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ABSTRACT 

Aim: We explored in silico and in vitro the complete bacteriocin profile of the oral 
probiotic Streptococcus oralis subsp. dentisani strain 7746 with the primary objective of 
providing a descriptive analysis of bacteriocin genomic organization, regulatory con-
text, and transcriptional expression. 
Methods: The recently closed genome of 7746 was subjected to genome mining 
searches for bacteriocin biosynthetic gene clusters with BAGEL4 and antiSMASH. 
Orthology conservation analyses were performed to distinguish between bacteriocin- 
like peptides (Blp) and competence (Com) related peptides. We assessed bacteriocins’ 
transcription by non-quantitative cross-gene RT-PCR. 
Results: Three new bacteriocin-coding genes were identified, which increased to 14 the 
number of bacteriocins encoded by S. dentisani 7746. We proved that all 14 identified 
bacteriocins are transcriptionally expressed. We have assigned names to bacteriocins 
with unnamed orthologs in other species, proposing the name Denticins (from Denticin 
A to Denticin H). Our analysis led us to propose a model for competence and 
bacteriocin regulation in this strain, ruled by complete sets of Com and Blp-like quorum 
sensing systems. 
Conclusion: Our results suggest that S. dentisani 7746 is the bacterial isolate with the 
largest repertoire of bacteriocin genes known to date and that part of its blp-like region 
might have been acquired by horizontal gene transfer from pneumococci. 
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Introduction 

Antimicrobials produced by human commensal bacteria and probiotic strains are gaining renewed 
attention for applications in agriculture, the food industry, human medicine and human oral healthcare 
[1–4]. In this regard, bacteriocins, which are ribosomally synthesised antimicrobial peptides (AMPs) 
produced by bacteria [3,5], are of particular interest because low rates of bacterial resistance development 
against them have been described [6–9]. Bacteriocins may undergo post-translational modifications or 
remain unmodified, and they are secreted into the extracellular environment [10,11]. Bacteriocins can 
display either a broad or narrow spectrum of activity, and the producer strain typically encodes immunity 
proteins to protect itself from their action [11]. Gene mining has been revealed as a powerful approach 
harnessing genomic information and has emerged as a cornerstone in the discovery of antimicrobial 
peptides produced by bacteria by a systematic exploration of microbial genomes, revealing cryptic 
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biosynthetic gene clusters responsible for AMP production. The increasing use of genome mining tools 
such as BAGEL4 or antiSMASH has demonstrated the widespread occurrence of gene clusters encoding 
bacteriocins [12,13]. In these lines, a previous study by Conrads et al. [14] reported the presence of at least 
11 bacteriocin peptides in a bacteriocin-coding region of the probiotic bacterium Streptococcus oralis 
subsp. dentisani CECT 7746 (henceforth abbreviated S. dentisani 7746 [15]) genome. The species S. 
dentisani is found in the oral microbiota of individuals globally, and its relative abundance has been 
reported to be significantly higher in dental plaque from caries-free children compared to caries-active 
ones [16]. 

S. dentisani 7746 exhibits notable efficacy in inhibiting the growth of various oral pathogens, including 
Gram-positive and Gram-negative species such as Streptococcus sobrinus, Streptococcus mutans, 
Fusobacterium nucleatum, or Prevotella intermedia [17]. This antimicrobial activity is attributed to 
the extensive repertoire of antimicrobial peptides encoded in its genome. Indeed, the observed antimi-
crobial mechanism of action aligns with conventional modes associated with antimicrobial peptides, 
involving membrane pore formation and cellular lysis when exposed to S. dentisani 7746 supernatants. 
Importantly, the proteinogenic nature of this antimicrobial activity was substantiated by its susceptibility 
to suppression upon the addition of proteases [17]. However, assays to address the expression of the full 
repertoire of peptidic antimicrobial molecules under laboratory conditions have not yet been performed. 

Among the most interesting characteristics of the bacteriocin-coding region described in S. dentisani 
7746, is that it is linked to quorum sensing and competence-related genes [14]. Quorum sensing dependent 
cellular functions, like the production of bacteriocins and the induction of genetic competence, are 
coordinated by peptide-regulated Two-Component Systems (TCS) [18]. In Streptococcus pneumoniae 
strains, the regulation of competence depends on the ComC (pheromone)-ComDE (peptide-regulated 
TCS) system [19,20]. The comC gene codes for ComC, the large precursor peptide of competence 
stimulating peptide (CSP) with a Gly-Gly motif leader peptide sequence. ComC is exported and processed 
by the ABC-type transporter ComA and its associated transmembrane transport accessory protein ComB. 
The leaderless mature form CSP is sensed by the ComD histidine kinase (HK); ComD phosphorylates the 
response regulator (RR) ComE which in turn, regulates the expression of the competence-involved genes 
such as comX/sigX encoding σx. This sigma factor rules the entry into the X-state by the activation of the 
late competence genes, which include the cib genes coding for the competence-induced bacteriocins 
involved in fratricide [21]. The regulation of bacteriocin production by the BlpAB-BlpC-BlpHR system 
functions in a similar way [22]. The blpC gene codes for BlpC, a pheromone precursor with a Gly-Gly 
motif leader peptide. BlpC is exported and processed by the BlpA transporter and its transport accessory 
protein BlpB. The mature form of BlpC is the bacteriocin-inducing peptide (BIP). BIP is sensed by the 
quorum sensing HK BlpH which activates the RR BlpR. The activated BlpR regulates the expression of the 
bacteriocin and self-immunity genes. Interestingly, in the study by Conrads et al. 2019 [14] with S. 
dentisani 7746, a processing and export system located next to the bacteriocins was named ComAB. A 
TCS far away in the genome was postulated to be the regulatory system of this bacteriocin region and it 
was accordingly named ComCDE [14]. Synchronically, Kilian and Tettelin [23] reported the presence of 
the same bacteriocin cassette with a full regulatory set (composed of a TCS and its cognate pheromone) 
located upstream of the processing and export system, which they described as a Blp-like bacteriocin 
cassette [23]. These discrepancies suggested the existence of more than one quorum sensing system 
associated with bacteriocin coding regions in S. dentisani 7746. 

The objective of the present study is dual. Firstly, a deep in silico characterisation of the bacteriocin 
biosynthetic gene clusters (BGCs) in the complete genome of S. dentisani 7746. For that purpose, we 
performed genome mining searches for antimicrobial peptides with the web-based bacteriocin genome 

Key messages  

• S. dentisani 7746 has complete sets of Com- and Blp-like quorum sensing systems. The blp-like region might have been 
acquired by horizontal gene transfer from pneumococci.  

• S. dentisani 7746 encodes 14 bacteriocins, all of which are transcriptionally expressed during the cell cycle.  
• We propose the name Denticins A to H for the bacteriocins with unnamed orthologs.  
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mining tools BAGEL4 and antiSMASH. We used the conservation of cassettes, genomic arrangements and 
context to distinguish between the Blp and Com systems, as previously described [24]. Secondly, we 
assessed the expression of the bacteriocin genes by RT-PCR analysis. Our analyses increase to 14 the 
number of bacteriocins encoded by S. dentisani 7746 in two different clusters, prove their expression, and 
lead us to propose a model for competence and bacteriocin regulation in this probiotic strain. 

Materials and methods 

Accession number 

The complete genome of S. oralis subsp. dentisani 7746 is deposited in the European Nucleotide Archive 
(ENA) database under the assembly title: SDENT7746.1 assembly for S. oralis subsp. dentisani; accession 
number: GCA_963669195; Sequence Accession: OY769914; last updated on 14th December 2023. 

Genome mining searching for bacteriocin biosynthetic gene clusters 

The online tools BAGEL4 [12] and antiSMASH 6.0 [25] were used to screen the genome of S. dentisani 
7746 for bacteriocin coding genes. The genomic sequences identified for putative precursor peptides, 
TCS, putative immunity proteins and post-translation modification enzymes were subsequently manu-
ally curated and annotated using the online tools NCBI Blast [26] and Kyoto Encyclopaedia of Genes 
and Genomes (KEGG) (Kanehisa Laboratories). Orthologs with the highest amino acid identity are 
indicated. The software Clone Manager and CLC Main Wokbench were used for all subsequent in silico 
molecular studies. Comparative studies of genomic context were performed using MicrobesOnline [27]. 
Putative stem-loops that could act as terminators were identified by searching for Dyad Symmetries with 
the Clone Manager programme. Only stem-loops with free energy ranging from –9.3 to –25.9 kcal/mol, 
for the Blp-like region, and from –9.2 to –11.5 kcal/mol, for the Com-like region, are depicted in  
Figures 1 and 2. 

Protein sequence-structure analysis 

Predictions of the proteins structures and domains were made with SMART [28] and InterPro [29]. 

