
Association of CiaRH with resistance of
Streptococcus mutans to antimicrobial
peptides in biofilms
Y. Mazda1,2, M. Kawada-Matsuo1, K. Kanbara1, Y. Oogai1, Y. Shibata3, Y. Yamashita3, S. Miyawaki2

and H. Komatsuzawa1

1 Department of Oral Microbiology, Kagoshima University Graduate School of Medical and Dental Sciences, Kagoshima, Japan

2 Department of Orthodontics, Kagoshima University Graduate School of Medical and Dental Sciences, Kagoshima, Japan

3 Section of Preventive and Public Health Dentistry, Division of Oral Health, Growth and Development, Kyushu University Faculty of Dental

Science, Kyushu, Japan

Correspondence: Hitoshi Komatsuzawa, Department of Oral Microbiology, Kagoshima University Graduate School of Medical and Dental

Sciences, Sakuragaoka 8-35-1, Kagoshima City, Kagoshima 890-8544, Japan Tel.: +81 99 275 6150; fax: +81 99 275 6158; E-mail:

hkomatsu@dent.kagoshima-u.ac.jp

Keywords: cathelicidin; defensin; innate immunity; two-component system

Accepted 17 December 2011

DOI: 10.1111/j.2041-1014.2012.00637.x

SUMMARY

Streptococcus mutans is a cariogenic pathogen

in humans. To persist in the oral cavity, S.

mutans is resistant against several antibacterial

factors derived from the host. In this study, we

investigated the mechanism of resistance to cat-

ionic antimicrobial peptides (AMPs), which are

innate immune factors in humans. Because dltA-

D (teichoic acid biosynthesis) was reported to

affect the susceptibility to AMPs in other bacte-

rial species, we evaluated the susceptibility of a

dltC knockout mutant of S. mutans to the AMPs

human beta-defensin-1 (hBD1), hBD2, hBD3 and

LL37. The dltC mutant exhibited significantly

increased susceptibility to AMPs. Regulation of

dltC expression involved CiaRH, a two-compo-

nent system. Expression of dltC in the wild-type

strain was significantly increased in biofilm cells

compared with that in planktonic cells, whereas

expression was not increased in a ciaRH knock-

out mutant. In biofilm cells, we found that sus-

ceptibility to LL37 was increased in the ciaRH

mutant compared with that in the wild type.

From these results, it is concluded that Dlt is

involved in the susceptibility of S. mutans to

AMPs and is regulated by CiaRH in biofilm

cells.

INTRODUCTION

Streptococcus mutans is one of the commensal bac-

teria in the human oral cavity and is known to be car-

iogenic (Hamada & Slade, 1980; Kuramitsu, 1993;

van Houte, 1994). Streptococcus mutans can attach

to the smooth surfaces of teeth and form biofilms,

known as dental plaque, with other oral bacteria. Bio-

films are considered to be barriers against physical

and chemical factors (Roberts & Mullany, 2010). In

the oral cavity, oral bacteria are exposed to various

host immune factors, lysozyme, antimicrobial pep-

tides, lactoferrin and complement, derived from saliva

and serum (Hamada & Slade, 1980; Tenovuo et al.,

1991). To persist in the oral cavity, S. mutans needs

to express factors to resist the effects of host

immune factors.

Recently, several bacterial species have been

shown to possess the ability to resist the effects of

cationic antimicrobial peptides (AMPs) produced by
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humans, such as defensins and LL37 (Peschel

et al., 2001; Abachin et al., 2002; Poyart et al.,

2003; Jin et al., 2004; Kristian et al., 2005; Li et al.,

2007b). AMPs are one of the innate immune factors

(Lehrer & Ganz, 1999; Zaiou & Gallo, 2002) and

are found in saliva and periodontal tissues (Hosoka-

wa et al., 2006; Gorr & Abdolhosseini, 2011). These

peptides are attracted to the weak negatively

charged bacterial membrane and then form pores

or disrupt the membrane, which then has a bacteri-

cidal effect (Komatsuzawa et al., 2007). Among fac-

tors related to AMP resistance, bacterial surface

charge is critical for susceptibility to AMPs. In

Staphylococcus aureus, dlt and mprF have been

demonstrated to be involved in determining surface

charge (Peschel et al., 1999, 2001). The dlt operon,

encoding five gene products (including a putative

DltX), is responsible for alanine incorporation into

teichoic acid, whereas MprF is responsible for

lysine addition to phosphatidylglycerol, a major com-

ponent of cell membranes. These factors result in

the addition of positive charge to the cell surface,

which causes weakening of the negative charge of

the cell surface. Additionally, a two-component sys-

tem (TCS), designated ApsRS, was demonstrated

to regulate these two factors in Staph. aureus (Li

et al., 2007a; Kraus et al., 2008). The TCS is com-

posed of a histidine kinase, for sensing stimuli such

as pH, osmolarity and antibacterial agents, and a

response regulator for regulating the expression of

several genes for adaptation to the stimuli (Hoch,

2000).

