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Abstract 

Oral streptococci depend on two-component signal transduction systems (TCSs), 

the most widespread regulatory systems in bacteria, to detect and respond to 

diverse stresses in oral environment. Among the larger panel of TCSs equipped 

by oral streptococci, ComDE TCS is thought to be one of the most classical TCSs. 

So far, it has been proved that ComDE TCS could play critical roles in 

environmental stress responses to acid, antibiotic, oxidative pressures and so on, 

and modulating multiple virulence traits like biofilm formation, bacteriocin 

production, competence, autolysis. Here, the well characterized Streptococcus 

mutans and Streptococcus pneumoniae are chosen as the representative species 

to introduce the composition, signaling pathways and regulated phenotypes of 
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ComDE TCS in oral streptococci. The potential ComDE TCS-targeted 

antimicrobial applications are also discussed at last. 

 

Introduction 

In nature, bacteria are often confronted with complex and fluctuating 

environmental conditions including nutrient availability, pH, temperature, redox 

potential, osmotic pressure and toxic chemicals. Not only for adapting to changing 

habitats, but also for expression of virulence factors, sophisticated signaling 

pathways are evolved by bacteria to detect and respond to diverse stresses in the 

environment. It is believed that two-component signal transduction systems 

(TCSs) are the most widespread regulatory systems in bacteria to cope with 

various external stimuli (Mitrophanov and Groisman, 2008). A prototypical TCS 

consists of two conserved components, a specific histidine kinase (HK) and a 

cognate response regulator (RR) (Figure 1). The HK functions as a 

transmembrane sensor protein to sense environmental signals and once it is 

activated, there is a phosphotransfer reaction between its histidine residue and 

an aspartate residue of corresponding cytosolic RR protein, thus the 

transmembrane information transmissions occur (Figure 1). The RR undergoes a 

conformational change, enabling DNA binding and activating or repressing 

transcription of target genes (Ann M. Stock et al., 2000; Hoch, 2000) (Figure 1). 
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Figure 1. Schematic diagram of the structure and work processes of two-component systems 

(TCSs). (i) When the external environment changes, the transmembrane histidine kinases (HKs) 

recognize the signal, rapidly dimerize and catalyze the ATP-dependent autophosphorylation at the 

specific histidine (H) residue. (ii) Subsequently, HKs signal to its corresponding cytosolic response 

regulator (RR) protein by transferring the high-energy phosphoryl group to an aspartate (A) residue 

of RR, which thus underwent a conformational change. The activated RR proteins bind to the target 

genes to adjust the physiology and behaviors of bacteria. (iii) Phosphate groups are transferred 

from RR proteins to water molecules in the hydrolysis reaction, or the system returns to the ground 

state through RR's dephosphorylation. 

 

Although oral cavity provides diverse habitats, rich foods and comfortable 

temperature for many microorganisms to colonize and survive, it is undeniable 

that oral microorganisms need to adapt to the frequent changing environment 

which is caused by human activities like diet, breath, taking antibiotics. As a major 

part of the normal microbiota in humans, oral streptococci adapt to diverse oral 

sites, including different mucosal sites and supra-gingival or sub-gingival plaque 
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biofilms. More than 10 TCSs have been identified in many oral streptococci 

(Mattos-Graner and Duncan, 2017) and depending on which, these commensal 

bacteria adjust their cell physiology and behaviors in response to dynamic oral 

environment and even cause infections such as dental caries, when the host-

dental biofilm homeostasis is disrupted. Hence, it is necessary to deeply 

investigate the TCS regulatory circuits and the environmental signals that trigger 

expression of virulence factors in oral streptococci. 

 

Streptococcus mutans is known as the primary cariogenic dental pathogen of 

human. A variety of studies have linked the regulation of TCSs with the known 

virulence traits of this organism, including biofilm formation, acidogenicity, 

aciduricity, genetic transformation and bacteriocin production (Senadheera and 

Cvitkovitch, 2008). It is discovered that S. mutans strains harbor 12-14 different 

and complete TCSs in their genomes (Song et al., 2012). In fact, the discovery of 

part of these TCSs in S. mutans was largely dependent on the information of their 

homologues in the closely related species, Streptococcus pneumoniae, whose 

TCSs have been best characterized and made great contributions to the research 

of TCSs in other members of the genus Streptococcus. S. pneumoniae is an 

opportunistic pathogen in the normal human nasopharyngeal microflora as well 

as oral microflora, although the role in oral cavity is still unclear. It is found that S. 

pneumoniae is involved in a myriad of infections and is a major cause of 

pneumonia, sinusitis, otitis media, bacteremia and meningitis (Musher, 2010). 

Pneumococcal pathophysiological processes, such as competence, autolysis, 

bacteriocin production and virulence factors expression, have been demonstrated 

to be driven by multiple TCSs (Gomez-Mejia et al., 2018). So far, 13 complete 

TCSs and an orphan RR have been identified in the genome of S. pneumoniae 
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(Lange et al., 1999; Throup et al., 2000). The large number of different types of 

TCSs expressed by S. mutans and S. pneumoniae suggest the important roles of 

TCS in tight regulation of their behaviors and pathogenicity.  

 

Among the TCSs processed by S. mutans and S. pneumoniae, four highly 

conserved TCSs are shared by both of them, including ComDE TCS, CiaRH TCS, 

VicRK TCS and LiaRS TCS. ComDE TCS is one of the classical TCSs in oral 

streptococci and it is proved that multiple virulence traits are under the tight control 

of this TCS. The pneumococcal genes encoding the HK protein (ComD) and its 

cognate RR protein (ComE) belong to the operon com, which was first described 

systematically by Cheng et al. in 1997 (Cheng Q et al., 1997). In S. mutans, 

comDE genes are identified by searching S. mutans genome database with their 

homologs in S. pneumoniae (Li et al., 2001b). 

 

Based on streptococcal 16S rRNA sequences, numerous species of oral 

streptococci are classified into five groups: (1) Mutans, (2) Salivarius, (3) 

Anginosus, (4) Sanguinus, and (5) Mitis (Facklam, 2002). However, only Mutans, 

Anginosus and Mitis groups are found to have ComDE TCS (Havarstein, 2010). 

The members of these groups diverge in preferred habitats, physiological and 

pathogenic properties. As a result, it is unrealistic to describe each ComDE TCS 

distributed in different genomes of these streptococci within the scope of this 

review. Instead, the extensively studied S. mutans (Mutans group) and S. 

pneumoniae (Mitis group) are chosen as the representative species for ComDE 

TCS research of oral streptococci and we compare the similarities and differences 

of the composition, target genes and regulated phenotypes of ComDE TCS in the 

two streptococci, thus providing insights into the structure and function of this TCS 
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in oral streptococci. Finally, the potential ComDE TCS-targeted antimicrobial 

applications are also discussed. 

