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Abstract : Enferococcus faecium, a lactic acid bacterium, is a normal bowel commensal inhabitant that is
rarely found in the oral cavity. We investigated whether E. faecium functions as a probiotic strain inhibiting
biofilm formation by Streplococcus mutans, which is an etiological agent for dental caries, using a flow cell
system. Cell suspensions were cultured in flow cell systems coated with salivary components in tryptic soy
broth including 0.25% sucrose without dextrose. The resultant biofilm formation was stained using a LIVE,
DEAD® BacLight™ Viability Kit, and examined using confocal laser scanning microscopy. E. faecium
showed cell density-dependent inhibition of biofilm formation in dual species culture with S. mutans in flow
cell cultures at ratios of 100 ! 1 and 10 : 1. Biofilm formation with increased numbers of voids and hollows
was observed at the base of the culture using a confocal microscope. In contrast, increasing the ratio of L.
casei or L. salivarius, other lactic acid bacteria, to S. mutans did not affect biofilm formation. In addition, a
sonic extract sample of E. faecium was sub-purified by salting out and gel filtration, and its inhibitory
effects on S. mutans biofilm were similarly observed in the same assays. Together, our results suggest that
E. faecium possesses an inhibitory substance and functions as a probiotic bacterial inhibitor of streptococcal
biofilm formation. Further, more they provide important information regarding bacterial communication and
diversity, as well as for potential therapies and materials for the prevention of biofilm development in the
oral cavity.
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Introduction

Oral lactic acid bacteria have been reported to
occur at high numbers in both superficial and deep
caries'’, and are known to play secondary or opportun-
istic roles in caries development by producing lactic
acid and extracellular polysaccharides”. Recently, lac-
tic acid bacteria have been utilized as probiotics in
dietary supplementation and medicine, as they are
known to be useful for the enhancement of immuno-
logical activities” and adjustment of serum choles-
terol’, as well as for their anti-allergy effects®.
Their potential mechanisms include the formation
of an enhanced barrier to the translocation of bacteria
and bacterial products across the mucosa®’, and the
competitive exclusion of potential pathogens®, along
with modification of host responses to microbial
products®” that inhibit the growth of pathogens''?,
such as Klebsiella pneumoniae’, Escherichia coli™,
and Candida albicans'. In the field of dentistry, it
was reported that a water-soluble extract of Lactoba-
ctllus fermentum completely inhibited the growth of S.
mutans'”, while another report showed that the clini-
cal strain S11 of L. fermentum and its culture super-
natant significantly inhibited insoluble glucan forma-
tion by S. mutans'®. However, it is not clear whether
lactic acid bacteria possess activities to regulate oral
biofilm formation.

Streptococcus  mutans, the predominant etiologic
agent of human dental caries'” has been shown to be
able to adhere to and form a biofilm on tooth surfaces,
catabolize carbohydrates and generate acids, and sur-
vive at a low pH and under other environmental
stress conditions, which are characteristics involved
in its cariogenicity”. S. mutans interacts with other
organisms including gram-positive streptococei and
bacteria such as Actinomyces, Neisseria, and Vellonela
in biofilm development™'®* Therefore, it is likely
that cooperative and competitive interactions be-
tween S. mutans and other organisms play important
roles in the development of dental biofilm and caries
in the oral cavity*”.

Enterococci are gram-positive cocci that form a
part of the normal gastrointestinal tract flora in ani-
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mals and humans®", function as lactic acid bacteria,
and are generally considered to be normal bowel com-
mensals, though they are also recognized as opportun-
istic pathogens®™’. Enterococci have long been impli-
cated in persistent root canal and dentin infec-
tions® ', as well as endocarditis and urinary tract
infections®*“*. In addition, enterococci occur in natu-
ral foods and are used as probiotics in dairy prod-
ucts?”. The genus Enferococcus consists of at least
23 species, 2 of which, Enterococcus faecalis and E.
faecium, account for greater than 95% of the clini-
cally important isolates.

Lactic acid bacteria such as E. faecalis and E. fae-
citem are rarely found on oral surfaces. However, they
are able to survive under conditions of root and den-
tin caries. Therefore, they may be associated with the
development of microbiological communities in diffi-
cult-to-access areas of the oral cavity, and have
unique effects on oral biofilm formation with strepto-
cocci. In the present study, we observed biofilm
formation of S. mutans in mixed cultures with lactic
acid bacteria and non-biofilm bacteria such as E.
faecium, Lactobacillus casei, and L. saltvarius in vitro
using a flow cell system®®. Our results further clarify
the role of lactic acid bacteria in oral biofilm forma-
tion and provide useful information for the devel-
opment of preventive medicines for oral diseases.

Materials and Methods

1. Bacterial strains and culture conditions

S. mutans MT8B148, E. faecium 129 BIO 3B (pro-
vided by Biofermin Phamaceutical Co., Kobe, Japan),
L. casei ATCC 393, and L. salivarius JCM1231 were
used in this study. A strain of E. faecium, 129 BIO 3B
(classified previously as Streptococcus faecalis 129
BIO 3B), reportedly does not produce various toxins,
such as bacteriocin and hemolysin, and was proposed
as a beneficial probiotic strain for intestinal flora
conditions®’, S. mutans and E. faecium were grown
in Brain Heart Infusion medium (BHI ; Difco Labora-
tory, Detroit, MI, USA), while L. casei and L. salivar-
ius were grown in Lactobacilli MRS medium (Difco).
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2. Human saliva collection

Whole saliva samples were collected from 5 healthy
human subjects (2830 years old) after stimulation
by chewing paraffin gum, and pooled in ice-chilled
sterile bottles for 5 min. The samples were clarified
by centrifugation at 10,000 %g for 20 min at 4C, fil-
ter-sterilized, and used immediately for biofilm assays,
employing a flow cell system.

3. Biofilm formation assay using flow cham-
ber system

Biofilm formation by all strains was assaved using a
method described previously, with some modifica-
tions™'. Biofilm samples were cultivated at 37C in
3-channel flow cells*’ with individual channel dimen-
sions of 1X4x40mm and supplied with a flow of
tryptic soy broth without dextrose including 0.25%
sucrose (TSBS). The flow cell system (The Stovall
Flowcell 7 Stovall Life Science Inc,. Greensboro, NC,
USA) was assembled and prepared as described by
Christensen ef al®'. The substratum consisted of a
microscope glass cover slip. The flow cells were cov-
ered with filter-sterilized human saliva samples and
left for 30 min. After the saliva was removed, 0 or 1%
107 of S. mutans and 0, 1, 10, or 100% 107 mL of E.
faecium, L. casei, or L. salivarius were inoculated
together in the flow cell. Following that inoculation
period, medium flow was stopped for 1 h. Next, the
flow was started again and the medium was pumped
through the flow cells at a constant rate of 3 mL h for
16 h using a penstaltic pump (lsmatec : IDEX Corp.,
Glattbrugg - Ziirich, Switzerland) ,