In studying mechanisms of S. mutans persis-

tence in the oral cavity, we focused on the interac-

tion of S. mutans with antimicrobial peptides. Here,

we demonstrated that the TCS named CiaRH was

associated with the regulation of dlt in S. mutans

biofilms. CiaRH is one of 15 sets of TCS, includ-

ing orphan TCS (Ahn et al., 2006). It is composed

of three factors, including an additional factor CiaX,

which has the ability to bind calcium (He et al.,

2008). Previously, CiaXRH was shown to be

related to mutacin production, competence develop-

ment, stress tolerance, biofilm formation and acid

tolerance (Ahn et al., 2006; Lévesque et al., 2007;

Liu & Burne, 2009). In this study, we show a new

aspect of CiaXRH that is involved in the suscepti-

bility to antimicrobial peptides in S. mutans

biofilms.

METHODS

Bacterial strains and growth conditions

The bacterial strains used in this study are listed in

Table 1. Streptococcus mutans and Escherichia coli

were grown in trypticase soy broth (TSB; BDH Sys-

tems, Cockeysville, MD, USA) and Luria–Bertani

broth, respectively. When S. mutans was grown in

biofilms, sucrose was added to the medium at 2%

final concentration. Erythromycin was added at a final

concentration of 10 lg ml)1 for S. mutans or

300 lg ml)1 for E. coli when necessary. Spectinomy-

cin was added at a final concentration of 500 lg ml)1

for S. mutans or 50 lg ml)1 for E. coli when

necessary.

Construction of ciaRH and ciaH knockout

mutants

Knockout mutants of S. mutans UA159 and

NCTC10449 were constructed using a method

described elsewhere (Kawada-Matsuo et al., 2009).

Briefly, the erythromycin-resistance (Emr) gene ampli-

fied with two specific primers from plasmid ResEm-

Not (Shiroza & Kuramitsu, 1993) was cloned into

pBluescript SK II (+). Each flanking region of the tar-

get gene (ciaRH) at both ends (ciaR upstream:

946 bp, ciaH downstream: 861 bp) was then ampli-

fied with specific primers from the S. mutans gen-

ome, and each fragment was cloned into both ends

of the Emr gene to generate an Emr gene with the

flanking region of the target gene. After amplification

of the whole gene by polymerase chain reaction

(PCR), the PCR fragment was transformed into

S. mutans. By selection for erythromycin resistance,

the mutants were isolated. The ciaH mutant was con-

structed using the same method as described above.

Primers used for the construction are listed in

Table 1. The dltC mutant in the UA159 strain was

constructed previously (Shibata et al., 2011).

For genetic complementation, we failed to construct

a ciaRH complemented mutant for unknown reasons.

We also used a ciaR-knockout mutant that was con-

structed previously (Kawada-Matsuo et al., 2009). In

this mutant, the ciaR gene was replaced with the Emr

gene. We verified that ciaX and ciaH were expressed

in the ciaR mutant. We then constructed the

DNA fragment to insert the gene containing the
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spectinomycin-resistance (spcr) gene and ciaR into

the ftf gene coding for fructosyltransferase. First,

spcr, ciaR, the ftf partial gene at the N-terminal

region, and the ftf partial gene at the C-terminal

region were amplified with the specific primers. The

primers added an extra eight nucleotides to anneal

for each PCR fragment. The mixture of the ftf partial

gene at the N-terminal region and spcr was then

heated at 95�C for 5 min and left for 30 min at 37�C.

DNA polymerase and dNTPs were added to the mix-

ture and allowed to react at 68�C for 15 min; then,

PCR was performed using both ends of the primers.

