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ABSTRACT 
Bacteriocins are proteinaceous antibacterial substances produced by bacteria. Mutacins are bacteriocins produced by Streptococcus 
mutans. Four groups of mutacins have been described to date: lantibiotic monopeptides (bacteriocin Class Ia, Ib) including mutacins B-
Ny266, H-29B, K8 (MukA), I, II, III, and 1140; lantibiotic dipeptides (bacteriocin Class Ic) grouping mutacins GS5 (SmbA, SmbB) and 
BHT-A (BHT-A�, BHT-A�); non-lantibiotic monopeptides (bacteriocin Class IIa, IIb) including mutacins BHT-B, F-59.1, I-T9, N and V; 
and the non-lantibiotic dipeptide (bacteriocin Class IIc) mutacin IV (NlmA, NlmB). Bioinformatic analyses of the S. mutans UA159 
genome have revealed genes potentially coding for bacteriocin-like peptides. Lateral gene transfer and recombination contributed to muta-
cin gene distribution and divergence among strains. Screening of large numbers of isolates has revealed a high polymorphism in the genes 
encoding mutacin-like inhibitory substances. This emphasises the diversity of antimicrobial substances produced by S. mutans. A relation-
ship between bacteriocins and competence for transformation is emerging. In the future, more research is required to explore the role of 
mutacin production in the ecology of the oral ecosystem. 
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INTRODUCTION 
 
Bacteriocins are ribosomally synthesised proteinaceous anti-
bacterial substances produced by bacteria (Jack et al. 1995; 
Cotter et al. 2005) and probably by all prokaryotic species 

(Riley and Chavan 2007). Proposed classifications of bacte-
riocins are based on their molecular structures and mecha-
nisms of action (Klaenhammer 1993; Nes et al. 1996). We 
will adopt here the most recent classification into four dis-
tinct classes (Cotter et al. 2005, 2006; Heng and Tagg 2006) 
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(Table 1). 
Mutacins, bacteriocins produced by Streptococcus mu-

tans (Hamada and Ooshima 1975a), were first studied by 
Kelstrup and Gibbons (1969). Their possible use as anti-
caries agents and the role they play in the colonisation of 
the oral cavity have raised much interest (Hamada and Oo-
shima 1975a, 1975b; Weerkamp et al. 1977). They have 
also been studied as a bacterial epidemiological fingerprin-
ting tool and to assess the distribution of mutacin-producing 
strains (Rogers 1976; Groonroos et al. 1998). New interests 
are developing for mutacins, as potential food preservatives 
(Nicolas et al. in press) and as new effective antibiotics 
(Mota-Meira et al. 2005). 

There are many reports showing that S. mutans produ-
ces bacteriocin-like inhibitory substances (BLIS) (Jack et al. 
1995), but not many of these have been isolated and cha-
racterised as mutacins (Parrot et al. 1989, 1990; Morency et 
al. 1995; Mota-Meira et al. 1997; Morency et al. 2001; Ni-
colas et al. 2006) and only a few have undergone complete 
genetic characterisation (Woodruff et al. 1998; Qi et al. 
1999a, 2000; Bekal-Si Ali et al. 2002; Yonezawa and Kura-
mitsu 2005). The diversity of antimicrobial substances pro-
duced by S. mutans is supported by genetic screening of 
large numbers of isolates which has revealed considerable 
polymorphism in the genes encoding mutacin-like inhibit-
ory substances among strains isolated around the world 
(Bekal-Si Ali et al. 2002; Longo et al. 2003). Furthermore, 
bioinformatic analysis of the S. mutans UA159 genome has 
revealed more than 10 potential bacteriocin-like peptide-
coding genes (Dirix et al. 2004). Many mutacins thus re-
main to be investigated. 
 
CLASSIFICATION OF MUTACINS 
 
Chikindas et al. (1997) reviewed some of the mutacins that 
were well-characterised before 1997. Since then, more bio-
chemical and genetic information has been acquired and 
four types of mutacins have been defined: lantibiotic mono-
peptides (bacteriocin Class Ia, Ib), lantibiotic dipeptides 
(bacteriocin Class Ic), non-lantibiotic monopeptides (bacte-
riocin Class IIa, IIb), and non-lantibiotic dipeptides (bacte-
riocin Class IIc) (Tables 2, 3, 4 and 5). 
 
Lantibiotic monopeptides 
 
Mutacin I 
 
Mutacin I is produced by S. mutans CH43 and UA140 (Qi 
et al. 2000, 2001). The mature peptide is composed of 24 
amino acids with a molecular mass of 2364 Da. Mutacin I 
belongs to the lantibiotic type AI and epidermin group 
(Table 2). The biosynthetic operon was reported to encom-
pass 14 ORFs (Fig. 1). Upstream of the biosynthetic genes 
is the alanyl t-RNA synthetase ats (SMU.650) gene (Qi et al. 
2000). Mutacins I and III harbour some similarities with 

slight differences in the hinge region of the peptides (Table 
2) conferring different hydrophobic properties and different 
levels of antibacterial activity (Qi et al. 1999a, 2000) (Table 
3). A common origin has been suggested for the operons en-
coding mutacins I and III. Duplication of the prepropeptide-
coding gene mutA as mutA� (in mutacins I and III (Qi et al. 
1999a, 2000)) and lanA as lanA� (in mutacin B-Ny266 (Be-
kal-Si Ali et al. 2002)) appears to be a common response in 
bacteria exposed to different selective pressures (Yamanaka 
et al. 1998). 
 
Mutacin II and H-29B 
 
Mutacin II (alias J-T8) produced by S. mutans T8 is a 
hydrophobic peptide with a molecular mass of 3245 Da 
made of 27 amino acids (Novak et al. 1993, 1994; Krull et 
al. 2000). The producing strain was isolated in Australia by 
Rogers (1976). Post-translational modifications include two 
lanthionines (Lan), one methyllanthionine (MeLan) and one 
�, �-didehydro residue (Novak et al. 1996) (Table 3). Mu-
tacin II belongs to the type AII lantibiotic and the lacticin 
481 group (Krull et al. 2000; Chatterjee et al. 2005; Dufour 
et al. 2006). The complete sequence of the mature peptide 
was deduced from genetic characterisation of the mutA gene 
coding for prepromutacin II (Woodruff et al. 1998). The 
gene mutA encodes a prepropeptide of 53 amino acids in-
cluding an N-terminal leader peptide of 26 amino acids. 
Mutacin II harbours a double glycine-type leader sequence 
(Chen et al. 1998b; Woodruff et al. 1998) (Table 2). The 
specificity of some amino acids in mutacin II has been ana-
lysed revealing that didehydro amino acids, thioether brid-
ges and the hinge region were essential for the biological 
activity and exportation of the peptide (Chen et al. 1998b). 
Structural analysis of residues 1 to 8 showed that the pep-
tide forms an �-helix connected to the C-terminus part by a 
hinge region and the importance of this hinge region has 
been demonstrated by the mutation Pro(9)Ala that leads to 
the loss of antimicrobial activity (Chen et al. 1998b). Fur-
thermore, replacement of the double Gly motif in position  
–1 and –2 with two Ala residues resulted in a complete loss 
of production of bioactive peptides; premutacin accumula-
ted intracellularly (Chen et al. 1998b, 2001). Mutacin pro-
duction was not affected by substitution of other conserved 
residues with similar amino acids. Only two mutations close 
to the propeptide (Ile(-4)Asp and Leu(-7)Lys) failed to pro-
duce mutacin and the prepeptides could not be detected. 

Genes encoding mutacin II production are located on 
the bacterial chromosome (Caufield et al. 1990b; Woodruff 
et al. 1998). Seven genes organised in an operon are neces-
sary to achieve mutacin II production (mutRAMTFEG) (Fig. 
1; Table 5). The operon is flanked upstream by a tra gene 
(transposase) and downstream by the fba gene (fructose bi-
phosphate aldolase) (Chen et al. 1999; Qi et al. 1999b). 
Chen et al. (1999) reported that this operon can be trans-
ferred to a non-producing strain, converting it to a mutacin 

Table 1 Classes of bacteriocins from Gram-positive bacteria (adapted from Cotter et al. 2005, 2006; Heng and Tagg 2006). 
 Class I-lantibiotics Class II Class III Class IV 
Definition Post-translationally 

modified peptides containing lanthionines 
and/or unsaturated amino acids 

Non-lanthionine containing, heat-
stable peptides 

Large heat-labile proteins 
(“colicin-like”) 

Cyclic peptides 
(N and C termini 
covalently linked)

Specific 
Molecular Weight 

< 5 kDa < 10 kDa > 10 kDa No specification 

Subgroups Type Ia: Elongated peptides with a net 
positive charge 

Subtype AI: Nisin-like 
Subtype AII: SA-FF22-like 

Type Ib: Globular peptides with a net 
negative charge or no charge 
Type Ic: Multi-component 

Type IIa: Pediocin-like with 
antilisterial activity and a YGNGVXC 
N-terminal sequence 
Type IIb: Miscellaneous 
Type IIc: Multi-component 

Type IIIa: Bacteriolytic 
Type IIIb: Non-lytic 
 
Little known group 

None 

Examples1 Nisin, lacticin 481, mersacidin, lacticin 
3147, mutacins B-Ny266, B-JH1140, H-
29B, I, II(J-T8), III, Smb, BHT-A and K8

Pediocin PA1, thermophilin 13, 
aureocin A53, mutacins F-59.1, I-T9, 
IV, V, N and BHT-B 

Lysostaphin, helveticin J Enterocin AS-48 

1 Examples of mutacins are in bold. 
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II producer. 
Mutacin H-29B was shown to be identical to mutacin II 

(Nicolas et al. 2006). It can be produced in a low-cost 
growth medium made from whey permeate (Nicolas et al. 
2004). The peptide was purified by successive hydrophobic 
chromatography steps and the first 24 amino acids revealed 
by Edman sequencing were found to be identical to those of 
mutacin II (Table 2). Characterisation of the coding gene 
will confirm if the prepeptide of mutacin H-29B is com-
pletely identical to that of premutacin II. 
 
 
 

Mutacin III 
 
Mutacin III is produced by S. mutans UA787 (Qi et al. 
1999a). The complete sequence of the peptide was deduced 
from the sequence of the gene and the molecular mass was 
calculated to be 2266 Da. Biosynthesis of mutacin III is 
controlled by an operon composed of eight ORFs, namely 
mutRAA�BCDPT (Fig. 1). As for mutacin I, the alanyl t-
RNA synthetase ats (SMU.650) gene is found upstream of 
the operon (Qi et al. 1999a, 2000). Mutacin III also shows 
high similarity with lantibiotics from the epidermin group 
(epidermin, gallidermin, mutacin B-Ny266, mutacin 1140) 
(Table 2). The sequence of the gene coding for mutacin III 

Table 2 Peptide sequence of known mutacins. 
Amino acid sequence Mutacin Bacteriocin 

class 
Accession 
Noa Leader peptide + mature peptide 

Ref.
* 

I Ia AAF99577 MSNTQLLEVLGTETFDVQEDLFAFDTTDTTIVASNDDPDTRFSSLSLCSLGCTGVKNPSFNSYCC 1 
II (J-T8) Ia 

Subtype AII 
AAC38144 MNKLNSNAVVSLNEVSDSELTILGGNRWWQGVVPTVSYECRMNSWQHVFTCC 2 

III Ia AAD56142 MSNTQLLEVLGTETFDVQEDLFAFDTTDTTIVASNDDPDTRFKSWSLCTPGCARTGSFNSYCC 3 
IV 

NlmA 
NlmB 

 
IIb or IIcb 

 
AAN57926 
AAN57927 

 
MDTQAFEQFDVMDSQTLSTVEGGKVSGGEAVAAIGICATASAAIGGLAGATLVTPYCVGTWGLIRSH 
MELNVNNYKSLTNDELSEVFGGDKQAADTFLSAVGGAASGFTYCASNGVWHPYILAGCAGVGAVGSVVFPH 

 
4 

V 
NlmC 

IIb AAN59525 MNTQAFEQFNVMDNEALSAVEGGGRGWNCAAGIALGAGQGYMATAGGTAFLGPYAIGTGAFGAIAGGIGGALNSCG 5 

1140 Ia AAC18827 MSNTQLLEVLGTETFDVQEDLFAFDTTDTTIVASNDDPDTRFKSWSLCTPGCARTGSFNSYCC 6 
B-Ny266 Ia P80666 MSNTQLLEVLGTETFDVQENLFTFDTTDTIVAESNDDPDTRFKSWSFCTPGCAKTGSFNSYCC 7 
BHT-A� 

BHT-A� 
Ic 
 

AAZ76603 
AAZ76602 

MKEIQKAGLQEELSILMDDANNLEQLTAGIGTTVVNSTFSIVLGNKGYICTVTVECMRNCQ 
MKSNLLKINNVTEVEKDMVTLIKDEDMELAGGSTPACAIGVVGITVAVTGISTACTSRCINK 

8 

BHT-B IIb AAZ76605 MWGRILAFVAKYGTKAVQWAWKNKWFLLSLGEAVFDYIRSIWGG 8 
F-59.1 IIa - KYYGNGVTCGKHSXSVDWXKXTXXX 9 
H-29B Ia 

Subtype AII 
P84110 NRWWQGVVPTVSYECRMNSWQHVF 10

K8 

MukA1 
MukA2 
MukA3 

 
Ia 
Subtype AII 

 
ABK59354 
ABK59355 
ABK59356 

 
MKNTTNEMLELIQEVSLDELDQVIGGMGKGAVGTISHECRYNSWAFLATCCS 
MKQSDEMLELIQEVSLDELDQVIGGAGNGVIRTITQGCRMPNNMQVLFTC 
MKKGTQLYLEALEALQEIKVEELDTFIGGMGKGAVGTISHECRYNSWAFLATCCS 

11

N IIb - MNVEENIMSFDVNSYNDLTRDELSQTIGGSRQAADTFLSGAYGAAKGVTARASTGVYVVPATLVALGVYGAGLNIAFP 12
Smb 

SmbA 

SmbB 

 
Ic 

 
BAD72776 
BAD72777 

 
MKSNLLKINNVTEMEKNMVTLIKDEDMLAGGSTPACAIGVVGITVAVTGISTACTSRCINK 
MKEIQKAGLQEELSILMDDANNLEQLTAGIGTTVVNSTFSIVLGNKGYICTVTVECMRNCSK 

 
13, 
14

a Swissprot accession numbers are given when GenBank accession numbers are not available. 
b Mutacin IV was first proposed to consist of two peptides designated NlmA and NlmB (class IIc bacteriocin) (Qi et al. 2001). However, Hale et al. (2005a) showed that 

disruption of the nlmB gene has no impact on the activity spectrum of mutacin IV, placing mutacin IV in class IIb instead of IIc.  
For mutacins IV and K8, the peptide portion determined by N-terminal sequencing is indicated in bold underlined letters.  
For mutacin N, the sequence similarity with NlmB (mutacin IV) is shown in bold highlighted letters. 
For mutacin F-59.1, X denotes N-terminal amino acids unidentified by sequencing. The typical N-terminal pediocin-like sequence is highlighted.  
For mutacins 1140 and B-Ny266, the differing amino acids are highlighted. 
*Ref.: 1, Qi et al. 2000; 2, Novak et al. 1994; 3, Qi et al. 1999a; 4, Qi et al. 2001; 5, Hale et al. 2005a; 6, Hillman et al. 1998; 7, Mota-Meira et al. 1997; 8, Hyink et al. 2005; 
9, Nicolas et al. 2007a; 10, Nicolas et al. 2006; 11, Robson et al. 2007; 12, Balakrishnan et al. 2000; 13, Yonezawa and Kuramitsu 2005; 14, Petersen et al. 2006.

