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Streptococcus mutans often survives as a biofilm on the tooth surface and contributes to the development of dental caries. We
investigated the efficacy of ClyR, an engineered chimeolysin, against S. mutans biofilms under physiological and cariogenic con-
ditions. Susceptibility tests showed that ClyR was active against all clinical S. mutans isolates tested as well as S. mutans biofilms
that displayed resistance to penicillin. The S. mutans biofilms that formed on hydroxyapatite discs under physiological sugar
conditions and cariogenic conditions were reduced �2 logs and 3 logs after treatment with 100 �g/ml ClyR, respectively. In
comparison, only a 1-log reduction was observed in the chlorhexidine gluconate (ChX)-treated group, and no killing effect was
observed in the NaF-treated group. A mouse dental colonization model showed that repeated use of ClyR for 3 weeks (5 �g/day)
reduced the number of colonized S. mutans cells in the dental plaques significantly (P < 0.05) and had no harmful effects on the
mice. Furthermore, toxicity was not noted at concentrations exceeding those used for the in vitro and in vivo studies, and ClyR-
specific antibodies could not be detected in mouse saliva after repeated use of ClyR in the oral cavity. Our data collectively dem-
onstrate that ClyR is active against S. mutans biofilms both in vitro and in vivo, thus representing a preventative or therapeutic
agent for use against dental caries.

Streptococcus mutans, as an initiator of dental caries, possesses
unique virulence factors that play an important role in caries

formation (1, 2). The ability of S. mutans to form biofilms, also
known as dental plaque, on tooth surfaces allows the subsequent
coaggregation of more fastidious organisms (3). The acidogenic
and aciduric properties of S. mutans allow it to metabolize sucrose
to lactic acid and to grow at low pH values (4). The acid formation
leads to the dissolution of calcium and phosphate in tooth enamel,
causing tooth decay, and further promotes adhesion of additional
bacteria (5, 6). Thus, the biofilm-forming bacterium S. mutans has
been reported to be the primary etiological agent of human dental
caries (7).

Most current dental therapies include mechanical removal or
broad-spectrum antimicrobial treatments that are focused on
eradicating the dental plaque (8). Sodium fluoride (NaF) at 0.05%
and chlorhexidine gluconate (ChX) at 0.12% are two different
types of antimicrobials used clinically in toothpaste and mouth-
washes to reduce plaques and prevent caries (9–11). However, the
ability to rapidly form biofilms enhances the virulence of S. mu-
tans and protects the bacteria from the activities of the antimicro-
bial agents (12). Vaccine strategies have been proposed to be a way
to protect from S. mutans, but to date, none have been successful
and streptococcal antigens may cause other health issues (13).
Therefore, improved approaches are needed to prevent and re-
move the biofilms of S. mutans.

Bacteriophage-encoded lysins are peptidoglycan hydrolases
that digest the bacterial cell wall, leading to the rapid lysis of sus-
ceptible Gram-positive bacteria when applied externally (14). In
the last decade, natural and engineered lysins have been demon-
strated extensively to be therapeutic agents with activity against
various Gram-positive pathogens both in vitro and in vivo (15–
17). Some investigations have also shown the activities of several

lysins against staphylococcal biofilms (16, 18) and streptococcal
biofilms (19–21), indicating the advantages of lysins over tradi-
tional antibiotics in removing biofilms. However, no studies to
date have reported on lysins effective against S. mutans biofilms.
ClyR is a chimeolysin engineered from two parental streptococcal
lysins and is the first lysin reported to be active against planktonic
S. mutans cells (22). In the present study, we report the efficacy of
ClyR in preventing and removing biofilms formed by S. mutans
under both physiological and cariogenic conditions.

MATERIALS AND METHODS
Bacterial strains. Bacterial strains (see Table S1 in the supplemental ma-
terial) were grown at 37°C. Planktonic cells of the S. mutans strains were
grown in Todd-Hewitt broth supplemented with 2% yeast extract (THY)
medium (Becton, Dickinson and Co., USA). For production of biofilms,
THY medium was supplemented with 0.1 mM glucose to mimic physio-
logical conditions or 1% glucose (56 mM) or 5% sucrose (146 mM) to
mimic cariogenic conditions. S. mutans-containing clinical samples were
isolated from the dental plaques of children, each of whom had a decayed-
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missing-filled tooth (DMFT) index of greater than 4 (23). The human
experiments were approved by the Research Ethics Committee of the
Hospital of Stomatology, Wuhan University (approval no. 2013-32). All
clinical isolates were identified by 16S rRNA gene sequencing analysis
combined with analysis with a biochemistry identification kit following
the vendor instructions (Tianhe Microbial, Inc., Hangzhou, China). Esch-
erichia coli BL21(DE3) were grown in Luria broth (LB) medium.