Bacterial strains and growth conditions 

S. dentisani 7746 was routinely incubated aerobically at 37 °C without agitation. Overnight cultures were 
prepared in Brain Hearth Infusion Broth (BHI broth 02-599-500, Scharlau Microbiology) and incubated 
until they reached an optical density at 600 nm (OD600) of around 1.8. BHI adjusted to pH 7 with HCl 
was used for sample collection for gene expression studies. The day cultures (50 ml) were inoculated at 
OD600 = 0.02 with the overnight cultures and they were distributed into two 24 well plates (1.6 ml per 
well). Plate one was inoculated with two technical replicas of a biological triplicate (6 wells in total), plus 
the corresponding media blanks, and it was used to monitor the growth rate. For that, plate one was 
incubated at 37 °C in the Infinite® M Plex TECAN microplate reader (multimode microplate reader, 
monochromator optics, Product n. 3019008, TECAN Trading AG, Switzerland) where OD600 was 
measured every 30 min. Plate two was inoculated with three technical replica of each biological triplicate 
and it was used for sample collection. For that, it was incubated statically at 37 °C in a bench incubator. 
Sampling was performed at mid-exponential phase and at stationary phase; one replica was left as 
backup. At each time point, 1.5 ml from 3 wells of one replica (4.5 ml total volume per sample) were 
collected in a 15 ml falcon tube, kept on ice, and immediately centrifuged for 5 minutes at 4000 rpm at 
4 °C in an Eppendorf 5810 R Centrifuge (Eppendorf AG, Hamburg, Germany). The pellets where pipet- 
resuspended in RNA later™ solution (RNA stabilisation solution, AM7024, Invitrogen by Thermo Fisher 
Scientific, TFS Baltics UAB Vilnius, Lithuania) and they were immediately frozen at –20 °C until 
processing. 

JOURNAL OF ORAL MICROBIOLOGY 3 



Figure 1. The blp-like bacteriocin immunity regions (BIR) of S. dentisani 7746. In this figure, ‘blp like’ refers to a 
bacteriocin–immunity genomic region homologous to the blp locus described in pneumococci. A. Genetic organisation 
of the blp-like region is illustrated with genes drawn to scale. In silico identified promoters are denoted by black bent 
arrows, while stem-loops, potentially serving as terminators with a free energy ranging from –9.3 to –25.9 kcal/mol, 
are represented by lollipops. Black filled arrows indicate genes within the genomic context of the bacteriocin region, 
white arrows denote hypothetical proteins, purple arrows signify regulatory proteins (RR and HK), red arrows represent 
bacteriocins with GG leader peptides, the golden arrow designated the gene blpC coding for the quorum sensing system 
pheromone BlpC, light green arrow indicates transport accessory protein with biotinyl-lipoyl domain, dark green arrow 
denotes the Sun-T like transporter (featuring peptidase C-39, permease and ATPase predicted domains), brown arrows 
signify putative bacteriocin immunity proteins, blue arrows represent CAAX-proteases and the pink arrow designates 
thioredoxin domain-containing protein. B and C. Domain architectures of the regulatory, processing-and-transport 
proteins (B), and putative immunity proteins (C) as predicted by SMART [ 28, 31]. The colour code for protein domains 
involved in signalling is as follows: pink triangle, LytTR DNA-binding domain found in a variety of bacterial transcriptional 
regulators; purple pentagon (REC), cheY-homologous receiver domain which contains a phosphoracceptor site that is 
phosphorylated by histidine kinase homologues; green triangle (HATPase_c), histidine kinase-like ATPase. Transmembrane 
regions are depicted as blue vertical rectangles, and coiled coil regions as horizontal green rectangles. AAA stands for 
ATPase. Description of Pfam domains: ComC, streptococcal competence stimulating peptide precursors; EntA_immun, 
enterocin A-like immunity protein; HlyD_3, biotinyl-lipoyl domain of unknown function; Peptidase_C39, maturation 
protease responsible for cleavage of the leader peptide; ABC_membrane, ABC transporter transmembrane region. D. 
Sequences of the ten putative blp-like promoters identified through in silico analyses are presented: the less conserved 
promoter sequences are shown in the upper part, while the alignment of the highly conserved bacteriocin-driving 
promoters is displayed below. In all promoters, putative ribosome binding sites are indicated in purple bold text and the 
ATG start codon of the downstream genes is indicated in red. Perfect and imperfect direct repeats of the sequence 
AATTCAAGA are underlined, with conserved residues indicated in bold letters. Within the alignment: nucleotides 
conserved in all six promoters are marked with an asterisk (*), nucleotides conserved in five out of six promoters are 
marked with two dots (:), absent residues are represented by a dash (-), and dissimilar nucleotides are grey shadowed. The 
extended -10 box [ 22, 32] is highlighted in bold blue text. E. Stop codon mutation in the sequence encoding for the leader 
peptide of the Denticin D bacteriocin. The original ATG codon is indicated in black letters over a red background, and the 
actual ATG start codon is indicated in bold red text. Putative coded amino acids are denoted beneath the corresponding 
nucleotides.       
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Figure 2. The Com system of S. dentisani 7746. A. Genetic organisations of the cib, comAB, comCDE, comX1/X2 and comW 
are depicted with genes drawn to scale. In silico identified promoters are denoted by black bent arrows (see also D) and 
stem-loops potentially serving as putative terminators are represented by lollipops. The colour code is as follows: black 
filled arrows signify genes in the genomic context, white arrows represent hypothetical proteins, purple arrows denote 
regulatory proteins (RR and HK), red arrows indicate putative bacteriocins with GG leader peptides, the golden arrow 
designates the gene comC coding for ComC, the precursor peptide of the quorum sensing system pheromone CSP, the 
light green arrow denotes the transport accessory protein with biotinyl-lipoyl domain, the dark green arrow represents the 
Sun-T like transporter with peptidase C-39, permease and ATPase predicted domains, brown arrows signify putative  

(Caption on next page) 

JOURNAL OF ORAL MICROBIOLOGY 5 



Reverse transcription PCR (RT-PCR) to detect polycistronic transcripts 

Total nucleic acid samples were isolated using MagNA Pure LC 2.0 Instrument (Roche Molecular Systems, 
Barcelona, Spain), with the MagNA Pure LC DNA/RNA Isolation Kit III for Bacteria and Fungi (Roche 
Molecular Systems, GmbH, Mannheim, Germany) following the manufacturer’s instructions but an 
additional enzymatic lysis step with lysozyme 1 mg/ml, lysostaphin 52 units/ml and mutanolysin 26 
units/ml (1 hour incubation at 37 °C and 400 rpm) was performed prior to Proteinase K addition. Total 
nucleic acids were eluted in 100 μl of elution buffer and frozen at −20 °C until further analysis. The 
obtained DNAs/RNAs were quantified using a Qubit 3 Fluorometer (Invitrogen by Thermo Fisher 
Scientific) together with the Qubit™ RNA HS assay kit (Invitrogen by Thermo Fisher Scientific, Oregon, 
USA), and the Qubit™ 1x dsDNA HS assay kit (Invitrogen by Thermo Fisher Scientific, Oregon, USA), 
following manufacturer’s instructions. Each sample with total nucleic acids (DNA/RNA) was split in two 
aliquots, one to be used as positive control DNA in the PCR, and the other one to be treated with DNAse 
to obtain clean RNA samples for the RT- PCR. 

The RNA samples were diluted with nuclease free water (Invitrogen) when required, and they were 
subsequently treated to remove genomic DNA using the Turbo DNA-free™ kit (Invitrogen by Thermo 
Fisher Scientific, Baltics UAB Vilnius, Lithuania) following manufacturer’s instructions for the rigorous 
DNAse treatment. Complete removal of genomic DNA from the DNAse treated-RNA samples was verified 
by absence of amplification when performing a control PCR with the Fusion hot start II high fidelity DNA 
polymerase (Thermo Fisher Scientific). A second rigorous DNAse treatment was performed to the RNA 
samples if necessary for complete removal of residual DNA. The quality of the RNA samples was visually 
assessed in a 1.4% agarose gel stained with the fluorescent nucleic acid dye GelRed® Nucleic Acid Gel Stain, 
10.000X, (Biotium, San Francisco, USA). 

First-strand cDNA was synthesised using the High-capacity cDNA Reverse Transcription kit from 
Applied Biosystems (Thermo Fisher Scientific) following manufacturer’s instructions. Cross-gene PCRs 
were performed with the Q5 High Fidelity 2x Master Mix (New England Biolabs) to amplify genomic DNA 
(positive control), the purified RNA (negative control) and the cDNA (tested sample). The PCR reactions 
were adjusted so that the concentration of all the templates was 0.125 ng/µl. The PCR products were 
visualised in a 1.4% agarose gel. 