Table 3 Biochemical properties of mature lantibiotic mutacins. 
Modified amino acidsc Mutacin Nb aa Mwa Leader sequence 

motifb 
Net charge 

Lan MeLan dhA dhB other 
I 24 2364 FNLD +1 3 0 1 0 0 
II (J-T8) 27 3245 GG +1 2 1 0 1 0 
H-29B 24 3246 GG +1 2 1 0 1 0 
III 22 2266 FNLD +3 2 1 1 1 AviCys 
1140 22 2263 FNLD +3 2 1 1 1 AviCys 
B-Ny266 22 2270 FNLD +3 2 1 1 1 AviCys 
K8e 

MukA1/A3 
MukA2 

 
26 
25 

 
2734 

 
GG 
GG 

 
+1 
+2 

 
n.d. 
n.d. 

 
n.d. 
n.d. 

 
n.d. 
n.d. 

 
n.d. 
n.d. 

 
n.d. 
n.d. 

Smb 
SmbA 
SmbBd 

 
30 
33 

 
2808 
3452 

 
GG 
GG 

 
+2 
+2 

 
n.d. 
n.d. 

 
n.d. 
n.d. 

 
n.d. 
n.d. 

 
n.d. 
n.d. 

 
n.d. 
n.d. 

Smb variant 
BHT-A� 

 
31 

 
3451 

 
GG 

 
+2 

 
n.d. 

 
n.d. 

 
n.d. 

 
n.d. 

 
n.d. 

BHT-A� 30 2893 GG +2 n.d. n.d. n.d. n.d. n.d. 
a Molecular weight (Mw) determined by mass spectrometry. 
b Leader sequence motif. GG: double glycine motif (GG/AG/GS); FNLD: serine protease recognition motif. 
c Lan: lanthionine; MeLan: ��methyllanthionine; dhA: 2,3-didehydroalanine; dhB: (2)-2,3-didehydrobutyrine; AviCys: S-(2-aminovinyl)-D-cysteine residue.  
d Deduced from the DNA sequence (Yonezawa and Kuramitsu 2005) and complemented by amino acid sequencing (Petersen et al. 2006). 
e Deduced from the DNA sequence (Robson et al. 2007). 
n.d.: not determined. 
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is identical to that of mutacin 1140 (Hillman et al. 1998; Qi 
et al. 1999a). Mutacin III thus belongs to the type AI lanti-
biotics and the epidermin group (Chatterjee et al. 2005). 
 
Mutacin 1140 
 
Mutacin 1140 is produced by S. mutans JH1140, reported to 
be a spontaneous mutant of S. mutans JH1000 (Hillman et 
al. 1998) and belongs to the lantibiotic class (type AI). Mu-
tacin 1140 is composed of 22 amino acids with a molecular 
mass of 2263 Da, and the reported sequence makes it very 
similar to the lantibiotics belonging to the epidermin group, 
differing from mutacin B-Ny266 by only two amino acids 
(Table 2). The sequence of the putative immunity gene 
lanB has not been completed (Fig. 1). A three-dimensional 
structure and dynamic molecular model of mutacin 1140 
have been determined by NMR (Smith et al. 2003). It was 
deduced from these studies that mutacin 1140 adopts a 
small and compact structure of multiple forms, which could 
confer an activity of membrane disintegration. The small 
size of the compact structure was thought not to conform to 
the classical mode of action of pore formation in the mem-
brane by lantibiotics. 
 
Mutacin B-Ny266 
 
Mutacin B-Ny266 is produced by strain Ny266 (Parrot et al. 
1990; Morency and Lavoie 1991), originally named T2 and 
isolated in Australia by Rogers (1976). The mature peptide 

is 22 amino acids long and possesses a calculated mass of 
2270 Da. Mutacin B-Ny266 was the first mutacin lantibiotic 
to be completely sequenced (Mota-Meira et al. 1997). It 
possesses two Lan, one MeLan, one 2,3-didehydroalanine, 
one 2,3-didehydrobutyrine and one S-(Z)-2-aminovinyl-D-
cysteine (Tables 2, 3). Only the 22nd amino acid could not 
be revealed upon sequencing because it is part of the S-(Z)-
2-aminovinyl-D-cysteine. The mature peptide is related to 
the lantibiotics gallidermin and epidermin produced by Sta-
phylococcus gallinarum and Staphylococcus epidermidis, 
respectively. Mutacin B-Ny266 belongs to type AI lantibi-
otics and the epidermin group (Chatterjee et al. 2005). 

Genetic analysis of the operon for the biosynthesis of 
mutacin B-Ny266 has revealed that the lanA gene encodes a 
63-amino acid protein that is 87% similar to LanA from the 
S. mutans strain JH1140 producing mutacin 1140 and to 
MutA from S. mutans UA787 producing mutacin III. A sec-
ond open reading frame (ORF) encodes a 64-amino acid 
protein with 57.4% homology to LanA and was named 
lanA�. No ORF was identified as a regulator gene in the 
vicinity of lanAA� while many stop codons were found in all 
possible reading frames. A deletion of 50 bp was detected 
upstream from lanA in comparison with lanA and mutA 
from strains JH1140 and UA787 respectively. This region is 
A+T rich (>80%) and was proposed to be associated with a 
promoter activity for lanA expression (Bekal-Si Ali et al. 
2002) (Fig. 1). 

 
 

Table 4 Biochemical properties of non-lantibiotic mutacins (determined with the ProtPram program from the ExPASy Proteomics Tools, http:// 
ca.expasy.org/tools/). 
Mutacin Nb aa Cys 

residus 
Mwa Mwb pI Q+ 

residues 
Q- 
residues 

Aliphatic 
Index 

Instability
Indexc 

GRAVYd 

IV 
NlmA 
NlmB 

 
44 
49 

 
2 
2 

 
4169 
4826 

 
4171.8 
4828.4 

 
8.06 
5.98 

 
2 
1 

 
1 
2 

 
108.86 
77.76 

 
4.59 

13.51 

 
0.911 
0.573 

Ve 53 2 - 4777.7 8.03 1 0 74.15 24.53 0.636 
BHT-B 44 0 5195 5165.0 9.99 6 2 93.18 21.42 0.241 
F-59.1 25 4 2720 2798.3 9.05 - - 23.20 -11.07 -0.748 
N 49 0 4806 4801.4 9.52 3 1 97.76 19.20 0.649 

a Molecular weight (Mw) determined by mass spectrometry (MS). 
b Mw calculated by the ProtParam program (differences observed with Mw determined by MS can be due to the presence of N-formylmethionine, disulfide bridges, or 

unidentified residues present in the query sequence). 
c Instability index >50: unstable; <50: stable protein.  
d Overall hydropathicity average. 
e Deduced from the DNA sequence (Hale et al. 2005a). 
-: Information cannot be determined. 

Table 5 Summary of the characteristics of mutacin gene clusters. 
Mutacin Structural 

gene 
Self-immunity 
genes 

Export genes Post-translational 
modification 
genes 

Genes of 
unknown 
function 

Regulat
or 
genes 

External 
regulator genesa 

Flanking genes GenBank 
accession 
number 

G+C 
ratiob 

I mutA mutF, mutE, mutG mutP, mutT mutBCD mutA’ mutR ciaH, luxS, hdrM, 
irvA, hrcA, adhE, 
vicK, pttB, hk03 

ats AF238860 0.84 

II (J-T8) mutA mutF, mutE, mutG mutT mutM - mutR dgk tra, fba U40620 0.84 
III mutA - mutP, mutT mutBCD mutA’ mutR - ats AF154675 0.81 
IV nlmA, nlmB - nlmT, nlmE - - - comD, comE * * * 
V nlmC - nlmT, nlmE - - - comD, comE * * * 
1140 lanA lanB (incomplete) - - orfY (orfX) fhs - AF051560 0.80 
B-Ny266 lanA lanB (incomplete) - - lanA’ - - - AF338349 0.82 
BHT-Ac bhtA�, bhtA� bhtAF, bhtAG bhtAT bhtAM1, bhtAM2 - bhtAR - - DQ145752 0.85 
BHT-Bc bhtB (orf1, orf2, orf3) (abc1, abc2) - - mutR - ptsEII, �-amylase DQ145753 0.96 
K8 mukA1, 

mukA2, mukA3 
mukF, mukE, mukG mukT mukM mukA’ mukR, 

mukK 
- putative maturase-

related coding gene 
EF060238 0.96 

N mutN blpI nlmT, nlmE - - - - * NA - 
Smb smbA, smbB smbF, smbG smbT smbM1, smbM2 - - comD, comE cyl AB179778 0.87 
a Genes outside of the biosynthetic operon. 
b The G+C mol % ratio of mutacin-coding operons was determined using the GC-Profile websoftware (http://tubic.tju.edu.cn/GC-Profile/) in comparison to the S. mutans 
G+C mol % content of 36.8%. 
c Produced by Streptococcus rattus (Hyink et al. 2005). 
- : Not elucidated. 
* : Not determined as biosynthetic genes are apparently not clustered.  
NA : Not available. 
The function of genes in parentheses is hypothetical. 
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Mutacin K8 
 
Mutacin K8 is a SA-FF22 lantibiotic-like mutacin produced 
by S. mutans strain K8 (Robson et al. 2007). The entire 
mutacin K8-encoding locus consists of 13 ORFs showing 
high homology with the ORFs encoding the Streptococcus 

pyogenes lantibiotic SA-FF22 that is found incomplete in 
the S. mutans reference strain genome (only five ORFs with 
homology to the SA-FF22 regulatory and immunity genes 
are found) (Fig. 1). The genes present are: a putative two-
component regulatory system mukR (SMU.1815) and mukK 
(SMU.1814), followed by two transposases (SMU.1813 and 

Fig. 1 Organisation of genes associated with mutacin production. Genes and symbols: Prepromutacin: lanA, mutA, mutN, mukA1, mukA2, mukA3, smbA, 
smbB, bhtA�, bhtA�, bht-b, nlmA, nlmB, nlmC; duplicate: lanA', mutA', mukA'; putative regulator: mutR, mukR, orfX, bhtAR; putative associated histidine 
kinase: mukK; exportation proteins: mutT, mukT, smbT, bhtAT, abc1, abc2; post-translational modification enzymes: mutBCD, mutM, mukM, smbM1, 
smbM2, bhtAM1, bhtAM2; proteolytic processing and transport: mutP, mutT; immunity: mutFEG, mukFEG, smbF, smbG, bhtAF, bhtAG, blpI. Other an-
notated genes are: adhE: acetaldehyde alcohol deshydrogenase; ats: alanyl t-RNA synthetase; comC, comD, comE: competence stimulating peptide, associ-
ated histidine kinase and response regulator genes; cyl: leucyl t-RNA synthetase; dedA: putative associated membrane protein gene; fba: fructose biphos-
phate aldolase; orf1, orf2, orf3: putative genes encoding proteins involved in transport, maturation and immunity; orfA: ORF related to Streptococcus aga-
lactiae transposase; pepO: oligopeptidase; tra: transposase. Promotors are shown as vertical arrows; potential transcriptional terminators are indicated by 
hairpins. The prefix ‘mut’, ‘smb’ and ‘bht’ are omitted to simplify the annotation of genes for mutacins I, II, III, GS-5 and BHT-A operons. For non-annota-
ted genes, nomenclature from the NCBI database is adopted (compiled from Woodruff et al. 1998; Hillman et al. 1998; Chen et al. 1999; Qi et al. 1999a, 
1999b, 2000, 2001; Bekal-Si Ali et al. 2002; Hale et al. 2004, 2005a; Hyink et al. 2005; van der Ploeg 2005; Yonezawa and Kuramitsu 2005; Robson et al. 
2007). 
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SMU.1812), four putative lantibiotic genes, named mukA1, 
mukA2, mukA3 and mukA�, coding for prepropeptides that 
show identity with previously characterised lantibiotic pre-
propeptides (SA-FF22 and SA-M49 from S. pyogenes; 
Bvi79a and RumA from Butyrivibrio fibrisolvens and Rumi-
nococcus gnavus, respectively). Finally three ORFs, mukF 
(SMU.1811), mukE (SMU.1810), and mukG (SMU.1809) 
encoding putative immunity proteins flank the locus down-
stream. A molecular mass of 2734 Da was determined for 
the purified putative mutacin K8 (MukA1 or MukA2 pep-
tide). The first six amino acids were identified by Edman 
degradation and the complete peptide sequence was de-
duced from the DNA sequence of the mukA1 and mukA3 
genes (Tables 2, 3). 
 
Lantibiotic dipeptides 
 
Mutacin GS-5 or Smb (for Streptococcus mutans 
bacteriocin) and mutacin BHT-A 
 
Mutacin GS-5, produced by S. mutans GS-5, was prelimina-
rily characterised by Paul and Slade (1975). Its molecular 
mass has been estimated at more than 20,000 Da and its ac-
tivity was sensitive to trypsin and pronase E but insensitive 
to heat (100°C, 10 min at pH 2.0 to 7.0). At pH greater than 
7.0, activity was reduced and abolished at pH greater than 
11.0 (Paul and Slade 1975). Recently, Yonezawa and Kura-
mitsu (2005) identified in S. mutans GS-5, by insertional in-
activation using Tn916, a cluster of genes encoding a bacte-
riocin, named Smb and belonging to the lantibiotic dipep-
tide class. The biosynthetic operon of Smb is composed of 
seven ORFs on a 9.5-kb fragment of chromosomal DNA. A 
leucyl t-RNA synthetase gene cyl is found upstream of the 
operon (Yonezawa and Kuramitsu 2005) (Fig. 1). The di-
peptide Smb consists of peptides SmbA (30 amino acids) 
and SmbB (32 amino acids). The molecular masses of the 
SmbA and SmbB peptides were determined to be 2808 Da 
and 3452 Da, respectively. This indicates that Paul and 
Slade (1975) probably worked with a multimeric aggregate 
of these peptides. Peptide SmbB was slightly different from 
the predicted sequence proposed by Yonezawa and Kura-
mitsu (2005) as deduced from the DNA sequence. The pre-
sence of an isoleucine in position 1 in the SmbB peptide 
was confirmed by Edman degradation (Petersen et al. 2006) 
(Tables 2, 3). Hyink et al. (2005) also reported the purifica-
tion of a variant of the two-peptide lantibiotic Smb, which 
is produced by Streptococcus rattus strain BHT and named 
mutacin BHT-A��. 
 