 

The composition of ComDE TCS 

ComDE TCS is also known as a quorum sensing (QS) system and CSP 

(competence-stimulating peptide) is employed as the specific signal peptide to 

activate the TCS. The precursor of CSP is encoded by comC gene and processed 

and exported by the ComAB secretion apparatus. When extracellular CSP 

increases to the threshold concentration, it is bound by the transmembrane HK 

receptor ComD, which in turn activates the intercellular RR ComE through 

phosphoryl transfer (Boudes et al., 2014). The activation of ComE enhances the 

expression of a series of genes including comAB, comC, comDE and the gene 

encoding the alternative sigma factor ComX (σX, sometimes also called SigX), 

which controls the expression of late competence genes that encode the proteins 

for DNA binding, import and recombination (Martin et al., 2013; Pestova et al., 

1996; Pozzi et al., 1996; Ween et al., 1999). Different from S. pneumoniae, 

Phosphorylated ComE does not activate the transcription of comX directly in S. 

mutans. In fact, the ComDE TCS in S. mutans depends on another regulatory 

system named ComRS，which is proven to be the proximal regulator to comX，

to relay signals to activate comX, although the mechanism is still unclear 

(Mashburn-Warren et al., 2010). 

 

CSP 

In 1995, Håvarstein et al. showed that a 17-residue peptide produced by S. 

pneumoniae was able to induce the development of competence. The peptide 

was named CSP and was found to be encoded by comC gene, then cleaved and 
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secreted to extracellular environment by ComAB transporter, serving as an 

autoinducer molecule for QS (Håvarstein et al., 1995) (Figure 2A). Actually, 

complete comC expression product should be a 44-residule peptide which 

contains a recognition site for the ComAB (a specific Gly-Gly site) (Hui and 

Morrison, 1991; Whatmore et al., 1999). For many streptococci including S. 

pneumoniae, their comDE operons start with comC, which is followed by comD, 

and comE is immediately after the comD (Li et al., 2001a) (Figure 2A). However, 

the comC gene in S. mutan was located at complementary strand and in the 

opposite direction of comDE (SMU_1916-1917, UA159) operon in 5’ to 3’ direction 

(Li et al., 2001a) (Figure 3A). In addition, comC in S. mutans encodes a 

polypeptide which consists of 46 residues. After cleavage, the polypeptide is 

secreted extracellularly as a 21-residue peptide (Li et al., 2001a), and then it will 

be processed by protease SepM into the mature 18-residue CSP (Figure 3A), 

giving it a lower concentration but a higher efficiency (Hossain and Biswas, 2012). 

Biswas et al. found SepM homologs from 4 streptococci, indicating it might play a 

broader role in interspecies communication (Biswas et al., 2016). The sequence 

of CSP is highly variable in streptococci, and the recognition of CSP by ComD 

receptor is species-specific even strain-specific (Petersen et al., 2005). It has 

been reported that strains of different subtypes can only be induced by their 

specific CSP (except Pn15, VA1) (Petersen et al., 2005). Surprisingly, CSP 

molecules produced by S. mutans are also proven to affect other microorganisms, 

for example, inhibiting the germ tubes of Candida albicans (Jarosz et al., 2009).  

 

ComD 

Two main genes, comD and comE, were first described in 1996 by Pestova et al. 

in S. pneumoniae. ComD, a highly conserved protein encoded by comD, functions 
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as a sensory HK and is responsible for activating its cognate RR ComE by 

phosphorylation (Pestova et al., 1996) (Figure 2A). ComD is a transmembrane 

protein containing 7 transmembrane alpha-helices. Its N-terminus is the CSP 

binding domain, and the C-terminus locates inside the cell and contains a kinase 

domain with a conserved sequence. ComD in S. mutans can detect extracellular 

accumulation of CSP and result in conformational changes and 

autophosphorylation of the kinase domain in ComD (Figure 3A), just like S. 

pneumoniae. Moreover, Prudhomme et al. found that the membrane protein 

ComD retained the CSP molecules, limiting its free diffusion in the medium 

(Prudhomme et al., 2016). The peptide ComD of S. mutans belongs to the HPK10 

subfamily of HK (Hvarstein, 2003), consisting of 441 amino acid residues (Ajdić 

et al., 2002). The identity between S. mutans and S. pneumoniae is only 22%, 

and the similarity is 44% (Hvarstein, 2003). Dong et al. found that there were two 

hydropathically distinct regions in the ComD protein of S. mutans, the N-terminal 

membrane-spanning region (1-220 residues) and the C-terminal hydrophilic 

region (221-441 residues) inside the cytoplasm. They also suggested that three 

extracellular loops (loopA, loopB, loopC) of the N-terminal membrane domain of 

ComD protein might be the receptor for CSP recognition, of which loopB and 

loopC were essential for CSP recognition while loopA contributed little in CSP 

detection (Dong et al., 2016). 

 

ComE 

In S. pneumoniae, ComE is encoded by comE and belongs to the AlgR/AgrA/LytR 

transcription factors subfamily. Activated ComE exhibits following effects: (1) 

combining with the promotor of comCDE and enhancing its expression, which 

establishes a positive-feedback loop via increasing the level of CSP production, 
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output, and signal transduction capacities (Martin et al., 2013); (2) inducing comX 

and comW, both of which contribute to the expression of several late competence 

genes (Ween et al., 1999) (Figure 2A). In addition, Martin et al. found that when 

the progressive accumulation of ComE outcompeted ComE~P, the expression of 

early genes would decelerate rapidly (Martin et al., 2013). Mirouze et al. 

suggested DprA interacted with ComE~P, promoting the shut-off of competence 

(Mirouze et al., 2013) (Figure 2A). ComE in S. mutans is structurally similar to that 

in S. pneumoniae, while ComE in S. mutans acts as a repressor of comC gene 

expression in the absence of CSP induction (Kreth et al., 2007). There are two 11 

bp direct repeats, DRI and DRII, which are required for ComE binding between 

nlmC and comC promoter regions. Furthermore, the two repeats are also 

essential for the expression of nlmC and comC genes (Kreth et al., 2007). Hung 

et al. demonstrated that ComE did not require two repeats for high-affinity binding. 

Different from S. pneumoniae, there is no ComE binding site found in S. mutans 

comX promoter. Instead, the comX promoter has a motif that is most probably 

recognized by ComR, the cytoplasmic Rgg-type transcriptional regulator of 

ComRS regulatory system (Mashburn-Warren et al., 2010). In addition, the 

activated ComE regulator in S. mutans directly activates the genes encoding a 

diverse repertoire of bacteriocins (Perry et al., 2009) (Figure 3A). As a result, 

Martin et al. suggested that the S. mutans ComDE TCS had orthologs to the S. 

pneumoniae BlpRH TCS that controlled the synthesis of bacteriocin-like peptides 

(Martin et al., 2006). 