4. Confocal laser scanning microscopy

Non-invasive confocal imaging of fully hydrated
biofilm samples was performed using a Fluoview
CLSM (Olympus, Tokyo, Japan), fitted with a water
immersion dipping objective lens ( % 100) and a Kr-Ar
laser™’. The specimens were stained for 30 min with
LIVE DEAD® BacLight™ Bacterial Viability Kit solu-
tion (4 mL of distilled water containing 6 uL each of
components A and B, Molecular Probes, Leiden, The
Netherlands). The biofilm structure was analyzed
using a series of horizontal (xy) opt digital sections,
each being 5.0 um thick, with the intervening gaps

between the horizontal sections ranging from 0 to 20
um over the entire height (z-axis) of the biofilm. In
addition, we analyzed vertical (xz) sections, which
were recorded from the center of each biofilm, to
determine the architecture. Each biofilm was scanned
at 5 randomly selected positions away from the disk
edge. The digital images were processed using Fluo-
view software version 2.0 (Olympus, Tokyo, Japan).

5. SE preparation

E. faecium was obtained by centrifugation (10,000 x
£), and then washed 3 times with phosphate-buffered
saline (PBS, pH 7.2). Sonic extracts (SEs) from the
harvested bacterial cells were prepared by a method
reported previously™, Briefly, the bacterial cells were
re-suspended in PBS and sonicated 40 times for 30 s
on ice with a sonicator (Sonifier 250D, Branson
Ultrasonics. Co., Danbury, CT, USA). Disruption of
the bacteria was confirmed by microscopy. The sam-
ples were centrifuged at 8,000 % g for 30 min and cell-
free supernatants were stored at —20TC until use in
the expenments. Protein concentrations in the SEs
were estimated using a BioRad protein assay kit (Bio-
Rad, Richmond, CA, USA).

6. Gel filtration

Proteins in the SE samples were precipitated by
salting out, utilizing 60% ammonium sulfate. The pre-
cipitates were suspended and dialyzed in 20-mM Tris
buffer (pH 7.4). The prepared SE sample was then
applied to a Sepharose 4B column of 26 % 100 ¢m
(Amersham Pharmacia Biotech, Buckinghamshire,
UK) pre-equilibrated with the same buffer. Nine-mL
fractions were collected, then monitored for UV absor-
bance and inhibitory effects on biofilm formation by S.
mutans MT8148. Active fractions were pooled and
the proteins were again precipitated by salting out
with ammonium sulfate. The precipitates were col-
lected by centrifugation at 10,000 X g, then suspended
and dialyzed in PBS (pH 7.4). Protein concentrations
in the sample solution were determined using a pro-
tein assay kit (BioRad). The samples were also used
in other experiments.
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Results

1. Effects of E. faecium on 8. mutans biofilm
formation in flow cell system

Significant S. muftans biofilm formation was shown
in both the flow cell system and CLSM images (Fig.
1A and B), whereas none was observed with E. fae-
cium (Fig. 1A), L. casei (Fig. 2B), and L. salivarius
(data not shown) mono-cultures. Optical sections 5
um apart and showing xy planes were analyzed in
CLSM images of mixed biofilms formed by S. mutans
and E. faecium. In 5 sections (0 to 20 um along the
z axis), the biofilm volumes in the CLSM images
were assessed, as shown in Fig. 1. E. faecium showed
cell number-dependent inhibition of biofilm formation
on co-culture with S. mutans (Fig. 1A). Irregular
biofilms with increased numbers of voids and hollows
were observed in cultures of E. faectum and .
mutans at ratios of 100 1 and 10 © 1, as compared to
the biofilm of mono-cultured S. mulans (Fig. 1B).
The diameters of circular voids in each section were
measured at the base (0um) of 6 sites selected ran-
domly in the mixed and single biofilm samples, and
found to be significantly larger in the mixed culture
biofilms of E. faecium and S. mutans at ratios of 100 :
1and 10 11 (28.9%+4.0 and 20.3* 1.9 um, respective-
ly), as compared to those of the S. mutans mono-cul-
tured biofilm (14.4%2.4 pm). However, increasing the
ratio of L. casei or L. salivarius with S. mutans did
not significantly affect biofilm formation (Fig. 2A, B).

2 . Inhibitory effects of SE sample

To confirm the inhibitory activities of E. faecium,
an SE sample was extracted. The SE sample showed
a significant inhibitory activity against biofilm forma-
tion of S. mutans MT8148 in the 96-well microtiter
plate assay (unpublished data). Moreover, to clearly
observe the inhibitory effects, the sample was sub-
purified from its SE by salting out and gel filtration. A
4-fold punfication of the inhibitory substance was
achieved, and a high molecular weight complex >600
kDa was observed by SDS and native-PAGE in the
sub-purified SE sample (unpublished data). The sub-
purified sample was further applied to the biofilm for-
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mation assay using the flow cell. Applications of 25
and 50 ug mL of sub-purified SE samples inhibited
biofilm formation by S. mutans MT8148 in compari-
son with Oug mL, and the level of inhibition was
greater with the higher concentration in the flow cell
system (Fig. 3). Morphological inhibition by each sub-
purified SE sample shown was similar to that in
biofilm with a larger void induced by the E. faecium
cells in CLSM images.

Discussion

Oral streptococci have a strong tendency to colo-
nize tooth surfaces, and the subsequent bacterial mul-
tiplication, adherence of additional bacterial species,
and production of extracellular polymers on colonized
tooth surfaces is referred to as oral biofilm**''.
Mutans streptococci in particular are able to induce a
low-pH environment and so associate with other
species such as lactic acid bacteria during biofilm
formation. In contrast, lactic acid bacteria may control
the environment during the development of dental
carieg!*57).

Under the present test conditions, mono-cultures
of E. faecium, L. casei, and L. salivarius failed to form
substantial biofilms. Further, more mixed cultures of
S. mutans and E. faecium formed irregular biofilms
with an increased number of voids and hollows,
observed in ratios of E. faecium to S. mutans of 10 : 1
and 100 © 1. E. faecium did not co-aggregate with S.
mutans or form biofilm in the present flow cell sys-
tem; thus, other diverse mechanisms are likely to be
involved. It is possible that E. faecium produces com-
petitive factors for binding to a saliva-coated glass
surface or anti-bacterial agents against S. mutans. In
fact, our results showed that E. faecium produced a
substance which inhibited biofilm formation by S.
mutans. Previous studies have reported that some
strains of Enterococcus produce cytolysin, which has
hemolytic (lysing a broad spectrum of cells, including
human, horse, and rabbit erythrocytes) and bacteri-
cidal activities against gram-positive bacteria®*.
However, the strain used in the present experiments
does not produce cytolysin. Thus, it is considered
that the SE sample may have included other mhibi-
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Fig. 1 Biofilm formation by E. faecium and S. mutans in a flow cell system
(A) ' Biofilm formation following mono= and co-cultures of S. mutans (Sm) and E. faectum (Ef) in a flow cell culture
I