Non-lantibiotic monopeptides 
 
Mutacin V 
 
Mutational analysis of the S. mutans genome reference 
strain (UA159), known to produce the two-peptide non-lan-
tibiotic mutacin IV (Qi et al. 2001), showed that this strain 
also produces an inhibitory activity encoded by the locus 
SMU.1914c (GenBank Accession number NC_004350, gene 
ID Smu.1738 in the Los Alamos Oral Pathogen Database), 
mainly active against non-streptococcal bacteria. SMU. 
1914c was named nlmC and the product of the gene, muta-
cin V (Hale et al. 2005a). However, to our knowledge, mu-
tacin V has never been purified and tested for its intrinsic 
antibacterial activity. Downstream of SMU.1914c are found 
comCDE genes encoding the competence stimulating pep-
tide (CSP) with its concomitant histidine kinase sensor and 
response regulator proteins (Ajdic et al. 2002; Hale et al. 
2005a; van der Ploeg 2005). 
 
Mutacin BHT-B, or rather rattucin BHT-B 
 
Streptococcus rattus BHT (previously S. mutans BHT) was 
reported to produce an antibacterial substance named muta-
cin b (Kelstrup and Gibbons 1969; Delisle 1975; Hamada 
and Ooshima 1975a; Rogers 1976; Delisle 1986). The acti-

vity of mutacin b was resistant to solvents (ethanol, acetone, 
butanol, chloroform (1% (v/v)) and to heat (100°C, 15 min 
at pH 3.0 and 7.0). It was sensitive to chymotrypsin and 
trypsin but resisted lipase, lysozyme, papain and filtered 
saliva (Delisle 1986). Later, Hyink et al. (2005) reported the 
production of the mutacin named BHT-B by S. rattus BHT. 
Mutacin BHT-B is a non-modified peptide of 5195 Da with 
similarities to the tryptophan-rich bacteriocin produced by 
Staphylococcus aureus, aureocin 53 (Netz et al. 2002) 
(Tables 2, 4). The operon encoding mutacin BHT-B has been 
characterised. Upstream of the bht-b gene, there is an ORF 
related to the receptor kinase gene mutR of the mutacin I 
operon and a gene encoding a protein involved in sugar me-
tabolism. Downstream are genes related to ABC transpor-
ters (abc1 and abc2), that encompass three ORFs (orf1, orf2, 
orf3) that could encode proteins involved in transport, ma-
turation and immunity to BHT-B. A gene pepO encoding an 
oligopeptidase (PepO), a 68-kDa CSP-inactivating protein 
in S. pneumoniae (Berge et al. 2002), is located downstream 
of abc2 (Hyink et al. 2005) (Fig. 1). 
 
Mutacins F-59.1 and I-T9 
 
Mutacins F-59.1 and I-T9 are produced by S. mutans strains 
59.1 and T9, respectively (Nicolas et al. 2004). Mutacin F-
59.1 was purified by hydrophobic chromatography and 
analysed by Edman degradation. Sequence comparison re-
vealed that mutacin F-59.1 is related to the pediocin-like 
bacteriocins (Nicolas et al. 2007a) (Table 2). A similar 
molecular mass was measured for mutacin F-59.1 and I-T9, 
suggesting that the two are identical. They are the first pedi-
ocin-like mutacins ever reported (Nicolas et al. 2007a). 
 
Mutacin N 
 
Mutacin N produced by S. mutans N is a non-lantibiotic 
mutacin composed of 49 amino acids and has a molecular 
mass of 4806 Da. Structural homology of mutacin N was 
found with the protein IIc domain of a hypothetical sugar-
phosphotransferase enzyme from Mesoplasma florum ATCC 
33453. Similar inhibition spectra were observed for mutacin 
N and I while the molecules are clearly distinct (Tables 2, 
4) (Balakrishnan et al. 2000; Qi et al. 2001; Balakrishnan et 
al. 2002). Hale et al. (2004) have cloned and sequenced the 
prepropeptide coding gene mutN. Three ORFs organised dif-
ferently from those coding for mutacin I were found asso-
ciated with mutN on an 8-kb DNA fragment (Fig. 1). One 
ORF (orfA) shows homology with a Streptococcus agalac-
tiae transposase. Another shows homology with blpI for a 
bacteriocin-like peptide from S. pneumoniae and the last 
ORF is identical to comC, the gene coding the CSP that in-
duces competence development. Hale et al. (2005b) have 
shown that secretion of mutacin N was carried out by the 
locus nlmTE encoding an ABC transporter similar to the 
one found in the UA159 strain that exports mutacin IV. 
 
Non-lantibiotic dipeptides 
 
Mutacin IV 
 
Mutacin IV is produced by S. mutans UA140 and UA159. It 
was first proposed to consist of two non-modified peptides 
(Qi et al. 2001). Peptide A, encoded by nlmA for non-lanti-
biotic mutacin peptide A, is formed of 44 amino acids with 
a molecular mass of 4169 Da. Peptide B, encoded by nlmB, 
has 49 amino acids and a molecular mass of 4826 Da (Tab-
les 2, 4). The complete sequences of the genes coding for 
the two peptides were determined as well as of all the genes 
necessary for the production of mutacin IV (Fig. 1) (Hale et 
al. 2005b). Upstream of the nlmA and nlmB genes is the 
acetaldehyde alcohol dehydrogenase gene (adhE). While 
mutacin IV has preliminarily been characterised as a two-
peptide bacteriocin (Qi et al. 2001), Hale et al. (2005a) 
have recently questioned this two-component structure of 
the active mutacin IV. Disruption of the nlmB gene had no 
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impact on the activity spectrum of mutacin IV, suggesting 
that NlmA was sufficient for the complete activity of muta-
cin IV. 
 
PRODUCTION, BIOSYNTHESIS AND REGULATION 
 
Bacteriocin production is influenced by several environ-
mental factors, such as pH, temperature, concentration of 
nitrogen and carbohydrate sources, and the presence of 
essential elements (vitamins, oligo-elements) (see review by 
Parente and Ricciardi 1999). 

The difficulties in producing mutacins or in obtaining a 
good mutacin yield in liquid media have been reported in 
many studies (Rogers 1972; Kelstrup and Funder-Nielsen 
1977; Parrot et al. 1989; Nicolas et al. 2004) and few muta-
cins have been purified from liquid cultures (Novak et al. 
1993, 1994; Mota-Meira et al. 1997; Nicolas et al. 2006, 
2007a). In each case, yeast extract seemed to be an activa-
ting element. Also, bacteriocin expression in S. mutans 
often requires high cell densities (reached only by growing 
cells on agar media) that hinder their easy purification 
(Kreth et al. 2005; Merritt et al. 2005). S. mutans generally 
grows as biofilms in nature, expressing a different gene pro-
file compared to free-living cells that includes the expres-
sion of many loci putatively involved in bacteriocin biosyn-
thesis (Motegi et al. 2006; Shemesh et al. 2007). Alterna-
tives for mutacin characterisation have thus been sought 
using molecular genetic approaches. Caufield et al. (1990a) 
first attempted to locate genes for mutacin II production by 
Tn916 random mutagenesis, which was also used more 
recently for characterising genes coding for mutacin Smb 
(Yonezawa and Kuramitsu 2005). 

The bacteriocin operons are usually organised as a clus-
ter of genes comprising the prepropeptide coding gene asso-
ciated with genes for exportation and maturation, genes 
conferring immunity to the inhibitory activity and occasion-
ally genes involved in regulation of the production of the 
bacteriocin. Bacteriocins are first synthesised as a prepro-
peptide that is then exported across the cytoplasmic mem-
brane by dedicated transporters containing an ATP-binding 
cassette (ABC transporter), and are often processed by a 
specific protease. Occasionally, these two functions can be 
combined, depending on the presence of a typical motif in 
the prepeptide (Havarstein et al. 1995; Franke et al. 1999; 
McAuliffe et al. 2001). In many cases, the bacteriocin-en-
coding gene cluster contains one or more immunity proteins 
to prevent self-killing of the producing strain. Also, the ex-
pression of the bacteriocin gene cluster is sometimes under 
the control of a two-component signal transduction system 
that is usually part of the cluster. The inducer can be either 
the bacteriocin itself or a bacteriocin-like peptide. 

The mutacin biosynthetic operons characterised to date 
have all been located on the chromosome and show slight 
variations in their organisation (Fig. 1). These operons are 
generally related to those coding for other lantibiotics with 
their prepropeptide-coding gene, along with regulator, ma-
turation, exportation and immunity genes (McAuliffe et al. 
2001; Chatterjee et al. 2005). Many lantibiotics are autoin-
ducing peptides. Autoinducing ability involves activation of 
a two-component regulatory system, which is ensured by 
the presence of genes encoding a histidine kinase and a cog-
nate response regulator in the operon (Kleerebezem et al. 
1997). For class II bacteriocins, inducer peptides are ref-
erred to as pheromones and are not part of the biosynthetic 
operon. However, no mutacin lantibiotic has shown autoin-
ducing activity so far. Furthermore, no genes encoding a 
histidine kinase and an associated response regulator have 
been identified in mutacin lantibiotic biosynthetic clusters 
excepted for the recently characterised mutacin K8, which 
harbours a mukK gene and its cognate mukR regulator gene 
(Fig. 1) (Robson et al. 2007). For mutacins I, II and III, the 
existence of a specific transcriptional activator mutR has 
been reported and identified in the biosynthetic operon 
(Chen et al. 1998a; Qi et al. 1999b, 2000). Mutacin II trans-
cription is controlled by the promoters of mutA and mutR. 

The gene mutR encodes a protein homologous to the rgg fa-
mily (regulator gene of glycosyltransferase) of transcription 
regulators. MutA promoter activation ensures transcription 
of the mutAMTFEG operon and is dependent on MutR as 
well as on currently unknown components in the growth 
medium (Qi et al. 1999b). Inactivation of MutR suppresses 
the transcription of the biosynthetic operon of mutacin II. 
DNA binding motifs are not found in MutR; only the homo-
logy with Rgg is consistent with its direct interaction with 
DNA. Also, direct binding of MutR to the mutA promoter 
has not been observed. To date, the dgk gene coding for 
gene diacylglycerol kinase has been shown to be required 
for mutacin II expression by strain T8 (Chen et al. 1998a). 
Deficient mutacin production in strain JH1005 was also 
reported following insertional inactivation of the fhs gene 
coding for formyl-tetrahydrofolate synthetase (Crowley et 
al. 1997). 

Recent studies proved that additional genes are implica-
ted in the mechanisms of regulation of the production of 
some mutacins (Fig. 2). A few of them were found to 
correspond to two-component regulatory systems involved 
in quorum sensing mechanisms. A two-component sensor, 
CiaH, and an interspecies signalling system, LuxS, have 
both been found to be involved in the regulation of the mu-
tacin I operon (Qi et al. 2004; Merritt et al. 2005). However, 
inactivation of the putative response regulator CiaR of the 
histidine kinase sensor CiaH did not affect the production of 
mutacin I. Also, inactivation of ciaH has no influence on 
mutacin II or mutacin IV production by their respective pro-
ducing strains (T8 and UA140) (Qi et al. 2004). The luxS 
mutation did not affect mutacin IV production either (Mer-
ritt et al. 2005). Merritt and co-workers (2005) also pointed 
out that the production of wide spectrum mutacin I appears 
to be regulated by the interspecies signalling mechanism of 
luxS while the narrow spectrum mutacin IV is controlled by 
intraspecies signalling through comCDE. 

By random insertional mutagenesis, 25 additional genes/ 
loci were found to be required for mutacin I production 
(Tsang et al. 2005). Putative assigned functions by the Los 
Alamos Oral Pathogen Sequence Database mainly identi-
fied these loci as two-component signal transduction sys-
tems (vicRKX and hk03/rr03), a stress response regulator 
(hrcA), metabolic enzymes (pttB, adhE), and a large con-
served hypothetical protein (Smu.1281, Los Alamos Data-
base). Tsang et al. (2006) reported that these multiple input 
signals for mutacin I production can be divided into two 
pathways regarding the induction of an ‘inducible repressor 
of virulence’ gene (irvA/Smu.1274): irvA-dependent and 
irvA-independent. IrvA has been identified as a putative 
repressor that seems to be implicated in the luxS-mediated 
mutacin I gene regulation pathway (Merritt et al. 2005). As 
for luxS, signals mediated through vicK, pttB and hk03 exert 
their effect possibly through modulating irvA transcription, 
whereas signals mediated through ciaH, hrcA, adhE, and 
Smu.1281 exert their effect through an unknown mecha-
nism independent of irvA. In the same way, Merritt et al. 
(2007) identified a putative membrane bound protein, enco-
ded by hdrM and expressed under high cell density, that 
positively regulates expression of mutacin I, while having a 
negative effect on competence development. The gene 
hdrM is part of the two-gene operon formed by hdrR (SMU. 
1854, NCBI database/Smu.1689, Los Alamos database) and 
hdrM (SMU.1855/Smu.1690) that show similarity with the 
putative LytTR family regulators found in various Gram-
positive bacteria and act as a two-component regulatory 
system. However, no kinase domain homology was found 
in the putative membrane bound protein sequence HdrM 
(Merritt et al. 2007). 

In the reference strain UA159, the expression of several 
mutacin-like genes was found to be induced following 
addition of a competence stimulating peptide (CSP) (Kreth 
et al. 2005; van der Ploeg 2005). Other CSP-mediated phe-
notypes identified to date for S. mutans include competence, 
acid tolerance and biofilm formation (Li et al. 2002). The 
CSP coded by comC is synthesised as a prepeptide contain-
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ing a double-glycine (GG) leader motif at its N-terminus. 
The GG leader sequence of the CSP is cleaved off during 
export across the membrane by a dedicated ABC transporter, 
CslAB (Petersen and Scheie 2000; Li et al. 2002; Hale et al. 
2005b). Following its secretion, CSP is recognised by the 
sensor kinase receptor ComD, which then autophosphory-
lates and by transferring the phosphoryl group, activates the 
ComE response regulator. Phosphorylated ComE activates 
expression of many mutacin-like and associated accessory 
genes (Li et al. 2002; Kreth et al. 2006), recognising an im-
perfect direct repeat DNA sequence positioned upstream of 
the transcription start site (van der Ploeg 2005; Kreth et al. 
2007). The direct repeat motif is similar to the consensus 
binding sequence proposed for response regulators of the 
AlgR/AgrA/LytR family (Nikolskaya and Galperin 2002). 
ComE is thus reported as a transcriptional activator of mu-
tacin production, but a repressor of CSP biosynthesis in S. 
mutans (Kreth et al. 2006, 2007). The CSP signal transduc-
tion system also activates an alternative competence-speci-
fic transcription factor, ComX, although not directly through 
ComE binding (Kreth et al. 2005). Generally in streptococci, 
ComX, in association with RNA polymerase, mediates ex-
pression of late competence genes comYA-G encoding pro-
teins involved in the DNA uptake and recombination pro-
cess of the competence state of bacterial cells (Martin et al. 
2006). Many genes regulated by ComX have a com-box 
(also called a cin-box) with the consensus sequence TAC 
GAATA located in the -10 promoter region and such com-
boxes have been identified close to numerous S. mutans 
open reading frames (Li et al. 2002). Coordinate expression 
of mutacin production and competence, along with other 

cell-density phenotypes, may thus be attained directly 
through the action of ComE (two-component signalling res-
ponse), or through ComX (alternate transcription factor), as 
well as other signalling cascades (Fig. 2). 