 

ComAB 

In 1991, Hui et al. determined the complete nucleotide sequence of comA and 

suggested the possible function of ComA in the transport of pneumococcal 
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competence factor (CF). The sequence contained a single large open reading 

frame (ORF) ORF1 of 2,151 bp and a Shine-Dalgarno sequence (AAAGGAG) 

which laid immediately upstream of ORF1, as well as another sequence (TTtAat-

17bp-TAaAAT) similar to the Escherichia coli sigma 70 promoter consensus 

locating 410 bp upstream of ORF1 (Hui and Morrison, 1991). It is found that the 

comAB genes encode proteins of 77 kDa and 50 kDa, respectively, and belong to 

the ABC transporter family, which has been demonstrated to have a dual function: 

(1) removal of the leader peptide from its substrate, and (2) translocation of its 

substrate across the cytoplasmic membrane. It has been reported that ComA and 

ComB assist to process and secret CSP (Håvarstein et al., 1996; Hui and 

Morrison, 1991) (Figure 2A). In 2000, Petersen identified a cysteine-protease 

ABC transporter/accessory proteins named CslAB (SMU.1897 and SMU.1898) in 

S. mutans by comparing csl locus with the comAB homologous genes of S. 

pneumoniae and Streptococcus gordonii (Petersen and Scheie, 2000). In fact, the 

CSP peptide is exported by another ABC transporter named NlmTE. The NlmTE 

was first demonstrated as an ABC transporter in 2005, which has been found to 

transfer mutacins out of cells(Hale et al., 2005). Hossain MS et al, demonstrated 

for the first time that NlmTE was the true transporter of CSP. Because of the 

proteolytic activity of NlmTE, the leader sequence of the 46-residue-long CSP 

was cleaved off after the GG motif (present at position 25)(Hossain and Biswas, 

2012), thus generated the 21-residue-long CSP(CSP-21) which can be 

recognized and specifically cleaved by SepM (Biswas et al., 2016) (Figure 3A). 

 

ComX 

In S. pneumoniae, comX is the core regulator of competence development and 

encodes the competence-specific alternative sigma factor ComX, which 
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composes a holoenzyme with RNA polymerase (RNAP) to enable RNA 

polymerase to recognize a specific 8 bp sequence (com box or cin box) and thus 

to turn on late competence gene transcription needed for DNA uptake and 

homologous recombination (Figure 2A). The late genes consist of 12 major 

operons, and encode 28 competence-specific proteins, which facilitate the 

efficient transport, preservation and recombination of extracellular genomic 

fragments (Campbell et al., 1998; Luo and Morrison, 2003). In addition to the 

regulation by ComE~P and ComE, ComX also depends on comW which is only 

found in S. pneumoniae and other 10 species of streptococci. It is recognized that 

ComW can increase both activity and stability of ComX as well as withstand the 

negative regulation of ComX by the ClpP protease complex (Peterson et al., 2004; 

Sung and Morrison, 2005) (Figure 2A). Similarly, ComX in S. mutans is a sigma 

factor inducing the late competence genes. In S. mutans, the activation of ComE 

can induce the expression of comX, but in an indirect way via ComR (Figure 3A). 

Aspiras et al. showed the positive regulation of ComX in natural transformation 

and competence development in S. mutans (Aspiras et al., 2004). The adaptor 

protein MecA and ClpCP form the MecA-ClpCP Protease Complex acting as a 

negative regulator of ComX stability in S. mutans (Dong et al., 2014; Wahl et al., 

2014). 

 

Target genes and phenotypes under regulation of ComDE TCS 

Downstream target genes in S. pneumoniae 

In 2004, Peterson et al. constructed DNA microarrays and analyzed the temporal 

expression profiles of unique predicted ORFs presented in the S. pneumoniae 

TIGR4 genome, and divided them into four temporally distinct expression profiles: 

early, late and delayed gene induction, and gene repression. Moreover, this study 

ComDE Two-Component System Zu et al

caister.com/cimb 211 Curr. Issues Mol. Biol. (2019) Vol. 32



increased the number of identified CSP-responsive genes from approximately 40 

identified previously to 188 and found that among 124 CSP-inducible genes, 67 

were dispensable for transformation, whereas 23 were required for transformation 

(Peterson et al., 2004). Proteins encoded by late genes which are responsible for 

DNA uptake and recombination include the protein-processing DprA, 

recombination-promoting CoiA (Desai and Morrison, 2007), MssA related to 

homologous recombination, HexA and HexB related to mismatch repair 

(Prudhomme et al., 1989; Prudhomme et al., 1991) and Cgl assembled into a type 

4 pilus-like DNA uptake device. SSB proteins protect ssDNA from degradation 

(Hedayati et al., 2005), and the endonuclease (EndA) participates in the transport 

of ssDNA (Puyet et al., 1989). In addition, CibAB (a crucial trigger factor for 

autolysis) (van Belkum et al., 1991), CbpD (participate in cell killing and release 

DNA) (Johnsborg et al., 2008) and LytA (cytosolic N-acetylmuramoyl-l-alanine 

amidase released by bacterial lysis) are essential for autolysis. 
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(A)  

 (B)  

Figure 2. Signaling pathways, regulated phenotypes and interacted regulatory systems of ComDE 
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TCS in S. pneumoniae. 

(A) Signaling pathways of ComDE TCS in S. pneumoniae. In S. pneumoniae, comC，comD and 

comE genes of ComDE TCS belong to the comCDE operon which starts with comC, following 

immediately by comD and comE. CSP is encoded by comC as a 44-aa peptide that is processed 

and exported by the ComAB secretion apparatus as a 17-aa peptide, where it serves as the signal 

peptide for the ComDE TCS. When extracellular CSP increases to the threshold concentration, it is 

bound by the transmembrane HK receptor ComD, which then activates the intercellular RR ComE 

via phosphoryl transference. Activated ComE upregulates transcription of comAB, comCDE, comW 

and comX genes. ComX, an alternate sigma factor, as well as the core competence gene, together 

with RNA polymerase triggers transcription of a group of late competence genes that encode the 

proteins for DNA binding, import and recombination, such as dprA, cbpD and so on. ComW could 

increase both activity and stability of ComX. It is reported that DprA interacts with ComE∼P to block 

ComE-driven transcription, chiefly impacting ComX production, thus shutting off competence. (B) 

Regulated phenotypes and interacted regulatory systems of ComDE TCS in S. pneumoniae. 

In S. pneumoniae, ComDE TCS is known to control competence for natural genetic transformation 

directly and also trigger autolysis and DNA releasing via the induction of competence. In addition, 

ComDE signaling pathway is involved in biofilm formation and antibiotic stress response. 

Interestingly, ComDE TCS in S. pneumoniae is reported to activate ASIL (acidic-stress induced lysis) 

and repress acid tolerance response (ATR) thereby facilitating the release of DNA and virulence 

factors from the bacteria. ComDE TCS have multiple interaction with several regulators in S. 

pneumoniae. For example, CiaRH TCS regulates competence by interfering in CSP accumulation, 

thus negatively affecting competence development induced by ComDE. Moreover, the interaction 

between ComDE TCS and BlpRH TCS influences the secretion of Pneumocin (Pneumococcal 

bacteriocin), which is encoded by blpMN genes. It is recently reported that StkP/ComE pathway, 

independent of the HK-dependent ComDE system, mainly triggers the acidic stress response by 

inducing ASIL and inhibiting ATR. VicRK TCS may be involved in competence control, however, the 
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interaction with ComDE TCS is still unknown. 

 

Downstream target genes in S. mutans 

Through using a high-resolution tiling array, Khan et al. found 20 genes in four 

distinct transcriptionally active regions (TARs) and 83 genes in 29 TARs were 

upregulated at early or late phases of the CSP response, respectively. The early-

phase responding genes are associated with bacteriocin production and immunity, 

including nlmA, nlmB, nlmC, nlmD, cipB, bsmK, bsmL, immA, immB and so on. 