Finally, all the fragments were joined by PCR. The

fragment was then transformed into the ciaR mutant

in S. mutans. By selection for erythromycin and spec-

tinomycin resistance, the complemented strain was

Table 1 Strains and primers used in this study

Strains Character Reference

Streptococcus mutans

UA159 Clinical strain, wild type Murchison et al., 1986

DciaRH ciaRH (SMU. 1129-281) deletion mutant in UA159, Emr2 This study

DdltC dltC (SMU. 1689) deletion mutant in UA159, Emr Shibata et al., 2011

DciaR ciaR (SMU. 1129) deletion mutant in UA159, Emr Kawada-Matsuo et al., 2009

DciaR+ ciaR complementation in ftf gene, Emr, Spcr3 This study

DciaH ciaH (SMU. 1128) deletion mutant in UA159, Emr This study

NCTC10449 Laboratory strain (ATCC 25175), wild type Clarke, 1924

DciaRH ciaRH (SMU. 1129-28) deletion mutant in NCTC10449, Emr This study

Escherichia coli

XL-II Blue endA1 supE44 thi-1 recA1 gyrA96 relA1 lacF’ [proAB

lacIqZDM15 Tn10 (Tetr )]

Stratagene

M15(pREP4) Host strain for the expression of His-tagged protein Qiagen

Primers

Primer, forward Primer, reverse

Knockout mutant construction DNA fragment

Emr For DciaRH mutant gaaggaaacttaagagtg ttatttcctcccgttaaa

Upstream of ciaR cggggtaccgtgagaattgggcttgga cggctcgagctattatagcatgacttgg

Downstream of ciaH For DciaH mutant cggactagtctcgcctgcttgctaata cgggcggccgcaaaatggccagtctgc

Upstream of ciaH cggctcgagcatgcaggtttttgatggtg cgggtcgacctcatcctgcttttgttt

Downstream of ciaH cggactagtctcgcctgcttgctaata cgggcggccgccgtgctgaacttaacgtt

Knock-in mutant construction DNA fragment

spcr acaggctcttcgttcgtgaatacatg tactttctgtttccaccattttttca

ciaR gtggaaacagaaagtaaaaaaggggt gtcccatcatattctcatcctgcttt

Ftf-N-terminal aatgatatcgtgtttgtt cgaacgaagagcctgttctgttagac

Ftf-C-terminal gagaatatgatgggactacaaaagtc aaccaatgcttacacaga

Quantitative PCR Gene name

ciaR (SMU. 1129) gctgtatcaacggttaactcac aggacacggttttgaattagg

dltC (SMU. 1689) ggctgtattccaatcatcac tgatgcaggtgttttagatagc

htrA gacccgctcttggtatttca cgctaccttcttcccatcaa

EMSA DNA fragment

dlt-1 attattttaaggtatatttaaata ataaattctccctgaccttga

dlt-2 atggcaatctgaatgagg ataaattctccctgaccttga

ciaX-1 gtctcttccatgacagca ctggttaatacagcttttg

ciaX-2 catggttagttagactaa agccatcatccattttga

ciaR(for His-tag protein) gcggatccataaagttattattagtagaag cgcaagcttatattctcatcctgcttt

Race

dltA-RACE acgttctaaggctg-5¢-phosphate

1The GenBank locus tag was from the S. mutans UA159 genome at the Oral Pathogen Sequence Database site.
2Erythromycin resistance.
3Spectinomycin resistance.
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isolated. Finally, in the strain obtained, spcr and ciaR

gene insertion into the ftf gene was verified by PCR.

Analysis of gene expression by quantitative PCR

A small sample (108 cells) of S. mutans cultured

overnight was inoculated into 10 ml fresh TSB with or

without 2% sucrose. The S. mutans cells were then

grown at 37�C with 5% CO2, and bacterial cells in

the planktonic or biofilm condition were collected.

Total RNA was extracted from bacterial cells using a

FastRNA Pro Blue kit (MP Biomedicals, Cleveland,

OH, USA) according to the manufacturer’s protocol.

One microgram of total RNA was reverse-transcribed

into cDNA using a first-strand cDNA synthesis kit

(Roche, Tokyo, Japan). Using cDNA as template

DNA, quantitative PCR was performed with the MyiQ

system (Bio-Rad, Tokyo, Japan). Gene expression

was calculated from three independent experiments

and the significance (P-value) was calculated using

Student’s t-test or Tukey’s honestly significant differ-

ence. We also performed quantitative PCR using

total RNA without cDNA synthesis to confirm no DNA

contamination. Results were normalized against gyrA

expression that was used as a housekeeping gene

reference (Wu et al., 2010). Primers used in this

study are shown in Table 1.

Rapid amplification of cDNA ends (RACE)

To determine the promoter region of dltA in S. mu-

tans UA159, RACE was performed. A sample of

S. mutans UA159 (108 cells) cultured overnight was

inoculated into 10 ml fresh TSB with 2% sucrose.

