
Dental caries is known as a chronic
infectious disease that can cause signifi-
cant pain and be expensive to treat (17).
Among the complex oral microflora,
mutans streptococci, i.e. Streptococcus
mutans and Streptococcus sobrinus, have
a clear association with this disease (5, 10).
Tooth restoration as a cure for dental caries
has a long history. However, caries man-
agement by restorative treatment without
prevention is not sufficient to resolve the

worldwide caries problem. Over the past
three decades there has been a transition in
many countries towards largely preventive
and preservative caries management (17).
Nevertheless, in 2003, the World Health
Organization stated that dental caries
remains a major public-health problem
owing to its high prevalence in all regions
of the world (15). This implies that no
effective prevention strategy is currently
available. The formation of the mutans

streptococci biofilm may be a key risk
factor for caries development (2, 18).
Biofilms are microbial communities. Bac-
terial cells in biofilms secrete an organic
matrix of polysaccharides, proteins and
DNA. These components protect the path-
ogen from host defenses and provide
enhanced resistance to antimicrobial
agents (4, 8, 12, 22). The removal of the
biofilm may therefore be a strategy to
control dental caries.
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Introduction: Dental caries remains one of the most common chronic infectious diseases
throughout the world. The formation of dental plaque is one of the caries risk factors.
As a consequence, the removal of plaque may reduce the incidence of caries
development. We identified an autolysin produced by Streptococcus mutans named auto-
mutanolysin (Aml). Aml selectively lyses S. mutans and Streptococcus sobrinus. The
specificity towards these cariogenic bacteria suggests that Aml may be used to prevent
dental caries. Here, with the aim towards therapeutic application, we investigated the lytic
activity of Aml against clinical isolates of S. mutans and S. sobrinus using planktonic
cells and biofilms.
Methods: Planktonic cell suspensions and biofilms of clinically isolated streptococci
were treated with Aml in the absence or the presence of Triton X-100. The lytic activity
of Aml was monitored as the change in turbidity. The disruption of biofilms was
evaluated by detecting the released DNA by polymerase chain reaction and observing the
alteration of optical density of treated biofilms.
Results: Triton X-100 enhances the lytic ability of Aml. Using planktonic cells, Aml had
various lysis levels against clinical strains. Repeated Aml treatment showed disruption of
the biofilm using the representative clinical strains.
Conclusion: Our study demonstrates that Aml has an ability to lyse planktonic and
biofilm cells of clinically isolated mutans streptococci in the presence of Triton X-100.
These results suggest the possibility of using Aml as an alternative or additional approach
for caries prevention.
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Bacterial cell wall hydrolases (BCWH)
are enzymes that cleave bonds in the
peptidoglycan resulting in the lysis of the
bacteria. Some enzymes are able to
degrade their own peptidoglycan when
the cells are placed in unfavorable condi-
tions where such enzymes are called
autolysins (25). Because of their antimi-
crobial efficacy and safety, BCWH have
been suggested as potential alternatives to
antibiotics to treat bacterial infectious
diseases (14). We and others indepen-
dently identified the BCWH gene of
S. mutans (19). We further demonstrated
that the gene product lyses S. mutans and
designated it auto-mutanolysin (Aml) (25).
Aml (atlA) encodes a 979-amino-acid
protein and is secreted as 955 amino acids
with a molecular mass of about 100 kDa.
Aml has a modular design where the
N terminus contains five 13-amino-acid
repeats and a C-terminal enzyme active
domain. It acts as an N-acetylmuramini-
dase. Interestingly, Aml shows a strong
substrate selectivity towards the strains of
S. mutans and S. sobrinus (24, 25). This
unique activity suggests that Aml may be a
useful tool for the prevention of caries.
Here, we examined its lytic ability against
clinically isolated cariogenic streptococcal
strains under planktonic and biofilm
growth conditions.

Materials and methods

Bacterial strains and culture conditions

Streptococcal strains used in this study
were isolated from 42 patients at the
Hiroshima University Dental Hospital.
All isolates were identified as S. mutans
or S. sobrinus based on polymerase chain
reaction (PCR) amplification of the dex
DNA sequence (6). Streptococci were
grown in brain–heart infusion (BHI) broth
(Becton Dickinson and Co., Sparks, MD)
at 37�C in a 5% CO2 atmosphere without
shaking. For biofilm assays, S. mutans and
S. sobrinus strains were grown in BHI
broth supplemented with 1% (weight/vol-
ume) sucrose (BHI-S) (19). Escherichia
coli strains were grown in Luria–Bertani
(LB) broth at 37�C with vigorous shaking.
Ampicillin at 100 lg/ml was used when
necessary.