Primer design for polycistronic transcripts detection 

Cross-gene primers were designed with the help of NCBI primer BLAST [30] and the online resource Thermo 
Fisher Scientific Multiple Primer analyser to rule out the formation of selfdimers and cross primer dimers. For 
the regions suspected to be co-transcribed, the primers were designed to bind at the 3’ end of the upstream 
gene (forward primer) and the 5’ end of the downstream gene (reverse primer), so that the full inter-genic 
region length was amplified. Primers were designed trying to reduce binding in the highly conserved coding 
regions for the bacteriocins’ leader peptide sequences. The primer sequences are presented in Table 1. 

Results 

The genome of S. dentisani 7746 contains two bacteriocin cassettes with SunT-type transporters 

The examination of S. dentisani 7746 complete genome utilising BAGEL4 revealed a noteworthy region 
containing antimicrobial peptides (blp-like locus), situated in the fourth quadrant of the genome (Sup. 

bacteriocin immunity proteins, turquoise arrows denote genes for the alternative sigma factors σX, and the gene for the 
ComW protein (involved in the posttranscriptional control of ComX). B. and C. Domain architectures of the regulatory and 
processing-and-transport proteins (B), and putative immunity proteins (C) as predicted by SMART [ 31]. Protein domains 
are depicted as in  Figures 1B and  C.  D. Sequences of the putative ComE binding sites in the PcomC and PcomX2 promoters, 
identified by in silico analyses based on [ 33]. The nucleotides constituting the imperfect direct repeats within each 
promoter sequence are highlighted in bold letters, and the consensus sequence of the imperfect direct repeats is 
displayed in colour below the promoters. The putative -10 box and the ATG start codon (red) of the downstream genes are 
indicated.     
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Fig. S1). This genomic region aligns with the previously reported bacteriocin cassette [14,23]. Subsequent 
validation through antiSMASH analysis corroborated this finding and identified a previously 
undocumented second potential region (com-like locus), located in the first quadrant of the genome, 
associated with bacteriocin production (see Sup. Fig. S1). These two loci were subjected to an in-depth 
investigation. 

Bacteriocin biosynthesis loci frequently encompass ABC transporters responsible for processing and 
exporting newly synthesised peptides, as well as facilitating self-immunity in the producing organism [11]. 
Examination of the identified areas of interest within the genome of S. dentisani 7746 revealed the 
presence of genes encoding two transporters: locus SDENT7746_00485 in the first quadrant and locus 
SDENT7746_08315 in the fourth quadrant, both encoding for proteins of 717 amino acids [aa]. Structural 
predictions conducted through SMART [28,31] for the proteins encoded in these loci indicated the 
presence of an N-terminal peptidase C39 domain, a permease domain and a C-terminal ATPase domain 
(Figures 1 and 2; Tables 2 and 3). This domain architecture aligns with the SunT-type transporters 
previously characterised, known for their involvement in the processing and export of antimicrobial 
peptides or peptide pheromones, concurrently cleaving the leader peptides [11]. Typically, SunT-type 
transporters are associated with transport accessory proteins featuring one predicted TM-helix and a 
biotinyl-lipoyl domain of unknown function [11]. Accordingly, two genes (loci SDENT7746_00490 and 
SDENT7746_08320) encoding proteins embodying this domain architecture were found near the coding 
genes of the two transporters (Figures 1 and 2; Tables 2 and 3). 

SunT-type transporters are usually under the regulation of two-component systems (TCS) involving a 
peptide quorum sensor histidine kinase (HK) and a LytTR family response regulator (RR) [11,18]. 
Genomic context analysis, coupled with subsequent structural predictions of protein products, unveiled 
the presence of a previously undescribed TCS exhibiting these characteristics, adjacent to the SunT-type 
transporter on the fourth quadrant: locus SDENT7746_08330, encoding for a sensor histidine kinase of 
446 aa, and locus SDENT7746_08335, encoding a response regulator of 245 aa with a LytTR DNA binding 
domain. The domain-based sequence analysis of the HK predicts an N-terminal domain with 7 trans-
membrane helices, and a C-terminal histidine kinase-like ATPase domain similar to Staphylococcus 
aureus AgrC and S. pneumoniae ComD, both implicated in quorum sensing [29,31]. An additional 
LytTR binding domain was identified in locus SDENT7746_08340, and a locus encoding a quorum- 
sensing system pheromone (blp-inducing peptide, locus SDENT7746_08325) was positioned between the 
TCS and ABC transporter genes (Figure 1; Table 2). This genomic arrangement likely signifies a regulatory 
connection between the TCS, the inducing peptide and the transporter genes, mirroring previously 
described bacteriocin immunity regions (BIR) in S. pneumoniae strains [34]. Amino acid sequence 
comparisons with allelic variants of the regulatory proteins BlpS, BlpR, BlpH, and BlpC found in 
pneumococci [34] substantiate a robust conservation of these regulatory proteins in S. dentisani 7746 
(Sup. File 1). Given these observed similarities, explored and discussed in greater detail subsequently, and 
for the sake of simplicity, we have renamed genes SDENT7746_08315/08320/08325 to blpA/B/C, 

Table 1. Primers used in this study.     
Primer Target gene Sequence (5’→3’)   

AM033 blpQ (SDENT7746_08310) AGAGGGAGGAATATTTGGGGT 
AM028 pncT (SDENT7746_08305) GGAGGTGCAGGATTCCATGA 
AM025 dntE (SDENT7746_08290) AGTTGAAGGAGGTTTCGGAGG 
AM066 blpL1 (SDENT7746__08280) TAAGCAAGCATAGAACCGCGCC 
RG243 dntD (SDENT7746_08275) GTGGAGATAAAGTAGGGGCTGG 
RG244 dntC (SDENT7746_08265) CTGCATACAAAGCGAAATCCCC 
RG245 dntB (SDENT7746_08250) CGGTAATGGTTTATATTGTGATAAC 
RG246 ipdB (SDENT7746_08245) CAATGTTCATTCGACTAAGG 
RG247 dntA (SDENT7746_08240) TGGAATTGGCGTAGGTGCTG 
RG248 impA (SDENT7746_08235) TCTCCAGAGTTCCGTTGAAATC 
RG249 blpM (SDENT7746_08225) GAGCATGTGGATACATAGGAGC 
RG250 blpF (SDENT7746_08205) AGCCATAACGAAAAGGTACAAAGC 
RG251 dntF (SDENT7746_00450) CTTATTGGCGGTATTGCTTGGG 
RG252 impD (SDENT7746_00475) GTGGCGATGTAGATAATGAGCG 
RG257 dntH (SDENT7746_00465) GCTATTGCTGTGGAAGTAGTAAC 
RG258 impB (SDENT7746_00456) AATCACCTAGAACGCAGAGTGC 
RG259 dntH (SDENT7746_00465) GTTACTACTTCCACAGCAATAG 
RG260 impC (SDENT7746_00470) AAATAGCTCGAAGCAAGCAAG   
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Table 2. Genes of the blp cluster from S. dentisani 7746 and their putative functions based on their homology with 
previously described genes (see also Sup. File 1).     
Locus in S. dentisani 7746 Gene a Predicted function of product   

SDENT7746_08345 blpT Hypothetical protein associated with the blp cluster 
SDENT7746_08340 blpS LytTR additional DNA binding domain associated with the TCS 
SDENT7746_08335 blpR Response regulator of the TCS with LytTR DNA binding domain 
SDENT7746_08330 blpH Sensor histidine kinase of the TCS 
SDENT7746_08325 blpC Quorum-sensing system pheromone, blp-inducing peptide (BIP) 
SDENT7746_08320 blpB b Transport accessory protein with a biotinyl-lipoyl domain 
SDENT7746_08315 blpA b SunT-like ABC transporter with peptidase C-39-, transmembrane permease and ATPase domains 
SDENT7746_08310 blpQ Bacteriocin precursor 
SDENT7746_08305 pncT Bacteriocin precursor 
SDENT7746_08300 pncG Putative membrane-associated immunity protein (group with four transmembrane helices) 
SDENT7746_08295 blpL2 Membrane-associated immunity protein 
SDENT7746_08290 dntE c Bacteriocin precursor of Denticin E 
SDENT7746_08285 blpV Hypothetical protein associated with the blp cluster 
SDENT7746_08280 blpL1 Putative membrane-associated immunity protein (two copies, group with two transmembrane helices) 
SDENT7746_08275 dntD c Bacteriocin precursor of Denticin D 
SDENT7746_08270 blpX Putative membrane-associated immunity protein (group with two transmembrane helices) 
SDENT7746_08265 dntC c Bacteriocin precursor of Denticin C 
SDENT7746_08260 blpZ Putative membrane-associated immunity protein (group with two transmembrane helices) 
SDENT7746_08255 blpY Type II CAAX prenyl endopeptidase Rce1-like d 

SDENT7746_08250 dntB c Bacteriocin precursor of Denticin B 
SDENT7746_08245 ipdB c Putative immunity protein for Denticin B e 

SDENT7746_08240 dntA c Bacteriocin precursor of Denticin A 
SDENT7746_08235 impA b, c Membrane-associated immunity protein 
SDENT7746_08230 tdpA b Thioredoxin domain-containing protein 
SDENT7746_08225 blpM Bacteriocin precursor 
SDENT7746_08220 blpN Bacteriocin precursor 
SDENT7746_08216 blpP Putative membrane-associated immunity protein (group with two transmembrane helices) 
SDENT7746_08215 blpD Bacteriocin precursor 
SDENT7746_08210 blpE Bacteriocin precursor 
SDENT7746_08205 blpF Putative membrane-associated immunity protein (group with two transmembrane helices) 
SDENT7746_08200 pncP Type II CAAX prenyl endopeptidase Rce1-like d associated with self-immunity.  

aThe alignments with the ortholog proteins are provided in Sup. File 1. 
bAssignment based on protein domain conservation. 
cNames assigned in this study. Example: dntB standing for Denticin B coding gene; ipdB standing for coding gene for the immunity protein for 

Denticin B; impA, standing for coding gene for a putative membrane immunity protein A. 
dInterPro family IPR003675. 
eInterPro family IPR015046, enterocin A immunity-like protein.  