MIC determination. The susceptibilities of planktonic cells of the S.
mutans isolates to penicillin were determined by microtiter broth dilution
as described by the Clinical and Laboratory Standards Institute (24). The
MIC was defined as the lowest concentration of antibiotic inhibiting vis-
ible growth.

Quantification of ClyR lytic activity. ClyR was expressed in E. coli
BL21(DE3) and purified by Ni-nitrilotriacetic acid affinity chromatogra-
phy, and lytic activity on S. mutans ATCC 25175 cells was determined as
previously described (22) with minor modifications. Briefly, overnight
cultures of various S. mutans strains (see Table S1 in the supplemental
material) were centrifuged, and the pellets were resuspended in phos-
phate-buffered saline (PBS). The cells were then mixed 1:1 with an equal
volume of ClyR (25 �g/ml) to a final optical density at 600 nm (OD600) of
0.8 to 1.2, and the OD600 was monitored by use of a microplate spectro-
photometer (SpecraMax 190; Molecular Devices, USA) every 15 s for 20
min at 37°C. Bacteriolytic activity (i.e., susceptibility) was quantified as
the reduction in turbidity, measured as the difference between the OD600

of ClyR-treated wells and the OD600 of PBS-treated wells at the final time
point, and was recorded as the drop in the OD600 (i.e., –OD600). To test
the dose-dependent lytic activity of ClyR, S. mutans ATCC 25175 was
treated with ClyR (0 to 25 �g/ml) at 37°C, and the turbidity reduction
over 20 min was measured as described above. Alternatively, S. mutans
MT8148 was treated with ClyR (0 to 100 �g/ml) for 60 min at 37°C,
growth was monitored by a Synergy H1 microplate reader (BioTek, USA),
and the viable cell number was calculated by serial dilution plating at the
10-min time point to enumerate the remaining CFU.

Crystal violet assay. An overnight culture of S. mutans ATCC 25175 (1
ml) was mixed with 500 �l of fresh THY medium supplemented with 0.1
mM glucose in 24-well CellBIND plates (Corning, USA). After an addi-
tional 24 h of incubation at 37°C in 5% CO2, the liquid was aspirated and
samples were washed with PBS to remove unattached cells. The biofilms
were treated for 1 h with penicillin (100 �g/ml), ClyR (25 to 400 �g/ml),
ChX (0.12%), or NaF (0.05%). After incubation, the liquid was again
aspirated and the biofilms were washed with PBS and allowed to dry
overnight. On the following morning, the biofilms were stained with 0.1%
crystal violet for 15 min at room temperature and washed three times with
PBS. The crystal violet was extracted from the biofilm matrix with 1% SDS
and quantified in a spectrophotometer at OD590.

Treatment of biofilms on hydroxyapatite discs. Sterile hydroxyapa-
tite discs (5 mm in diameter by 2 mm thick; Clarkson Chromatography
Products, Inc., USA) were individually placed in 24-well plates containing
1 ml of S. mutans ATCC 25175 and mixed with 500 �l of fresh THY
medium with 0.1 mM glucose. After 24 h of incubation at 37°C in 5% CO2

to allow bacterial adhesion, the liquid was aspirated and the discs were
washed three times with PBS, separated into three groups, and placed in
new 24-well plates for treatment. In group 1, 1 ml of ClyR (25 to 400
�g/ml), ChX (0.12%), or NaF (0.05%) was added to each well for 30 min.
The discs were then washed with PBS three times before being transferred
into 500 �l of PBS in sterile centrifuge tubes. The tubes were sonicated
twice by sonication procedures consisting of three 10-s pulses with a 5-s
interval between each pulse. An aliquot (100 �l) of the suspension was
serially diluted to 104 and plated on THY medium plates. The plates were
incubated at 37°C in 5% CO2 overnight, and the residual CFU was enu-
merated. For the other two treatment groups, the discs were exposed 3
times per day for 30 min each time to 1 ml of either 1% glucose (55.6 mM)
(group 2) or 5% sucrose (146 mM) (group 3). One milliliter of ClyR (25 to
400 �g/ml), ChX (0.12%), or NaF (0.05%) was added after the first and
the last exposure of the day for 30 min in each of the two groups. These

procedures were repeated for the next 2 days, and after each sugar expo-
sure and treatment, the liquid was aspirated and the discs were washed
three times with PBS before being placed in fresh THY medium. At the
end of the second day of cariogenic exposure and treatment, bacterial
viability was enumerated as described above for the first treatment group.