They demonstrated the expression of late-phase responding genes was 

dependent on the expression of comS and 4 TARs containing 23 genes were 

directly regulated by the ComE regulon (Khan et al., 2016).The promoters of 

bsmB, bsmC, nlmAB, nlmC, immAB, cslAB and comC genes showed high binding 

affinities with ComE (Hung et al., 2011; Kreth et al., 2007). The ComX regulon 

regulates the expression of 21 operons (Khan et al., 2016), including late 

competence genes (dprA, ssbB, recA, dpnB, comEC, etc) (Eaton and Jacques, 

2010; Khan et al., 2016; Quivey and Faustoferri, 1992), attacking or self-killing 

(lytF) (Eaton and Jacques, 2010; Okinaga et al., 2010), pilus formation ( pilC, 

comGG-comGA) (Dufour et al., 2011; Eaton and Jacques, 2010; Merritt et al., 

2007; Okinaga et al., 2010), restriction-modification system (radC) (Okinaga et al., 

2010), and others like ackA (Merritt et al., 2005), cinA (Mair et al., 2012). 
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(A)  

 (B)  

Figure 3. Signaling pathways, regulated phenotypes and interacted regulatory systems of ComDE 

TCS in S. mutans.  

(A) Signaling pathways of ComDE TCS in S. mutans. The ComDE TCS in S. mutans acts as a 

typical two-component system with CSP as the signaling peptide, encoded by the comC gene. 

Different from S. pneumoniae, the comC gene in S. mutan was located at complementary strand 

and in the opposite direction of comDE operon. The immature CSP translated from comC consists 
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of 46 residues (CSP-46). After cleavage and secrete extracellularly by NlmTE transporter, the 

polypeptide becomes a 21-residue peptide (CSP-21), and then it is further processed by protease 

SepM into the mature 18-residue CSP. When extracellular CSP increases to the threshold 

concentration, it is bound by the transmembrane HK receptor ComD, which then activates the 

ComDE signaling pathway. The intercellular RR ComE is essential for the expression comC gene, 

but it also acts as a repressor of comC gene in the absence of CSP induction. Notably, ComE 

regulator in S. mutans directly activates the genes controlling bacteriocins production, autolysis 

and DNA release, including nlmAB, nlmC, cipB and so on. The phosphorylated ComE also 

induces the expression of the alternative sigma factor ComX, but in an indirect way via ComRS 

system, which employs XIP, a 7-residue peptide deriving from ComS peptide, as the signal 

peptide. ComX is the core regulator of competence development and controls the expression of 

late competence genes that encode the proteins for DNA binding, import and recombination. (B) 

Regulated phenotypes and interacted regulatory systems of ComDE TCS in S. mutans. 

Different from S. pneumoniae, ComDE TCS in S. mutans directly control mutacin production, 

autolysis and DNA release and regulates competence development via signaling to ComRS 

system. In addition, biofilm formation, stress responses to acid, antibiotic and oxygen are also 

related to ComDE TCS in S. mutans, although the mechanisms are still unclear. It is reported that 

there is complex interaction between ComDE TCS and VicRK TCS. The RR regulator VicR could 

bind domain at comC coding region and affect the transcription of comC, comDE and comX. 

Moreover, the transcription of nlmAB, nlmC, and nlmD genes which encode Mutacins IV, V, and VI 

respectively increased when the HK VicK was inactivated. 

 

The phenotypes regulated by ComDE TCS 

In S. pneumoniae, ComDE TCS is known to affect competence for natural genetic 

transformation together with CiaRH, and also trigger autolysis and DNA releasing 

via the induction of competence. Moreover, the interaction between ComDE TCS 
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and BlpRH TCS is recently proofed to influence the secretion of Pneumocin 

(Pneumococcal bacteriocin) (Kjos et al., 2016; Wholey et al., 2016). In addition, 

ComDE is dedicated to biofilm formation, toxin production and responses for 

environmental changes including acid stress, antibiotic pressure (Figure 2B). 

Similar with S. pneumoniae, ComDE TCS also regulates competence 

development, biofilm formation, bacteriocin production, autolysis and DNA 

release, as well as stress responses to acid, antibiotic and oxygen in S. mutans 

(Figure 3B). However, difference in phenotypes regulated by this TCS has been 

observed in different strains of S. mutans. For example, defects in comDE genes 

significantly affect biofilm formation, acid tolerance and competence development 

in S. mutans NG8, but only competence in strain UA159 (Ahn et al., 2006; Li et 

al., 2002). 

 

Competence development 

Bacterial transformation, a programmed mechanism for gene transfer, is initially 

discovered in S. pneumoniae. S. pneumoniae could develop competence during 

growth, a state in which foreign DNA can be integrated into the genome, leading 

to stably inherited changes in virulence and resistance of the bacteria. It has been 

reported that two distinct systems were responsible for the control of the 

development of competence in streptococci: ComDE system and ComRS system. 

S. pneumoniae has only ComDE system, while S. mutans has both. 

 

In S. pneumoniae 

Traditionally, we presumed that when the accumulation of CSP reached the 

threshold, ComDE TCS would be activated by QS. Recently it has been showed 

that competence induction can be simultaneously influenced by cell density, 
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external pH, antibiotic-induced stress, and cell history, rather than mere cell 

density (Claverys et al., 2006; Moreno-Gamez et al., 2017). In addition, data from 

Prudhomme et al. demonstrated that competence shift in the population relied on 

a self-activated cell fraction via a growth time-dependent mechanism. During 

competence induction, CSP remains bound to cells, and the rate of competence 

development relies on the contact between activated and quiescent cells to 

propagate competence (Prudhomme et al., 2016). The activated ComDE TCS 

triggers the development of competence and forms a positive feedback loop, 

thereby amplifying the transcription of other genes in the competent regulator 

(Figure 2A), including up-regulation of approximately 80 genes expression. 

Among them, 14 genes encode essential proteins for DNA uptake and 

recombination, including RecA, LytA, DprA, CbpD and Cgl (Peterson et al., 2004). 

Karlsson et al. suggested that a putative comX-dependent repressor shut off the 

competence via inhibiting the expression of comDE and comX. However, 

subsequent studies showed that late-gene DprA secluded or dephosphorylated 

ComE~P and the shut-off of competence was regulated by direct interference with 

comDE and comX expression (Mirouze et al., 2013). DprA is conserved among 

all transformable species (Johnston et al., 2014), and the dprA gene of S. 

pneumoniae has following three functions: (i) load the recombinase RecA onto 

the internalized ssDNA and then recombine the homologous DNA into the 

genome; (ii) protect internalized DNA such as transforming ssDNA from 

degradation; (iii) interact strongly with ComE~P to promote the shut-off of 

competence (Figure 2A). 

 

In S. mutans 

ComDE system also functions as a pathway of competence development in S. 
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mutans (Li et al., 2001b). ComX encoded by comX is the core compentence 

regulatory component in S. mutans as same as in S. pneumoniae (Fontaine et al., 

2015), however, the coexistence of ComDE and ComRS systems in S. mutans 

makes it more complicated to regulate competence. As mentioned above, in the 

regulatory network of competence in S. mutans, ComDE system locates 

upstream of ComRS system and depends on the latter to activate comX 

expression, while ComRS could directly activate the transcription of comX even 

in the absence of ComDE system or CSP signal (Figure 3A, 3B). It is also reported 

that the composition of the growth medium determines which extracellular signal 

peptide, CSP or XIP (sigX-inducing peptide, the signal peptide of ComRS system), 

affects comX induction and competence development in S. mutans (see more 

details in “Interaction with ComRS system in S. mutans” part). Because of the 

different regulations of competence development between S. mutans and other 

streptococci, only a small subpopulation (between 1% and 50%) of S. mutans 

cells can become competent after stimulated by CSP (Aspiras et al., 2004; 

Lemme et al., 2011; Son et al., 2012). In S. mutans, ComE~P controls the 

expression of 4 operons, ComR-XIP controls 2, and ComX 21 (Khan et al., 2016). 