Table 3. Genes of the com cluster from S. dentisani 7746 putatively involved in competence development and 
fratricide, along with their putative functions based on homology with previously described genes [ 21, 41].     
Locus in S. dentisani 7746 Gene Predicted function of product   

Early competence genes, X-state regulation 
SDENT7746_00485 comA a Competence-factor transporting and processing protein. 
SDENT7746_00490 comB a Competence-factor transport accessory protein 
SDENT7746_10175 comC Competence stimulating peptide (CSP) precursor 
SDENT7746_10170 comD a Sensor histidine kinase for CSP 
SDENT7746_10165 comE a Response regulator with a LytTR DNA binding domain 
SDENT7746_00080 comX1  b Alternative sigma factor σX/ComX/SigX involved in competence development 
SDENT7746_01535 comX2 b Alternative sigma factor σX/ComX/SigX involved in competence development 
SDENT7746_00120 comW Posttranscriptional control of σX 

Bacteriocin and self-immunity genes 
SDENT7746_00450 dntF c Bacteriocin precursor of Denticin F 
SDENT7746_00455 dntG c Bacteriocin precursor of Denticin G 
SDENT7746_00456 impB c Putative membrane-associated immunity protein B d 

SDENT7746_00460 - Hypothetical protein 
SDENT7746_00465 dntH c Bacteriocin precursor of Denticin H 
SDENT7746_00470 impC c Putative membrane-associated immunity protein C d 

SDENT7746_00475 impD c Putative membrane-associated immunity protein D d 

SDENT7746_00480 impE c Putative membrane-associated immunity protein E d  

aAssignation based on protein domain conservation. 
b100 % identical ComX paralogs. 
cNames assigned in this study. Example: dntF standing for Denticin F coding gene; impB, standing for coding gene for a putative 

membrane immunity protein B. See main text for details. 
dPutative function assigned based on structural predictions.  
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respectively, and the genes SDENT7746_08330/08335/08340 to blpH/R/S, respectively. We will employ 
this nomenclature henceforth (Figure 1; Table 2). 

The second region of interest implicated in bacteriocin production was located upstream of the 
transporter and transport accessory protein in loci SDENT7746_00485/00490, flanked by the acpP and 
purC genes (Figure 2A). This genomic arrangement bears a striking resemblance to the cib (competence- 
induced bacteriocin) and bib (BIP-induced bacteriocin; BIP denoting bacteriocin-inducing peptide) loci 
found in Streptococcus mitis and S. pneumoniae, respectively. Notably, the cib and bib loci are situated 
upstream of comAB, which encodes ComA, the competence-stimulating-peptide export-and-processing 
transporter, and ComB, the transport accessory protein [21]. Given the parallels in genomic organisation 
and functional predictions of the gene products in S. dentisani 7746, we have renamed SDENT7746_00485/ 
00490 as comA/B, respectively (Figure 2; Table 3). Further elucidation of this bacteriocin region will be 
discussed in more detail below. 

The Blastp suite-2sequences comparisons, assessing amino acid conservation in the transport and 
accessory proteins of both SunT-type transporters from S. dentisani 7746, revealed that BlpA and ComA 
share a notable identity of 65% (465/713 aa). In contrast, BlpB and ComB exhibit a lower identity, with 
only 34% similarity (154/451 aa). These identity rates are consistent with those reported for the corre-
sponding proteins in S. pneumoniae KNR.7/87, where BlpA-ComA share 65% identity, and BlpB-ComB 
demonstrate 31% identity [22]. 

The blp-like bacteriocin cassette from S. dentisani 7746 

The bacteriocin cassette located on the fourth quadrant encompasses four regulatory genes: blpS, blpR, 
blpH and blpC (Sup. Fig. S1). The TCS genes, blpR (response regulator) and blpH (histidine kinase), along 
with an additional DNA binding domain (blpS), are positioned adjacent to the genes coding the SunT-like 
transporter, blpA, and the accessory protein, blpB. Furthermore, the blpC gene encoding for BlpC, the 
precursor peptide for a BIP, is situated between the TCS and the transport genes (Figure 1). This genomic 
organisation closely resembles the BIR responsible for coding bacteriocin-like peptides (blp) in S. 
pneumoniae species. Comparative gene content and sequence similarity studies of blp prototype cassettes 
in pneumococci have revealed a broad allelic diversity among the predicted products of the blp 
genes [22,34]. 

The BIR region in strain 7746 retains at the beginning and ending common genes for blp cassettes 
found in Pneumococcus strains, specifically blpT and pncP [34]. Amino acid sequence alignments with 
previously described allelic variants confirm the presence of the gene encoding the hypothetical protein 
BlpT alongside the regulatory, processing-and-transport proteins [34]. At the opposite end of the S. 
dentisani 7746 cassette, a less conserved gene encoding the putative type II CAAX prenyl endopeptidase 
PncP is located (Figure 1; Table 2; Sup. File 1). Type II CAAX prenyl endopeptidases play a role in 
bacteriocin self-immunity [35,36]. 

A total of 23 additional genes/ORFs were identified between blpA and pncP (Figure 1). To elucidate the 
protein products of these genes, we conducted protein structure/domain prediction studies using InterPro 
[29] and performed amino acid sequence comparisons with allelic variants of previously described Blp-like 
proteins [34] (Sup. File 1). Notably, we identified a second type II CAAX prenyl endopeptidase corre-
sponding to an allelic variant of BlpY (locus SDENT7746_08255) and named it accordingly. Additionally, 
gene SDENT7746_08285 was found to encode the hypothetical protein BlpV, with the protein in 7746 
being 23 aa longer at the N-terminus compared to the alleles described in pneumococci (Sup. File 1). Locus 
SDENT7746_08230 codes for a conserved thioredoxin domain-containing protein; hence, based on 
protein domain conservation and genomic context, the gene was named tdpA (Table 2). Among the 
remaining 20 genes, nine encoded putative immunity proteins, and eleven encoded putative blp-like 
bacteriocin structural precursor peptides. These genes exhibited an organisation in putative transcriptional 
units, with one or two bacteriocin precursor peptides followed by one or two immunity proteins 
(Figure 1). Further details regarding the blp-like bacteriocin structural precursor peptides will be discussed 
later. 

The putative immunity proteins could be classified in three groups according to their predicted secondary 
structure [28,31] (Figure 1): three proteins with four putative transmembrane helices, five proteins with two 
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putative transmembrane helices, and one protein containing an enterocin A-like immunity protein domain 
(Pfam: EntA_Immun, IPR015046 [29,37]). Amino acid sequence comparisons revealed that seven of these 
proteins were allelic variants of putative membrane-associated immunity proteins already described in blp 
cassettes from pneumococci. Accordingly, these genes were named as follows: pncG (SDENT7746_08300), 
blpL2 (SDENT7746_08295), blpL1 (SDENT7746_08280), blpX (SDENT7746_08270), blpZ (SDENT7746_ 
08260), blpP (SDENT7746_08216) and blpF  (SDENT7746_08205) (Table 2 and Sup. File 1). Notably, the S. 
dentisani 7746 BIR region contains two copies of blpL, encoding two proteins with a 90% identity (120/134 
aa), as was previously described for three BIR categories found in S. pneumoniae strains [34]. 