10" CFU lane), Lane 4 : Sm (5% 10° CFU lane) + Ef (5x10' CFU lane

ane 1 Ef (5%10" CFU lane), Lane 2 : Sm (5% 10°CFU lane), Lane 3 : Sm (5% 10° CFU lane) + Ef (5x

Lane 5 : Sm (5%10° CFU lane) + Ef (5x

system

10° CFU lane), The images shown are representative of 5 independent experiments, with similar results obtained

each. (B) ! CLSM xy images of biofilms formed by mono- and co-cultures of S, mutans (Sm) and E. faccitm (Ef).
Live (green) and dead (red) cells in the biofilm were stained with SYTO9 and propidium iodide, respectively. Lanes

hottom of the biofilm. Bars=

2, 4, and 5 in Fig. 1A are presented. Marks from 0—20 yum show the distance from th

ned in each

20 um. Images shown are representative of 5 independent experiments, with similar results obta
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Lanel: Le

Lane 2 : Sm

1]

Lane 3 : Sm+ Le (1:10) =L- bk B

Lane 4 : Sm+ Le (1:100) ﬂ'

B Lanc2 Lane 3 Lane 4 Lane 5 Lane 6

Sm+Ls (1:100)

0 pm

5 pm

10 pm

Fig. 2 Biofilm formation by Lactobacillus and S. mutans in a flow cell system

(A) © Biofilm formation with mono=- and co-cultures of 5. mutans (Sm) and L. casei (Lc) or L. salivarius
(Ls) n a flow cell culture system. Lane 1 : Lc (5% 10° CFU lane), Lane 2 : Sm (5% 10° CFU 'lane),
Lane 3 Sm (5% 10" CFU lane) + (5> 10" CFU lane), Lane 4 : Sm (5% 10° CFU 'lane) + Le (5x10®
CFU lane), Lane 5:Sm (5x%10° CFU lane) +Ls (5% 10" CFU lane), Lane 6 : Sm (5% 10° CFU

lane) +Ls (5x10° CFU lane). Images shown are representative of 3 independent experiments, with
similar results obtained in each. (B) : CLSM xy images of biofilms formed by mono= and co-cultures
of 5. mudans and Lactobacilli. Dead (red) and live (green) cells in the biofilm were stained with propid-
wm iodide and SYTO9, respectively. Lanes 2, 3, 4, 5, and 6 in Fig. 2A are presented. Marks from 0

10 gm show the distance from the bottom of the biofilm. Bars =20 um. Images shown are representa-

tive of 3 independent experiments, with similar results obtained in each.
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A
SE

SE

SE 0 pg/ml

Fig. 3

system

SE 50 pg/ml

M. Kumada, et al. . Effects of Enterococcus faecium on Biofilm

SE 25 pg/ml

Inhibitory effects of HMWC on S. mulans biofilm formation in a flow cell

(A) : Photographs of biofilm formation by S. mutans MT8148 with 0, 25, and 50
ug mL of HMWC in a flow cell culture system (actual size). (B), (C), (D) : CLSM

v images of biofilms formed by 8. mutans cultured with 0, 50 and 25 ug mL,

respectively, of sub-purified SE sample. The images shown are representative of

3 independent experiments, with similar results obtained in each.

tors and reacted with biofilm-producing bactena to
reduce attachment of the orgamisms to the glass sur-
face as well as colonization, leading to a poor quality
biofilm with an increased number of voids and hollows
(Figs. 1, 2). Culture supernatant from E. faecium did
not show a significant inhibition of S. mutans biofilm
formation. Therefore, these inhibitory effects of E. fae-
ciwm may require cell density-dependent bacterial
contact and cell lysis, and the binding of products to a
salivary receptor of biofilm bacteria on a hard surface
during biofilm development.

In the present study, the lactic acid bacteria L. caser
and L. salivarius did not show abilities to produce
biofilm in mono-cultures, nor did they mhibit biofilm
formation or the attachment of S. mutans in co-cul
tures with increasing ratios. In general, lactobacilli
et al*”

markedly promoted the

are major odonto-pathogens . Filoche

reported that S. mutans
growth of lactobacilli-based biofilm, and suggested
that the ability of individual bacteria to form a mono-

culture biofilm was not necessarily an indicator of
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their survival or pathogenic potential in a complex
multi-species biofilm community. However, soluble
extracts of L. fermentum were previously shown to be
able to inhibit the growth of 5. mutans and formation

of insoluble glucan produced by S. mudans'™'®

. Lacto-
bacillus rhamnosus GG, another well-known probiotic
strain, was also recently reported to be able to pro-
mote oral health in children and adults™. Further,
more enhanced biofilm growth was observed in exper-
iments with Lactobactllus plantarum, which has been
implicated in the development of dental caries®**
Taken together, these reports and results show that
lactic acid bacteria including lactobacilli and E. fae-
ciwm play multiple roles as unique modulators of both
pathogenic and normal microflora on tooth surfaces.
Additional investigations are required to clarify
whether the products inhibit colonization or attach-
ment in a physical or chemical manner during S.
mutans biofilm formation on a hard surface, as well as
to purify the tested products, before a definitive con-

clusion regarding the mechanism of early-onset inhi-



bition can be presented. Nevertheless, the present
results should provide useful information to help
understand oral biofilm formation, as well as for the
development of therapies and materials for the pre-
vention of biofilm development in the oral cavity.
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The two-component lantibiotic Smb is produced by Streptococcus GS5. In the present study, we
identified seven strains of S. mutans containing the smb gene cluster. These strains could be classified into high-
and low-level Smb producers relative to the levels of Smb production by indicator strains in vitro. This
classification was dependent upon the transeription levels of the structural smbA and smbB penes. Sequence
analysis upstream of smhA in the high- and low-level Smb-producing strains revealed differences at nucleotide
position —46 relative to the smbA start codon. Interestingly, the transcription start site was present upstream
of the point mutation, indicating that both groups of strains have the same promoter constructs and that the
differential expression of smbA and smbB mRNA occurred subsequent to transeription initiation. In addition,
smbAzlac fusion expression was higher when it was regulated by the sequences of strains with high-level Smb
activity than when it was regulated by the comparable region from strains willl low-level Smb activity. Taken

Vuol. 52, No. &

Mizuho Motegi,'

together, we conclude that high- or low-level Smb expr

is d dent on the presence of a Gora T

nucleotide at position —46 relative to the smbA translational start site in S. mutans Smb producers.