Different from S. pneumoniae, genetic competence in S. mutans is shut off by 

adaptor protein MecA. The N-terminal domain of MecA could interact with ComX 

and the C-terminal domain could interact with protease ClpC, thus forming a 

ternary ComX-MecA-ClpC complex (Bachtiar et al., 2016) in order to isolate 

ComX and further degrade it by the protease complex ClpC/ClpP, with little effect 

on the transcription of comX in S. mutans (Dong et al., 2014). Interestingly, when 

S. mutans grows in CDM, MecA has little impact on the development of 

competence, probably because the high level of concentration of ComX leads to 

the saturation of MecA (Tian et al., 2013). 
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Biofilm formation 

In S. pneumoniae 

The S. pneumoniae microbial biofilm was first directly microscopy analyzed on 

human mucosa and proved the characteristics of a biofilm-like state (Sanderson 

et al., 2006). The S. pneumoniae microbial biofilm was widely discovered to be 

regulated by LuxS/autoinducer 2 (AI-2), an interspecies QS system (Trappetti et 

al., 2011; Vidal et al., 2011). However, Oggioni MR et al. found the addition of 

CSP to planktonic cultures was able to increase early formation of biofilms on 

plastic surfaces. In 2013, Vidal JE et al. demonstrated that two QS systems, 

ComDE and LuxS/AI-2 both regulated the early S. pneumoniae biofilms by using 

the bioreactor and immobilized human cells. Their data confirmed that, in the first 

8 h, the ComDE TCS did not regulate biofilm formation on abiotic surfaces but on 

immobilized lung and pharyngeal cells. In addition, they found autolysis of wild-

type biofilms was triggered 16 h after inoculation while those produced by the 

luxS deletion mutant or the comC deletion mutant were still culturable, thus they 

suggested that both of the two systems may also control biofilm lysis (Vidal et al., 

2013). 

 

In S. mutans 

Li et al. used S. mutans wild-type strain NG8 and its mutants defective in comC, 

comD, comE, comX, comCDE to carry out a study and found that the comC 

mutant formed abnormal biofilms with altered architecture and the comD and 

comE mutants formed biofilms with reduced biomass. The different biofilms 

between comC mutants and others suggested that CSP could activate more 

signal transduction pathways to form biofilms apart from ComDE TCS (Li et al., 
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2002). In the strain UA159, the defective of comC was found no effect on biofilm 

formation (Ahn et al., 2006). CSP is believed to act as a biofilm switch and 

mediate many processes in a biofilm (Aspiras et al., 2004). Liu’s group found that 

comC and gtfB genes were downregulated in the hypertonic solution, and in this 

way biofilm diffusion was initiated (Liu et al., 2013). Bachtiar et al. used a specific 

IgY to act against ComD and found that it inhibited biofilm formation (Bachtiar et 

al., 2016). 

 

Stress responses 

Acid and Antibiotic stress responses in S. pneumoniae 

In S. pneumoniae, ComDE and CiaRH are the principal TCSs responsible for the 

response to acidic stress and they control survival and suicide in two contrasting 

mechanisms (Cortes et al., 2015; Pinas et al., 2008). Lethal acid stress results in 

the activation of the acid tolerance response (ATR) and protection against acidic-

stress induced lysis (ASIL) by CiaRH. In 2015, Cortes et al. demonstrated that 

F(0)F(1)-ATPase was involved in the response to acidic stress as it repressed the 

LytA expression on the pneumococcal surface by expressing protecting proteins 

on the pneumococcal surface to benefit the intracellular survival of the 

pneumococcus in macrophages (Balachandran et al., 2001; Cortes et al., 2015; 

Guiral et al., 2005). On the contrary, ComDE performs the activation of ASIL and 

represses ATR thereby facilitating the release of DNA and virulence factors from 

the bacteria (Cortes et al., 2015; Pinas et al., 2008) (Figure 2B). Either cultivated 

in vitro or in pneumocyte cultures, all experimental results suggest that both TCSs 

and F(0)F(1)-ATPase control the stress response by independent pathways 

(Cortes et al., 2015). 

 

ComDE Two-Component System Zu et al

caister.com/cimb 222 Curr. Issues Mol. Biol. (2019) Vol. 32



Conjugation, transduction and natural transformation are three important 

mechanisms for antibiotic resistant bacteria to spread multidrug resistant clones 

rapidly. And they all have examples of antibiotics that at subinhibitory 

concentrations they stimulate DNA transfer, which contrasts with the traditional 

view that antibiotics act on particular target sites specifically (Nagel et al., 2011; 

Prudhomme et al., 2006). It has been reported that antibiotics may regulate as 

much as 20% of the genes in S. pneumoniae genome (Rogers et al., 2007). 

Importantly, subinhibitory concentrations of several antibiotics activate the 

expression of competence genes in S. pneumoniae (Prudhomme et al., 2006; 

Slager et al., 2014). Sturod et al. investigated the effect of 6 antibiotics at 

subinhibitory concentrations on comX expression and found that antibiotics might 

vary in their effects on competence, ranging from inhibitory to stimulatory effects, 

and that responses affecting transcription of comX weren’t always related to 

kinetic changes in transformability (Sturod et al., 2018). 

 

Acid, Antibiotic and Oxidative stress responses in S. mutans 

S. mutans lives in oral cavity where pH can shift frequently from 7 to 3. Thus, S. 

mutans has to survive in the variable environment. The adaptation of S. mutans 

to survive at pH 5.5 includes upregulating 169 genes and downregulating 108 

genes. Many genes encoding TCS including CiaRH, LevSR, LiaSR, ScnKR, 

Hk/Rr1037/1038 and ComDE are upregulated for acid adaptation (Gong et al., 

2009). Li et al. found that mutants with the deficiency of comC, -D, or -E genes 

had a lower log-phase ATR. Moreover, they showed that adding CSP to mutant 

comC could regain ATR (Li et al., 2001a).  

 

ComDE system also takes part in the stress response of S. mutans to antibiotics. 
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Perry et al. showed that a subinhibitory concentration of the protein synthesis-

inhibitor antibiotic spectinomycin significantly induced the transcription of comC 

gene (8.9±3.8-fold) (Perry et al., 2009). Further deletion of comC gene resulted 

in a significant increase of lag phase when exposed to the spectinomycin stress, 

while the complemented strain showed better recovery (Perry et al., 2009). There 

are always some bacteria cells surviving in the situation of high dose of antibiotics. 

These cells will neither grow nor die in the presence of microbicidal antibiotics 

called ‘persisters’  (Keren et al., 2004). Interestingly, unlike those antibiotic-

resistant mutants, the daughter cells of persisters act as regular cells when facing 

the antibiotics again (Wiuff et al., 2005). Leung et al. demonstrated the persister 

cells existed in S. mutans and found the inactivation of CipB (Mutacin V, a self-

acting bacteriocin) completely abolished the presisters (Leung and Levesque, 

2012). In 2015, they showed the importance of an intact CSP-dependent 

competence pathway to develop persisters and found that the LexA (encoded by 

SMU.2070) induced by CSP played a significant role in forming multidrug-tolerant 

persisters (Leung et al., 2015).  