Electron microscopy. Planktonic S. mutans MT8148 cells were ex-
posed to 50 �g/ml ClyR or PBS, cross-linked with 2.5% glutaraldehyde
after 5 min of incubation, and viewed by thin-section transmission elec-
tron microscopy (TEM) using a Tecnai G2 20 Twin TEM (FEI, Hillsboro,
OR). Alternatively, S. mutans MT8148 biofilms were grown on a round
cover glass (tissue culture treated; Nest, USA) in 6-well plates (Nest, USA)
for 24 h, washed twice with PBS, and then treated with 1 ml of 50 �g/ml
ClyR or PBS for 5 min before they were washed twice with PBS and fixed
with 2.5% glutaraldehyde. The sample was dehydrated using graded eth-
anol and subjected to scanning electron microscopy (SEM) on an SU8010
SEM (Hitachi, Japan).

Confocal laser scanning microscopy (CLSM). S. mutans MT8148
biofilms were grown in THY medium on confocal dishes (Nest, USA) for
72 h, washed twice with PBS, and treated with 1 ml of ClyR (50 �g/ml) for
5 min. The biofilms were then labeled with the Live/Dead Bac-Light bac-
terial viability stain (Invitrogen, USA) for 15 min, washed twice with PBS,
and imaged by a confocal fluorescence microscope (UltraVIEW VoX;
PerkinElmer, USA). The Volocity (version 6.3.0) software supplied with
the instrument was used for three-dimensional image reconstruction and
subsequent calculations.

Mouse dental assay. All animal experiments were conducted with
the approval of the Animal Experiments Committee of the Wuhan
Institute of Virology, Chinese Academy of Sciences (approval no.
WIVA17201401). Female BALB/c mice (6 weeks old) were fed a diet
supplemented with 0.1% ampicillin, 0.1% chloramphenicol, 0.1% car-
benicillin, and water containing 4,000 U/ml penicillin for 3 days. Starting
on the 4th day, mice were infected orally with S. mutans MT8148 cells
twice a day for 6 days and provided a cariogenic Keyes 2000 diet (25)
(containing 56% powdered sucrose to facilitate implantation of S. mutans
and initiation of plaque formation) and sterile water. For each infection, a
total bacterial suspension volume of 200 �l (2 � 109 CFU/ml) was divided
into 10 parts and inoculated by pipette. Water was withheld for 30 min
after each inoculation. When the 6-day inoculation was completed, mice
were randomly divided into two groups. Mice were treated orally with 100
�l ClyR (50 �g/ml), divided into 10 equal parts for administration (group
1, n � 7), or 100 �l PBS (group 2, n � 7) once a day for 3 weeks. Beginning
at the onset of treatment and continuing for 5 weeks, the viable cell num-
ber within the dental plaques of each mouse, collected by the use of oral
swabs, was determined. The swabs were placed in 400 �l PBS, sonicated
for 1 min, and plated on mitis salivarius-bacitracin agar plates containing
15% sucrose, 0.2 �g/ml bacitracin, 0.001% potassium tellurate for enu-
meration of the plaque CFU. After the 3-week treatment, the serum and
saliva were monitored for the presence of ClyR-specific antibodies for
another 2 weeks by enzyme-linked immunosorbent assay (ELISA), as de-
scribed previously (22). The body weight of each mouse was also mea-
sured weekly.