Streptococeus mutans, the principal ctiological agent of hu-
man dental caries, is present along with other oral bacteria in
heterogeneous biofilms termed dental plaque (7). Since differ-
ent strains of §. mutans have been shown to produce bacterio-
cins, also termed mutacins, some of which are active against
other oral bacteria (16). One of them, Smb, which is regulated
by a competence-stimulating peptide (CSP)-dependent quo-
rum-sensing system, is a two-component lantibiotic produced
by 8. mutans strain GS5 (16, 24). The biosynthetic apparatus of
lantibiotics is generally organized in gene clusters (20); and the
smb operon consists of seven open reading frames (ORFs) in
the order smbM!, -F, -T, -M2, -G, -A, and -B, flanked by
putative transposase genes (24). The smbF and smbG genes
are thought o be involved in immunity to Smb. A recent report
also indicated that the smbG gene appears to play a role in the
sensitivity of strain GS5 to a variety of antimicrobial agents,
such as tetracycline and triclosan (10). The smbT gene is pre-
sumably the ATP binding cassette transporter for pre-Smb
processing and secretion. The structural genes for the precur-
sor preproSmb consist of smbA and smbB. These genes encode
the two peptides SmbA and SmbB, respectively, within a single
operon (16, 24). The two-component lantibiotic systems utilize
twor peptides that are each posttransiationally modified to an
active form and that act in synergy to produce antibacterial
activity (3). The gene cluster encoding Smb expression also
encodes two putative modification enzymes, which have been
designated smbMI and smbM2 (24). Recently, predicted lan-

* Corresponding author. Mailing sddress: Department of Bacterialogy.
National Institute of Infectious Diseises, 1-23-1 Tovamu, Shinjuku-ku,
Fokyo 162-8640, Jupan. Phune: 81-3-5285-1111, Fax #1-3-5285-1163.
Eemuil: heenpukuf@nih.go.jp.

" Published ahead of print on 19 May 2008,
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thionine and methyllanthionine ring forms were proposed for
other known two-component lantibiotics similar to Smb (11).

S. mutans is thought to use Smb production as 4 means to
compete with other oral bacteria present in dental plaque (22
Some reports indicated that the bacteriocins produced by this
organism play an important role in the regulation and compo-
sition of dental biofilms (7, 9, 14). On the other hand, some
reports failed o show a relationship berween the presence of
bacteriocin genes in dilferent strains of this organism and car-
ies status (4, 6). In the present study, we demonstrate that a
runge of Smb activities are present in 8. mudans clinical isolates
harboring the smb operon. In addition, we describe evidence
that a single base mutation in the upstream region of smhA can
account for these differences.

MATERIALS AND METHODS

Bocterial struins. The 5. mufans struios used in thiz study wre listed in Tuble
1. & musany wild-type struins were ussessed for the presence of the mb genes us
well us the expression of Smb activity. RPob (group C streptococcus, which s
sansitive to Smb) aml orul strey S (Strey e sanguinis ATCC 10856,
ST208, und ST134; Streprocaccus mitix ATCC 903 und ATCC 6249, Streptococeus
gondanit ATCC 10558 and Chullis; und Sereptococcus salnanny HT9R, JISMS707,
unil ATCC 9759) were used us indicator sirins for Smb uctivity, These struins
were grown in brain heart infusion (BHI) med (Difco Lab jes, Detroit,
MI) in un anacrobic atmasphiere of 885 Ny 10% CO4, and 3% Hy wt 37TC
Transformants of 8. mumne were selected following their growth on BHI wgar
plutes supplemented with 10 pg of envihmomycin per ml or 500 g of kanamyein
per ml

Agar plate bacteriocin nssays. Loopfuls of stalwnary-phase cultures of S
mufaas striins were stabbed into BHI ugar plates, The phites were incubited ut
A7C for 16 b, Indicator strains were grown to un optical density of 0.2 4t 550 nm.
Each enlture was then diluted 1:100, and 0.2 mi of this solution wes pipetied into
4 tube comtaining 4 ml of molten BHI broth contulning 15 agar. This solution
wits mixed amd poured evenly onio the surfuces of the plates, the plates were
incubrated ut 37°C for an additmonal 24 b, and the dineters of the rones of
inhibition were messured.

Construction of smA A and nimAR mutunts. The mutants with d:In. live
amthAR genes were construcied by doubl T
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TABLE 1.

S. MUTANS Smb 2743

Bacterial strains and plasmids

Struin or plasmid

Relevant charucteristac]s)

Source or reference

S. mutans strains

GSS Wild type Km* SUNY at Buffulo
BM71 Wild type Km* G. H. Bowden,
University of Manitoba
FSC-4 Wild type Km* 23
FSM- Wild type Km* 23
FSC-§ Wild type Km® px}
FSC-1 Wild type Km* il
FSM-3 Wild type Km* px}
FSM-t-lacL. FSM-f carrying pSmblacl. Km' This study
FSM-b-lacH FSM-6 carrying pSmblacH Km' This study
BM71-lael. BM71 carrying pSmblacl. Km' This study
BM71-lacH BM71 canying pSmblacH Km' This study
BM71-lscLAGC BM71 carrying pSmblacLAGC Km' This study
BM71-lacHATC BM71 canrying pSmblascHATC Km' This study
Plasmids
pDL276 E. coli-Streptococcus shuttle vector 4
pSmblacL pDL276 harboring upsmbA (derived from FSM-6)-lacZ fragment This study
pSmblacH pDL276 harboring upsmbA (derived from BM71)-lacZ fragment This study
pSmblacLAGC Site-directed change plasmid from pUpsmblucLATC to AGC This study
pSmblascHATC Site directed change plasmid from pUpsmblueHAGC 1o ATC This study
pSmbABL pDI276 hurboring upsmbA-smbB (derived from FSM-6) This study
pSmbABH pDL276 harboring upsmbA-smbB (derived {rom BM71) This study
by i jon of un ery i i b into the genes, us de- the 168 rRNA-specific primers (primers LARNAS and LARNAG as internal
seribed p ly (24). In wddition, the nonlantibiotk in (19) nimAH controls) ur smi-specific primers (SmbABRTFw and SmbABRTRev) with

mutant was also cmulrmad by the same method. Confirmation that plasmid
insertion cunsed gene disruption wis o ined cither by Southem blottiag or
by PCR

Extraction of RNA, real-time quaniitative RT-PCR, and primer extension
analysis. The §. mutans strains were grown on BHI agar plates. After incul

Power SYBR green PCR muster mixture (Applied Blosystems, Foster City, CA)
in an ABI Prism 7700 sequence detection system (Applied Biosystems). The final
results were expressed us the level of omb gene expression relutive to the level of
165 (RNA gene expression, ie., relutive expression = level of mmbAB gene

ut 37°C 10 h, the cells were scruped from the plates und resuspended in phos-
phate-buffered saline (PBS). After centrifugution and washing of the cells with
PBS three times, the cells were suspeaded in 0.3 wl of diethylpyrocarbonate-
treated water, RNA extruction was carried out as described previously (24). The
RNA samples were then trewred for 15 min ar 37°C with 1.0 U of RNase-free
DiNuse (Amersham Biosciences Corp., Piscutuway, NJ) per ml 10 remove con-

2 DNA R iption (RT) was carried out with u SuperScript
11 kit (lavitrogen, Corp, Carlbud, CA), according t the directions of the
supplict. The teultime RT-PCR was performed with cDNA sumples with either

level of 165 rRNA gene A similar approach was used
i'ul the smbG to smbA transeript (with primer pair SmbOARTFw and
SmbGARTRev).