Mutacin lantibiotic Smb production was shown to be 
CSP dependent. Homology between promotor sequences of 
the Smb operon and the comC gene has been observed, sug-
gesting a regulation of the Smb operon transcription depen-
dent on com gene expression (Yonezawa and Kuramitsu 
2005). The CSP was shown to be 21 amino acids in strain 
GS-5, but post-export cleavage of the three C-terminal resi-
dus showed a more potent inducing efficiency. This was ex-
ploited in order to purify the dipeptide lantibiotic Smb (Pe-
tersen et al. 2006). 

Despite the genetic diversity of the competence gene 
locus (comC) in S. mutans, the allelic variation of comC 
seems to produce functionally equivalent ComC peptides. 
Pherotype specificity of ComC is thus not supported in S. 
mutans (Klein et al. 2006; Allan et al. 2007). In contrast, 
competence pherotype variability in Streptococcus pneumo-
niae depends on the variation of a hydrophobic patch in the 
CSP and on that of the sensor domain of the histidine kinase 
ComD (Iannelli et al. 2005; Johnsborg et al. 2006). S. mu-
tans CSP presents no variability in its hydrophobic patch 
and structure-activity analysis of the peptide reveals that 
two distinct functional domains ensure binding to and acti-
vation of the two-component signal transduction system 
that triggers competence development (Syvitski et al. 2007; 
Allan et al. 2007). In addition, an overdose of CSP is lethal 
to S. mutans (Qi et al. 2005). The S. mutans competence 
regulon comCDE-cslAB shows similarity with the 

 
Fig. 2 Model of the current knowledge of S. mutans signal transduction pathways for competence, mutacin production and other cell density-
dependent phenotypes and physiological processes. AI-2: autoinducer-2 signal molecule. CSP: competence stimulating peptide. HK: histidine kinase 
receptor. RR: response regulator. TCSTS: two-component signal transduction system formed by an HK and its cognate RR. comD: HK competence gene. 
comE: RR competence gene comX: alternate sigma factor gene. cslAB: ABC exporter gene for CSP. DR: direct repeat motif recognised by phosphorylated 
ComE. MutR: mutacin transcription regulator. MukRK: TCSTS for mutacin K8 autoinduction. Under high cell density, a threshold concentration of 
extracellular CSP induces autophosphorylation of a sensor HK (ComD), which phosphorylates a RR (ComE) that initiates either direct transcription of a 
group of mutacin-like genes or transcription of DNA uptake genes through ComX activation by an unknown mechanism. Autoregulation of the competence 
regulon is not supported. Environmental signals may trigger TCSTS (CiaHR, VicRK, HdrRM) that regulate the expression of genes ensuring competence, 
acid tolerance, biofilm formation and lantibiotic mutacin production. Lantibiotic mutacins can autoinduce their own biosynthesis through a quorum sensing 
mechanism similar to other lantibiotics. Question marks indicate that the mechanism and intermediates are unknown to date (Kleerebezem and Quadri 
2001; Li et al. 2002; Qi et al. 2004; Tsang et al. 2005; van der Ploeg 2005; Kreth et al. 2005, 2006; Martin et al. 2006; Wang and Kuramitsu 2006; Kreth et 
al. 2007; Merritt et al. 2007). 
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blpABCDRH regulon that controls bacteriocin production 
by a quorum sensing mechanism in S. pneumoniae (Martin 
et al. 2006; Lux et al. 2007). Induction of bacteriocin pro-
duction was thus proposed to be the primary functional role 
for comDE (Martin et al. 2006), and ComC would have the 
dual roles of competence stimulating peptide (CSP) and 
bacteriocin inducing peptide (BIP). This interdependence of 
competence development and bacteriocin production in S. 
mutans mediated by a quorum-sensing system appears to be 
characteristic in streptococci (Martin et al. 2006). 
 
MUTACIN IMMUNITY 
 
Bacteria that produce bacteriocins are protected against 
their cognate activity by expressing an immunity system. 
For lantibiotics, the immunity system depends on the ex-
pression of a set of three genes (lanFEG for nisin) that can 
be associated with the expression of a further gene lanI. The 
set of genes lanFEG encode a LanFEG immunity ABC 
transporter known to expel lantibiotics from the membrane 
into the external medium before peptides reach the neces-
sary density required to form pores in the membrane. LanI 
is a lipoprotein that confers immunity by its membrane-
bound specific lantibiotic-binding activity (Takala and Saris 
2006). The two immunity systems function relatively speci-
fically and can provide either a cooperative or an indepen-
dent immunity against their cognate lantibiotic (Klein and 
Entian 1994; Stein et al. 2003; Aso et al. 2005; Chatterjee et 
al. 2005). 

For class II bacteriocins, immunity is generally ex-
pressed by one gene (pedB for pediocin). However, their 
mode of action remains poorly understood. A cytosolic lo-
cation of an immunity protein activity has been demons-
trated (Quadri et al. 1995). Three-dimensional structures of 
immunity proteins for class IIa bacteriocins show very 
similar globular structures with a conserved left-turning 
four-helix bundle protein motif (Sprules et al. 2004; John-
sen et al. 2005a; Kim et al. 2007). The protective mecha-
nism seems to involve an interaction between the C-termi-
nal domain of the immunity protein and the C-terminal hyd-
rophobic membrane-penetrating portion of its cognate bac-
teriocin that probably hinders the membrane insertion of the 
peptide (Johnsen et al. 2005b; Kim et al. 2007). Further-
more, several orphan immunity genes conferring resistance 
to some pediocin-like bacteriocins exist (Fimland et al. 
2002). Another self-protective mechanism against class II 
peptide-bacteriocin activity resides in the interaction of the 
immunity protein with the IIC and IID components of the 
mannose phosphotransferase system (Diep et al. 2007). 

Immunity for mutacins has been elucidated based on 
gene homology (Fig. 1). The lantibiotic immunity mecha-
nism for mutacins I and II is based on the mutFEG genes 
that are closely related to the lanFEG lantibiotic immunity 
system (Qi et al. 1999b, 2000; McAuliffe et al. 2001). For 
the dipeptide lantibiotic Smb, genes smbF and smbG confer 
immunity to SmbA and SmbB peptides, respectively. SmbF 
shows homology to the SpaF immunity protein from Bacil-
lus subtilis while smbG exhibits similarity with the plnG 
immunity gene from Lactobacillus plantarum (Diep et al. 
1996; Stein et al. 2002; Yonezawa and Kuramitsu 2005). A 
similar argument has been applied to identify the immunity 
system of the dipeptide lantibiotic BHT-A, that shares more 
than 95% identity at the DNA level with the Smb operon 
(Hyink et al. 2005; Yonezawa and Kuramitsu 2005). No 
immunity genes have yet been identified in the vicinity of 
the biosynthetic gene clusters encoding mutacin lantibiotics 
from group B, as sequencing is incomplete (mutacin B-
Ny266, mutacin III, mutacin 1140) (Bekal-Si Ali et al. 
2002). However, immunity was demonstrated phenotypic-
ally (Morency et al. 2001). For the non-lantibiotic mutacin 
N, an ORF related to the bacteriocin-like peptide immunity 
gene blpI from Streptococcus pneumoniae has been identi-
fied near the mutN gene and the product of the gene was 
predicted to be involved in mutacin N immunity (Balakri-
shnan et al. 2000). Similarly, for the non-lantibiotic mutacin 

BHT-B, several ORFs in the biosynthetic operon encoding 
proteins sharing similarities with motifs common to ABC 
transporters were predicted to be involved in the immunity 
mechanism (Hyink et al. 2005). No cognate immunity 
genes have yet been identified for the non-lantibiotic dipep-
tide mutacin IV (Qi et al. 2001). We can speculate that 
cross-immunity could occur between bacteriocin immunity 
proteins and non-related bacteriocin-like peptides found in 
the UA159 reference strain genome. Furthermore, it is 
generally accepted that the bacteriocin immunity protein 
associated with bacteriocin activity cannot alone ensure 
self-protection for the producer cell. This suggests the exis-
tence of other immunity mechanisms that may be related to 
natural resistance mechanisms found in bacteria and that 
rely on either variation in membrane composition or modi-
fication of a specific target site (Fimland et al. 2002; Vady-
valoo et al. 2004; Kramer et al. 2006). 
 
STREPTOCOCCUS MUTANS GENOMICS 
 
Bacteriocin-coding genes can be found on plasmids, trans-
posons and on the chromosome (Jack et al. 1995). However, 
mutacin genes have only been found on the chromosome so 
far (Caufield et al. 1990b; Woodruff et al. 1998; Yonezawa 
and Kuramitsu 2005). Gene clusters governing mutacin bio-
synthesis are sometimes close to or framed by transposase 
genes, indicating potential mobility for those operons 
through transposition events, and their G+C content can 
differ from that of S. mutans genome, also suggesting cross-
species transfer (Fig. 1; Table 5). 

The complete genome sequence of the S. mutans strain 
UA159 of serotype c (ATCC 700610) has been determined 
(Ajdic et al. 2002) (GenBank accession no. AE014133). A 
complete set of genes was found to ensure a natural compe-
tence phenotype for this strain of S. mutans. The bacterium 
is able to metabolise a large variety of carbohydrates such 
as mono- and disaccharides and its genome encodes many 
peptidases, proteases and other exoenzymes for action on 
various substrates found in the oral cavity. No temperate 
bacteriophage and no genes encoding toxins have been 
detected in the S. mutans genome and few virulence traits 
are reported for S. mutans compared to other opportunistic 
pathogenic streptococcal species (Mitchell 2003). While 
incomplete biosynthetic operons for bacteriocin production 
were first found in the genome of strain UA159 (Ajdic et al. 
2002) and a preliminary study indicated that the strain did 
not possess bacteriocinogenic activity (Chen et al. 1999), 
one mutacin (mutacin IV) has been purified from the ge-
nome reference strain (Qi et al. 2001). More recent studies 
using genomic analysis have identified many putative genes 
in the genome of S. mutans that could be involved in pro-
ducing other mutacin-like inhibitory substances (Dirix et al. 
2004; Hale et al. 2005a; van der Ploeg 2005). Five genes 
for bacteriocin production similar to the regulation genes 
(scnK/SMU.1814 and scnR/SMU.1815) and to the im-
munity genes (scnG/SMU.1809, scnE/SMU.1810 and scnF/ 
SMU.1811) belonging to the streptococcin A-FF22 operon 
from Streptococcus pyogenes were found in the genome of 
strain UA159 (McLaughlin et al. 1999; Ajdic et al. 2002) 
while the genes required for exportation and maturation 
(scnM and scnT) were not identified. Similarly, homologs 
of genes conferring immunity to lacticin 481 (lctFEG) 
(SMU.1148, SMU.1149, SMU.1150) and combined homo-
logs of the two-component signal transduction systems 
genes, rumRK and scnRK, putatively involved in rumino-
coccin or streptococcin autoinduction, were also identified 
(SMU.1145c and SMU.1146c) (McLaughlin et al. 1999; 
Dufour et al. 2000; Ajdic et al. 2002; Gomez et al. 2002). 
These observations suggest the presence of partial bacterio-
cin synthesis operons that could complement some func-
tions of compatible bacteriocin production. Robson et al. 
(2007) have identified a strain capable of producing a strep-
tococcin AFF22-like mutacin, named mutacin K8. This stu-
dy indicates that some S. mutans strains could produce a 
lacticin 481-like mutacin and to a lesser extent a rumino-
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coccin-like mutacin. 
A screening of the S. mutans genome identified a puta-

tive MutE1 (SMU.655) which probably belongs to an in-
complete bacteriocin biosynthesis cluster also containing 
the immunity factors (MutF/SMU.654, MutE2/SMU.656, 
MutG/SMU.657), three putative ABC transporters (SMU. 
653c, SMU.652c, SMU.651c), a putative histidine kinase 
with its cognate response regulator (SpaK/SMU.660, SpaR/ 
SMU.659) similar to that of subtilin biosynthesis in Bacillus 
subtilis (Klein et al. 1993) followed by a putative member 
of the CAAX amino terminal protease family (SMU.662). 
This cluster of genes is framed upstream by an alanyl t-
RNA synthetase gene (SMU.650), as was found for the bio-
synthesis clusters of mutacin I and III (Qi et al. 1999a, 
2000). A mutR homolog is predicted in the S. mutans ge-
nome (SMU.110). This observation strongly suggests that 
the biosynthesis cluster of mutacin I could have been frag-
mented and dispersed as a mosaic on the S. mutans genome 
by various ancestral insertion and deletion events of mobile 
genetic elements. One other putative immunity bacteriocin 
protein is located on the S. mutans genome (SMU.2035) 
presenting homology to peptidase U61, LD-carboxypepti-
dase A from Streptococcus suis 89/1591 (EAP40801) and a 
putative protein for microcin C7 resistance from Streptococ-
cus sanguinis SK36 (ABN45697) (Xu et al. 2007) as well 
as to the microcin immunity protein MccF VCA0439 from 
Streptococcus agalactiae COH1 (EAO76085) (Tettelin et al. 
2005). 
 
Genomic islands in Streptococcus mutans 
encompassing bacteriocin-encoding genes 
 
Genomic Islands (GI) can represent mobile genetic elements 
that have been integrated into an organism’s genome via 
lateral gene transfer (LGT) mechanisms (Jain et al. 2002). 
Transformation, conjugation, and transduction are genetic 
mechanisms that favour LGT of mobile elements between 
different microorganisms and/or strains. Acquisition of new 
genes by LGT is a predominant force in bacterial evolution 
(Jain et al. 2002; Pal et al. 2005; Mc Arthur 2006) and has 
been recently studied for streptococci (Marri et al. 2006). 
GIs encode a variety of different functions that depend 
largely on the environment of the organism, and can be in-
volved in symbiosis or pathogenesis. Often, they increase 
the fitness of an organism to occupy a particular ecological 
niche (Hentschel et al. 2001). Evolving in a complex mic-
robial environment, S. mutans could thereby be subject to 
genomic mixing. Myers and Kuramitsu (2006) reported in 
the Los Alamos Oral Pathogen Database that some bacteri-
ocin-like genes have been located on two potential GIs in S. 
mutans UA159 (GI ID 12 and 15). GI 12 (57 kb) contains 
genes coding for bacitracin and gramicidin S synthesis as 
well as two ABC transporter cassettes. GI 15 (13.5 kb) 
could contain up to five genes potentially coding for bacte-
riocin-like peptides based on homology to S. pneumoniae 
Blp bacteriocin gene clusters. The bacteriocin-coding gene 
for the recently identified mutacin V (Smu1738/SMU. 
1914c/nlmC) is located at one end of the GI 15 cluster of 
genes (Hale et al. 2005a; Myers and Kuramitsu 2006). 
 