Cytotoxicity testing. The cytotoxicity of ClyR against Caco-2 and
CHO cells was determined by a Cell Counting Kit-8 (CCK-8) assay (Do-
jindo Molecular Technologies, Kumamoto, Japan) according to the man-
ufacturer’s protocol. Caco-2 and CHO cells were grown in Dulbecco’s
modified Eagle medium (DMEM; Sigma-Aldrich, Shanghai, China) sup-
plemented with 10 to 15% fetal bovine serum, 1% penicillin, and 1%
streptomycin in a humidified atmosphere of 5% CO2 at 37°C. To perform
the CCK-8 assay, Caco-2 and CHO cells were seeded in 96-well plates at a
density of 5,000 cells per well and incubated under conditions of 5%
CO2 at 37°C for 24 h. The cells were then exposed to a series of con-
centrations of ClyR (0, 125, 250, 500, 1,000, 2,000 �g/ml) for another
24 h. Afterwards, the contents of the plates were replaced with fresh
medium containing 10% CCK-8 solution and incubated at 37°C for
1.5 h. The final optical density at OD450 was noted by use of a micro-
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plate reader (SynergyH1; BioTek, USA). The results were expressed as
relative cell viability, expressed as a percentage of the growth of cells in
control wells treated with PBS only.

Statistical analysis. Experimental data are presented as means � stan-
dard errors of means. Student’s t tests were performed for the statistical
analysis. P values of �0.05 and �0.01 were considered statistically signif-
icant and very significant, respectively.

RESULTS
Lytic activity of ClyR against planktonic S. mutans cells. Our
previous study demonstrated that ClyR was active against numer-
ous streptococcal species, including S. mutans (22). In the present
study, the time-killing curves for ClyR and the dose-dependent
bactericidal activity of ClyR against an extended range of labora-
tory and clinical S. mutans isolates were further determined. As
shown in Fig. 1A, a rapid decrease in cell turbidity was observed
when S. mutans MT8148 cells were treated with 25 to 100 �g/ml
ClyR. A corresponding 90% decrease in cell viability (�1.1 logs)
was achieved after treatment with 100 �g/ml ClyR for only 10 min
(Fig. 1B). Likewise, a dose-dependent lytic activity of ClyR against
S. mutans ATCC 25175 was also observed at low concentrations (0
to 25 �g/ml) (see Fig. S1 in the supplemental material). TEM
analysis revealed that untreated S. mutans MT8148 cells had an
intact cellular morphology and peptidoglycan integrity (Fig. 1C);
however, after exposure to ClyR for 5 min, an obvious breach of
the peptidoglycan was seen at multiple sites, resulting in disrup-
tion of the bacterial membrane and ejection of cellular contents
(Fig. 1D). These observations are consistent with those of previ-

ously published reports of lysin-mediated osmotic lysis of Gram-
positive bacteria (26).

We also tested the susceptibility of a wide range of S. mutans
strains to ClyR since our initial study included only a few strains
(22). We tested 15 well-characterized strains available from com-
mercial collections, including representatives of the c, e, f, and d/g
serovars, as well as 10 clinical isolates from children with a DMFT
index of greater than 4 (see Table S1 in the supplemental mate-
rial). The turbidity reduction analysis showed that ClyR was active
against all S. mutans strains tested (Fig. 2), demonstrating the
robust activity of ClyR against S. mutans.

In vitro antibiofilm activity of ClyR. We tested the activity of
ClyR against biofilms formed by S. mutans in comparison with the
activities of antibiotics (i.e., penicillin) and chemotherapeutic
agents (i.e., NaF [27] and ChX [28], which are commonly used in
toothpaste or mouth rinses as a precaution against dental caries).
Table S1 in the supplemental material shows that planktonic cells
of most of the S. mutans strains tested were susceptible to penicil-
lin (22/23), with MICs being below 0.06 �g/ml for all strains ex-
cept S. mutans B8. We initially examined the antibiofilm activity
of penicillin against S. mutans ATCC 25175. The crystal violet
assay demonstrated that 100 �g/ml penicillin had no appreciable
effect on the biofilm biomass, suggesting that S. mutans ATCC
25175 cells within biofilms were at least 3,300-fold more resistant
to penicillin than their planktonic counterparts (Fig. 3). In con-
trast, these biofilms were susceptible to ClyR at concentrations of
25 �g/ml or greater, with a biomass reduction of over 80% being

FIG 1 Lytic activity of ClyR against planktonic S. mutans cells. (A) Time-killing curves of ClyR. The turbidity of S. mutans MT8148 cells treated with different
concentrations of ClyR at 37°C for 60 min was monitored by a microplate reader. (B) Dose-dependent lytic activity of ClyR. S. mutans MT8148 cells were treated
with different concentrations of ClyR at 37°C for 10 min, and the residual cell numbers were calculated by plating. (C) TEM image of untreated S. mutans MT8148
cells. (D) TEM image of S. mutans MT8148 cells exposed to 50 �g/ml ClyR for 5 min. Bars � 0.5 �m.
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observed after treatment with 100 �g/ml ClyR, similar to that
achieved with 0.05% NaF or 0.12% ChX.