Total RNA wus prepured us described abuve, und primer extension wis cartied
ot esseatiully s described previously (13). RNA (20 pg) was annealed 10 2.0
pinul of [y P]ATP-lubeled primer SmbAPE (Tuble 2: see also Fig 34) ut R°C
fur 2 min und then ut 37°C for 45 min in RT buffer (Ommnps RT kit; Qiugen,
Vulenein, CA). Then, (L5 mM of the four deoxy b wmd
reverse transeriptase from un Omaiscript RT kit were udded 10 60 of the
solution. The primer exteasion resction wus done at 37°C for 1 h. The syathe-

TABLE 2. Oligonucleotide sequences of PCR primers

Primer Sequence 153" Use or target gene product size (bp)
LARNAS GTTGTCCGGATITATIGGG Internal control for RT-PCR 248
LARNAG GGGTATCTAATCCTGTTCGC
SmbABRTFw AAGATATGTTAGCTGGGGG smbA and smbB 199
SmbABRTRev GCATCATCCATGAGAATTG
SmbGARTFw GCTTGATGGCTCAAAAGG smbG und smbA 2%
SmbGARTRev CCCCCAGCTAACATATCTT
UpsmbAFwBam GUGGATCCTATATTGAGCAATAACTTTTGGG Upstream of smbA (promoter 192
UpsmbARevTag TTCGCTCATTITATATICCTICCTATTCTITATAAAC region)

TACC
LackFwTag H i ATACATCGTCA lacZ 3285
LacRevXba GGTCTAGATTATTTTTGACACCAGACCAACT
SiteGtoT CAAGGAGAAGATAGGATCATTATGATGATAGG pUpsmbAlacH for site-directed 10,435
SiteGtoTeomp CCTATCATCATAATGATCCTATCTICICCTTG mutagenesis
SiteTwoG CAAGGAGAAGATAGGAGCATTATGATGATAGG pUpsmbAlascL for site-directed 10,435
SiteTGeomp CCTATCATCATAATGCTCCTATCTTCTCCTTG mutagenesis
RevSmbABKpn GCGGTACCGGAATATTITATCATCATGTAAGT Downstream of smbB (with primer 650
AGTC UpsmbAFwBam)
SmbAPE GITACATTATTTATTTTTAAT For primer extension analysis

“-R o
sile

ure |

for secondury PCR are indis

§ in and

in baldface. The tug
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sized DNA was extracted with phenol-chluroform, precipitated with ethanol,
dissolved in DNA-sequencing load buffer (SequiTherm Excel 1] DNA se-
guencing kit; Epicentre Biotechnologies, Mudisun, WI), und unalyred by
eI:ctmplunmb. an un B polyucrylumide gel contuining 0% urei, followed
by autoradi LA @ Jurd, the sume PP-labeled primer wus anneiled
to ulkaline- Ikr.lzllllcll DNA frum pSmbABH, and the dideoxy chuin termi-
nation sequencing resction was carried out with the SequiTherm Excel 11
DNA sequencing kit. The sumple was losded on the gel along with the
synthesized DNA described above.

Construction of upambi:lecZ fusion plasmids. To ct i fusion [
of the upsmbd region and lacZ, the upsticam regons of smhd containing the
promoter regions from strain FSM-6 or BM71 und the laeZ gene from the
PSV-beta-galuactosidite control vector (Promegs, Madison, W) were used as
templates with each pair of specific primers, each of which contained a 9- or
14-bp tag lragment (Table 2). The first step of PCR amplification was performed
with cuch template and coch primer pair (primers UpsmbAFwBam umd
UpsmbARevTag or primers LacFwTag and LacRevXba). After amplification,
the 183-bp upsnhA region und the 3,285-bp lacZ amplification rgments were
treated with ¥ PCR cleanup kit (Qisgen GmbM, Hildea, Germany) and were
used as templates. In addition, the amplified fragments served as primers for the
amplification of each other. The dary PCR mixt 1l of each
PCR frugment, 5 yl of 10> PCR bulfer (Tukara Shuzo, Tokyo, Jupan), 200 mM
MyCl,. and 1.25 U of high-fidelity DNA polymerase Pyrobest (Takara Shuzo)
The & profile ded, first, & jon a1 4°C for 5 min. followed
by 15 q'clﬁ of denaturstion at 94°C for 30 5, anncaling at 60°C for 30 &, and
extension at 72°C for 3 min and then heating ut 72°C for 5 min. The 3,454-bp

lified frag) were | and used as templates for the third PCR with
pnmm UpsmbAFwBam and LacZRevXta. The amplified 3,454-bp PCR trag-
ments were digested with BamHI and Xbul and ligated into the BamHI-Xbul
sites of Eschenicha coli-Streprococcus shuttle vecror pDL276 (2). The plusmids
eontuining the uptmhd-lacZ fusions were then trunsformed into E. coli DHSa
and the transformants were selected on LB ugur plutes mnunuws 50 pg of
kunsmyain per ml. The rel of the ltunt p named
L and pSmblacH, were confirmed by DNA seq
Delermination of -gal itase activity. Plesmuls pSmbI.ntL enil pSmblucH
and control plasmid leJ?b were irmnsformed into §. mutany strain FSM-b ot
BM71. Trunsformunts of the S mutans siruins were selected on mitis salivarins
agar plutes containing $00 pg of yein per ml. For of B-gu-
luctosiduse netivity, euch Trunsformant wis incubated on a BHI ugar plate con-
tuining kunamycin. After incubution ut 37°C for 10 b, the cells were scraped from
the ugar plate and resuspended in PBS. The cells wese centrifuged und assayed
for Bgulactosidase activity, as described p(m‘llwdy ISJ

In vitro mutagenesiz. A PCR-bused olig lirected
strategy was carried out for site-directed mutagenesis of the rmbA prtlmu!tr
region, The synthetic olig leotides used us mutigenic primers are listed in
Table 2. Briefly, plasmid pSmblacl was used as a template lor mutagenesis
with primer pair SiteTwG and SiteTroGeomp. Plusmid pSmblacH was also
used us u template in mutagenesis with primer pair SiteGtoT and SiteGtoT-
comp. The PCR products were treated with the restriction enzyme Dpal
(New England Biolabs, Beverly, MA), nut.l Ilu treated products were trins-
formed into E. coli DH3a. The ¥ i were then subjected to
DNA sequencing lo confirm that the desired but no additional
mutation was presenl (data not shown). These nu:l.ug:n.u:d plllnuds aumed
pSmblucLAGC und pSmblacHATC, respectively, were | | into 8§
mdtany strain FSM-« or BM71, and the transformants were used for f-gu-
luctosiduse activity ussays.