Bioinformatic genome screening algorithms for 
bacteriocin-related genes 
 
Identification of putative bacteriocins can be done by screen-
ing a genomic DNA sequence for the presence of bacte-
riocin genes and biosynthetic operons using specifically de-
signed algorithms. This represents an in silico identification 
of bacteriocins which might lead to the discovery of new 
types of bacteriocin-like peptides (Dirix et al. 2004; Nes 
and Johnsborg 2004; de Jong et al. 2006). Algorithms have 
been proposed to screen genomes of Gram-positive bacteria 
for double-glycine (GG)-motif-containing peptides, as it is 
known that the Gram-positive bacteria GG-motif plays a 
key role in many peptide secretion systems involved in quo-
rum sensing and bacteriocin production (Kleerebezem and 

Quadri 2001; Dirix et al. 2004). The motif screening has 
been combined with the criterion of the presence of two 
types of proteins; (1) the peptidase C39 protein family do-
main, which is present in the cognate transporter respon-
sible for the proteolytic removal of the GG-type leader pep-
tide (Havarstein et al. 1995) and (2) the presence of a histi-
dine kinase domain often involved in the autoinducing re-
gulation of lantibiotic bacteriocin production (Kleerebezem 
et al. 1997; Kleerebezem and Quadri 2001). In addition to 
the GG motif characteristic of class IIa and IIb bacteriocin 
processing, de Jong et al. (2006) included other leader mo-
tifs in their search criteria (PR/PQ/GA/GS for lantibiotics 
and Class IIb bacteriocins). 

Simple bioinformatic analyses have resulted in the iden-
tification of many putative mutacin-like bacteriocins by 
screening the genomic DNA sequence of the reference ge-
nome strain UA159. Dirix et al. (2004) previously identi-
fied 10 genes that could code for possible GG motif con-
taining peptides (Table 6) with their putative cognate trans-
porters. van der Ploeg (2005) also identified putative genes 
related to bacteriocin production in S. mutans (designated 
bsmA to K, except bsmD and bsmJ; Table 6) with two puta-
tive immunity factors (immA/SMU.925 and immB/SMU. 
1913c), which were identified by Blast homology searching 
using NlmA and NlmB as query sequences. 

Further putative bacteriocin-coding genes may be found 
by adding to the search criteria. Such an algorithm has been 
developed by de Jong et al. (2006), using seven criteria that 
were attributed priority weighting to give a final score. In 
addition to the presence of leader motifs, the criteria include 
the distance from putative genes coding for potential trans-
porters, immunity and regulatory genes, as well as the lea-
der sequence peptidase. The BAGEL software (MolGen; de 
Jong et al. 2006) is thus conceived to identify putative bac-
teriocin genes by evaluation of the genomic context and 
presence of accessory genes in the vicinity, along with the 
predicted protein characteristics themselves. 

We used the BAGEL websoftware to locate putative 
bacteriocin gene clusters in the genome sequence of S. 
mutans strain UA159 (Streptococcus mutans genome 
NC_004350 as query entry with bacteriocin default as se-
lected profile; Table 6). A total of 21 gene products scored 
significantly (BAGEL score over 185), while the scores of 
eight gene products were close to significance (between 165 
and 175; only one does not contain a GG motif; Table 6) 
and 49 scored between 105 and 155. Of these 49 non-signi-
ficant hits, nine gene products contain a GG leader motif, 
while 16 contain one of the PR/PQ/GA/GS leader motifs for 
lantibiotics and Class IIb bacteriocins (de Jong et al. 2006). 
Eleven of the gene products identified by the BAGEL 
search belong to GI 12, but none except one transposase 
fragment scored significantly (Table 6). Thus, the bacitracin 
synthesis gene cluster of GI 12 is effectively excluded by 
BAGEL. Among the 23 genes of GI 15 (13.5 kb), 11 were 
detected by BAGEL, while nine gene products scored signi-
ficantly (Table 6). The gene coding for mutacin V (Smu 
1738/SMU.1914c/nlmC) (Hale et al. 2005a) is the only re-
cently identified mutacin located in this set of genes. A gene 
coding for a CSP, previously shown to regulate mutacin 
gene expression, scored a significant BAGEL hit, and this 
comC gene is located next to the bacteriocin-related GI 15. 
The ComC peptide contains a leader sequence that is highly 
similar to that of mutacin peptide NlmA, and contains the 
GG motif. The association between bacteriocin production 
and competence could possibly be explained by the func-
tion of bacteriocins in lysing neighbouring cells under high 
density conditions, which could thus release DNA for up-
take by competent cells (Kreth et al. 2005; van der Ploeg 
2005). In S. pneumoniae, competence-associated lysis of 
neighbouring non-competent cells is carried out by bacteri-
ocins as well as amidases (Steinmoen et al. 2003; Guiral et 
al. 2005). In addition to the specific mechanism of DNA 
uptake encoded by late competence genes (ComG operon; 
Petersen et al. 2005), some mutacin molecules could crea-
ted transient pores in the cytoplasmic membrane in order to 
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Table 6 Summary of bacteriocin-like gene products identified in the S. mutans UA159 genome (GenBank Acc. No. AE014133) using bioinformatic 
search algorithms (BlastP, GG motif and BAGEL). 
Locus Tag 
(gene)  

Size 
(amino 
acids) 

Producta Homologyb BAGEL 
Scorec 

Leader 
motifd 

Origin or Referencee 

SMU.27 
(acpP) 

82 acyl carrier protein (1) AAL96853, putative acyl carrier protein 170 -  

SMU.33 93 hypothetical protein none 170 GG  
SMU.150 
(nlmA) 

67 hypothetical protein (1) AAG29818, bovicin 255 precursor 105 GG Qi et al. 2001; Hale et 
al. 2005a; van der Ploeg 
2005 

SMU.151 
(nlmB) 

78 hypothetical protein (1) AAA16637, lactacin F accessory protein 105 GG Qi et al. 2001; Hale et 
al. 2005a; van der Ploeg 
2005 

SMU.281 92 hypothetical protein (1) AAG18789, cationic amino acid transporter 225 GS  
SMU.283 72 hypothetical protein (1) AAN57926, SMU.150 (nlmA) 225 GG Dirix et al. 2004 
SMU.299c 72 putative bacteriocin peptide 

precursor, BsmE 
(1) AAG29818, bovicin 255 precursor 255 GG van der Ploeg 2005 

SMU.419 98 hypothetical protein (1) ABJ65682, predicted nucleic acid binding 
protein; (2) AAB58316, halocin H4 precursor 

155 -  

SMU.423 76 hypothetical protein, BsmC (1) AAG29818, bovicin 255 precursor 225 GG van der Ploeg 2005 
SMU.513 77 hypothetical protein (1) AAN58350, paralogous SMU.613 105 GS  
SMU.564 76 hypothetical protein (1) AAK34305,  COG4703 165 GA  
SMU.571 50 hypothetical protein (1) ABJ65917, hypothetical protein 225 GA  
SMU.613 92 hypothetical protein (1) AAB91455, ThmA precursor peptide; 

(2) CAE32973, linocin M18 
155 GE  

SMU.616 82 hypothetical protein (1) AAB91455, ThmA precursor peptide No score AG  
SMU.655 
(mutE1) 

82 Putative MutE (1) AAF99692, MutE; ABC transporter, 
immunity 

125 -  

SMU.865 91 30S ribosomal protein S16 
HUC (3.7 x 10-12) 

(1) ABN44709, putative 30S ribosomal protein 
S16 

165 PR  

SMU.1127 
(rpsT) 

84 30S ribosomal protein S20 
HUC (6.1 x 10-11) 

(1) AAK99544, 30S ribosomal protein subunit 
S20 

185 -  

SMU.1131c 87 hypothetical protein none 225 GG  
SMU.1291c 90 hypothetical protein (1) AAK19833, chorismate mutase-like protein;

(2) AAF36414, rhizobiocin RzcB  
155 -  

SMU.1354c 86 putative transposase fragment (1) AAA74027, putative transposase 225 GS Bacitracin gene cluster 
GI 12 

SMU.1355c 97 putative transposase fragment (1) ZP_00366060, transposase and inactivated 
derivatives 

125  GI 12 

SMU.1356c 96 putative transposase fragment (1) AAD32432 185 - GI 12 
SMU.1357 78 putative transposase fragment (1) AAC38767, putative transposase 185 - GI 12 
SMU.1358 33 putative transposase fragment (1) AAC38767, putative transposase 125 - GI 12 
SMU.1359 36 hypothetical protein none 125 - GI 12 
SMU.1360c 42 hypothetical protein none 125 - GI 12 
SMU.1368 39 hypothetical protein (1) AAN57950, paralogous SMU.175 125 - GI 12 
SMU.1369 40 hypothetical protein none 125 - GI 12 
SMU.1372c 80 hypothetical protein (1) AAN63779, tnpA-IS1253-like 125 - GI 12 
SMU.1373c 60 hypothetical protein (1) AAN63779, tnpA-IS1253-like 125 - GI 12 
SMU.1641 56 hypothetical protein (1) AAV60978, hypothetical protein,  

COG3237 
165 GA  

SMU.1719c 82 hypothetical protein (1) CAD47309, COG3763; 
(2) AAT85008, klebicin C 

265 GG  

SMU.1818c 57 hypothetical protein (1) ABF37350, transposase  165 GS  
SMU.1862 67 hypothetical protein none 285 GS  
SMU.1882c 117 hypothetical protein none No score GG Dirix et al. 2004 
SMU.1888 68 hypothetical protein (1) EAP40958, integrase 185 -  
SMU.1889c 88 hypothetical protein, BsmF (1) CAC03530, BlpU 345 GG GI 15; Dirix et al. 2004; 

van der Ploeg 2005 
SMU.1891c 60 hypothetical protein none 245 - GI 15 
SMU.1892c 61 hypothetical protein, BsmG none 355 GG GI 15; Dirix et al. 2004; 

van der Ploeg 2005 
SMU.1895c 53 hypothetical protein, BsmI (1) CAC03521, BlpJ 225 GG GI 15; Dirix et al. 

2004; van der Ploeg 
2005 

SMU.1896c 100 hypothetical protein, BsmH (1) CAC03530, BlpU 125 GG GI 15; van der Ploeg 
2005 

SMU.1899 41 putative ABC transporter (1) EDK62895, bacteriocin processing 
peptidase, ABC transporter 

185 - GI 15 
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enhance the entrance of exogenous DNA fragments during 
transformation, accompanied by the lysing of non-immune 
related cells. Mutacin-producing competent cells are protec-
ted from the lethal activity of the bacteriocin by expressing 
a cognate immune system. The existence of alternative me-
chanisms for DNA binding and uptake in streptococci has 
been proposed by Petersen et al. (2005), as transformation 
is not completely abolished when comG genes are inactiva-
ted (Lundsford and Roble 1997; Berge et al. 2002). How-
ever, whether bacteriocin pores are able to accommodate 
DNA uptake remains to be investigated. 

The BAGEL search did not significantly score some of 
the genes reported by Dirix et al. (2004) and van der Ploeg 
(2005), in particular SMU.1882, SMU.1896c (BsmH), as 
well as mutacin V (SMU.1914c/nlmC) and the mutacin IV 
defined as a putative dipeptide bacteriocin encoded by 
SMU.150/nlmA and SMU.151/nlmB (these gene products 
all possess a GG leader motif, but are either not reported or 
reported only in the potential or not significant scores by 
the BAGEL search). In addition, BlastP using NlmA detects 
SMU.513, SMU.613 and SMU.616 as significant hits, while 
these gene products are not scored, or scored non-signifi-
cantly by BAGEL, perhaps due to the absence of a known 
leader motif. Relaxing the search criteria allowed a higher 
number of false positive results, without improving the de-
tection of known bacteriocin gene products. Two ribosomal 
protein encoding genes (SMU.1127/rpsT and SMU.865) 
were reported as significant or close to significant using the 
default BAGEL profile (Table 6), and could thus be false 
positive results, as the gene products have significant simi-
larity to entries in the database of highly unlikely bacteri-
ocin candidates (HUC, de Jong et al. 2006). However, some 
antimicrobial activity has actually been reported for peptide 
fragments similar to ribosomal proteins from bacteria (Park 
et al. 2005). These would thus be good candidates for in 
vitro peptide synthesis and testing for antimicrobial activity. 

Three putative transposase fragments were scored as 
significant by the BAGEL search (SMU.1354c, SMU.1356c, 
SMU.1357) while two others were scored as non-significant 
(SMU.1355c, SMU.1358). Transposase genes are known to 
be associated with genomic islands, such as those linked to 
bacteriocin encoding genes in S. mutans. Integrases are 
known to mediate integration of DNA into the host chromo-
some and thus promote lateral gene transfer (Mazel 2006). 

Mobile genetic elements are often found flanking bacterio-
cin-coding gene loci, so these significant hits could be 
simply due to their proximity, and most probably represent 
false positive hits with respect to any putative bacteriocin 
activity. 

Many gene products found by the BAGEL algorithm 
correspond to hypothetical proteins or peptides presenting 
no homology to any database entries. By screening the S. 
mutans genome, we observed that these loci are in some 
cases framed by putative transporter genes (SMU.286, 
SMU.1881c, SMU.1897, SMU.1898, SMU.1899, SMU. 
1900, SMU.1905c) and an immunity factor (SMU.1913c). 
The absence of transporter genes and immunity factors in 
the vicinity of some bacteriocin-like gene products could 
conceivably be complemented with those dedicated to other 
bacteriocins (van Belkum et al. 1997; Fimland et al. 2002; 
Matsumoto-Nakano and Kuramitsu 2006). Sometimes the 
specificity of transporter/exporter proteins is closely related 
to the leader sequence of the bacteriocin (Havarstein et al. 
1995; Hale et al. 2005b). In this case, some loci encoding 
hypothetical peptides and harbouring significant similarities 
in their leader sequence with NlmA/SMU.150 (namely 
SMU.283, SMU.299c, SMU.423, SMU.1889c, SMU.1895c, 
SMU.1896c and SMU.1906c) could be exported by NlmTE 
(SMU.286/287), the dedicated transporter of mutacin IV 
(nlmA/SMU.150 and less probably nlmB/SMU.151) as well 
as of mutacin V (nlmC/SMU.1914c) (Hale et al. 2005a, 
2005b). The other transporters identified by BAGEL (SMU. 
1897/1898) and named CslAB, are dedicated to CSP (comC/ 
SMU.1915) exportation (Petersen and Scheie 2000; Hale et 
al. 2005b). The rest of the BAGEL search results (potential 
or not significant score) grouped gene products as either 
CSP (comC/SMU.1915), or other hypothetical proteins, such 
as an acyl carrier protein (SMU.27) (Table 6). 