Regulatory elements within the blp-like region 

The upstream sequences of putative operons in the BIR region of S. dentisani 7746 were analysed for 
potential promoter sequences. Using conserved BlpR binding sites and extended - 10 sequences from blp 
promoters in the BIR regions of S. pneumoniae strains as references [22,32], ten putative blp-like 
promoter sequences were identified: the less conserved PblpS, PtdpA, PblpA and PblpT promoter regions, 
and the very well conserved bacteriocin-operon promoters, namely PdntA, PblpQ, PdntE PdntB, PblpM and 
PdntD. The later six promoters showed a high degree of sequence conservation over a sequence length 
of ±120 bp upstream of the bacteriocins’ ATG start codons (Figure 1A and D). Putative ribosome binding 
sites located –9 to –7 from the ATG translation start codons were identified in all ten cases. Two direct 
repeats—or less conserved variations— of the nine-base pairs sequence AATTCAAGA spaced by 12 bp, 
which could serve as putative BlpR binding site [22,32], were identified in all the blp-like promoter 
sequences. A third less conserved reminiscent direct repeat was located 12 bp downstream of the two 
conserved direct repeats of the bacteriocin promoter regions and upstream of the direct repeat from PblpA. 
A conserved extended -10 region was identified in the promoter regions upstream of the six bacteriocin 
operons but not in PblpS, PtdpA, PblpA and PblpT promoters. The genomic sequence of S. dentisani 7746 was 
searched with CLC Main Workbench for additional AATTCAAGA conserved binding sites, but it failed to 
identify any additional blp-like promoters upstream of putative bacteriocin coding genes. Several stem- 
loops with free energy ranging from –9.3 to –25.9 kcal/mol were identified in this region, which could act 
as putative terminators (Figure 1A). 

Com-like systems from S. dentisani 7746 

The comAB-like bacteriocin cassette in the first quadrant of the genome comprises ten ORFs (Sup. Fig. S1 
and Figure 2A). The comA and comB genes are accompanied by eight additional ORFs: four putative 
bacteriocin immunity proteins (which we named impB, impC, impD and impE, loci SDENT7746_00456, 
SDENT7746_00470, SDENT7746_00475 and SDENT7746_00480, respectively), three structural precursor 
peptides (loci SDENT7746_00450, SDENT7746_00455, SDENT7746_00465 respectively) and one ORF 
coding for a hypothetical protein (locus SDENT7746_00460) (Table 3). Four stem-loops with a free energy 
ranging from –11.5 to –9.2 Kcal/mol were identified downstream of acpP, impD, impE, and downstream 
of comB, which could act as transcriptional terminators (Figure 2A). 

The four putative bacteriocin immunity proteins exhibit a predicted secondary structure with two 
transmembrane helices (Figure 2C). The hypothetical protein encoded by SDENT7746_00460 has 32 
amino acids, and it is conserved in S. mitis BCC33 (100% identities; NCBI Protein sequence ID 
RSJ04135.1) and in Streptococcus infantis UC6950A (91% aa identities; NCBI Protein sequence ID 
KJU95414.1). Although SMART [28] predicts one transmembrane helix, InterProScan did not assign it 
to any protein family [29]. 

The comAB genes, responsible for the ComAB processing and export system, are typically induced 
during the competence state of streptococci by the ComE response regulator [21]. These genes are part of 
the ComE response regulator’s regulon, along with comCDE, comX1/X2, and comW, which encoded the 
ComCDE pheromone and cognate sensory system, the competence master regulator σX/ComX/SigX 
alternative sigma factor, and the competence co-regulator ComW protein, which is involved in the 
posttranscriptional control of ComX [33,38,39]. A manual inspection of the genomic surroundings of 
the comAB-like bacteriocin area from S. dentisani 7746 did not reveal genes coding for regulatory systems. 
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However, in the fourth quadrant of the genome, an additional AgrC-ComD-like quorum sensing HK of 
439 aa (locus SDENT7746_10170), together with a RR of 250 aa with a LytTR DNA-binding domain (locus 
SDENT7746_10165), and a comC gene (locus SDENT7746_10175) coding for the ComC pheromone 
precursor (InterPro entry IPR004288 [29]) were identified (Sup. Fig. S1 and Figure 2A,B). This regulatory 
cluster, previously identified by Conrads et al. [14], was found to be 82% identical (358/439 aa) to the HK 
of the competence regulon ComD from S. oralis DD16 (NCBI protein sequence ID: KXT87852.1). The RR 
showed 96% identity (239/250 aa) to the RR of the competence regulon ComE from S. mitis DD22 (NCBI 
protein sequence ID: KXU11222.1). In the genome of S. dentisani 7746, these three genes are located as an 
operonic structure flanked by the genes encoding transfer RNAs for arginine and glutamate (tRNAarg and 
tRNAglu, respectively) (Figure 2A), consistent with the arrangement observed in comCDE operons of other 
Streptococcus strains [20,40]. Considering all this, we named SDENT7746_10175/10170/10165 as comC/ 
D/E, respectively, in agreement with the previous nomenclature assigned to these genes by Conrads et al. 
[14] (Table 3). 

We conducted a manual search for comX and comW early competence genes, taking into account 
information about the conservation of their genomic contexts in other Streptococcus genomes. 

The number of comX orthologs copies varies between species, with one or two copies being a common 
occurrence in most strains (reviewed in [41]). In S. dentisani 7746, two comX paralogs were identified (loci 
SDENT7746_00080 and SDENT7746_01535). These paralogs code for proteins of 157 amino acids, showing 
100% identity to the annotated sigma-70 family RNA polymerase sigma factor from S. oralis (strains SOD 
and FDAARGOS_885; NCBI Protein ID WP_197906202.1). The first paralog, SDENT7746_00080, is located 
between the genes ftsH and the gene for a transfer RNA for glutamate (tRNAglu) (Figure 2A). This genomic 
context resembles the previously described for comX1 in S. pneumoniae [42], and as such, we named locus 
SDENT7746_00080 as comX1. The second paralog, SDENT7746_01535, is positioned between the genes 
nusG and the gene for a transfer RNA for glutamate (tRNAglu), flanked by putative stem loops terminators 
with a free energy of –8.6 and –9.5 Kcal/mol (downstream of nusG and downstream of tRNA-glu, 
respectively) (Figure 2A). This genomic context resembles the previously described for comX2 in S. 
pneumoniae [42], thus we named locus SDENT7746_01535 as comX2. 

In S. pneumoniae, comW is typically situated upstream of purA, an adenylosuccinate synthetase gene, 
and it encodes for a small 80 aa protein [43,44]. An orthologous comW gene was also identified in S. 
dentisani 7746, specifically at locus SDENT7746_00120. This gene encodes a 78 amino acids protein that 
shares 100% identity with the sigma(X)-activator ComW from S. mitis BCC33 (NCBI Protein ID 
WP_038804352.1). Therefore, we have designated locus SDENT7746_00120 as comW (Table 3). 

Regulatory sequences upstream of the com genes 

The upstream sequences of the early com genes comAB, comCDE, comX1, comX2 and comW were aligned 
and searched for potential regulatory elements suggestive of promoter sequences containing ComE-P 
binding sites. Conserved ComE binding sites and extended -10 sequences from streptococci were used as 
references [33,44,45]. In S. dentisani 7746, ComE binding sites were identified only in front of the comC 
and comX2 genes. These ComE binding sites consist of imperfect direct repeats with a consensus 
GCAnTTnAG-12n-ACAGnnGAG (Figure 2D). 

Regarding the expression of the late-competence-related genes —which include the cib genes coding for the 
competence-induced bacteriocins involved in fratricide— it is induced when σX associates with the RNA 
polymerase to target the σX-box DNA-binding motif (also named Cin-box) in promoter regions [21]. A manual 
search using the Cin-box consensus sequence TACGAATA from S. pneumoniae as a reference [46] allowed us 
to identify a putative Cin-box with the sequence TTCGAATA in the upstream sequence of the cib genes from 
7746 (Figure 2A). This supports that the expression of these genes is driven by a σX target promoter, and hence 
that dntF, dntG and dntH encode late-competence-induced bacteriocins involved in fratricide. 

Orthology analysis of the bacteriocins from S. dentisani 7746 

All the bacteriocins from S. dentisani 7746 exhibit an N-terminal double-glycine type leader peptide 
(Figure 3A). Leader sequences are typically conserved as they are recognised by processing and export 
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systems [10]. The conservation of full-length precursor peptides, particularly the mature parts of the 
peptides (defined here as core peptides following nomenclature from [10]), was used to identify orthologs 
in other species (Table 4). 