The S. mutans cells were then grown at 37�C with

5% CO2 for 16 h. Next, the bacterial cells were col-

lected, and total RNA was extracted using the

method described above. RACE was performed

using a 5¢-Full RACE Core Set (Takara Bio Inc.,

Ohtsu, Japan) according to the manufacturer’s proto-

col. Primers used for the RACE experiment are listed

in Table 1.

Electophoresis mobility shift assay (EMSA)

To clarify the binding of CiaR to the dltA promoter

region, EMSA was performed. For the positive con-

trol, we also investigated binding to the ciaX pro-

moter region, which was previously demonstrated as

CiaR binding (Wu et al., 2010). The promoter regions

in dltA and ciaX with or without the predicted CiaR-

binding sites were amplified with the specific primers

listed in Table 1. DNA fragments at the 3¢ end were

labeled with digoxigenin (DIG) using DIG Gel Shift

kit, Second Generation (Roche, Mannheim, Ger-

many). Recombinant CiaR protein was constructed

using the pQE system (Qiagen, Tokyo, Japan). The

PCR fragment of the ciaR gene, amplified with spe-

cific primers (Table 1), was cloned into pQE30 vector

using BamHI and HindIII sites. The plasmid was elec-

troporated into E. coli M15 harboring pREP4 and

expression of protein was induced with 1 mM isopro-

pyl-b-D-thiogalactopyranoside. Cells were harvested,

suspended in lysis buffer (50 mM NaH2PO4, pH 8.0;

300 mM NaCl; 10 mM imidazole), and were disrupted

with an Ultrasonic disruptor (Tomy Seiko, Tokyo,

Japan). After centrifugation at 25,000 g for 30 min, a

cell-free lysate was obtained. Then, recombinant

protein was purified according to the manufacturer’s

protocol.

Purified CiaR was phosphorylated using a method

described elsewhere (Gao et al., 2005). CiaR protein

was incubated for 2 h at room temperature in 50 mM

Tris–HCl (pH 8.0) containing 10 mM MgCl2, 3 mM

dithiothreitol and 32 mM acetyl phosphate. Each DIG-

labeled fragment (1 ng) was reacted with various

amounts of CiaR protein (6, 12.5, 25, 50 and 100 ng)

in binding buffer. After native polyacrylamide gel elec-

trophoresis through 6% acrylamide, DNA fragments

were transferred to a positively charged nylon mem-

brane (Roche, Mannheim, Germany), and then DNA

fragments were visualized according to the manufac-

turer’s protocol. The experiment was performed three

times independently.

Assay to determine activity of antimicrobial

peptides

An antibacterial assay was performed following a pro-

tocol described elsewhere (Midorikawa et al., 2003).

Briefly, S. mutans strains grown to exponential phase

[optical density at 660 nm (OD660) 0.3] or stationary

phase (OD660 > 1.0) were harvested, washed with

phosphate-buffered saline, and suspended in 10 mM

sodium phosphate buffer pH 6.8. The bacterial sus-

pension was diluted to 107–108 cells ml)1 with phos-

phate buffer, and 10 ll of the bacterial suspension

(105–106 cells) was inoculated into 0.5 ml phosphate

Y. Mazda et al. dlt –ciaRH interaction in S. mutans
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buffer with or without antimicrobial peptides and incu-

bated aerobically for 2 h at 37�C. Human b-defensin-

1 (hBD1), hBD2 and hBD3 were purchased from

Peptide Institute, Inc., Osaka, Japan. LL37 was puri-

fied using a method described elsewhere (Midorika-

wa et al., 2003). Dilutions of the reaction mixture

(100 ll) were plated on agar media and incubated at

37�C overnight. The colony-forming units were deter-

mined as the total number of colonies identified on

each plate. The antibacterial effect was calculated

from three independent experiments as the ratio of

the number of surviving cells (survival rate, %) to the

total number of bacteria incubated in control phos-

phate buffer solution after exposure to antimicrobial

peptides.

Analysis of biofilm by confocal laser scanning

microscopy (CLSM)

A sample (108 cells) from an overnight culture of

S. mutans was inoculated into 5 ml fresh TSB con-

taining 2% sucrose in a glass-bottomed dish. After

18 h at 37�C with 5% CO2, biofilm cells were washed

with phosphate-buffered saline and then stained with

the BD Cell Viability kit (BD Biosciences, San Jose,

CA, USA), which enables visualization of dead or live

cells. CLSM was performed using a Carl Zeiss

LSM700 microscope (Carl Zeiss MicroImaging Co.

