to
DNA damage, the SOS response, that minimizes the lethal and
mutagenic consequences of damage (12). Cell DNA damage
blocks the replication fork, generating a single-strand DNA
region to which RecA binds to form a nucleoprotein filament.
These complexes stimulate the self-cleavage of the LexA re-
pressor and lead to the induction of the SOS genes, including
recA. However, S. pneumoniae has a natural competence sys-
tem similar to that of S. mutans and lacks an SOS-like induc-
tion system, instead using the competence regulatory cascade
to coordinate responses to stress (36). We did not find a lex4-
like sequence in the genome database of S. mutans. Addition-
ally, acidic and oxidative stresses and mitomycin C induce the
SOS response in E. coli, resulting in accelerated natural com-
petency (Fig. 1B). Wen et al. (45) indicated that acid and
oxidative stresses are linked to the development of natural
competence. This suggests that the development of natural
competence in S. mutans maybe a substitute for the SOS re-
sponse. However, the parallel is only partial because compe-
tence was not induced by nalidixic acid and ampicillin, which
induce the SOS response in E. coli, and kanamycin and strep-
tomycin induce heat shock protein expression (41), suggesting
that stress signals are processed differently in the two species.

The number of WIG™ cell among planktonic cells increased
during prolonged cultivation periods (Fig. 2), suggesting that
the former were derived from the biofilm environment. The
biofilm biomass contents after 16 h and 32 h of cultivation were
similar. In addition, the biomass in the outflow solution also
remained unchanged using both cultivation periods (data not
shown). This indicates that after 16 h the biofilm had attained
a steady state where the intact mature biofilm does not dis-
perse after prolonged culture. Because WIG is associated with
the biofilm architecture (15, 39), the prevalence of WIG™ cells
in biofilms may change the structure, resulting in the release of
WIG™ cells. Plaque pH can be lower than 5.0 and remain so
for some time; this low pH leads to demineralization of the
enamel (42). Our data show that an acidic pH promotes the
presence of WIG ™ cells (Fig. 1A). In addition, the growth rate
of WIG™ cells with sucrose supplementation was greater than
that of the wild type (31), suggesting that carbohydrate fer-
mentation by the mutant contributes to an early shift to a more
acidic environment. Therefore, the WIG™ variant may contrib-
ute to further demineralization and development of caries. An
improved understanding of the behavior of the variant in situ
would help to determine its role in natural ecosystems.

Other than sucrose-dependent adherence, S. mutans is di-
verse in its antigenic polysaccharides that determine serotype,
and it also varies in sugar fermentation, bacteriocin type, ca-
pacity to produce acid, interaction with salivary components,
and release of surface proteins (44). In natural ecosystems,
population heterogeneity may mitigate the impact of environ-
mental perturbation because the presence of diverse members
extends the range of conditions under which the organism can
persist (7, 25). Diversity can also enhance population stability
and productivity because of cooperative interactions among
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community members (4, 5, 7, 26). Therefore, one consequence
of the appearance of the S. mutans WIG™ variant would be to
enhance fitness in the human oral environment. Our data may
help in understanding how S. mutans can adapt to the oral
environment and ultimately help explain the evolution of S.
mutans. The mechanism of the appearance of the WIG ™~ vari-
ant observed in this work may serve as a useful model for
studying population heterogeneity among species.
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