Next, we tested the activity of ClyR against S. mutans biofilms
formed on hydroxyapatite discs, representing the tooth enamel,
under normal physiological sugar conditions and cariogenic con-
ditions in comparison with that of 0.05% NaF and 0.12% ChX.
Under physiological conditions (i.e., 0.1 mM glucose), the activity
of ClyR against S. mutans biofilms showed a dose-response rela-
tionship, with reported killing of �1 log at 50 �g/ml, �2 logs at
100 �g/ml, and �3 logs at 200 �g/ml (Fig. 4A). In comparison,
ChX caused a reduction of only �1 log and NaF did not demon-
strate any killing compared to that achieved with the PBS-treated
controls. Under cariogenic condition with 1% glucose (Fig. 4B) or
5% sucrose (Fig. 4C), ClyR treatment again achieved �1-log kill-

FIG 2 Susceptibility of S. mutans isolates to ClyR. Reference as well as clinical
S. mutans isolates representing several serotypes were washed once with PBS
and resuspended to a final OD600 of 0.8 to 1.2. After the cells were treated with
25 �g/ml of ClyR at 37°C for 20 min, lytic activity was quantified by determi-
nation of the net change in the OD600, obtained by subtraction of the OD600 for
treated cells from the OD600 for PBS-treated control cells. Experiments were
done in triplicate, and the error bars show the standard deviations.

FIG 3 ClyR displays dose-dependent antimicrobial activity against biofilms of
S. mutans ATCC 25175. The amount of biofilm in each well is represented by
the quantity of crystal violet staining of biomass at the OD590 for each concen-
tration of ClyR as well as penicillin (PCN), NaF, and ChX. Experiments were
done in triplicate, and the error bars represent the standard deviations.

FIG 4 ClyR displays bactericidal activity against S. mutans biofilms grown on
hydroxyapatite discs under normal and cariogenic conditions. (A) Normal
oral sugar conditions with 0.1 mM glucose; (B) cariogenic oral sugar condi-
tions with 1% glucose (55.6 mM); (C) cariogenic oral sugar conditions with
5% sucrose (146 mM). Experiments were done in triplicate, and the error bars
represent the standard deviations.
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ing at 50 �g/ml and �2-log killing at 100 �g/ml, although higher
doses did not appreciably increase the log fold killing. Likewise,
ChX produced �1-log killing under both conditions and NaF
performed poorly (�0.25-log killing under conditions with 1%
glucose and no killing under conditions with 5% sucrose). These
results collectively show that ClyR has robust antibiofilm activity
against S. mutans under both physiological and cariogenic condi-
tions.

Microscopy analysis of S. mutans biofilms treated with ClyR.
SEM and CLSM were used to study the changes in biofilm mor-
phology and composition after treatment with ClyR. As shown in
Fig. 5A, S. mutans MT8148 cells cultured for 24 h formed smooth
biofilms on a cover glass. After treatment with 50 �g/ml ClyR for
5 min, the cells began to lyse, resulting in the formation of ghost
cells (Fig. 5B), suggesting that ClyR was able to disrupt S. mutans
biofilms by direct cell killing. This phenomenon is consistent with
what is observed when Streptococcus pyogenes biofilms are treated
with the PlyC lysin (19).

CLSM analysis of S. mutans MT8148 biofilms cultured for 72 h
without ClyR treatment showed heavy green fluorescence (indi-
cating viable cells), which was the result of staining by the Syto9
component of the Live/Dead stain. Dead cells, as indicated by
staining by the red propidium iodide component of the Live/Dead
stain, naturally appeared in the biofilm at a low frequency (Fig.
5C). Further analysis illustrated that the height of the intact S.
mutans biofilm was 12.67 � 1.97 �m, and the ratio of dead cells to
live cells was 0.39 � 0.015 (Fig. 5C). After treatment with 50 �g/ml
ClyR for 5 min, the percentage of viable cells decreased signifi-
cantly compared with that for the untreated controls (P � 0.05),
with the ratio of dead cells to live cells increasing to 1.09 � 0.088
(Fig. 5D). As a result of the robust activity of ClyR, the height of
the S. mutans biofilm decreased to 7.88 � 0.80 �m (Fig. 5D),

which was a significant (P � 0.01) decrease compared with the
height of the untreated controls (Fig. 5C).