Ltd., Tokyo, Japan). The microscope was equipped

with detectors for monitoring red fluorescence (excita-

tion wavelength 555 nm, dichroic mirror wavelength

585 nm) and green fluorescence (excitation wave-

length 488 nm, dichroic mirror wavelength 590 nm).

Confocal images were obtained using a 63 · 1.4 oil

lens for an optical section thickness of approximately

0.7 lm. The experiment was performed three times

independently.

After obtaining images of dead or live cells in each

horizontal section, image processing was performed

using ZEN 2009 (Carl Zeiss). All layers were stacked

to construct an image of the three-dimensional archi-

tecture of the biofilm and an image of the vertical

section. Additionally, image analysis was performed

using ImageJ 1.44i (National Institutes of Health,

Bethesda, MD, USA). We calculated the ratio of the

area occupied by bacteria to the total area scanned

in each layer and the ratio of live bacteria to the total

bacteria including live and dead cells. Finally, the

average of the rate of surviving cells to the total

number of cells in all sections was calculated to com-

pare the effect of LL37 among strains. The summary

of this method is indicated in supplementary material,

Fig. S1.

To identify the effect of antimicrobial peptide on

biofilm cells, LL37 (500 lg ml)1 for UA159 and

750 lg ml)1 for NCTC10449) was reacted with bio-

films in 10 mM sodium phosphate buffer (pH 6.8) for

30 min before staining the cells. CLSM analysis

was then performed using the method described

above.

RESULTS

AMP susceptibility in the dltC knockout mutant

We investigated the susceptibility of the dltC knock-

out mutant (dltC mutant) in UA159 to various AMPs

(Fig. 1). The susceptibilities to hBD1 (1.25 lg ml)1),

hBD2 (0.5 lg ml)1), hBD3 (0.25 lg ml)1) and LL37

(0.25 lg ml)1) in the dltC mutant were significantly

increased compared with those of the wild type. The

percentages of surviving cells of the wild type against

hBD1, hBD2, hBD3 and LL37 were 73.9, 64.4, 82.6

and 100%, whereas those of the dltC mutant were

14.5, 23.8, 50.7 and 39.7%, respectively.

hBD1 hBD2 hBD3 LL37
Antimicrobial peptide

Su
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 ra
te

 (%
)
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Figure 1 Antimicrobial peptide (AMP) susceptibility in the dltC

mutant in planktonic cells. Streptococcus mutans strains in expo-

nential phase were tested for AMP susceptibility as described in the

Methods. The antibacterial effect was calculated as the ratio of the

number of surviving cells (survival rate, %) to the total number of

bacteria incubated in control phosphate buffer solution after expo-

sure to antimicrobial peptides. Black and gray bars indicate the wild

type and the dltC mutant, respectively. *indicates significant differ-

ence as determined by t-test (P < 0.05). The error bar represents

SD.

dlt –ciaRH interaction in S. mutans Y. Mazda et al.

128 ª 2012 John Wiley & Sons A/S

Molecular Oral Microbiology 27 (2012) 124–135



dltC and ciaR expression in planktonic and

biofilm cells

The expression of dltC in planktonic or biofilm cells

was investigated using S. mutans UA159 and

NCTC10449. In both strains, dltC expression in bio-

film cells showed a two-fold to five-fold higher level

than that in planktonic cells (Fig. 2A). Similar results

were observed in two other clinically isolated strains

(data not shown). We also checked dltC expression

in planktonic and biofilm cells in the UA159 strain at

12 or 24 h after bacterial inoculation and found

results similar to those at 18 h (data not shown).

Because ciaRH in Streptococcus pneumoniae was

reported to be associated with dlt expression (Ma-

scher et al., 2003), we investigated whether ciaRH in

S. mutans was associated with the dlt expression. In

biofilm cells it was found that ciaR expression had a

pattern similar to that of the dltC expression, showing

a significant increase in biofilm cells compared with

planktonic cells (Fig. 2B).

Characterization of the ciaRH knockout mutant

To determine the association of ciaRH with dlt, we

investigated dltC expression of the ciaRH mutants of

strains UA159 and NCTC10449 in planktonic or bio-

film cells. Although the ciaRH and ciaR mutants grew

more slowly compared with the wild type, the

amounts of cells at stationary phase were almost the

same between the wild type and mutants in plank-

tonic or biofilm cells (data not shown). In biofilm cells,

dltC expression in the ciaRH mutant of strain UA159

was significantly lower than that of the wild type

(Fig. 2C). With the ciaRH mutant of strain

NCTC10449, the result was almost the same,

although expression of dltC in NCTC10449 grown in

biofilm cells was higher than that of the UA159 strain.