Purification of recombinant 6·His-tagged

Aml

The E. coli GY122 carrying the aml gene
in an expression vector (25) was grown to
an optical density at 660 nm (OD660) of
0.3–0.5; and the expression of 6·His-
tagged Aml was induced by the addition

of 1 mm isopropyl-b-d-thiogalactoside.
After 4 h incubation, the bacteria were
collected by centrifugation; washed twice
with 0.1 m phosphate-buffered saline
(PBS); and resuspended in 0.1 m Na2PO4,
0.01 m Tris–HCl and 8 m urea (pH 8.0).
The bacteria on ice were disrupted using
an ultrasonic disruptor (TOMY SEIKO,
Tokyo, Japan) for 20 min using ten 2-min
intervals. After centrifugation, the super-
natant was purified using a Ni-NTA aga-
rose column. The column was washed
with 0.1 m Na2PO4, 0.01 m Tris–HCl and
8 m urea (pH 6.3) until most unbound
protein had passed. The bound His·6-
tagged Aml was eluted with 0.1 m

Na2PO4, 0.01 m Tris–HCl and 8 m urea
(pH 4.5). The active fractions were pooled
and dialysed against 0.1 m phosphate
buffer containing 1 m urea and 1 m NaCl
(pH 8.0). These fractions were dialysed
against 0.1 m phosphate buffer (pH 6.3)
containing 30% ethylene glycol and used
as the Aml purified preparation.

Lytic assay for planktonic bacteria

Living cells were used as the substrate for
the lytic assay. Streptococci were grown in
BHI broth to mid-log phase; collected by
centrifugation; and washed twice with
0.1 m PBS. The cells were suspended in
lysis buffer (0.1 m sodium phosphate
buffer pH 7.0 containing 0.1 m NaCl
and 0.1 mm CaCl2) to an OD660 of 0.5
(»9 · 109 cells/ml). The suspension was
mixed with Aml to a final concentration of
10 lg/ml and incubated at 37�C with
shaking. The change in turbidity was
monitored from the OD660 at 30 min
intervals for a total of 1.5 h. In some
experiments, lysis buffer containing the
non-ionic detergent, Triton X-100, was
used. The experiment was performed in
triplicate.

Lytic assay for biofilm-forming bacteria

Biofilm formation of the bacteria was
induced as previously described with some
modifications (3). Briefly, streptococci
were grown in BHI broth overnight at
37�C in a 5% CO2 atmosphere without
shaking. The cultures were diluted 1 : 25
in BHI broth and the growth was moni-
tored to an OD660 of »0.3–0.5. These
cultures were diluted 1 : 100 in BHI-S and
the diluted culture was distributed in 96-
well microtiter flat-bottom plates (Corning,
Corning, NY). Plates were incubated for
20–24 h to allow biofilm formation. Then,
the wells were divided into four groups
and treated with (i) lysis buffer (control),

(ii) lysis buffer containing Aml (10 lg/
ml), (iii) lysis buffer containing Aml
(10 lg/ml) and Triton X-100 (0.1%) and
(iv) Triton X-100 (0.1%) only for 1 h at
37�C in a 5% CO2 atmosphere. Lysis of
biofilm-forming bacteria was assessed by
detecting released genomic DNA. For that
purpose, the housekeeping gene dexA was
probed by PCR in the treated solution.
Oligonucleotide primers mutppdex-SD1
and mutppdex-SD2 were designed to
amplify a 1252-base-pair fragment of the
dex DNA sequence of S. mutans (acces-
sion no. D49430). The sequences of
mutppdex-SD1 and mutppdex-SD2 were
5¢-TAT GCT GCT ATT GGA GGT TC-3¢
(positions 973–992) and 5¢-AAG GTT
GAG CAA TTG AAT CG-3¢ (positions
2244–2225), respectively. Oligonucleotide
primers sobdex-F and sobdex-R were
designed to amplify a 1606-base-pair
fragment of the dex DNA sequence of
S. sobrinus (accession no. M96978). The
sequence of sobdex-F and sobdex-R were
5¢-TGC TAT CTT TCC CTA GCA TG-3¢
(positions 134–153) and 5¢-GGT ATT
CGG TTT GAC TGC-3¢ (positions
1743–1726), respectively (6). PCR was
performed using a 25-ll reaction mixture
initially denatured at 94�C for 2 min;
followed by 30 cycles of denaturation at
94�C for 20 s, annealing at 49�C for 30 s
and extension at 72�C for 1 min; and then
a final extension for 5 min at 72�C. The
PCR products were evaluated using 1%
agarose gel electrophoresis in Tris–borate–
ethylenediaminetetraacetic acid buffer and
stained with ethidium bromide solution.
The gels were photographed using a
Printgraph (ATTO Corp., Tokyo,
Japan); and the band intensity was analy-
sed with NIH Image (version 1.63; http://
rsb.info.nih.gov/nih-image/). All data are
represented as relative values to the marker
density; and then DNA concentrations
were calculated.
In some experiments, biofilm cells were

repeatedly treated with the Aml enzyme
solution. The enzyme solution was changed
every 30 min and was followed by moni-
toring the change of the biofilm density
using a microplate reader (ImmunoMini
NJ2300, Inter Medical, Tokyo, Japan) at
620 nm for a total of 5 h (23). Lysis buffer
was used as a sample control. All experi-
ments were performed in triplicate.