 

It is reported that level of comD transcript was upregulated about 2.3-fold in the 

presence of oxygen (Ahn et al., 2007), suggesting the involvement of ComDE 

TCS in oxidative stress response in S. mutans. The rcrRPQ operon of S. mutans 

encodes many products which contribute to oxidative stress response (Seaton et 

al., 2011) and influences the expression of comX and xrpA, a novel gene internal 

to comX, to modulate competence development and stress response. The 

overexpression of xrpA impairs the growth in aerobic conditions (Kaspar et al., 

2015).  
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Autolysis and DNA release 

In S. pneumoniae 

In 2004, Moscoso et al. proved that DNA release in S. pneumoniae was triggered 

by competence induction and depended on the major autolytic amidase, LytA, 

and an autolytic lysozyme, LytC (Dagkessamanskaia et al., 2004).When entering 

competence, cinA-recA-dinF-lytA operon is activated as ComX binds to p1 

promoter and LytA molecules accumulate on the cell envelope (Fernandez-

Tornero et al., 2001; Zhu et al., 2015). When other factors choline binding protein 

D (CbpD) and CibAB are produced, LytA could cleave the lactyl-amide bond that 

links the stem peptides and the glycan strands of the peptidoglycan, in other 

words, the cell expresses its effective cytolytic activity during the competence. In 

2011, Zhu L et al. prepared a mutated peptide, CSP1-E1A, which inhibited 

development of competence in DNA transformation, and found it reduced the 

expression of pneumococcal virulence factors CbpD and LytA in vitro. Therefore, 

competence is important for the induction of autolysis. In addition, some of 

proteins encoded by late genes such as CbpD, LytA and LytC (Eldholm et al., 

2009), constitute a killing mechanism used by competent cells to acquire DNA 

from non-competent pneumococci. This mechanism was first described by 

Steinmoen et al. in 2003. To be more detailed, competent S. pneumoniae cells 

synthesize both bacteriocins and bacteriolysins and cause the release of 

chromosomal DNA, Pneumolysin and a cytoplasmic β-galactosidase from non-

competent cells (Guiral et al., 2005; Steinmoen et al., 2003; Zhu and Lau, 2011).  

 

In S. mutans 

In streptococci, CSP is thought to be involved in competence development and 

autolysis. In 2005, Petersen et al. showed the addition of synthetic CSP promoted 
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significant release of DNA during culture growth of S. mutans (Petersen et al., 

2005). Different from S. pneumonia, CSP only induces the autolysis of a fraction 

of population in S. mutans (Perry et al., 2009). Autolysis in the presence of CSP 

in S. mutans is triggered through the intracellular accumulation of a self-acting 

bacteriocin, CipB (Mutacin V), and the bacteriocin immunity protein CipI confers 

immunity against CipB. Perry et al. confirmed that the nlmC gene encoding 

Mutacin V was regulated directly by ComE and its transcription level was in direct 

proportion to the concentration of CSP in cultures (Perry et al., 2009). S. mutans 

responds to CSP signal and then is divided into competent and non-competent 

cells. On the activation of ComX, some cells induce the competence while others 

commit autolysis in an early stage of competence initiation (Lemme et al., 2011). 

Competent cells could gain DNA fragments released by lysed cells to acquire new 

genes or to repair themselves (Martin et al., 2006) or to build biofilm (Perry et al., 

2009; Petersen et al., 2005). In addition, production of mutacins also result in 

enhanced cell death and increased autolysis (Senadheera et al., 2012). 

 

Bacteriocin production  

In S. pneumoniae 

Pneumocin MN is a two-peptide bacteriocin involved in intraspecies competition 

during the nasopharyngeal colonization of S. pneumoniae. Pneumocin MN is 

encoded by blpMN genes, which are parts of a much larger regulon blp encoding 

BlpAB (an ABC transporter), BlpC (a peptide pheromone) and BlpRH (TCS). 

Recently, the proof that the crosstalk between Com and Blp systems contributes 

to the secretion of Pneumocin was frequently proposed (Figure 2B). Son et al. 

demonstrated that S. pneumoniae with blpAB lesions could not secrete 

Pneumocins and BlpC, but was able to respond to peptides from coexisting 
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strains (Son et al., 2011). Kjos M et al pointed out that the induction by coexisting 

strains could be due to endogenous BlpC as both BlpC and Pneumocins could 

be exported via ComAB, and activation of ComE~P might also directly induce 

expression of the blp promoters, both suggesting a tightly regulatory connection 

between Pneumocin and ComDE system (Kjos et al., 2016). Moreover, Wholey 

WY et al. further suggested that ComAB could both cleave and secrete a fraction 

of BlpC when lacking a functional blpA gene after CSP stimulation (Wholey et al., 

2016). Importantly, CSP induction only occurs in ComAB sufficient background, 

rather than in ComAB absent condition, or in the presence of an intact blpA gene. 

Once under conditions adverse to competence, all BlpC secretion is primarily 

mediated by BlpAB rather than ComAB. 

 

In S. mutans 

Mutacin refers to the bacteriocin produced by S. mutans in particular. There are 

two types of mutacins, lantibiotic mutacins and non-lantibiotic mutacins. In 

general, lantibiotic mutacins have a wide spectrum of killing bacteria, while non-

lantibiotic mutacins can only kill a few. Now it is clear that ComDE system in 

involved in regulation of several mutacins, including one lantibiotic mutacin 

named Mutacin Smb and three non-lantibiotic mutacins, Mutacin IV, V (CipB) and 

VI (Figure 3B). CSP is shown to be required for the transcription of smbA and 

smbB in S. mutans strain GS5, and deletion of comC gene attenuated the 

production of Mutacin Smb, while addition of synthetic CSP to the culture of this 

mutant restored the production of this bacteriocin (Yonezawa and Kuramitsu, 

2005). Mutacin IV is encoded by nlmAB genes (Balakrishnan et al., 2000), and 

acts against many streptococci including S. mutans, but not staphylococci and 

enterococci (Qi et al., 2001). The group of S. mutans becomes more competent 
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via producing mutacins and killing other cells. Kreth et al. confirmed the temporary 

coordination between Mutacin IV production and competence development 

induced by CSP, and showed that two hours after the activation of Mutacin IV 

genes expression by CSP, the cells of S. mutans went into competence (Kreth et 

al., 2005). The transcription of nlmD, which encodes the non-lantibiotic Mutacin 

VI (SMU.423), also requires the CSP-ComDE signaling pathway, and the addition 

of CSP substantially induces nlmD expression (Premnath et al., 2018). In addition, 

other TCSs of S. mutans, like VicRK and HdrRM, are also found to regulate 

expression of Mutacin IV, V and VI (Merritt and Qi, 2012).  