Mouse dental colonization model. The in vivo activity of ClyR
against S. mutans MT8148 was evaluated in a mouse dental colo-
nization model. As shown in Fig. 6A, the average number of S.
mutans cells in ClyR-treated mice was significantly decreased
compared to the average number in PBS-treated control mice over
the entire course of the 5-week experiment (P � 0.05), and a
decrease in viable cell numbers of �1.5 logs was still observed 2
weeks after the cessation of ClyR treatment. No significant differ-
ence (P � 0.48) in body weight was observed between the ClyR-
and PBS-treated groups (Fig. 6B). As a protein therapeutic, ClyR
evoked a detectable immune response in mouse serum after re-
peated oral administration (Fig. 6C). However, no ClyR-specific
antibody was detected in mouse saliva after repeated oral admin-
istration (Fig. 6D), suggesting that potential neutralizing antibod-
ies are avoided when ClyR is used for oral applications.

Cytotoxicity assay. The CCK-8 assay showed that CHO cells
were more susceptible to ClyR than Caco-2 cells, demonstrating a
dose-dependent profile. No obvious cytotoxicity was observed in
either cell line at ClyR concentrations of less than 500 �g/ml (Fig.
7). A relative cell viability of 50% was observed for CHO cells after
exposure to 1,000 �g/ml ClyR for 24 h, whereas Caco-2 cells dis-
played 77% viability when exposed to 2,000 �g/ml ClyR, the high-
est concentration tested, for the same amount of time.

DISCUSSION

Considerable interest in the use of bacteriophage lysins for spe-
cies-specific antimicrobial chemotherapy has occurred in the past
15 years as the incidence of antibiotic resistance continues to rise
(16). Lysins have been isolated from every major Gram-positive
pathogen and have been characterized, and corresponding in vivo
efficacy models have been described for many of these enzymes.
For example, PlyGBS has been tested in a vaginal model of Strep-
tococcus agalactiae infection (29); PlyCD has been tested in a gas-
trointestinal model of Clostridium difficile infection (30); CF-301
has been tested in a model of Staphylococcus aureus septicemia;
and Cpl-1 has been tested in models of blood pneumococcal in-
fection (31), endocarditis caused by pneumococci (32), meningi-
tis caused by pneumococci (33), and lung pneumococcal infection
(34). Despite demonstrated success in all of these animal models,
potential issues surrounding delivery, pharmacokinetics, and im-
munological consequences remain to be worked out for the vagi-
nal, gastrointestinal, blood, cerebrospinal fluid, and lung applica-
tion of lysins. Therefore, a monospecies infection whereby a lysin
can be applied topically/orally is desired for the initial transla-
tional development of this technology. Toward this end, S. mutans
has long been viewed as an ideal target for lysin therapy because of
its causal relationship to dental caries. However, despite the isola-
tion of multiple S. mutans phages (35), their reported lytic activity
on S. mutans biofilms (36), and sequencing of their genomes (37),
no lysin active against S. mutans had been reported until our
group created ClyR, a chimeric lysin, in 2015 (22).

The present study expanded the testing of ClyR from a few S.
mutans strains to 25 strains, including clinical isolates and isolates
of serovars c, e, f, and d/g, all of which have uniform sensitivity to
ClyR (Fig. 2). A viability reduction of �90% could be achieved
when 2.5 � 109 CFU/ml S. mutans was treated with 100 �g/ml
ClyR for only 10 min (Fig. 1B). The rapid decrease in the number
of viable cells was due to the disruption and deformation of the S.