The ciaR mutant of UA159 showed a similar pheno-

type to the ciaRH mutant, showing low-level dltC
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Figure 2 ciaR and dltC expression in planktonic or biofilm cells.

Quantitative polymerase chain reaction was performed on cell

extracts as described in the Methods. (A) dltC expression in strains

UA159 and NCTC10449 grown as planktonic and biofilm cells; (B)

ciaR expression in strains UA159 and NCTC10449 grown as plank-

tonic and biofilm cells; (C) dltC expression in strains UA159 (wild

type, DciaH, DciaR, DciaR+, DciaRH), and NCTC10449 (wild type

and DciaRH) grown in biofilms. (D) ciaR expression in UA159 (wild

type, DciaH, DciaR, DciaR+, DciaRH), and NCTC10449 (wild type

and DciaRH) grown in biofilms. Black and gray bars indicate biofilm

cells and planktonic cells, respectively. *indicates significant differ-

ences determined by t-test (P < 0.05); +indicates significant differ-

ences determined by Tukey’s honestly Significant Difference

(P < 0.05). #indicates not detected. The error bar represents SD.
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expression in biofilm cells. In a ciaR complementation

experiment, we found that ciaR expression was

observed in the ciaR knock-in mutant (Fig. 2D). Com-

plementation of the ciaR mutation led to increased

dltC expression compared with that of the ciaR

mutant, demonstrating that CiaR regulated dltC

expression. In contrast, the ciaRH mutant in plank-

tonic cells showed a similar amount of dltC expres-

sion to the wild type (see Fig. S2A). In planktonic

cells of the ciaH mutant, we confirmed the previous

result that ciaR expression was increased (Wu et al.,

2010) (see, Fig. S2B). However, in biofilm cells, ciaR

expression in the ciaH mutant was slightly decreased

compared with that of the wild type, simultaneous

with decreased dltC expression (Fig. 2C,D). To con-

firm ciaR regulation in the ciaH mutant, we also

investigated gene expression of htrA, which was

reported to be regulated by CiaR (Ahn et al., 2006).

We found that htrA expression was decreased in the

ciaH mutant compared with the wild type, in biofilm

cells (data not shown).

CiaR binds to the dltA promoter region

First, we identified the transcriptional start site of dltA

mRNA using RACE and found that this was 163 bp

upstream of the dltA start codon (Fig. 3A). This tran-

scriptional start site in strain UA159 was different

from that reported previously in strain UA130 (4 bp

upstream of the site in UA159). Additionally, the DNA

sequence of this region in the UA159 strain was

slightly different from that reported previously (Spata-

fora et al., 1999). Based on the result of our RACE

experiment, we predicted the promoter region of dltA,

although the -10 region in the dltA promoter has two

matches to the canonical -10 sequence. Because the

consensus region (NTTAAG-n5-WTTAAG) of the

CiaR binding site was reported in S. mutans and

S. pneumoniae (Wu et al., 2010; Halfmann et al.,

2011), we searched upstream of dltA and found one

region upstream of the promoter (Fig. 3B).

Next, we performed EMSA to investigate whether

the predicted CiaR binding site was actually bound

by CiaR protein. We obtained four DNA fragments:

the dltA promoter region containing the predicted

binding site (dlt-1; 183 bp); the dltA promoter region

with a deletion of the predicted binding site (dlt-2;

136 bp); the ciaX promoter region containing the pre-

dicted binding site (ciaX-1; 155 bp); and the ciaX pro-

moter region with a deletion of the predicted binding

site (ciaX-2; 199 bp). Figure 3C clearly shows that

CiaR protein bound to dltA-1 and ciaX-1 in a dose-

dependent manner, whereas the protein did not bind

to dltA-2 and ciaX-2. These results indicate that CiaR

A

B

C

Figure 3 Analysis of CiaR binding upstream of the dltA promoter region. (A) Nucleotide sequence of the dltA promoter region in Streptococ-

cus mutans UA159. The transcriptional start site and -10 and -35 promoter regions are indicated by an asterisk and underlining, respectively.