Some of the many hypothetical peptides identified by 
BAGEL as putative bacteriocin-like gene products with a 
nearly or not significant hit score present homology to pep-
tides from the bacteriocin database (http://bioinformatics. 
biol.rug.nl/bacteriocin/database.php). These peptides are 
SMU.419, that has homology to the halocin H4 precursor 
(AAB58316) (Cheung et al. 1997), and SMU.613 with 
homology to linocin M18 (CAE32973) (Valdes-Stauber and 
Scherer 1996). SMU.613 and SMU.616 align with the 
NlmA leader peptide and their best BlastP hit (NCBI data-

Table 6 (Cont.) 
Locus Tag 
(gene)  

Size 
(amino 
acids) 

Producta Homologyb BAGEL 
Scorec 

Leader 
motifd 

Origin or Referencee 

SMU.1902c 47 hypothetical protein, BsmK none 285 GG GI 15; Dirix et al. 2004; 
van der Ploeg 2005 

SMU.1903c 50 hypothetical protein none 185 - GI 15 
SMU.1905c 62 putative bacteriocin secretion, 

BsmL 
(1) E49786; bacteriocin secretion protein A2 285 GG GI 15; Dirix et al. 2004; 

van der Ploeg 2005 
SMU.1906c 70 hypothetical protein, BsmB (1) CAC03530, BlpU 225 GG GI 15; Dirix et al. 2004;

van der Ploeg 2005 
SMU.1914c 
(nlmC) 

76 hypothetical protein, BsmA (1) CAC03526, BlpO 165 GG GI 15; Dirix et al. 2004; 
van der Ploeg 2005; 
Hale et al. 2005a 

SMU.1915 
(comC) 

46 competence stimulating 
peptide precursor 

(1) ABE02365, competence stimulating 
peptide precursor 

175 GG van der Ploeg 2005 

a Hypothetical protein generally presenting no similarity with any other sequenced protein; Bsm is for bacteriocin from Streptococcus mutans as found by van der Ploeg (2005) 
using BlastP search for homology to NlmA and NlmB. Blp is for Bacteriocin-like peptide identified in the Streptococcus pneumoniae genome (de Saizieu et al. 2000). 
Significant FASTA scores of the gene product with the "Highly Unlikely Bacteriocin Candidates" HUC database are in parenthesis, while non-significant scores under 10-8 are 
not reported (de Jong et al. 2006). 

b Homology refers to: (1) the best BlastP hit of the locus in GenBank (alignment scores <40 were ignored) and (2) the name of homologous gene from the bacteriocin database 
(http://bioinformatics.biol.rug.nl/bacteriocin/database.php). The cluster of orthologous group (COG) is given when homology corresponds to an uncharacterised conserved 
protein in bacteria. 

c The BAGEL websoftware of MolGen (RuG) at http://bioinformatics.biol.rug.nl/websoftware/bagel (de Jong et al. 2006) was run with the bacteriocin default profile. The scores 
correspond to the sum of the seven weighted factors attributed to the peptide. Significant hits score above 175 (de Jong et al. 2006). “No score” indicates that the BAGEL 
algorithm did not identify the gene product under the default profile, but the gene product was identified using other search algorithms such as BlastP or leader motif 
searching. 

d Leader sequence motifs are the GG-motif of Class IIa and IIb bacteriocins and PR/PQ/GA/GS for lantibiotics and Class IIb bacteriocins (de Jong et al. 2006). 
e References indicate that the gene product was identified as bacteriocin-like in published studies. GI 12 is Genomic Island 12 containing the bacitracin synthesis gene cluster 

and GI 15 is the bacteriocin-related genomic island as listed on the Oral Pathogen Database site (http://www.oralgen.lanl.gov/oralgen/; Myers and Kuramitsu 2006). 
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base) corresponds to the amphipatic pore-forming peptide 
precursor ThmA (peptide A from thermophilin 13) produced 
by Streptococcus thermophilus (Marciset et al. 1997). SMU. 
1291c presents similarity with rhizobiocin RzcB (AAF 
36414) produced by Rhizobium leguminosarum (Oresnik et 
al. 1999) (Table 6). 

The BAGEL algorithm thus provides convenient geno-
mic screening consolidating important bacteriocin charac-
teristics and adds potential candidates for genes that could 
be involved in bacteriocin production for future study. Com-
bining more than one search algorithm is however neces-
sary in order to complement the screening procedures, as no 
one method is able to identify all potential bacteriocin-like 
genes. 
 
DIVERSITY OF MUTACINS 
 
The use of deferred antagonism tests to group mutans strep-
tococci on the basis of their bacteriocin production had only 
limited success, largely due to the lack of reproducibility of 
the technique, the putative sensitive strains used for the test 
that differ between laboratories, and the fact that one strain 
can produce more than one mutacin. 

The diversity of mutacins has been reassessed on the 

basis of genetic analysis among a plethora of S. mutans 
strains from various origins. Bekal Si Ali et al. (2002) were 
the first to confirm the diversity and heterogeneity of muta-
cins by a genotypic analysis using specific probes derived 
from mutacin B-Ny266 (1140/III) and mutacin II (J-T8). 
Among 24 type strains (Morency et al. 2001), only the mu-
tacin-producing strains CM7, Ny266, and 22A hybridised 
with the probe from group B mutacins while mutacin-pro-
ducing strains 29B, UA96 and T8 hybridised with the probe 
from group J. From the seven distinct clusters of mutacin-
producing strains defined by Morency et al. (2001), five 
were not genetically linked to mutacins from groups B and 
J. The existence of mutacins not related to the known lanti-
biotics (nisin, gallidermin, epidermin, subtilin and lacticin 
481 group) was thus supported (Fig. 3). The genetic diver-
sity of mutacins was confirmed for 19 clinical isolates by 
Longo et al. (2003) with a low detection frequency of the 
mutacin II mutA gene. They also showed that the inhibitory 
spectra of distinct S. mutans genotypes were independent of 
the genetic similarities observed between the strains as mea-
sured by RAPD (Random Amplified Polymorphic DNA). 
Kamiya et al. (2005a) evaluated the relationship between 
genetic diversity measured by genotyping by AP-PCR (arbi-
trary primed-PCR) and mutacin production in 319 clinical 
isolates of S. mutans. They observed different inhibitory 
spectra for mutacin-producing strains whether they were 
isolated from individuals with or without caries. No correla-
tion between mutacin inhibitory spectra and the overall 
genetic similarities of the producing strains was observed. A 
total of 101 distinct genotypes against 48 different mutacin 
activity spectra were found. S. mutans strains with identical 
genotypes could have distinct mutacinotypes and vice versa. 
Kamiya et al. (2005b) also reported a low frequency of de-
tection of genes encoding mutacin types I (III), II and IV in 
63 different genotypes of S. mutans. Similarly, Li et al. 
(2005) showed a low frequency of detection of the struc-
tural genes mutAII and mutAIII in 200 isolates of S. mutans. 
Waterhouse and Russell (2006) also reported a low fre-
quency of detection of mutacin I, II and Smb biosynthetic 
operons amongst 39 isolates of S. mutans. 

These studies confirm the existence of a high genetic 
polymorphism of BLIS-encoding genes in S. mutans strains 
isolated around the world. So far, the diversity of mutacins 
has been highlighted as representing 40% of the listed strep-
tococcal antimicrobial peptides, a prolific genus for the pro-
duction of bacteriocins (Nes et al. 2006). 
 
CONCLUDING REMARKS 
 
Over the past five years, great progress has been made in 
bacteriocin research contributing to a better understanding 
of the molecular mechanism involved in their production, 
activity, structure-function relationships, and their biologi-
cal functions. Some crucial studies have clarified the en-
zyme activity responsible for the modification reactions in 
the biosynthesis of lantibiotics and now in vitro synthesis of 
such molecules is conceivable (Xie et al. 2004; Li et al. 
2006; Cheng et al. 2007). A more thorough understanding 
of the mechanisms involved in bacteriocin biosynthesis and 
immunity is also emerging (Cotter et al. 2005; Cheng et al. 
2007; Diep et al. 2007). Bioinformatic and genomic analy-
sis reveal evidence of BLIS diversity produced by S. mu-
tans. Mutacins from class I (lantibiotics) and class II have 
been biochemically and genetically characterised while mu-
tacins from class III and IV are, to date, only hypothetical. 
Coordination of the production of some mutacins and com-
petence development exists in S. mutans. Mutacins exhibit 
activity against many Gram-positive bacteria, including 
multi-antibiotic-resistant pathogens and some Gram-nega-
tive pathogens (Mota-Meira et al. 2000, 2005). They not 
only represent efficient antimicrobial peptides produced by 
a human commensal bacterium, but also peptides governing 
important cellular processes. Continuing study of mutacins 
will contribute to understanding their important role in the 
ecology of S. mutans. 

Fig. 3 Grouping of lantibiotic- or mutacin-producing strains accor-
ding to the similarity of their activity spectra against pathogenic 
strains. In plain squares are mutacin-producing strains genetically related 
to those producing mutacins B-Ny266/1140/III. In dashed squares are the 
mutacin-producing strains genetically related to the strain producing muta-
cin II (J-T8). Clusters (1-7) are defined as mutacins with 85% or more 
similarity in their activity spectra against a panel of pathogenic bacteria 
(adapted from Morency et al. 1995, 2001; Bekal-Si Ali et al. 2002). 

205



Genes, Genomes and Genomics 1(2), 193-208 ©2007 Global Science Books 

 

ACKNOWLEDGEMENTS 
 
Guillaume Nicolas is supported by a University-Industry Ph.D. 
Scholarship from the Natural Sciences and Engineering Research 
Council of Canada (NSERC) and Microbio LCA Inc. 
 
REFERENCES 
 
Ajdic D, McShan WM, McLaughlin RE, Savic G, Chang J, Carson MB, 

Primeaux C, Tian R, Kenton S, Jia H, Lin S, Qian Y, Li S, Zhu H, Najar 
F, Lai H, White J, Roe BA, Ferreti JJ (2002) Genome sequence of Strepto-
coccus mutans UA159, a cariogenic dental pathogen. Proceedings of the Nat-
ional Academy of Sciences USA 99, 14434-14439 

Allan E, Hussain HA, Crawford KR, Miah S, Ascott ZK, Khwaja MH, Ho-
sie AH (2007) Genetic variation in comC, the gene encoding competence-sti-
mulating peptide (CSP) in Streptococcus mutans. FEMS Microbiology Letters 
268, 47-51 

Aso Y, Okuda K, Nagao J, Kanemasa Y, Thi Bich Phuong N, Koga H, Shi-
oya K, Sashihara T, Nakayama J, Sonomoto K (2005) A novel type of im-
munity protein, NukH, for the lantibiotic nukacin ISK-1 produced by Staphy-
lococcus warneri ISK-1. Bioscience, Biotechnology and Biochemistry 69, 
1403-1410 

Balakrishnan M, Simmonds RS, Carne A, Tagg JR (2000) Streptococcus mu-
tans strain N produces a novel low molecular mass non-lantibiotic bacterio-
cin. FEMS Microbiology Letters 183, 165-169 

Balakrishnan M, Simmonds RS, Kilian M, Tagg JR (2002) Different bacteri-
ocin activities of Streptococcus mutans reflect distinct phylogenetic lineages. 
Journal of Medical Microbiology 51, 941-948 

Bekal-Si Ali S, Hurtubise Y, Lavoie MC, LaPointe G (2002) Diversity of 
Streptococcus mutans bacteriocins as confirmed by DNA analysis using spe-
cific molecular probes. Gene 283, 125-131 

Berge M, Langen H, Claverys JP, Martin B (2002) Identification of a protein 
that inactivates the competence-stimulating peptide of Streptococcus pneu-
moniae. Journal of Bacteriology 184, 610-613 

Berge M, Moscoso M, Prudhomme M, Martin B, Claverys JP (2002) Uptake 
of transforming DNA in gram-positive bacteria: a view from Streptococcus 
pneumoniae. Molecular Microbiology 45, 411-421 

Caufield PW, Shah GR, Hollingshead SK (1990a) Use of transposon Tn916 
to inactivate and isolate a mutacin-associated gene from Streptococcus mu-
tans. Infection and Immunity 58, 4126-4135 

Caufield PW, Shah G, Hollingshead SK, Parrot M, Lavoie MC (1990b) Evi-
dence that mutacin II production is not mediated by a 5.6-kb plasmid in 
Streptococcus mutans. Plasmid 24, 110-118 

Chatterjee C, Paul M, Xie L, van der Donk WA (2005) Biosynthesis and 
mode of action of lantibiotics. Chemical Review 105, 633-683 

Chen P, Novak J, Qi F, Caufield PW (1998a) Diacylglycerol kinase is in-
volved in regulation of expression of the lantibiotic mutacin II of Streptococ-
cus mutans. Journal of Bacteriology 180, 167-170 

Chen P, Novak J, Kirk M, Barnes S, Qi F, Caufield PW (1998b) Structure-
activity study of the lantibiotic mutacin II from Streptococcus mutans T8 by a 
gene replacement strategy. Applied and Environmental Microbiology 64, 
2335-2340 

Chen P, Qi F, Novak J, Caufield PW (1999) The specific genes for lantibiotic 
mutacin II biosynthesis in Streptococcus mutans T8 are clustered and can be 
transferred en bloc. Applied and Environmental Microbiology 65, 1356-1360 

Chen P, Qi FX, Novak J, Krull RE, Caufield PW (2001) Effect of amino acid 
substitutions in conserved residues in the leader peptide on biosynthesis of 
the lantibiotic mutacin II. FEMS Microbiology Letters 195, 139-144 

Cheng F, Takala TM, Saris PE (2007) Nisin biosynthesis in vitro. Journal of 
Molecular Microbiology and Biotechnology 13, 248-254 

Cheung J, Danna KJ, O’Connor EM, Price LB, Shand RF (1997) Isolation, 
sequence, and expression of the gene encoding halocin H4, a bacteriocin 
from the halophilic archaeon Haloferax mediterranei R4. Journal of Bacteri-
ology 179, 548-551 

Chikindas ML, Novak J, Caufield PW, Schilling K, Tagg JR (1997) Micro-
bially-produced peptides having potentiel application to the prevention of 
dental caries. International Journal of Antimicrobial Agents 9, 95-105 

Cotter PD, Hill C, Ross RP (2005) Bacteriocins: developping innate immunity 
for food. Nature Reviews Microbiology 3, 777-788 