FIG 5 Microscope analysis of S. mutans biofilms. (A and B) SEM images of
intact S. mutans MT8148 biofilms and those treated with ClyR. The S. mutans
biofilms (24 h old) were treated with PBS (A) or 50 �g/ml ClyR (B) for 5 min
and washed with PBS, and the biofilms were imaged by SEM. Bars � 5 �m. (C
and D) CLSM images of intact S. mutans MT8148 biofilms and those treated
with ClyR under an imaging box size of 17.5 �m by 14.8 �m. The S. mutans
biofilms (72 h old) were treated with PBS (C) or 50 �g/ml ClyR (D) for 5 min,
stained with the Live/Dead dyes, and imaged by CLSM.
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mutans cell wall on exposure to ClyR (Fig. 1D). These observa-
tions indicate that ClyR lyses S. mutans through degradation of its
peptidoglycan, similar to its actions against Streptococcus dysgalac-
tiae reported previously (22) and consistent with the actions of
other lysins, including PlyC (38), PlySs2 (39), PlyGBS (29), and

PAL (40). However, unlike these enzymes, which have a host
range defined by one or a few closely related species, ClyR is active
against virtually all streptococcal species (S. pyogenes, S. agalactiae,
S. dysgalactiae, Streptococcus equi, S. mutans, Streptococcus pneu-
moniae, Streptococcus salivarius, Streptococcus gordonii, Streptococ-
cus parasanguis) as well as some staphylococcal (i.e., S. aureus) and
enterococcal (i.e., Enterococcus faecalis) species (22). Thus, while
further research is required, it is speculated that ClyR may recog-
nize a common moiety shared by the peptidoglycan of many
Gram-positive pathogens rather than a species-specific teichoic
acid, as demonstrated for some lysins.

A key feature of S. mutans is its propensity to colonize the tooth
enamel as a biofilm. S. mutans cells grown in a biofilm are several
thousand times more resistant to antibiotics than their planktonic
counterparts. For example, there is no observed effect of 100
�g/ml penicillin against S. mutans ATCC 25175 biofilms com-
pared to the effect against the PBS controls (Fig. 3A), whereas
planktonic cells of the same strain have a penicillin MIC of �0.03
�g/ml (see Table S1 in the supplemental material), which may be
a part of the reason for the current difficulties in the prevention
and cure of dental caries. We therefore attempted to ascertain the
activity of ClyR against S. mutans biofilms under physiological
and cariogenic conditions. The antibiofilm activity of ClyR was
found to be comparable to or better than that of ChX or NaF, as
revealed by crystal violet staining (Fig. 3). Significantly, ChX and
NaF are commonly used as the active ingredients in toothpastes

FIG 6 Mouse dental colonization model. (A) Mice were provided with a cariogenic diet, infected orally with S. mutans MT8148 for 6 days (8 � 108 CFU/mouse/
day), and treated with ClyR (5 �g/mouse/day) once a day for 3 weeks. Starting on the first day that ClyR was administered, the viable cell count within dental
plaques collected from each mouse by use of oral swabs was calculated, and the plaques were plated for 5 weeks. PBS-treated groups were used as controls. (B)
Body weight of mice during the experiment. (C and D) Test of immunity induced by ClyR-specific antibodies. After ClyR treatment, mouse serum (C) or saliva
(D) was collected weekly, and the titers of the ClyR-specific antibodies in each sample were detected by ELISA. * and **, P � 0.05 and P � 0.01, respectively.

FIG 7 Relative viability of Caco-2 and CHO cells exposed to different concen-
trations of ClyR. Cells were cultured in DMEM supplemented with 10 to 15%
fetal bovine serum, 1% penicillin, and 1% streptomycin for 24 h. After the cells
were exposed to a series of concentrations of ClyR (0, 125, 250, 500, 1,000,
2,000 �g/ml) for another 24 h, the relative viability of the cells after each
treatment was determined by the CCK-8 assay.
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and mouth rinses at the concentrations tested in the present study
to prevent dental caries. When similar biofilm tests were extended
to hydroxyapatite discs to replicate growth on the tooth enamel,
ClyR outperformed ChX by �2 logs under normal sugar condi-
tions and by �1 log under cariogenic conditions (Fig. 4). Surpris-
ingly, NaF had little to no effect on S. mutans biofilms when they
were grown on hydroxyapatite discs under all conditions.

The results collectively demonstrate that ClyR has robust lytic
activity against both planktonic and biofilm S. mutans cells and
under both physiological and cariogenic conditions on dental sur-
faces in vitro and in vivo. Furthermore, despite the formation of
anti-ClyR antibodies in the serum, no neutralizing antibodies
could be detected in the saliva after repeated exposure. Finally,
toxicity was not observed at concentrations exceeding those used
for the in vitro and in vivo experiments. When these findings are
taken together, ClyR represents a potential topical prevention
and/or therapeutic agent for dental caries that avoids the delivery,
pharmacokinetic, and immunological issues associated with the
development of other lysins for their infection niches.
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