 

Interactions with other regulatory systems 

Interaction with CiaRH system in S. pneumoniae 

Besides ComDE TCS, competence development is also modulated by other 

TCSs such as CiaRH (Mascher et al., 2003). CiaRH is reported to regulate 

competence by interfering in CSP accumulation (Cassone et al., 2012; 

Schnorpfeil et al., 2013; Sebert et al., 2005) (Figure 2B). Two ways have been 

postulated for CiaRH to interfere with CSP accumulation: (i)HtrA, a serine 

protease encoded from htrA and directly controlled by CiaR, leads to the 

degradation of CSP, though the protein target HtrA acting on is still unclear (Sebert 

et al., 2005); (ii)5 small non-coding RNAs, designated as csRNAs, suppress the 

product of CSP by regulating the transcription of comC. These csRNAs are 

encoded from the ccnA-E genes, and they work in the form of combination (Laux 

et al., 2015). 

 

Interaction with VicRK system in S. pneumoniae 

VicRK (WalRK, YycFG, MicAB) TCS in S. pneumoniae is also described to 
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participate in the regulation of competence. Wagner C et al. observed the 

reduction of transformation frequency when vicK was inactivated or truncated at 

its C terminus (vicKst) and the reduction was still observed even with prolonged 

incubation in the presence of competence-stimulating peptide (Wagner et al., 

2002). Another study showed that both processes of mutations reducing the 

stability of VicR and abolishing kinase activity in VicK were related to competence 

derepression under microaerobiosis, suggesting that VicRK was involved in the 

control of competence under oxidative stress (Echenique and Trombe, 2001). 

However, the gene detected to be regulated by VicRK in recent experiment didn’t 

include competence operon. Thus, whether the VicRK system is involved in 

competence control or able to interact with ComDE is still hard to say (Ng et al., 

2005) (Figure 2B). 

 

Interaction with BlpRH system in S. pneumoniae 

As mentioned above, BlpRH TCS in S. pneumoniae modulates the expression of 

bacteriocins via the mechanism where accumulated BlpC binds to and activates 

BlpRH TCS which leads to the upregulation of the genes in the BIR that encode 

bacteriocins (Pneumocins). Although com and blp were originally considered to 

operate independently, two recent studies suggested the crosstalk between com 

and blp (Figure 2B). They pointed out that activated ComE protein could bind to 

and upregulate the blpABC promoter which regulates the production of BlpABC 

(Kjos et al., 2016; Wholey et al., 2016). It is proved that ComAB could process 

and secrete BlpC while Wang CY et al. showed that BlpAB could secrete CSP, 

which explained the BlpC-induced com activation they observed (Mitrophanov 

and Groisman, 2008; Wang et al., 2018). 
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Interaction with StkP system in S. pneumoniae 

StkP, a eukaryotic-like serine/threonine protein kinase, is required for activation 

of comDE upstream of the autoregulated loop orchestrated by CSP in 

competence, which is the first description of positive regulation of comDE 

transcription, reported by Echenique et al. in 2004 (Echenique et al., 2004). 

Subsequently in 2007, the results from the study by Sasková et al. indicated that 

functional StkP was essential for the resistance of S. pneumoniae to various 

stress conditions (Saskova et al., 2007). In 2018, Pinas et al. clearly 

demonstrated the StkP/ComE pathway, where StkP activated ComE by 

phosphorylation of the Thr128 residue of the latter, which increased both its DNA-

binding affinity and dimerization capacities (Pinas et al., 2018). Under acidic 

conditions, the StkP/ComE, independent of the HK-dependent ComDE system, 

regulates 104 genes involved in different cellular processes, such as H2O2 

production and oxidative stress response. It is newly discovered that StkP/ComE 

pathway mainly triggers the acidic stress response by inducing ASIL and inhibiting 

ATR (Figure 2B) and the intracellular survival of S. pneumoniae in pneumocytes 

(Pinas et al., 2018). 

 

Interaction with ComRS system in S. mutans 

In S. mutans, the ComRS system was first defined by Lauren et al. (Mashburn-

Warren et al., 2010). ComRS acts downstream of ComDE system to regulate the 

expression of comX (Mashburn-Warren et al., 2010) (Figure 3A, 3B). ComR is a 

regulator of the Rgg family which regulates genes of glucosyltransferase (Sulavik 

et al., 1992) and the expression of comX depended on the presence of ComR. S. 

mutans synthesizes ComS peptide and exports its cleaved form, XIP, a 7-residue 

peptide (Khan et al., 2012), as the diffusible signal to drive comX (Khan et al., 
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2016). Other cells import environmental XIP via the oligopeptide permease Opp 

and detect it through the intracellular receptor ComR. The ComR/XIP complex 

stimulates the expression of comS, comX and competence genes (Figure 3A). In 

S. mutans, CSP induces comX expression and the development of competence 

only in rich peptide-containing media, whereas XIP is effective only in chemically 

defined media (CDM) which lack peptides (Son et al., 2012). More interestingly, it 

is reported that there were a bimodal response of comX in complex medium, 

which depended on an intact copy of comS and extracellular CSP signal, and an 

unimodal response of comX in chemically defined medium, which depended on 

an extracellular XIP signal (Son et al., 2012). Adding exogenous CSP could 

increase the expression of comS (Lemme et al., 2011). It is thought that ComE 

participates in the regulation of a larger auto-feedback, in which CSP and 

ComS/XIP play inequivalent roles as CSP stimulates the loop whereas ComS/XIP 

operates as a subsidiary feedback system inside this larger loop (Hagen and Son, 

2017). 

 

Interaction with VicRK system in S. mutans 

The VicRK system in S. mutans modulates genetic transformation, biofilm 

formation, stress tolerance, and immunity (Lei et al., 2015). The vicK gene 

encodes the HK protein and vicR gene encodes the RR regulator. In addition, the 

roles of VicRK in mutacin production and cell death were also demonstrated 

(Tsang et al., 2005; Tsang et al., 2006; van der Ploeg, 2005). Senadheera et al. 

demonstrated VicRK played a role in mutacin production by directly modulating 

the CSP production in S. mutans. They observed a VicR binding domain at comC 

coding region which affected the transcription of comC, comDE, and comX, and 

the transcription of nlmAB, nlmC, and nlmD genes which encode Mutacins IV, V, 
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and VI respectively increased when the HK VicK was inactivated (Senadheera et 

al., 2012) (Figure 3B). In addition, a number of studies have connected acid 

tolerance in S mutans with expression of VicRK and ComDE (Liu and Burne, 

2009), but the cross-regulation between the two TCSs needs more research. 