Six out of the eleven bacteriocins located in the blp-like region of S. dentisani demonstrate precursor peptide 
conservation ranging between 87—97% (amino acid (aa) identities), and core peptide conservation between 
84—98% (aa identities) compared to multi-strain S. pneumoniae Blp bacteriocins (Table 4 and Sup. File 1). 
These orthologs from S. pneumoniae were previously described by Conrads et al. [14]. The high conservation of 
core peptides suggests that they are allelic variants of pneumococcal bacteriocin-like peptides, potentially 
acquired through horizontal gene transfer events. These genes were named according to these sequence 
similarities as follows: blpQ (SDENT7746_08310), pncT (SDENT7746_08305), blpM (SDENT7746_08225), 
blpN (SDENT7746_08220), blpD (SDENT7746_08215) and blpE (SDENT7746_08210). The predicted bacte-
riocin products of the three loci SDENT7746_08290, SDENT7746_08275 and SDENT7746_08240 share 
precursor peptide conservation between 85—96% (aa identities), and core peptide conservation between 
93—100% (aa identities) with unnamed orthologs present in S. mitis BCA11, in the case of 
SDENT7746_08240 and SDENT7746_08275, and in different S. mitis strains in the case of 
SDENT7746_08290 (Table 4). In the absence of a gene name, we assigned the following names to these loci: 
dntA (SDENT7746_08240), dntD (SDENT7746_08275), and dntE (SDENT7746_08290), coding for Denticin 
A, Denticin D and Denticin E bacteriocins from S. dentisani, respectively. The predicted bacteriocin product 

Figure 3. Primary sequence analysis of the 14 double-glycine bacteriocins and the two autoinducer molecules (ComC 
and BlpC) encoded in the S. dentisani 7746 genome. A. Primary sequence alignment. The bacteriocins and autoinducers 
are grouped according to the leader peptide sequence conservation. Conserved amino acids are highlighted in coloured 
bolded text. In the core peptide sequences: cysteines are indicated in bold brown; the conserved pediocin box of Denticin 
B is indicated in bold underlined text. The truncated N-terminal region of Denticin D is indicated in pale grey text (see   
Figure 1E). B. Pairwise conservation indicated as percent identity of the leader peptides (bottom left) and the core 
peptides (top right). The sequences were sorted as in (A). The pairwise alignment was performed with CLC Main 
Workbench 23.0.4. See Supplementary File. 2 for the complete set of numerical values.       
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from locus SDENT7746_08265 exhibits a 44% conservation with Mutacin IV from S. mutans and a 97% 
conservation with an unnamed hypothetical protein from S. pneumoniae (strains B10622 and C14376X). The 
bacteriocin product from locus SDENT7746_08250 has a 54% and a 65% conservation (aa identities) of the 
precursor peptide and the core peptide, respectively, with Ubericin A from Streptococcus uberis (Table 4). 
Considering the high conservation (≥84%) of the bacteriocins with allelic variants in pneumococci—namely 
BlpQ, PncT, BlpM, BlpN, BlpD and BlpE—, we did not consider a similarity lower than 85% as indicative of 

Table 4. Characteristics of the bacteriocins with double-glycine type leader peptide in S. oralis subsp. dentisani 7746 and 
ortholog proteins in other Streptococcus strains according to amino acid conservation of the precursor and core peptides.         

Bacteriocin in S. oralis 
subsp. dentisani 7746  

aaa leader + aa core 
= aa precursor 

peptide Class b Family type c Ortholog (species) d 

Conservation e 

precursor peptide 
(aa identities) 

core peptide (aa 
identities)   

Blp like bacteriocin- immunity region  
BlpQ 23 + 44 = 67 n.p. a n.p. BlpQ (S. pneumoniae) 88 % (59/67 aa) 84 % (37/44 aa) 
PncT 20 + 47 = 67 n.p. n.p. PncT (S. pneumoniae) 94 % (63/67 aa) 96 % (45/47 aa) 
Denticin E 23 + 52 = 75 IIb Lactacin- 

related 
WP_084953064.1 (S. mitis) f 96 % (72/75 aa) 98 % (51/52 aa) 

Denticin D 12 + 52 = 64 IIb Lactacin- 
related 

WP_125450131.1 (S. mitis) g 85 % (64/75 aa) h 100 %  
(52/52 aa) 

Denticin C 22 + 50 = 72 IIb i Lactacin- 
related i 

Mutacin IV (S. mutans) 44 % (32/72 aa) 48 % (24/50 aa)         

WP_061817056.1  
(S. pneumoniae) 

97 % (70/72 aa) 100 %  
(50/50 aa) 

Denticin B 23 + 50 = 73 IIa Pediocin-like Ubericin A (S. uberis) j 54 % (38/70 aa) 65 % (32/49 aa) 
Denticin A 23 + 43 = 66 IIb Lactacin- 

related 
WP_125450135.1 (S. mitis) k 95 % (63/66 aa) 93 % (40/43 aa) 

BlpM  23 + 61 = 84 IIb Lactacin- 
related 

BlpM (S. pneumoniae) 96 % (81/84 aa) 98 % (60/61 aa) 

BlpN  18 + 49 = 67 IIb Lactacin- 
related 

BlpN (S. pneumoniae) 87 % (58/67 aa) 90 % (44/49 aa) 

BlpD  23 + 59 = 82 IIb Lactacin- 
related 

BlpD (S. pneumoniae) 90 % (74/82 aa) 93 % (55/59 aa) 

BlpE  18 + 51 = 69 IIb Lactacin- 
related 

BlpE (S. pneumoniae) 97 % (67/69 aa) 98 % (50/51 aa) 

Com-like bacteriocin immunity region            
Denticin F 25 + 22 = 47 IIb lactobin  

A/cerein 7B 
family 

WP_038804302.1 
(multispecies: S. mitis and S. 

oralis) 

100 % (47/47 aa) 100 %  
(22/22 aa) 

Denticin G 23 + 29 = 52 IIb lactobin  
A/cerein 7B 

family 

WP_001056955.1 
(multispecies: S. mitis and S. 

oralis) 

96 % (50/52 aa) 97 % (28/29 aa) 

Denticin H 22 + 29 = 51 n.p. n.p. WP_000732133.1 
(multispecies: S. mitis and S. 

oralis) 

100 % (51/51 aa) 100 %  
(29/29 aa)  

aAbbreviations: aa, amino acids; n.p., non predicted, generally assigned to Class IId —miscellaneous—[ 6]. 
bBacteriocin classes according to InterPro [ 29]. Class IIb (two-peptide bacteriocins). Class IIa (pediocin-like bacteriocins): characterised by the N- 

terminal region containing a conserved ‘pediocin box’ motif (YGNGV/L) and two conserved cysteine residues joined by a disulphide bridge. 
cFamily types according to InterPro [ 29]: lactacin-related (IPR019493); pediocin-like (IPR002633); lactobin A/cerein 7B family (IPR023991). 
dOrthologs with the highest amino acid identity are indicated. The orthologs BlpQ, PncT, BlpM, BlpN, BlpD and BlpE are in accordance with 

Conrads et al. [ 14]. NCBI Protein Reference Sequence IDs are indicated for unnamed orthologs. 
eAlignments of the Blp-like bacteriocins with orthologs are included in Sup. File 1. 
fDenticin E corresponds to ORF50 in Conrads et al. [ 14]. BlpJ from S. pneumoniae is indicated there as an ortholog. Alignments with Denticin E 

and BlpJ from Bogaardt et al. [ 34] show a query cover of 26 %, with a conservation of 75 % [18/24 aa identities], mainly covering the leader 
peptide sequence from both proteins (Sup. File 1). Given the conservation of leader peptide sequences of such bacteriocins, the similarity of BlpJ 
is not considered indicative of allelic variants. 

gDenticin D corresponds to ORF45 in Conrads et al. [ 14]. BlpN/BlpK from S. pneumoniae are indicated as orthologs. Aligments with Denticin D 
and BlpN from Bogaardt et al. [ 34] indicate a query cover of 77 %, with a conservation of 43 % [23/54 aa identities] for the precursor peptide and 
a query cover of 77 % with a conservation of 44 % [17/39 aa identities] for the core peptides. In the case of BlpK, our alignments with Denticin D 
and BlpK from Bogaardt et al. [ 34] indicate a query cover of 15 % covering the leader peptide sequence from both proteins with a conservation 
of 92 % [11/12 aa identities]. These similarities are not considered indicative of allelic variants. 

hDenticin D lacks 11 aa at the N-terminal due to a stop codon mutation accounting for the discrepancy in the length of the precursor peptide. 
iInterPro did not predict any protein family membership for Denticin C. The classification of mutacin IV according to InterPro is indicated. 
jDenticin B corresponds to ORF37 in Conrads et al. [ 14]. BlpJ from S. pneumoniae is indicated there as an ortholog. Alignments with the 

full-length precursor peptides BlpJ (from [ 34]) and Denticin B indicate a query cover of 25 %, with a conservation of 65 % [15/23 aa identities], 
mainly covering the leader peptide sequence. Considering the degree of conservation of the leader peptide sequences of this type of 
bacteriocins, we do not consider the similarity of BlpJ as indicative of allelic variants. 

kDenticin A corresponds to ORF34 in Conrads et al. [ 14]. BlpN/BlpK from S. pneumoniae are indicated there as orthologs. Manual alignments 
with the full-length precursor peptides show a conservation of 24 % [16/66 aa identities] for BlpN-Denticin A. In the case of BlpK, alignments 
indicate a query cover of 38 %, with a conservation of 69 % [20/29 aa identities], mainly covering the leader peptide sequence from both 
proteins. Comparison of core peptides did not yield significant similarities. We do not consider these similarities as indicative of allelic variants.  
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allelic variants. Again, in the absence of gene names, we designated these loci dntB (SDENT7746_08250) and 
dntC (SDENT7746_08265), coding for Denticin B and Denticin C, bacteriocins from S. dentisani, respectively. 