Results

Aml activity against clinically isolated

planktonic streptococci

To investigate the susceptibility of cario-
genic bacteria to Aml, clinically isolated
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streptococci were used as the substrates for
the lytic assay. Our previous study sug-
gested that Triton X-100, a non-ionic
detergent, may increase the lytic activity
of the autolysin (11); and therefore we
studied the lytic activity of an Aml
solution containing Triton X-100 using
S. mutans #28 as the substrate. As shown
in Fig. 1A, at concentrations over 0.05%
Triton X-100 enhanced Aml activity. We
therefore assessed the lytic activity of Aml
solution containing 0.1% Triton X-100
against 40 S. mutans and nine S. sobrinus
clinical strains. Clinically isolated
S. mutans were all susceptible to lysis by
the Aml solution though the susceptibility
varied among strains (Fig. 1B). Clinical

S. sobrinus appeared to be more suscepti-
ble to lysis by Aml than S. mutans;
however, one strain (S. sobrinus strain
number 5) was resistant to Aml (Fig. 1C).

Aml disrupts the biofilm of clinical

streptococcal isolates

To investigate the capability of Aml to
disrupt the biofilm, we measured the DNA
release from biofilm-forming cells by the
lytic action of Aml. Clinically isolated
streptococci were inoculated in 96-well
microtiter flat-bottom plates. Twenty-four-
hour biofilms were treated with Aml in the
absence or the presence of Triton X-100
using buffer alone or buffer with Triton

X-100 as controls. The ability of Aml to
disrupt bacterial cells in the biofilm of
tested strains was assessed by detecting the
released DNA by PCR; if Aml disrupts
biofilm cells and chromosomal DNA is
released into the enzyme solution, then the
amplified DNA fragments will be shown
as a visible discrete band. Fig. 2 shows the
amplification products of the supernatant
from biofilm samples of representative
S. mutans (A) and S. sobrinus (B) strains.
The PCR products of the dex gene were
clearly amplified using the supernatant of
the treated sample containing Aml in the
presence of Triton X-100; and to a lesser
extent with Aml alone. In contrast, the
treated lysis buffer alone or the treated

A B

C 

Fig. 1. Lytic activity of Aml in the absence or presence of Triton X-100 (TRX-100) using clinically isolated Streptococcus mutans and Streptococcus
sobrinus planktonically. (A) TRX-100 enhances lytic activity of Aml against a representative strain. Treatments: 1, Lysis buffer; 2, Aml; 3, Combination I
(Aml and 0.05% TRX-100); 4, Combination II (Aml and 0.1% TRX-100); 5, Combination III (Aml and 0.5% TRX-100); 6, Combination IV (Aml and
1%TRX-100); and 7, 0.1% TRX-100 only. Susceptibility of clinically isolated S. mutans (m4–m44) (B) and S. sobrinus (s2–s10) (C) against Aml in the
presence of 0.1% TRX-100. All data represent the mean of the percentages of the initial optical density of n = 3. Error bars indicate the standard error.
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lysis buffer containing Triton X-100
resulted in faint or no amplification. These
results indicated that Aml was able to

disrupt the cells in the biofilm of tested
strains, particularly in the presence of
Triton X-100, although the lytic activity

was far less than that of the planktonic
bacteria. Because S. sobrinus #5 was not
lysed planktonically, we measured Aml
lytic activity against the S. sobrinus #5
biofilm using the PCR assay. There was no
amplification of DNA fragments even in
the treated lysis buffer containing Triton
X-100 (data not shown).
To further evaluate the lytic ability of

Aml on biofilm-forming cells, repeated
Aml treatments were performed using
S. mutans #28. The degradation of the
biofilm was visualized by monitoring the
optical density of the titer plates with
biofilms (23). As shown in Fig. 3, the
difference in biofilm density was apparent
after 1 h of treatment. Biofilms treated
with Aml in the presence of Triton X-100
showed a dramatic time-dependent
decrease in the optical density. Aml alone
showed less lytic activity against the
biofilm, whereas the control group showed
minimal change. This result clearly dem-
onstrates that Aml, especially in the pres-
ence of Triton X-100, has the ability to
degrade biofilm architecture. The repre-
sentative clinical strains were all suscepti-
ble to repeated Aml treatments in the
presence of Triton X-100 although the
susceptibility varied among strains
(Fig. 3B).