Construction of smhd nod smb8 exp vectors. To the vectors
expressing the smbd aml smhB genes, the smbd und smbl regions downstream
from the upsmbA region were amplified with primer pair UpSmbAFwBam and
RevSmbABKpn (Table 2). The chromosumul DNA from strain FSM-6 or BM71
was used as the template. The amplified 573-bp fragments containing the BamHI
und Kpal sies were then digested with Baml und Kpal und ligated into the
BamHI1 and Kpnl sites of pDL276 (2), The plusmids containing the upsmba-
wmbfl region were then trunsformed into £ colf DHSa and the trsosdformanis
were selected on LH agar plites S0 g of k pet ml The
relevant structures of the resultunt plismids, numed pSmbABL (with fragments
amplified from strain FSM-6) and pSmbABH (with fragments amplified from
BM71), were confirmed by DNA sequencing. These plasmids were transformed
intu the S mutane BM71 onbAS mutant, and the transformunts were used fur
bacteriocin ugur plite wssssys with the 8. wliverms strain,

ANTIMICROB. AGENTS CHEMOTHER.

RESULTS AND DISCUSSION

Identification of smb genes in S, mutans clinical isolates. By
screening 17 clinical isolates of 8. mutans (12) by PCR and
Southern blotting fur the presence of the smb genes, we found
five positive strains (strains FSC-4, FSM-6, FSC-8, FSC-1, and
FSM-3). In addition, laboratory strains GS3 and BM71, which
are known 10 be producers of Smb, were confirmed 10 harbor
these genes (22, 24). We previously determined that the smb
operon consists of seven ORFs (24). We obscrved that all of
these positive strains possess all of the ORFs by PCR or South-
ern blouing analysis (data not shown). In order to assess the
antimicrobial activities of these Smb-producing strains, bacte-
riocin agar plate assays were performed with some potential
indicators strains (the strains are noted in the Materials and
Methods section). 8. mutans strain BM71 exhibited the maxi-
mum inhibitory zones against most of the indicator struins
(data not shown). Variations in the antimicrobial activities of
the 5. mutans sirains against these indicator strains were also
observed. The most uniform results, separation into high- and
low-level Smb-producing groups, was accomplished with S
salivarius JCMS5907 as an indicator strain in the bacteriocin
agar plate assays (Fig. 1A). Strains G55, BM71, FSC-1, FSM-3,
and FSM-6 exhibited bacteriocin activity; on the other hand,
strains FSC-4 and FSC-8 did not produce inhibitory zones.

Previous reports indicated that some of the 8. mutans strains
possess two or more bacteriocins (7, 19, 21). To determine
whether these Smb producers express other bacteriocins
(mutacins I to IV) (1, 17, 18, 19), PCR analysis, Southern blot
analysis, and sequence examination were carried out. We de-
termined that the mutacin I genes (18) were present in the
genome of strain FSM-6 (data not shown). Mutacin | belongs
to the lantibiotic family and has a high level of activity against
oral streptococei (7, 18, 19). We disrupted the smbAB genes in
FSM-6 by inserting an erythromycin cassette within the genes
and examined its antimicrobial activity with S. safivanius strain
JCMS5907 (Fig. 1B). The smbAR mutant of strain FSM-6 was as
inhibitory as the parental strain against the indicator strains.
We determined the transcription levels of the smbAB genes
and found that the level of expression was low (Fig. 2), as
described in more detail below. These results suggest that the
bacteriocin activity of FSM-6 against the 8. salivanius strain
might be due to the expression of mutacin [ or another anti-
microbial agent.

We further determined that strains FSC-1, GS5, and BM71
possessed the nonlantibiotic mutacin IV (data not shown),
which has been classified as a nonlantibiotic bacteriocin en-
coded by the nlmA and the nimB genes (24). To determine
which bacteriocin is required for inhibition of the growth of the
8. salivarius indicator strain, the levels of bacteriocin produc-
tion by smbAR and nlmAB mutants of these strains were com-
pared. We attempted scveral times to construct an smbAB
mutant of FSC-1, However, we were not successful, since this
strain apparently is not genetically competent. Therefore, the
zones of inhibition of strains BM71 and GS5 and their mutants
in plate assays with the indicator strain were compared. Both
smbAB mutant strains were completely devoid of bacteriocin
activity against the indicator strain, while the mutation in the
nimAB genes had no influence on inhibition of the growth of
the S. salivarius strain compared to that of their parental
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(A) Escd

FSM-6

WT  smbAB mutant nlmAB mutant

FIG. 1. (A) 5. murans production of agents with activity aguinsi 5.
saltvarius strain JCM5907 as an indicstor strain determined by bucte-
riocin agar plute assays: (B) sctivities of 5. mutans wild-type (WT)
strain FSM-6 (lane 1) and its smb AR mutant (lane 2) against §. sali-
varins determined by bucteriocin agar plate assays; (C) activities of
wild-type strain BM71 (lane 1), its almeAB mutant (lane 2), as well as
its smib AR mutant (lane 3) against S, salivarins strain JCM5907.

strains (Fig. 1C, strain BM71). These results indicated that
Smb, but not mutacin 1V, is the major bacteriocin in these
strains that is active against the S. salivanius strain. A recent
study has also indicated that Smb, but not mutacin IV, was
isolated from the GS5 culture medium (16). This suggests that
strain G835 might not express mutacin IV under normal labo-
ratory conditions.

Other mutacin genes are not present in the genomes of
several Smb producers (strains FSM-3, FSC-4, and FSC-8).
Strains FSC-1 and FSM-3 exhibited moderate inhibitory zones
relative to those for strains GS-5 and BMT71 (Fig. 1A). The
growth of strains FSC-1 and FSM-3 was relatively slow, and
their final titers n liquid culture, as determined from the op-
tical density at 600 nm, were approximately 55% of the titers of
strains (G85 and BM71. These results sugeest that the relatively
slower growth and final cell numbers of strains FSC-1 and
FSM-3 may be responsible for the apparent relatively modest
Smb activity of these strains. Although we did not obtain direct
evidence for the role of Smb in inhibiting the growth of the §.
salivarius indicator strain by strain FSC-1, we concluded that
strain FSC-1 expresses Smb activity at levels similar to those
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ol (8) (B)

120

Gong axprassion
[reiative to smhd to skl expression of BMTI)

Expression of smbd to smbB
transcript

Expression of smb( 1o smibA
transcript

FIG. 2. Expression of smbA to smbB (A) and smbG to smbA
(B) transcription by 5. murans strains. The quantity of ¢cDNA corre-
sponding to these genes was determined by real-time RT-PCR and was
normalized to that of the 165 rRNA gene in each unique reaction.
Each experiment was repeated three times with duplicate samples
from each independently isoluted RNA preparation. Data are ex-
pressed as the means of all of experiments = standard deviations.

for strains GS5 and BM71 under these conditions, Therefore,
these results suggested that the Smb producer strains could be
divided into high-level producers (strains GS5, BM71, FSC-1,
and FSM-3) and low-level producers (strains FSC-4, FSM-f,
and FSC-8) of Smb activity.