The bacteriocins located in the com-like region of S. dentisani are highly conserved with unnamed 
bacteriocins in S. oralis and S. mitis species (Table 4). We named these loci dntF (locus 
SDENT7746_00450), dntG (SDENT7746_00455) and dntH (SDENT7746_00465) coding for the putative 
bacteriocin precursor peptides of Denticin F (DntF), Denticin G (DntG) and Denticin H (DntH) from S. 
dentisani, respectively (Tables 3 and 4). 

Pairwise comparisons of 7746’s bacteriocins and autoinducers 

The primary sequence alignment and pairwise similarity comparisons of all the bacteriocins, along with 
the two putative autoinducer molecules (ComC and BlpC) are illustrated in Figure 3. With the exception 
of Denticin C, all 13 bacteriocins and the two autoinducer molecules exhibit a conserved double-glycine 
cleavage site. 

Pairwise comparisons of the full precursor peptide sequences reveal a low degree of conservation, with 
similarities going up to 38.5% for DntE and DntA, and 37.8% identity for BlpD and DntA (Sup. File 2). 
When comparing only the leader peptides or the core peptides individually, the former is notably more 
conserved than the latter (Figure 3B; Sup. File 2). The most similar core peptides are observed in the 
pairings of BlpN and DntD, exhibiting 39.6% identity, followed by BlpE and BlpM with 26.2% identity. 
Concerning leader peptides, two distinct groups emerge based on the sequence conservation (Figure 3). 
Particularly, the leader peptide sequence within the group comprising DntA, DntE, DntB, BlpD, BlpM, 
and BlpQ is highly conserved. For instance, the leader peptide conservation reaches up to 91.3% identity 
for DntE and DntA (differing only by two amino acids out of 23, Figure 3A), and 82.6% identity for BlpD 
and DntE, or BlpD and DntB. The hypervariability of the core peptides, coupled with the highest 
conservation of the leader sequences is in agreement with the role of the latter in the recognition by 
the processing enzymes and export systems [10]. It is noteworthy that bacteriocins encoded in the Blp 
region and those encoded in the Com region exhibit two clear distinguishing features consistent with their 
different biological contexts. Blp‑region bacteriocins are longer (44–61 amino acids) and contain an even 
number of cysteine residues, compatible with the formation of disulphide bonds. Conversely, bacteriocins 
from the Com region (namely DntF, DntG and DntH) and the autoinducers (ComC and BlpC) are 
considerably shorter (17-29 amino acids) and lack any cysteine residues, which readily differentiates them 
from the Blp‑derived peptides. 

Interestingly, the alignment of the putative blp-like bacteriocin-operons’ promoters has revealed a point 
mutation that could impact the expression of Denticin D. This mutation involves a substitution in a GAA 
codon for glutamic acid, changing to a TAA stop codon. Consequently, this mutation is anticipated to 
result in the premature termination of the precursor peptide sequence of Denticin D (Figure 1E). 
Prediction based on the expected ATG start codon, as per promoter sequences, indicate that Denticin 
D, lacks the first 11 amino acids of the otherwise conserved leader peptide (Figure 3A). The PdntD 
promoter may regulate an operon encompassing five genes: dntD-blpX-dntC-blpZ-blpY. This stop 
mutation could lead to the inadvertent translation of a six amino acids small peptide and the absence 
of another RBS downstream of the stop mutation might hinder the translation of the remaining sequence 
of Denticin D. However, the other four genes within this putative operon might be translated from their 
own RBSs. 

Bacteriocins’ class predictions 

Bacteriocin class predictions were conducted using InterPro [29]. BlpM, BlpN, BlpD, BlpE, Denticin A, 
Denticin D, and Denticin E were predicted as lactacin-related, class IIb (two-peptide) bacteriocins 
(InterPro entry IPR019493). Denticin B contains the conserved ‘pediocin box’ motif, YGNGL, and two 
cysteine residues at the N-terminal region of the core peptide (Figure 3A). Accordingly, it is predicted as a 
pediocin-like, class IIa bacteriocin (InterPro entry IPR002633) (Table 4). Denticin B is located adjacent to 
the only enterocin A-like immunity protein predicted coding gene of the blp-like region (Figure 1A and  
C). This genetic proximity suggests a functional bacteriocin/immunity protein relationship, leading us to 
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rename locus SDENT7746_08245 as the gene ipdB, representing the coding gene of the (putative) 
immunity protein for Denticin B (Table 2). Finally, within the blp-like region, no bacteriocin class was 
predicted for the S. dentisani 7746 peptide’s sequences PncT, BlpQ, and Denticin C. Since Denticin C 
shares a 48% conservation of the precursor peptide with Mutacin IV, we speculate that it could also be a 
lactacin-related, class IIb bacteriocin (Table 4). 

In the com-like cluster, Denticin H could not be assigned to any family type, whereas Denticin F and 
Denticin G belong to the class IIb lactobin A/cerein 7B family (InterPro entry IPR023991). This family is 
characterised by low-complexity pore-forming bacteriocins whose processing does not include post- 
translational modifications beyond the proteolytic cleavage at the double-glycine motif. Accordingly, 
Denticin F and Denticin G do not contain cysteine residues in their core peptides (Figure 3). 

Analysis of the transcriptional expression of the bacteriocins 

BIP- and CSP-induced bacteriocins have different biological roles. As so, they are expressed differently 
through the cell cycle [21]. Based on our in silico observations, we next aimed at corroborating the 
expression in vivo of the 14 identified bacteriocins. Towards this end, we performed RT-PCR with cross- 
gene primers designed to amplify putative transcriptional units within the blp- and com-like regions with 
samples from mid-exponential, late-exponential and stationary phase cultures of S. dentisani 7746 (Sup. 
Fig. S2). 

Within the blp-like region, cross-gene primers were designed to amplify the transcriptional units 
predicted according to the six identified promoter sequences (Figure 1D). In that way, six RT-PCR 
reactions were sufficient to amplify all the bacteriocin encoding genes from this region (Figure 4). A 
summary figure with transcript samples from the blp-like region at stationary phase is presented in  
Figure 4B. All the RT-PCR reactions yielded amplification products of the expected size, which confirms 
the transcription of the eleven bacteriocins from the blp-like region. Of note, despite the longer intergenic 
region between blpQ and pncT, where a transcriptional terminator with a free energy of –11.1 Kcal/mol is 
predicted, both genes are co-transcribed, suggesting that —if present— this terminator is overridden. 

In the case of the cib genes, we performed several RT-PCR reactions with cross-gene primers designed 
to amplify different length fragments from dntF to impD (Figure 4C). At mid-exponential phase, all the 
RT-PCR reactions yielded amplification products of the predicted size (Figure 4D). This is expected since 
competence induction via ComX occurs in a short time window during the exponential phase. These 
results support i) the expression of the three bacteriocins from this region, and ii) the co-transcription of 
all the genes from dntF to impD in a single polycistronic mRNA, whose expression must be driven by the 
σX target promoter identified upstream of dntF. 

Altogether, these results demonstrate the expression of the 14 bacteriocin genes encoded by S. dentisani 
7746. Future studies will address the detailed quantification of bacteriocin expression dynamics through 
the cell cycle. 

Discussion 

As streptococci are prompt to natural transformation, horizontal gene transfer events might result in 
extensive genomic rearrangements and acquisition of new systems. In that way, some streptococcal strains 
possess multiple ComDE and BlpRH systems distributed along the genome and the high similarity 
between both systems has sometimes resulted in genomic miss-annotations [24]. In this regard, a previous 
study reported the presence of up to 11 bacteriocin peptides in a bacteriocin coding region in S. dentisani 
7746 genome, and a processing and export system located next to the bacteriocins was identified as 
ComAB; a TCS far away in the genome was postulated to be the regulatory system of this bacteriocin 
region and it was accordingly named ComCDE [14]. Synchronically, a different study reported the 
presence of a similar bacteriocin cassette with a full regulatory set (composed by TCS and cognate 
pheromone) located upstream of the processing and export system. In this study the system was reported 
as a Blp-like bacteriocin cassette [23]. The discrepancies between these two previous works suggested the 
existence of more than one bacteriocin coding region in S. dentisani 7746. Our investigations have shed 
light on this matter. 