The start codon of putative dltX is indicated upstream of dltA. The gray box represents the predicted CiaR binding site. (B) The consensus

region of the CiaR binding site. The CiaR binding sites and the promoter regions (-10 and -35 region) are indicated by gray box and vertical

lines, respectively. Spr and SMU indicate gene ID from Streptococcus pneumoniae R6 and Streptococcus mutans UA159, respectively. (C)

Electromobility shift assay (EMSA) of the dltA and ciaX promoter regions. The DNA fragments were labeled with digoxigenin (DIG) and

reacted with recombinant CiaR protein as described in the Methods. After electrophoresis, CiaR-bound DNA (open arrow) and unbound (solid

arrow) were detected with the method described in the Methods. In the left figure, dashed line and line represent the CiaR binding site and

the PCR fragment, respectively.
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protein bound to the predicted CiaR binding sites

upstream of dltA and ciaX.

AMP susceptibility of dlt and ciaRH mutants in

biofilm cells

We first analysed the susceptibility to AMPs in plank-

tonic cells of the wild type and the ciaRH mutant. The

ciaRH mutant of NCTC10449 showed a slightly

increased susceptibility to hBD3 and LL37, whereas the

mutant of strain UA159 showed almost the same sus-

ceptibility as the wild type (data not shown). This result

was in good accordance with dlt expression levels in

planktonic cells of the wild type and the ciaRH mutants

of strains UA159 or NCTC10449 (see, Fig. S2A).

Next, we analysed the susceptibility to LL37 of the

ciaRH mutant and wild-type UA159 in biofilm cells by

CLSM (Fig. 4A,B). The dltC mutant in biofilm cells

without LL37 treatment showed a high proportion of

dead cells compared with other strains. About 36.5%

of the dltC mutant cells in biofilm without LL37 treat-

ment were dead, whereas the proportion of dead cells

in the wild type and ciaRH mutant were 22.0 and

11.8%, respectively (data not shown). When biofilm

cells were treated with LL37, the proportion of dead

cells in the wild type and two mutants increased. The

dltC and ciaRH mutants of strain UA159 showed a

higher proportion of dead cells, 70.5% for the dltC

mutant and 41.2% for the ciaRH mutant, compared

with the wild type (2.9%) (Fig. 4E). With the ciaRH

mutant of strain NCTC10449, the result was almost

the same as that for the mutant in UA159 (Fig. 4C,D).

The amount of biofilm in dltC and ciaRH mutants of

strain UA159 was less than that of the wild type, with

about two-thirds the height of that of the wild type.

However, biofilm morphology of the wild-type strain

NCTC10449 was similar to that of the ciaRH mutant.

Furthermore, we investigated the susceptibility of

the ciaR mutant and complemented strain to LL37.

The ciaR mutant showed an increased susceptibility

to LL37, a similar phenotype to the ciaRH mutant,

whereas the complemented strain showed decreased

susceptibility compared with the ciaR mutant (see,

Fig. S3).

DISCUSSION

In the present study, we showed that the dlt locus is

associated with susceptibility to antimicrobial peptides

in S. mutans. In other species, including Staph. aur-

eus, Streptococcus agalactiae, Streptococcus gordo-

nii and Streptococcus pyogenes, alanine

incorporation into teichoic acids or lipoteichoic acids

mediated by Dlt confers resistance to cationic antimi-

crobial peptides (Peschel et al., 2001; Collins et al.,

2002; Poyart et al., 2003; Jin et al., 2004; Kristian

et al., 2005; Chan et al., 2007). Although we did not

analyse D-alanine content in lipoteichoic acids in the

present study, the increased susceptibility to cationic

peptides, together with previous reports (Boyd et al.,

2000; Chan et al., 2007), suggest that D-alanine con-

tent was decreased in the dltC mutant in S. mutans.

Hence, in gram-positive bacteria, dlt is considered to

be a common factor responsible for resistance to cat-

ionic antimicrobial peptides. Additionally, our results

showed that S. mutans in biofilms highly expressed

dlt, resulting in lower susceptibility to AMPs. This

suggests that S. mutans in dental plaque might resist

these peptides in the oral cavity.

To evaluate the susceptibility of antimicrobial pep-

tides in biofilm cells, we used CLSM. The analysis

using a cell viability kit was useful to evaluate not

only antibacterial activity in biofilm cells but also the

structure of the biofilm itself. Without treatment of

antimicrobial peptides, almost all biofilm cells of the

wild-type strain were alive after 18 h of incubation,

with the exception of a small proportion of dead inter-

nal cells, whereas the dltC mutant showed a high

proportion (36.5%) of dead cells, suggesting that

some proportion of the dltC mutant cells died during

biofilm formation. Previously, dlt mutants in S. mut-

ans and S. gordonii showed increased sensitivity to

acidic pH (Clemans et al., 1999; Boyd et al., 2000).