RT-PCR analysis of smbAR transcription. We hypothesized
that there were sequence dilferences in the smb structural
genes between the groups with high- and low-level Smb activ-
ity. Therefore, we analyzed the sequences of the smbA and
smbB genes from the two groups. However, there were no
differences in the smbA and smbB gene sequences of strains
FSC-4, FSM-6, and FSC-8 compared with the comparable se-
quences in high-level Smb-producing strain GS5. We then de-
termined if there were differences in the levels of transcription
of the smbA und smbB genes between the wo groups using
RT-PCR. A comparison of smbA and smbB gene expression in
these strains (Fig. 2A) revealed that the expression of both
genes was significantly elevated in the strains with higher levels
of activity than in the strains with lower levels of activity.

We previously reported that there is a single smb operon
with two promoters in strain GSS. One is upstream of smbM1,
which is the first gene of the smb gene cluster, and the other is
immediately upstream of s;mbA and has a terminator sequence
downstream of smbB (24). This suggests that smbA and smbB
transcription might be regulated by one or two promoters in
the smb operon. In order to analyze the effects of the promoter
upstream of the smbM/ gene on the expression of smb4 and
smbB, real-time RT-PCR was carried out with primer pair
SmbGARTFw and SmbGARTRev (Table 2 and Fig. 3A),
which detects the transcript from smbG to smbA (Fig. 2B). No
difference in the level of expression of this transcript was de-
tected between strains in the two Smb expression groups. Since
this transcript is regulated by the promoter immediately up-
stream of the smbM1 gene (24), this promoter does not appeur
to be responsible for the dilferential expression of Smb in the
two groups. However, the levels of transcription of the smbA
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smbi;
A ccorqug%f:;g%? H& %ﬂﬂﬁ ASACCATCATAS TC GAGAATATTA
( ) 1?‘5!! " smbl W E
CCGAATGTATTCTIGGTALATAATATATTGAGCARTRACTINTCGGTGGCCOGGTROGALA
e TR —

4 46 -
FSOU4 soquence AGGAGALGATAGS FATTATGATGATAGGTAGTITATALAGAATAGGRAAGEAATATAL
FSM-6 sequence AGGACAAGATASGATEATTATOATGATACGTASTTTATAMAGAATAGGALCSALTATAL
F5C-8 sequence }Nomnoxuw ATTATGATOATAGGTAGTTTATAMGAATAGOAAGGAATATALA
G5 sequeice  AGGAGAAGATAGS CATTATGATGATAGGTAGTTTATALAGAATAGGAAGSAATATAL
FSC-1 sequence AGGAGARGRTASGAGEATTATGATGATAGGTAGTTTATAARGAATAGGALGGRAATATAR
FSM.S equence WGGAGALGATAGGARE ATTATGATOATAGGTAGTTTATARAGAATAGOARGGAATATALL
BM71 sequence AGGRGAAGATAGG CATTATGATGATAGGTAGTTTATALAGAATAGGAAGSAATATAL

: SieCitod or TG and comp primers UpinbARGYTag
ATGALARRGTAATTTATTAAMAATARATAATGTAACAGAGATCCRAMALRATATGGTALCS
CTCATCARAGATGRL CTCTACTCCOGCATOTGCAATTGGGOTT

mi

GTTGGTATTACTGTACCAGTTACTGGTATATCL :ﬂ}:co‘mc ACATCTCGCTGTATTAAC
llLIiAG?llTTlﬂllxITAGGIGTlllTTLTijﬁlllGlGlTTCAAIllGC&GGCTTG

wis
CRAGAAGAGTTAT s L] TAATAACTTAGAACAACTTACTGCTGGT

ATTGGTACAACAGTAGTARATTCTACTTTTAGCATTGTATTGGAAAATAAAGGTTATATC
TGTACGCTTACTGTTOAATGCATOAGAMATTGTACTALG "I_&-.ETACGTI‘I"I'.IGW! ATATT

u'rmxnugla%‘%ﬁ“gm;m'rn'rc'ruucrc'r'r.rr':ru‘r‘ru
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FIG. 3. (A) Seq lig of the up

regions of ymb-containing S. mutans strains. The uppermost sequence is that corresponding

to the snb( C-terminal sequence, and the boltom sequence is that of the regions Nlanking the smb# gene derived from strain GSS Smb (GenBank
accession no. ARI79778). The baxes indicate identical sequences in all strains. The primers for the PCR amplification of this region are marked
with arrows under their nucleotide sequences. Dashed lines under these sequences denote the smbA or smbB ATG start codon. Double dashed
lines denote the smbG, smbA., or smbB stop codon. The numbers —1, —46, and ~ 60 indicute the position relative to the start codon of smbA. Al
the top. the circle with the arrow indicates the mapped trunscription initiation site of smbA. The heavy bars represent the putative — 10 and —35
regions of a candidate promoter region. (B) Primer extension analyses confirmed the 5* end of the smbA transcript.

and smbl} genes in all strains were higher than those of smbG
and smbA (Fig. 2). Furthermore, there was a clear difference in
the levels of transcription of the smbAB genes between the
groups with high and low levels of Smb activity. These results
suggest that the promoter region immediately upstream from
the smbA gene is primarily responsible for the differential
expression of these two genes in the two groups,

Sequence analysis of smbA promoter region, In order to
determine whether sequence differences in the smbA promoter
region are responsible for the differential expression of the
Smb structural genes in the two groups, sequence analysis of
this region was carried out (Fig. 3A). Sequencing of this region
of the strains with high and low levels of Smb activity revealed
the presence of a transversion mutation (G to T) at nucleotide
position —46 relative to the smb4 ATG start codon in the
strains with low levels of Smb activity (strains FSC-4, FSM-6,
and FSC-R) compared with the sequences of the strains with

high levels of Smb activity, including laboratory strain BM71,
which is a reference strain for Smb in the GenBank nucleotide
sequence database (GenBank accession no. ABI79778), as
well as strain GS5, No other sequence differences were de-
tected in this region, which is partially shown in Fig. 3A, in any
of the strains. These results indicate that a G nucleotide at
position =46 results in a relatively higher level of expression of
the smbAR genes compared with the level of expression when
a T nucleotide is present at this position. We next analyzed the
smbA und smbB transcripts by primer exiension mapping in
order to determine the transcription start site. The template
RNAs were extracted from the groups with high (strain BM71)
and low (strain FSM-6) levels of Smb antimicrobial activity and
were used for the experiment with primer PEUpsmbA (Table
2 and Fig. 3A). The results of the mapping are shown in Fig.
IB. We observed a single major extended band at the same
position in both strains. Comparison of the band with a DNA
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FIG. 4. (A) B-Gulactosidase activities of strains BM 71-lacl and BM71-lacH, strains FSM-6-lacL and FSM-f-lacH, and strains BM71-lacHA 1, o
and BM71-lacLAGC. The uctivity (percent) of each strain was calculated by use of the activity of strain BM71-lacH, which was set equal to 100%.
Straing BM71-lacHATC and BM71-lac LAGC were generated from the BM71 smbAR mutant with plasmids pSmblacH and pSmblacl, respectively,
following site-directed mutsgenesis, as described in the text. The experiments were repeated three times with duplicate samples. Data are expressed
a5 the means of ull of experiments * standurd deviations. (B) Bacteriocin activity of the BM71 smbAB mutant complemented with plasmids
carrving the smbAB region from struins with low und high levels of Smb uctivity. The bacteriocin activity was measured by the agar plate assay with
S salivarius strain JCM3907. smbA- and smbB-containing upsnihA was umplified from BM71 (fane 1) or FSM-6 (lane 2), and the constructs were

transformed into the BM71 smbAB mutant.