Discussion

Aml was able to disrupt planktonic and
biofilm cells of clinical mutans streptococ-
cus isolates; and the activity was increased

Fig. 2. Aml destroys biofilm of representative strains: Streptococcus mutans (A) and Streptococcus
sobrinus (B). Biofilms were treated with Aml or combinations with TRX-100. After treatment, DNA
concentrations (1) and PCR products (2) were evaluated. Sources of DNA: lane 1, Lysis buffer; lane
2, Aml; lane 3, Combination of Aml and 0.1% TRX-100 and lane 4, 0.1% TRX-100 only. All data
represent the means of the DNA concentrations of n = 3. Error bars indicate the standard error.

A B

Fig. 3. Repeated Aml treatments show greater disruption of the biofilm. Biofilm of representative strain (Streptococcus mutans #28) (A) was treated with
the three groups of buffers as described in the Materials and methods section. Buffers were changed every 30 min and followed by monitoring the change
of biofilm density for 5 h. Symbols: m, Aml; ·, Combination (Aml and 0.1% TRX-100); •, Lysis buffer containing 0.1% TRX-100. (B) Biofilms of
clinically isolated S. mutans (m) and Streptococcus sobrinus (s) representative strains were treated with a combination of Aml and 0.1% TRX-100. Each
data point represents the mean optical density obtained from n = 3 microtiter plate wells. Error bars indicate the standard error.
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in the presence of Triton X-100 (11). The
mechanism of Triton X-100-induced acti-
vation of Aml remains unknown. Specu-
latively, the Triton X-100 treatment may
remove some cell-wall-associated material
such as protein or lipoteichoic acid and
may uncover the peptidoglycan structure
to allow Aml easy access to the substrate
(11). This cooperative action may be
useful because commercial toothpastes
and mouth rinses already contain such
detergents to increase consumer appeal
and function (1, 7, 13).
The selectivity of Aml to S. mutans and

S. sobrinus benefits the application of Aml
in the mouth. General and even local use
of antibiotics are likely to induce microbial
substitution in oral flora and increase the
number of opportunistic pathogens such as
Candida albicans (21); whereas Aml treat-
ment may only affect mutans streptococci
and not destroy beneficial oral microflora.
Using a similar idea, a trial application
of lysostaphin for Staphylococcus aureus
infection control is being performed (9).
Lysostaphin is one of the BCWH produced
by Staphylococcus simulans biovar. staph-
ylolyticus (16, 20). It acts as a Gly-Gly
endopeptidase which selectively cleaves
pentaglycine bridges in the cell wall of
staphylococci and targets S. aureus and
Staphylococcus epidermidis. Lysostaphin
has been shown to be effective not only on
planktonic but also on biofilm-forming
staphylococci (23).
The molecular mechanism of how Aml

distinguishes S. mutans and S. sobrinus
from other oral streptococci is unknown.
One strain, S. sobrinus #5, showed com-
plete resistance to Aml both planktonically
and in the biofilms (Fig. 1C). To determine
how Aml draws a distinction between
susceptible and resistant strains, viable
cells, heat-inactivated cells and purified
peptidoglycan of both strains were tested
as substrates for Aml. The results suggest
that Aml recognizes and differentiates
between susceptible and resistant strains
based on their peptidoglycan structure
(unpublished observation). Consequently
structural characterization of S. sobrinus
#5 is being performed.
It is known that in the oral environment

most bacteria are present in biofilms. They
encase themselves in a hydrated extra-
cellular polymeric substance matrix that
protects them from the harmful environ-
ment (4, 8, 12, 22). It is possible to assume
that bacterial cells in the biofilm are less
susceptible than those in the planktonic
form to lysis by exogenously added bac-

teriolytic enzyme as a result of hindrance
by the matrix architecture. Here we dem-
onstrated that the biofilm of mutans strep-
tococci are far less susceptible to lysis by
Aml than the planktonic mutans. Never-
theless, repeated Aml treatments have the
potential to eliminate and disrupt the
mutans streptococcus biofilm. Lysostaphin
was shown to destroy the biofilm of
S. aureus suggesting that lysostaphin is
able to destroy the extracellular matrix of
S. aureus (23). Similarly, Aml may target
the extracellular matrix of mutans strepto-
cocci which possibly contains components
of the cell wall. The inability of Aml to
disrupt the S. sobrinus #5 biofilm further
supports this view. Consequently, this
study raises the possibility of using Aml
in clinical settings. In future studies we
will improve the lytic activity against
biofilm-forming bacteria and use animal
experiments to prove its effectiveness
in the killing of cariogenic streptococci
in vivo.
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