 

Potential ComDE TCS-targeted antimicrobial applications 

So far, the antimicrobial application targeting ComDE TCS is mainly focused on 

S. mutans. S. mutans is known as the main cariogenic bacteria, so controlling its 

virulence is beneficial to the prevention and treatment of caries. Several 

approaches based on ComDE TCS to inhibit the pathogenicity of S. mutans are 

summarized as follows: 

 

CSP analogues and derivatives 

KBI-3221 

There is significant specificity in the interaction of CSP with its HK receptor, 

making it possible to develop novel targeted drugs using CSP analogues or 

derivatives. The CSP-ComDE system is related to the ability of S. mutans to form 

biofilm. CSP analogue is synthesized to act as a specific competitive inhibitor of 

the interaction between CSP and its HK receptor ComD, which hinders the 

induction of "biofilm phenotype" (Suntharalingam and Cvitkovitch, 2005). The 

peptide analogue (KBI-3221) of CSP molecule of S. mutans is obtained by 

replacing an Arginine of CSP with Glutamate. It specifically targets the ComDE 

TCS and inhibits the development of biofilm (LoVetri and Madhyastha, 2010), thus 

reducing the virulence of S. mutans. Therefore, it is of great significance for the 

prevention and treatment of dental caries. 
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STAMPs 

New drugs can be developed by using the targeting property of CSP, and 

specifically (or selectively) targeted antimicrobial peptides (STAMPs) (Eckert et 

al., 2006) is the most prominent example. The CSP sequence of S. mutans is 

employed as the target domain of STAMP to mediate the specific delivery of 

antimicrobial peptide to S. mutans cells, so STAMP can eliminate S. mutans from 

a variety of biofilms without affecting non-caries related streptococci (Eckert et al., 

2006). C16G2 is a STAMP with antimicrobial specificity on S. mutans, consisting 

of two peptide sequences as particular functional domains. The first peptide is a 

S. mutans selective ‘targeting domain’ derived from a S. mutans CSP fragment, 

designated C16 (or CSPC16), and consists of C-terminal 16 amino acids of CSP. 

The second one is the ‘kill domain’ derived from the broad-spectrum antimicrobial 

peptide novispirin G10, designated G2, consisting of 16 amino acids. These two 

peptide sequences are joined by a short peptide linker (GGG), ensuring that both 

domains function properly (Eckert et al., 2006; Eckert et al., 2012).  

 

P15-CSP 

In the context of porous bone space fillers for oral bone reconstruction, peptides 

that inhibit microbial growth and promote osteoblast function can be used to 

enhance the performance of porous bone space fillers. P15-CSP, which contains 

collagen-mimetic osteogenic peptide P15, is a new fusion peptide with new 

characteristics that P15 or CSP does not have. P15 can enhance osteogenesis 

and bone formation of human mesenchymal stem cells (MSCs) in vitro, while the 

CSP moiety can antagonize CSP of S. mutans by competing for the specific 

ComD receptor. The new fusion peptide P15-CSP exhibits both osteogenic and 

antimicrobial activities, while single peptide P15 and CSP mediate only one of 
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these two functions. The coating of new fusion peptide P15-CSP with hydrophilic 

anions represents a promising strategy for promoting MSC adhesion and 

osteogenic differentiation while inhibiting the formation of biofilm of S. mutans. In 

addition, P15-CSP can be used as dry coating. Easy application and storage on 

a variety of biocompatible surfaces provide a more cost-effective strategy for 

optimizing bone regeneration and dental bone repair procedures for biomaterials 

(Li et al., 2015). 

 

Biological or chemical substances interfering with comDE expression 

It is found that certain active substances extracted from natural products, as well 

as chemically synthesized compounds, could interfere with the initiation and 

expression of comDE TCS genes of S. mutans. Under their influence, the 

cariogenic virulence of S. mutans may be impaired, thus some of them becoming 

new potential drugs for the prevention and treatment of caries.  

 

Cyclo (L-leucyl-L-prolyl) 

The chloroform extract of cell-free culture supernatant from mangrove 

rhizosphere bacterium Bacillus amyloliquefaciens (MMS-50), is shown to inhibit 

or influence the adhesion, acid production, acid tolerance, glucan synthesis, 

biofilm formation, cell-surface hydrophobic of S. mutans, although there is no 

effect on cell viability. The cyclo (L-leucyl-L-valine) is the major compound 

responsible for the biological activities of MMS-50 and is capable of reducing the 

expression of virulence genes of S. mutans, including comDE, thus it may be a 

promising anti-caries agent (Gowrishankar et al., 2014). 
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C-30

C-30, one of the halogenated furanone compounds from Delisea pulchra, has 

been extensively studied because it could inhibit the ComDE TCS-regulated 

behaviors, especially the production of extracellular virulence factors and the 

development of biofilms of oral streptococci. The results show that the C-30 can 

inhibit the biofilm formation of S. mutans, with no effect on the growth rate of 

bacteria. When assessing the effect on bacterial communication, C-30 showed 

no irritation or genotoxicity. This will provide the possibility of using C-30 to 

prevent biofilm infection of S. mutans (He et al., 2012).  

 

DMTU 

The aryl isocyanate was synthesized by a simple one pot reaction of aromatic 

isocyanate with selective amine. Among all the synthesized compounds, aromatic 

1,3-dimethylphenylurea (DMTU) is the most effective one on inhibiting the biofilm 

activity of S. mutans. DMTU treatment of MTCC 497 and SM4 strains resulted in 

down-regulation of genes involved in the abilities of competence development 

and bacteriocin production, in particular the ComDE TCS genes. Further test on 

the effect of DMTU indicated that the effect was not temporary and DMTU had an 

effect on the late-log phase growth of S. mutans. DMTU affects major virulence 

factors such as biofilm formation and bacteriocin production without causing 

bacterial death. DMTU and lower fluoride concentration could be used together 

as potential inhibition measures to reduce the occurrence of dental caries without 

affecting the characteristics of fluoride mineralization (Kaur et al., 2017). 

 

CaF2-NPs  

Nanoscale-based approaches are being widely used in the development of anti-

caries agents and their antibiofilm effectiveness have been proven. Calcium 
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effect on the late-log phase growth of S. mutans. DMTU affects major virulence 

factors such as biofilm formation and bacteriocin production without causing 

bacterial death. DMTU and lower fluoride concentration could be used together 

as potential inhibition measures to reduce the occurrence of dental caries without 

affecting the characteristics of fluoride mineralization (Kaur et al., 2017). 
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Nanoscale-based approaches are being widely used in the development of anti-

caries agents and their antibiofilm effectiveness have been proven. Calcium 
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fluoride nanoparticles (CaF2-NPs) are artificially synthesized by a simple 

coprecipitation method, with an average particle size of 15–25 nm. A study by 

Kulshrestha et al showed that CaF2-NPs effectively inhibited biofilm formation of 

S. mutans by suppressing both enzymatic activities associated with glucan 

synthesis and the genes involved in adhesion, acid production, acid tolerance, 

and quorum sensing, without affecting bacterial viability. Notably, ComDE TCS 

was also shown to be suppressed considerably. This may lead to impairment of 

the virulence factors of S. mutans, eventually affecting dental caries. As a result, 

CaF2-NPs could be used as a potential therapeutic agent against S. mutans to 

inhibit caries-related problems (Kulshrestha et al., 2016).  

 

Conclusions 

As a highly conserved two-component signal transduction system across oral 

streptococci, ComDE TCS plays vital roles in modulating bacteria’s physiological 

and pathogenic properties. ComDE TCS has been well characterized in S. 

mutans and S. pneumoniae, nevertheless, the molecular basis and regulatory 

pathways in other related oral streptococci may be species-specific and quite 

different. The differences in regulatory mechanisms and functions, as well as 

genetic evolutionary relationship, need to be further investigated in oral 

streptococci sharing ComDE TCS. Moreover, it is noticed that oral streptococci 

are equipped with a considerably large panel of TCSs and sometimes one 

phenotype may be simultaneously regulated by multiple TCSs. The complicated 

interactions among these TCSs provide more possibilities for sophisticated and 

accurate regulations in response to stimuli of specific growth conditions, but also 

create difficulties for our understanding of regulatory details, which would be one 

of the key topics in future research of bacterial two-component regulatory systems. 
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