sequencing ladder as a standard showed that the 5" end of the
mRNA corresponded 1o the T nucleotide at position =81 bp
relative to the start codon of smbA, which is within the smbG
ORF (Fig. 3A). The putative candidate of the promoter struc-
ture is shown in Fig, 3A (—35 sequences are ATGTAT, and
—11) sequences are TATTGA, as indicated by the heavy bars).
The intensities of the bands from the primer extension reaction
with RNA from strain BM71 were much higher than those with
RNA from FSM-6, although the same amount of RNA from
cach strain was used for this reaction (compare lanes 1 and 2
in Fig. 3B). This is consistent with the observation of the
RT-PCR results (Fig. 2A). In this promoter region, all strains
contained the same sequences, indicating that all of the strains
have the same promoter constructs and that the events which
discriminate between the strains with high and low levels of
Smb activity likely occurred after the transcription starts. To
explain these differences, we first considered that the regula-
tion of mRNA transcription might be dependent upon 4 de-
crease in the stability of the mRNA of the smbA and smbf

genes in the group with a low level of Smb activity as a result
of the nucleotide transversion. However, there were no detect-
able differences in mRNA stability between the high- and low-
level Smb producers following analysis of the cDNA synthe-
sized from rifampin-treated cells (data not shown). Next, we
hypothesized that the transversion may involve a palindrome
construct. Indeed, the prediction obtained by sequence analy-
sis with Genetyx (version 7.0.3) software suggested that a G-
1o-T nucleotide change might result in 4 higher probability of
formation of a palindromic sequence in this region, suggesting
that this construet might decrease the possibility that the gene
will proceed with subsequent transcription. There is also a
possibility that the transversion region may be an operator
region which serves as a binding site for a regulatory protein(s)
that has yet to be identified. Further research is now in
progress to examine the mechanism of this regulation.
Characterization of the smbA Hanking region and its influ.
ence on smbA and smbB translation. In order o confirm the
effects of nucleotide changes at position —46 on the translation
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of the smbA and smbB penes, the primer structure of low-level
Smb-producing strum FSM-6 and high-level Smb-producing
strain BM71 were fused to the promoterless lacZ gene of
pPL276 to produce chimeric plasmids pSmblacl. and
pSmblacH, respectively. These plasmids were transformed into
strains FSM-6 and BM7I1, and the strains were assaved for
their 3-galactosidase activities (Fig. 4A), For strains harboring
pSmblacl. (strains FSM-6-lacl. and BM71-lacL.) or pSmblactl
(strains FSM-fi-lacH and BM71-lacH), the results clearly indi-
cated that the B-galactosidase activities of strains FSM-6-lacH
and BM71-lacl were significantly higher than those of strains
FSM-6-lacL and BM71-lacl., respectively (p-galactosidase ac-
tivity of strain BM71-lacH, 850 + 72 U),

To confirm the effect of the nucleotide transversion on the
level of Smb expression, site-directed mutagenesis of these two
plasmids was carried out. In plasmid pSmblacL., the T nucle-
otide at position —46 was changed to G. Likewise, the G
nucleotide in pSmblacH was changed to a T in the comparable
flanking region (named pSmblacLAGC and pSmblacHATC,
respectively), and strain BM71 with these plasmids (BM71-
lacLAGC and BM71-lacHATC, respectively) was tested for
B-galactosidase activity. The p-palactosidase activities of
BMT71-lacL. and BM71-lacHATC were similar. Furthermore,
the activities of BM71-lacH and BM71-lacLAGC also covered
a similar range (Fig. 4A), indicating that the difference in the
levels of gene expression at both the transcriptional and the
translational levels is dependent upon the single base mutation
at nucleotide position —46. In addition, these results indicate
that nonspecific factors (i.e., unexpected mutations) did not
occur in the plasmids.

Expression of smbA and smbB genes in the BM7I smbAR
mutant. In order to directly verify that the Smb-positive phe-
notype is influenced by the G nucleotide at position —46, the
smbA and smbB gene expression plasmid, named pSmbABH,
was constructed by using the fragment amplified from strain
BM71. In addition, Smb-negative phenotype expression vector
pSmbABL. was also constructed with FSM-6. These plasmids
were introduced into the BM71 smbAB mutant, and the Smb
activities of these strains were analyzed by the bacteriocin agar
plate assays with the 8. salivarius indicator strain (Fig. 4B). The
BM71 smb4B mutant was completely devoid of bacteriocin
activity (Fig. 1C). In the equivalent strain containing plasmid
pSmbABH, the Smb activity was restored to the wild-type level.
In contrast, the complemented strain harboring pSmbABL did
not have enhanced bacteriocin activity. These results indicate
that the nucleotide at position —46 upstream of the smbA gene
directly influences Smb activity via the transcription of the
smbA and smbB genes.

In conclusion, we characterized the differential antimicrobial
activities of Smb in 8. mutans strains. The Smb-positive strains
were shown to possess all of the smb ORFs. The differential
expression of the smb4 and smbB genes resulted from a single
nucleotide transversion. Although a recent report suggested a
relationship between mutacin production and caries status (4,
6), statistical analysis failed to show a positive correlation.
However, this analysis was based upon the genotypes of the
bacteriocins. Our present results suggest that it is important to
assess not only the genotypes of the bacteriocins but also the
actual antimicrobial activities of the bacteriocins. The produc-
tion of high levels of bacteriocin, including Smb, may kill some

ANTIMICROB. AGENTS CHEMOTHEIL

neighboring streptococcal species, and subsequently, S. s
may predominate within dental plaque, leading o dental car-
ies, Morcover, Smb production may induce the release of
DNA from killed competing streptococei. The liberated DNA
could then function as a component of a biofilm structure (X,
15). Subsequently, increased biofilm formation could also in-
duce the expression of additional Smb via 8. mutans quorum-
sensing regulation (16, 23, 24, 25). However, the relationship
between Smb production by 5. mutans and caries status re-
mains to be determined.
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