Cotter PD, Hill C, Ross RP (2006) What’s in a name? Class distinction for 
bacteriocins. Nature Reviews Microbiology 4, 2. in press 

Crowley PJ, Gutierrez JA, Hillman JD, Bleiweis AS (1997) Genetic and phy-
siologic analysis of a formyl-tetrahydrofolate synthetase mutant of Strepto-
coccus mutans. Journal of Bacteriology 179, 1563-1572 

de Jong A, van Hijum SA, Bijlsma JJ, Kok J, Kuipers OP (2006) BAGEL: a 
web-based bacteriocin genome mining tool. Nucleic Acids Research 34 (Web 
Server issue), W273-279 

De Saizieu A, Gardès C, Flint N, Wagner C, Kamber, M, Mitchell TJ, Keck 
W, Amrein KE, Lange R (2000) Microarray-based identification of a novel 
Streptococcus pneumoniae regulon controlled by an autoinduced peptide. 
Journal of Bacteriology 182, 4696-4703 

Delisle AL (1975) Production of bacteriocins in a liquid medium by Streptococ-

cus mutans. Antimicrobial Agents and Chemotherapy 8, 707-712 
Delisle AL (1986) Properties of mutacin b, an antibacterial substance produced 

by Streptococcus mutans strain BHT. Microbios 46, 21-28 
Diep DB, Havarstein LS, Nes IF (1996) Characterization of the locus respon-

sible for the bacteriocin production in Lactobacillus plantarum C11. Journal 
of Bacteriology 178, 4472-4483 

Diep DB, Skaugen M, Salehian Z, Holo H, Nes IF (2007) Common mecha-
nisms of target cell recognition and immunity for class II bacteriocins. Pro-
ceedings of the National Academy of Sciences USA 104, 2384-2389 

Dirix G, Monsieurs P, Marchal K, Vanderleyden J, Michiels J (2004) 
Screening genomes of Gram-positive bacteria for double-glycine-motif-con-
taining peptides. Microbiology 150, 1121-1126 

Dufour A, Hindré T, Haras D, le Pennec JP (2006) The biology of lantibiotics 
from the lacticin 481 group is coming of age. FEMS Microbiology Review 31, 
134-167 

Fimland G, Eijsink VG, Nissen-Meyer J (2002) Comparative studies of im-
munity proteins of pediocin-like bacteriocins. Microbiology 148, 3661-3670 

Franke CM, Tiemersma J, Venema G, Kok J (1999) Membrane topology of 
the lactococcal bacteriocin ATP-binding cassette transporter protein LcnC. 
Involvement of LcnC in lactococcin A maturation. The Journal of Biological 
Chemistry 274, 8484-8490 

Groonroos L, Saarela M, Matto J, Tanner-Salo U, Vuorela A, Alaluuasua S 
(1998) Mutacin production by Streptococcus mutans may promote transmis-
sion of bacteria from mother to child. Infection and Immunity 66, 2595-2600 

Guiral S, Mitchell TJ, Martin B, Claverys JP (2005) Competence-prog-
rammed predation of noncompetent cells in the human pathogen Streptococ-
cus pneumoniae: genetic requirements. Proceedings of the National Academy 
of Sciences USA 102, 8710-8715 

Hale JDF, Balakrishnan M, Tagg JR (2004) Genetic basis for mutacin N and 
of its relationship to mutacin I. Indian Journal of Medical Research 119, 247-
251 

Hale JD, Ting YT, Jack RW, Tagg JR, Heng NC (2005a) Bacteriocin (muta-
cin) production by Streptococcus mutans genome sequence reference strain 
UA159: elucidation of the antimicrobial repertoire by genetic dissection. Ap-
plied and Environmental Microbiology 71, 7613-7617 

Hale JDF, Heng NCK, Jack RW, Tagg JR (2005b) Identification of nlmTE, 
the locus encoding the ABC transport system required for export of nonlanti-
biotic mutacins in Streptococcus mutans. Journal of Bacteriology 187, 5036-
5039 

Hamada S, Ooshima T (1975a) Inhibitory spectrum of a bacteriocin-like sub-
stance (mutacin) produced by some strains of Streptococcus mutans. Journal 
of Dental Research 54, 10-145 

Hamada S, Ooshima T (1975b) Production and properties of bacteriocins (mu-
tacins) from Streptococcus mutans. Archives in Oral Biology 20, 641-648 

Havarstein LS, Diep DB, Nes IF (1995) A family of bacteriocin ABC trans-
porter carried out proteolytic processing of their substrate concomitant with 
export. Molecular Microbiology 16, 229-240 

Hentschel U, Hacker J (2001) Pathogenicity island: the tip of the iceberg. Mic-
robes Infection 3, 545-548 

Heng NCK, Tagg JR (2006) What’s in a name? Class distinction for bacterio-
cins. Nature Reviews Microbiology 4, 2. in press 

Hillman JD, Novak J, Sagura E, Gutierrez JA, Brooks TA, Crowley PJ, 
Hess M, Azizi A, Leung KP, Cvitkovitch D, Bleiweis AS (1998) Genetic 
and biochemical analysis of mutacin 1140, a lantibiotic from Streptococcus 
mutans. Infection and Immunity 66, 2743-2749 

Hyink O, Balakrishnan M, Tagg JR (2005) Streptococcus rattus strain BHT 
produces both a class I two-component lantibiotic and a class II bacteriocin. 
FEMS Microbiology Letters 252, 235-241 

Iannelli F, Oggioni MR, Pozzi G (2005) Sensor domain of histidine kinase 
ComD confers competence pherotype specificity in Streptococcus pneumo-
niae. FEMS Microbiology Letters 252, 321-326 

Jack RW, Tagg JR, Ray B (1995) Bacteriocins of Gram-positive bacteria. 
Microbiology Review 59, 171-200 

Jain R, Rivera MC, Moore JE, Lake JA (2002) Horizontal gene transfer in 
microbial genome evolution. Theoretical Population Biology 61, 489-495 

Johnsen L, Dalhus B, Leiros I, Nissen-Meyer J (2005a) 1.6-Angstroms crys-
tal structure of EntA-im. A bacterial immunity protein conferring immunity 
to the antimicrobial activity of the pediocin-like bacteriocin enterocin A. The 
Journal of Biological Chemistry 280, 19045-19050 

Johnsen L, Fimland G, Nissen-Meyer J (2005b) The C-terminal domain of 
pediocin-like antimicrobial peptides (class IIa bacteriocins) is involved in 
specific recognition of the C-terminal part of cognate immunity proteins and 
in determining the antimicrobial spectrum. The Journal of Biological Che-
mistry 280, 9243-9250 

Johnsborg O, Kristiansen PE, Blomqvist T, Havarstein LS (2006) A hydro-
phobic patch in the competence-stimulating peptide, a pneumococcal com-
petence pheromone essential for specificity and biological activity. Journal of 
Bacteriology 188, 1744-1749 

Kamiya RU, Napimoga MH, Rosa RT, Höfling JF, Gonçalves RB (2005a) 
Mutacin production in Streptococcus mutans genotypes isolated from caries-
affected and caries-free individuals. Oral Microbiology and Immunology 20, 
20-24 

Kamiya RU, Napinoga MH, Höfling JF, Gonçalves RB (2005b) Frequency of 

206



Mutacins. Nicolas et al. 

 

four different mutacin genes in Streptococcus mutans genotypes isolated from 
caries-free and caries-active individuals. Journal of Medical Microbiology 54, 
599-604 

Kelstrup J, Gibbons RJ (1969) Bacteriocins from human and rodent strepto-
cocci. Archives in Oral Biology 14, 251-258 

Kelstrup J, Funder-Nielsen TD (1977) Synthesis of bacteriocins in liquid cul-
tures of Streptococcus mutans. Journal de Biologie Buccale 5, 99-106 

Kim IK, Kim MK, Kim JH, Yim HS, Cha SS, Kang SO (2007) High reso-
lution crystal structure of PedB: a structural basis for the classification of 
pediocin-like immunity proteins. BMC Structural Biology 7, 35 

Klaenhammer TR (1993) Genetics of bacteriocins produced by lactic acid bac-
teria. FEMS Microbiology Review 12, 39-85 

Kleerebezem M, Quadri LE, Kuipers OP, de Vos WM (1997) Quorum sen-
sing by peptide pheromones and two-component signal-transduction systems 
in Gram-positive bacteria. Molecular Microbiology 24, 895-904 

Kleerebezem M, Quadri LE (2001) Peptide pheromone-dependent regulation 
of antimicrobial peptide production in Gram-positive bacteria: a case of mul-
ticellular behaviour. Peptides 22, 1579-1596 

Klein C, Entian KD (1994) Genes involved in self-protection against the lanti-
biotic subtilin produced by Bacillus subtilis ATCC 6633. Applied and Envi-
ronmental Microbiology 60, 2793-2801 

Klein C, Kaletta C, Entian KD (1993) Biosynthesis of the lantibiotic subtilin 
is regulated by a histidine kinase/response regulator system. Applied and En-
vironmental Microbiology 59, 296-303 

Klein MI, Bang S, Florio FM, Höfling JF, Gonçalves RB, Smith DJ, Mat-
tos-Graner RO (2006) Genetic diversity of competence gene loci in clinical 
genotypes of Streptococcus mutans. Journal of Clinical Microbiology 44, 
3015-3020 

Kramer NE, van Hijum SA, Knol J, Kok J, Kuipers OP (2006) Transcrip-
tome analysis reveals mechanisms by which Lactococcus lactis acquires re-
sistance. Antimicrobial Agents and Chemotherapy 50, 1753-1761 

Kreth J, Merritt J, Shi W, Qi F (2005) Co-ordinated bacteriocin production 
and competence development: a possible mechanism for taking up DNA 
from neighbouring species. Molecular Microbiology 57, 392-404 

Kreth J, Merritt J, Zhu L, Shi W, Qi F (2006) Cell density and ComE-depen-
dent expression of a group of mutacin and mutacin-like genes in Streptococ-
cus mutans. FEMS Microbiology Letters 265, 11-17 

Kreth J, Hung DC, Merritt J, Perry J, Zhu L, Goodman SD, Cvitkovitch 
DG, Shi W, Qi F (2007) The response regulator ComE in Streptococcus 
mutans functions both as a transcription activator of mutacin production and 
repressor of CSP biosynthesis. Microbiology 153, 1799-1807 

Krull RE, Chen P, Novak J, Kirk M, Barnes S, Baker J, Krishna NR, Cau-
field WP (2000) Biochemical structural analysis of the lantibiotic mutacin II. 
The Journal of Biological Chemistry 275, 15845-15850 

Li YH, Lau PC, Lee JH, Ellen RP, Cvitkovitch DG (2001) Natural genetic 
transformation of Streptococcus mutans growing in biofilms. Journal of Bac-
teriology 183, 897-908 

Li YH, Tang N, Aspiras MB, Lau PC, Lee JH, Ellen RP, Cvitkovitch DG 
(2002) A quorum-sensing signaling system essential for genetic competence 
in Streptococcus mutans is involved in biofilm formation. Journal of Bacteri-
ology 184, 2699-2708 

Li B, Yu JPJ, Brunzelle JS, Moll GN, van der Donk WA, Nair SK (2006) 
Structure and mechanism of the lantibiotic cyclase involved in nisin biosyn-
thesis. Science 311, 1464-1467 

Li S, Liu T, Xiao X, Yang J, Yang D, Zhuang H, Liu Z (2005) Detection of 
mutA genes in transmitted strains and nontransmitted strains of mutans 
streptococci. Caries Research 39, 417-421 

Longo PL, Mattos-Graner RO, Mayer MPA (2003) Determination of muta-
cin activity and detection of mutA genes in Streptococcus mutans genotypes 
from caries-free and caries-active children. Oral Microbiology and Immuno-
logy 18, 144-149 

Lundsford RD, Roble AG (1997) comYA, a gene similar to comGA of Bacillus 
subtilis, is essential for competence-factor-dependent DNA transformation in 
Streptococcus gordonii. Journal of Bacteriology 179, 3122-3126 

Lux T, Nuhn M, Hakenbeck R, Reichmann P (2007) Diversity of bacteriocins 
and activity spectrum in Streptococcus pneumoniae. Journal of Bacteriology 
189, 7741-7751 

Marciset O, Jeronimus-Stratingh MC, Mollet B, Poolman B (1997) Thermo-
philin 13, a nontypical antilisterial poration complex bacteriocin, that func-
tions without a receptor. The Journal of Biological Chemistry 272, 14277-
14284 

McArthur JV (2006) Microbial Ecology: An Evolutionary Approach, Acade-
mic Press, Elsevier, Burlington, MA, USA, 416 pp 

McAuliffe O, Ross RP, Hill C (2001) Lantibiotics: structure, biosynthesis and 
mode of action. FEMS Microbiology Review 25, 285-308 

McLaughlin RE, Ferretti JJ, Hynes WL (1999) Nucleotide sequence of the 
streptococcin A-FF22 lantibiotic regulon: model for production of the lanti-
biotic SA-FF22 by strains of Streptococcus pyogenes. FEMS Microbiology 
Letters 175, 171-177 

Marciset O, Jeronimus-Stratingh MC, Mollet B, Poolman B (1997) Thermo-
philin 13, a nontypical antilisterial poration complex bacteriocin, that func-
tions without a receptor. The Journal of Biological Chemistry 272, 14277-
14284 

Marri PR, Hao W, Golding GB (2006) Gene gain and gene loss in Strepto-
coccus: is it driven by habitat? Molecular Biology and Evolution 23, 2379-
2391 

Martin B, Quentin Y, Fichant G, Claverys JP (2006) Independent evolution 
of competence regulatory cascades in Streptococci? Trends in Microbiology 
14, 339-345 

Matsumoto-Nakano M, Kuramitsu HK (2006) Role of bacteriocin immunity 
proteins in the antimicrobial sensitivity of Streptococcus mutans. Journal of 
Bacteriology 188, 8095-8102 

Mazel D (2006) Integrons: agents of bacterial evolution. Nature Reviews Micro-
biology 4, 608-620 

Merritt J, Kreth J, Shi W, Qi F (2005) LuxS controls bacteriocin production 
in Streptococcus mutans through a novel regulatory component. Molecular 
Microbiology 57, 960-969 

Merritt J, Zheng L, Shi W, Qi F (2007) Genetic characterization of the hdrRM 
operon: a novel high-cell-density-responsive regulator in Streptococcus mu-
tans. Microbiology 153, 2765-2773 

Mitchell TJ (2003) The pathogenesis of streptococcal infections: from tooth 
decay to meningitis. Nature Reviews Microbiology 1, 219-230 

Morency H, Lavoie MC (1991) Effects of dietary carbohydrates on mutacin 
production and activity. Microbios 67, 35-46 

Morency H, Trahan L, Lavoie MC (1995) Preliminary grouping of mutacins. 
Canadian Journal of Microbiology 41, 826-831 