Under our biofilm-forming conditions, with 2%

sucrose, the dltC mutant may produce acids resulting

in a higher ratio of dead cells compared with that in

the wild type. Hence, increased dlt expression in the

biofilm is responsible for survival in acidic conditions,

as in dental plaque, although the induction molecules

for ciaRH and dlt expression in biofilm cells remain

unknown. With LL37 treatment, dead cells in the wild

type and the mutants were uniformly observed

among biofilm cells, indicating that AMPs could react

with internal cells in biofilm. Because we found

increased AMP susceptibility in the dltC mutant, our

results indicate that dlt expression may be responsi-

ble for reduced susceptibility to cationic antimicrobial

peptides in biofilm cells.
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Figure 4 LL37 susceptibility of dlt and ciaRH mutants of strains UA159 and NCTC10449 in biofilms by confocal laser scanning microscopy

(CLSM). Biofilm formation was performed as described in the Methods and LL37 (500 lg ml)1 for UA159 and 750 lg ml)1 for NCTC10449)

was reacted with biofilms in 10 mM phosphate buffer (pH 6.8) for 30 min. BD Cell Viability stain was used to assess the viability of cells.

CLSM analysis was then performed as described in the Methods. Green and orange cells indicate viable and dead cells, respectively. CLSM

images of wild type (left), the ciaRH mutant (middle), and the dltC mutant (right) in strain UA159 (A), and those of wild type (left) and the

ciaRH mutant (right) in strain NCTC10449 (C). Upper figures represent normal biofilm cells (control), and lower figures represent biofilm cells

treated with LL37. Bar represents 20 lm. The occupation rate of wild type (left), DciaRH (middle) and DdltC (right) in UA159 (B), and those

of wild type (left) and DciaRH (right) in NCTC10449 (D). In each bar, the occupation rate of dead and live cells to each area in each section

is represented. Susceptibility to LL37 in wild type (UA159 and NCTC10449), DciaRH (UA159 and NCTC10449) and DdltC (UA159) (E). The

average of the rate of surviving cells to the total number of cells in all sections was calculated. +represents significant differences determined

by Tukey’s honestly significant difference (P < 0.05); *indicates statistically significant difference as determined by t-test (P < 0.05). The error

bar represents SD.
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In this study, we showed that dltC expression was

regulated by ciaRH in biofilm cells. Wu et al. (2010)

undertook a comprehensive analysis of the genes

affected by ciaXRH. However, they did not find a

relationship between dlt and ciaXRH. In the current

study, we demonstrated linkage between dlt and

ciaRH expression in biofilm cells but not in plank-

tonic cells. Expression of dltC and ciaR was

increased in biofilm cells, whereas ciaH inactivation

was reported to enhance expression of ciaR, having

an influence on expression of many genes (Wu

et al., 2010). We constructed the ciaH mutant of

UA159 and found that ciaR expression in planktonic

cells was increased compared with the wild type.

Unexpectedly, ciaR expression was decreased in

the ciaH mutant compared with the wild type under

biofilm conditions. As a result, dltC expression was

also decreased in the ciaH mutant compared with

the wild type. These results indicate that CiaR acti-

vation in biofilm conditions is mediated by CiaH and

results in increased the dlt expression. This is simi-

lar to the findings in S. pneumoniae, where the CiaR

target genes included dlt (Mascher et al., 2003).

Together with our EMSA analysis of the dlt pro-

moter, we conclude that S. mutans CiaR binds to

the dlt promoter region, resulting in direct regulation

of dlt expression.

In conclusion, we have shown that dlt is responsi-

ble for resistance to antimicrobial peptides and that

dlt expression is regulated by ciaXRH. Our results

indicate that S. mutans in dental plaque is resistant

to antimicrobial peptides as a result of high expres-

sion of dlt mediated by ciaXRH.
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Figure S1. Analysis of biofilm by confocal laser

scanning microscopy (CLSM).

Figure S2. ciaR and dltC expression in Streptococ-

cus mutans wild type (WT) and the mutants grown in

planktonic cells.

Figure S3. LL37 susceptibility of the ciaR mutant

and the ciaR mutant complemented with ciaR of

UA159 in biofilm cells by confocal laser microscopy.
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