Morency H, Mota-Meira M, LaPointe G, Lacroix C, Lavoie MC (2001) 
Comparison of the activity spectra against pathogens of bacterial strains pro-
ducing a mutacin or a lantibiotic. Canadian Journal of Microbiology 47, 322-
331 

Mota-Meira M, Lacroix C, LaPointe G, Lavoie MC (1997) Purification and 
structure of mutacin B-Ny266: a new lantibiotic produced by Streptococcus 
mutans. FEBS Letters 410, 275-279 

Mota-Meira M, LaPointe G, Lacroix C, Lavoie MC (2000) MICs of mutacin 
B-Ny266, nisin A, vancomycin, and oxacillin against bacterial pathogens. 
Antimicrobial Agents and Chemotherapy 44, 24-29 

Mota-Meira M, Morency H, Lavoie MC (2005) In vivo activity of mutacin B-
Ny266. Journal of Antimicrobial Chemotherapy 56, 869-871 

Motegi M, Takagi Y, Yonezawa H, Hanada N, Terajima J, Watanabe H, 
Senpuku H (2006) Assessment of genes associated with Streptococcus mu-
tans biofilm morphology. Applied and Environmental Microbiology 72, 
6277-6287 

Myers G, Kuramitsu H (2006) Bacteriocins in Streptococcus mutans. Available 
online: http://www.oralgen.lanl.gov/ Los Alamos National Laboratory-Est 
1943 

Nes IF, Diep DB, Havarstein LS, Brueberg MB, Eijsink V, Hoto H (1996) 
Biosynthesis of bacteriocins in lactic acid bacteria. Antonie van Leeuwenhoek 
70, 113-128 

Nes IF, Diep DB, Holo H (2006) Bacteriocins diversity in Streptococcus and 
Enterococcus. Journal of Bacteriology 189, 1189-1198 

Nes IF, Johnsborg O (2004) Exploration of antimicrobial potential in LAB by 
genomics. Current Opinion in Biotechnology 15, 100-104 

Netz DJ, Pohl R, Beck-Sickinger AG, Selmer T, Pierik AJ, Bastos Mdo C, 
Sahl HG (2002) Biochemical characterisation and genetic analyses of aureo-
cin A53, a new, atypical bacteriocin from Staphylococcus aureus. Journal of 
Molecular Biology 319, 745-756 

Nicolas G, Auger I, Beaudoin M, Hallé F, Morency H, LaPointe G, Lavoie 
MC (2004) Improved methods for mutacin detection and production. Journal 
of Microbiological Methods 59, 351-361 

Nicolas G, Morency H, LaPointe G, Lavoie MC (2006) Mutacin H-29B is 
identical to mutacin II (J-T8). BMC Microbiology 6, 36 

Nicolas G, LaPointe G, Morency H, Richards K, Lavoie MC (2007a) Cha-
racterization of new mutacins (bacteriocins) produced by Streptococcus mu-
tans and determination of their antibacterial activity. Abstract of the 57th 
Annual Conference of the Canadian Society of Microbiologists, No. B-21, p 
66 

Nicolas GG, Mota-Meira M, LaPointe G, Lavoie MC (2007b) Mutacins and 
their potential use in food preservation. Food 1, 161-171 

Nikolskaya AN, Galperin MY (2002) A novel type of conserved DNA-binding 
domain in the transcriptional regulators of the AlgR/AgrA/LytR family. 
Nucleic Acids Research 30, 2453-2459 

Novak J, Bourgeau G, Caufield P, Parrot M, Norkates J, Lavoie MC, Miller 
E (1993) Biochemical analysis of a group II mutacin from Streptococcus 
mutans. Abstract of the American Society of Microbiology General Meeting, 
No. A-44, p 8 

Novak J, Caufield PW, Miller EJ (1994) Isolation and biochemical characteri-
zation of a novel lantibiotic mutacin from Streptococcus mutans. Journal of 
Bacteriology 176, 4316-4320 

Novak J, Kirk M, Caufield PW, Barnes S, Morisson K, Baker J (1996) De-
tection of modified amino acids in lantibiotic peptide mutacin II by chemical 
derivatization and electrospray ionization-mass spectroscopic analysis. Ana-
lytical Biochemistry 236, 358-360 

Oresnik IJ, Twelker S, Hynes MF (1999) Cloning and characterization of a 
Rhizobium leguminosarum gene encoding a bacteriocin with similarities to 
RTX toxins. Applied and Environmental Microbiology 65, 2833-2840 

Pal C, Papp B, Lercher MJ (2005) Adaptative evolution of bacterial metabolic 

207



Genes, Genomes and Genomics 1(2), 193-208 ©2007 Global Science Books 

 

networks by horizontal gene transfer. Nature Genetics 37, 1372-1375 
Pag U, Sahl HG (2002) Multiple activities in lantibiotics – models for the de-

sign of novel antibiotics? Current Pharmaceutical Design 8, 815-833 
Parente E, Ricciardi A (1999) Production, recovery and purification of bacteri-

ocins from lactic acid bacteria. Applied Microbiology and Biotechnology 52, 
628-638 

Park Y, Park SC, Kim JY, Kim MH, Shin SO, Kang SJ, Cheong CY, Hahm 
KS (2005) Antimicrobial activity, structure and mechanism relationship of 
antimicrobial peptides, HP (2-20), derived from N-terminus of Helicobacter 
pylori ribosomal protein L1 (RPL1). FEBS Journal 272 (S1), [V1-040P] 

Parrot M, Charest M, Lavoie MC (1989) Production of mutacin-like substan-
ces by Streptococcus mutans. Canadian Journal of Microbiology 35, 366-372 

Parrot M, Caufield PW, Lavoie MC (1990) Preliminary characterization of 
four bacteriocins from Streptococcus mutans. Canadian Journal of Microbio-
logy 36, 123-130 

Paul D, Slade HD (1975) Production and properties of an extracellular bacteri-
ocin from Streptococcus mutans bacteriocidal for group A and other strepto-
cocci. Infection and Immunity 12, 1375-1385 

Petersen FC, Scheie AA (2000) Genetic transformation in Streptococcus mu-
tans requires a peptide secretion-like apparatus. Oral Microbiology and Im-
munology 15, 329-334 

Petersen FC, Tao L, Scheie AA (2005) DNA binding-uptake system: a link 
between cell-to-cell communication and biofilm formation. Journal of Bacte-
riology 187, 4392-4400 

Petersen FC, Fimland G, Scheie AA (2006) Purification and functionnal stu-
dies of a potent modified quorum-sensing peptide and a two-peptide bacterio-
cin in Streptococcus mutans. Molecular Microbiology 61, 1322-1334 

Qi F, Chen P, Caufield PW (1999a) Purification of mutacin III from group III 
Streptococcus mutans UA787 and genetic analyses of mutacin III biosynthe-
sis genes. Applied and Environmental Microbiology 65, 3880-3887 

Qi F, Chen P, Caufield PW (1999b) Functional analysis of the promoters in the 
lantibiotic mutacin II biosynthetic locus in Streptococcus mutans. Applied 
and Environmental Microbiology 65, 652-658 

Qi F, Chen P, Caufield PW (2000) Purification and biochemical characteri-
zation of mutacin I from group I strain of Streptococcus mutans, CH43, and 
genetic analysis of mutacin I biosynthesis genes. Applied and Environmental 
Microbiology 66, 3221-3229 

Qi F, Chen P, Caufield PW (2001) The group I strain of Streptococcus mutans, 
UA140, produces both the lantibiotic mutacin I and a nonlantibiotic bacterio-
cin, mutacin IV. Applied and Environmental Microbiology 67, 15-21 

Qi F, Merritt J, Lux R, Shi W (2004) Inactivation of the ciaH gene in Strepto-
coccus mutans diminishes mutacin production and competence development, 
alters sucrose-dependant biofilm formation, and reduces stress tolerance. In-
fection and Immunity 72, 4895-4899 

Qi F, Kreth J, Lévesque CM, Kay O, Mair RW, Shi W, Cvitkovitch DG, 
Goodman SD (2005) Peptide pheromone induce cell death of Streptococcus 
mutans. FEMS Microbiology Letters 251, 321-326 

Quadri LE, Sailer M, Terebiznik MR, Roy KL, Vederas JC, Stiles ME 
(1995) Characterization of the protein conferring immunity to the antimicro-
bial peptide carnobacteriocin B2 and expression of carnobacteriocins B2 and 
BM1. Journal of Bacteriology 177, 1144-1151 

Riley MA, Chavan MA (2007) Introduction. In: Riley MA, Chavan MA (Eds) 
Bacteriocins: Ecology and Evolution, Springer-Verlag, Berlin Heidelberg, pp 
1-3 

Robson CL, Wescombe PA, Klesse NA, Tagg JR (2007) Isolation and partial 
characterization of the Streptococcus mutans type AII lantibiotic mutacin K8. 
Microbiology 153, 1631-1641 

Rogers AH (1972) Effect of the medium on bacteriocin production among 
strains of Streptococcus mutans. Applied Microbiology 24, 294-295 

Rogers AH (1976) Bacteriocin patterns of strains belonging to various sero-
types of Streptococcus mutans. Archives in Oral Biology 21, 243-249 

Shemesh M, Tam A, Steinberg D (2007) Differential gene expression profiling 
of Streptococcus mutans cultured under biofilm and planktonic conditions. 
Microbiology 153, 1307-1317 

Smith L, Zachariah C, Thirumoorthy R, Rocca J, Novak J, Hillman JD, 
Edison AS (2003) Structure and dynamics of the lantibiotic mutacin 1140. 
Biochemistry 42, 10372-10384 

Sprules T, Kawulka KE, Vederas JC (2004) NMR solution structure of ImB2, 
a protein conferring immunity to antimicrobial activity of the type IIa bacteri-

ocin, carnobacteriocin B2. Biochemistry 43, 11740-11749 
Stein T, Borchert S, Conrad B, Feesche J, Hofemeister B, Hofemeister J, 

Entian KD (2002) Two different lantibiotic-like peptides originate from the 
ericin gene cluster of Bacillus subtilis A1/3. Journal of Bacteriology 184, 
1703-1711 

Stein T, Heinzmann S, Solovieva I, Entian KD (2003) Function of Lactococ-
cus lactis nisin immunity gene nisI and nisFEG after coordinated expression 
in the surrogate host Bacillus subtilis. The Journal of Biological Chemistry 
278, 89-94 

Steinmoen H, Teigen A, Havarstein LS (2003) Competence-induced cells of 
Streptococcus pneumoniae lyse competence-deficient cells of the same strain 
during cocultivation. Journal of Bacteriology 185, 7176-7183 

Syvitski RT, Tian XL, Sampara K, Salman A, Lee SF, Jakeman DL, Li YH 
(2007) Structure-activity analysis of quorum-sensing signalling peptides from 
Streptococcus mutans. Journal of Bacteriology 189, 1441-1450 

Takala TM, Saris PE (2006) C terminus of NisI provides specificity to nisin. 
Microbiology 152, 3543-3549 

Tettelin H, Masignani V, Cieslewicz MJ, Donati C, Medini D, Ward NL, 
Angiuoli SV, Crabtree J, Jones AL, Durkins AS, Deboy RT, Davidsen 
TM, Mora M, Scarselli M, Margarit y Ros I, Peterson JD, Hauser CR, 
Sundaram JP, Nelson WC, Madupu R, Brinkac LM, Dodson RJ, Roso-
vitz MJ, Sullivan SA, Daugherty SC, Haft DH, Selengut J, Gwinn ML, 
Zhou L, Zafar N, Khouri H, Radune D, Dimitrov G, Watkins K, O’Con-
nor KJ, Smith S, Utterback TR, White O, Rubens CE, Grandi G, Madoff 
LC, KasperDL, Telford JL, Wessels MR, Rappuoli R, Fraser CM (2005) 
Genome analysis of multiple pathogenic isolates of Streptococcus agalactiae: 
implications for the microbial “pan-genome”. Proceedings of the National 
Academy of Sciences USA 102, 13950-13955 

Tsang P, Merritt J, Nguyen T, Shi W, Qi F (2005) Identification of genes 
associated with mutacin I production in Streptococcus mutans using random 
insertional mutagenesis. Microbiology 151, 3947-3955 

Tsang P, Merritt J, Shi W, Qi F (2006) IrvA-dependent and IrvA-independent 
pathways for mutacin gene regulation in Streptococcus mutans. FEMS Micro-
biology Letters 261, 231-234 

Vadyvaloo V, Snoep JL, Hastings JW, Rautenbach M (2004b) Physiological 
implications of class IIa bacteriocin resistance in Listeria monocytogenes 
strains. Microbiology 150, 335-340 

Valdes-Stauber N, Scherer S (1996) Nucleotide sequence and toxonomical dis-
tribution of the bacteriocin gene lin cloned from Brevibacterium linens M18. 
Applied and Environmental Microbiology 62, 1283-1286 

van Belkum MJ, Worobo RW, Stiles ME (1997) Double-glycine-type leader 
peptides direct secretion of bacteriocins by ABC transporters: colicin V sec-
retion in Lactococcus lactis. Molecular Microbiology 23, 1293-1301 

van der Ploeg JR (2005) Regulation of bacteriocin production in Streptococcus 
mutans by the quorum sensing system required for development of genetic 
competence. Journal of Bacteriology 187, 3980-3989 

Waterhouse JC, Russell RR (2006) Dispensable genes and foreign DNA in 
Streptococcus mutans. Microbiology 152, 1777-1788 

Weerkamp A, Bongaerts-Larik L, Vogels GD (1977) Bacteriocins as factors 
in the in vitro interaction between oral streptococci in plaque. Infection and 
Immunity 16, 773-780 

Woodruff WA, Novak J, Caufield PW (1998) Sequence analysis of mutA and 
mutM genes involved in the biosynthesis of the lantibiotic mutacin II in 
Streptococcus mutans. Gene 206, 37-43 

Xie L, Miller LM, Chatterjee C, Averin O, Kelleher NL, van der Donk WA 
(2004) Lacticin 481: in vitro reconstitution of lantibiotic synthetase activity. 
Science 303, 679-681 

Xu P, Alves JM, Kitten T, Brown A, Chen Z, Ozaki LS, Manque P, Ge X, 
Serrano MG, Puiu D, Hendricks S, Wang Y, Chaplin MD, Akan D, Paik 
S, Peterson DL, Macrina FL, Buck GA (2007) Genome of the opportu-
nistic pathogens Streptococcus sanguinis. Journal of Bacteriology 189, 3166-
3175 

Yamanaka K, Fang L, Inouye M (1998) The CspA family in Escherichia coli: 
multiple gene duplication for stress adaptation. Molecular Microbiology 27, 
247-255 

Yonezawa H, Kuramitsu HK (2005) Genetic analysis of a unique bacteriocin, 
Smb, produced by Streptococcus mutans GS5. Antimicrobial Agents and Che-
motherapy 49, 541-548 

 
 

208