JOURNAL OF ORAL MICROBIOLOGY 15 



Figure 4. Analysis of the expression of the 14 bacteriocins from S. dentisani 7746 through the cell cycle. A and C: 
Schematics of the binding sites of the cross-gene PCR primers for the bacteriocin and immunity proteins from the blp-like 
region (A) and the com-like region (C). Genes are represented as in  Figures 1 and  2, respectively; the thin grey arrows 
below the genes indicate the position and the product size of the cross-gene primers used for the RT-PCR presented in (B) 
and (D); the positions of putative terminators are indicated by lollipops; the blp-like promoters and the cin-box promoter 
are indicated by solid black bent arrows. B. RT-PCR analysis of transcripts from the blp-like region at stationary phase. The 
PCR amplification products correspond to the following cross-gene primers: AM033– AM028 (lanes 2-4, amplification of 
intergenic region blpQ-pncT, product size [650 bp]); AM025—AM066 (lanes 5-7, intergenic region dntE-blpL1 [896 bp]); 
RG243—RG244 (lanes 8-10; intergenic region dntD-dntC [715 bp]); RG245—RG246 (lanes 11-13; intergenic region dntB- 
ipdB [331 bp]); RG247—RG248 (lanes 14-16; intergenic region dntA-impA [513 bp]); and RG249—RG250 (lanes 17-19; 
intergenic region blpM-blpF [1166 bp]). Line 1 contains the molecular weight ladder. Negative controls using RNA as a 
template are presented in lanes 4, 7, 10, 13, 16, and 19 to verify the absence of residual genomic DNA in the purified RNA 
samples. Positive controls amplified from genomic DNA are presented in lanes 2, 5, 8, 11, 14, and 17. Lanes 3, 6, 9, 12, 15, 
and 18 contain the RT-PCR products amplified from the cDNA. D. RT-PCR analysis of transcripts from the com-like region at 
mid-exponential phase. The PCR amplification products correspond to the following cross-gene primers: RG251—RG252 
(lanes 1-4; intergenic region dntF-impD [1149 bp]); RG251—RG257 (lanes 5-7; intergenic region dntF-dntH [688 bp]); 
RG251—RG258 (lanes 8-10; intergenic region dntF-impB [293 bp]); and RG259—RG260 (lanes 11-13; intergenic region 
dntH-impC [286 bp]). Line 1 contains the molecular weight ladder. Negative controls using RNA as a template are  

(Caption on next page) 
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The present work was designed as a descriptive genomic and transcriptional study aimed at character-
ising the bacteriocin repertoire encoded by S. dentisani 7746, rather than addressing the specific 
antimicrobial function or ecological role of each peptide. For that, we mined the recently closed, complete 
genome of S. dentisani 7746 using the web informatic tools BAGEL4 and antiSMASH and we identified a 
second bacteriocin coding region in the 7746 genome sequence. This region contains three additional 
bacteriocin coding genes, thus increasing to 14 the total number of bacteriocins encoded by 7746. The two 
bacteriocin containing regions were analysed in detail for regulatory systems, and besides the bacteriocin 
genes, full-length genes for the proteins potentially involved in regulation (including inducer peptides), 
synthesis, export-and-processing of the bacteriocins, as well as the putative self-immunity factors were 
identified and classified. Our results show that S. dentisani 7746 has two complete sets of Com- and Blp- 
like quorum sensing systems and indicate that in the work by Conrads et al. the blpAB genes were 
misidentified as comAB [14]. Therefore, the authors proposed a model with a direct regulatory link 
between ComCDE and BlpAB. Our results expand and complement this previous model since we 
demonstrate the presence of genes for more regulatory elements, named the blpSRH-blpC (Figure 1), 
the genes for the actual comA transporter and comB accessory proteins, as well as other regulatory 
elements such as comX1 and comX2 (Figure 2). Consequently, more complex regulatory interactions 
differing from the previously described ones might be inferred for S. dentisani 7746. Although it remains 
to be experimentally proven if strain 7746 is endowed for natural transformation, we are tempted to 
postulate a model for 7746 similar to what happens in S. pneumoniae strains: competence induction would 
be regulated by the ComAB-ComC-ComDE system, and the expression of the bacteriocins and self- 
immunity proteins from the blp-like BIR region would be regulated by BlpAB-BlpC-BlpSRH system 
(Figure 5). Importantly, in strain CECT 7746, both blpA and comA coded for proteins of 717 aa, and blpB 
and comB for transport accessory proteins of 453 and 449 aa, respectively. This indicates that all the 
transport proteins identified in S. dentisani 7746 were full-length alleles, which suggests that both systems 
involved in export and processing of CSP, BIP and the bacteriocins are more likely functional in this strain. 
Although the functionality of both systems in 7746 remains to be experimentally validated—for example, 
by generating mutant strains –, this is worth noticing since a study with more than four thousand S. 
pneumoniae genomes showed that only 23.5% of the genomes contained full-length blpA and blpB 
sequences, which encoded functional bacteriocin transport systems [32]. Knowledge of the regulatory 
mechanisms and conditions triggering bacteriocin production in S. dentisani 7746 could be truly relevant 
for its development as an industrial bacteriocin producer (e.g. through the addition of autoinducer 
peptides to increase yield) [47]. Future experimental efforts will be addressed to corroborate the function-
ality of the Com and Blp systems, as well as the putative interdependencies between them [48]. In this 
regard, we identified conserved promoter sequences within the BIR region. The high conservation of the 
PdntA, PblpQ, PdntE, PdntB, PblpM and PdntD promoters, and the partial conservation of the PblpS, PtdpA, PblpA 
and PblpT, suggest their regulation by the BlpR response regulator (Figure 5). However, a comprehensive 
assessment of the regulatory mechanism is beyond the scope of this paper, and more studies, such as RR- 
DNA binding assays, will be necessary to confirm these hypotheses in future research. 

We also analysed all the bacteriocin precursor peptides identified regarding orthology conservation and 
bacteriocins class predictions. The precursor peptide of Gly-Gly leader peptide bacteriocins contains the 
leader peptide and the core peptide. The leader peptide is highly conserved for the recognition by the 
export and processing enzymes [10]. The hypervariable core peptide will constitute the active mature 
peptide upon proteolytic removal of the leader peptide. Our results considering the precursor peptide and 
core peptide conservation support the previously described orthologs in S. pneumoniae for the bacterio-
cins BlpQ, PncT, BlpM, BlpN, BlpD, BlpE [14]. Conversely, we have assigned names for the bacteriocins 
with unnamed orthologs in other species, proposing the name Denticins (from Denticin A to Denticin H) 
to these eight novel peptides. The mechanism by which such a high number of diverse antimicrobial 
peptides has evolved should be studied in the future. The origin of the the blp-like region might be 

presented in lanes 4, 7, 10 and 13. Positive controls amplified from genomic DNA are presented in lanes 2, 5, 8 and 11. 
Lanes 3, 6, 9 and 12 contain the RT-PCR products amplified from the cDNA. Cropped gels are depicted for clarity in B and 
D; the original gel pictures can be found in Supplementary Fig. S3 and S4.     
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horizontal gene transfer, but the possibility of internal duplication events followed by sequence divergence 
cannot be ruled out. In this scenario, new bacteriocin variants generated by mutation accumulation could 
confer antagonistic properties against different oral competitors. This could of course be used with applied 
purposes. Given that S. dentisani 7746 supernatants (containing an unknown blend of bacteriocins) have 
been found to be active against Gram-positive and Gram-negative bacteria, as well as Candida albicans 
yeasts [49], the identification of denticins with inhibitory activity against specific pathogens could allow the 

Figure 5. Predictive model for the regulation of quorum sensing dependent cellular functions in S. dentisani 7746 by 
Com- and Blp-like peptide-regulated systems, based on in silico predictions. A. The induction of genetic competence 
would depend on the ComAB-ComCDE system. 1) The comC gene encodes ComC, the precursor peptide for CSP 
(competence stimulating peptide) with a Gly-Gly motif leader peptide sequence. 2) ComC is post-translationally modified 
to CSP during its export by the ABC- transporter ComA and the transmembrane transport accessory protein ComB. 3) The 
processed CSP is detected by the HK ComD which activates the RR ComE. 4) Activated ComE might upregulate the 
expression of genes involved in the early stages of competence. 5) The induction of the cib (competence-induced 
bacteriocin) genes within the Com region, might be mediated by the ComX1/2 sigma factors at late stages of competence. 
B. The expression of bacteriocins and autoimmunity proteins from the blp-like region would be regulated by the BlpABC- 
BlpSRH system and would function likewise. 6) The blpC gene encodes for BlpC, a pheromone with a leader peptide with a 
Gly-Gly motif. 7) BlpC is exported and processed by the transporter BlpA and the transport accessory protein BlpB. 8) The 
mature form of BlpC, the bacteriocin-inducing peptide, BIP, is detected by HK BlpH, which activates the RR BlpR. 9) 
Activated BlpR might regulate the expression of bacteriocin and autoimmunity genes within the bacteriocin immunity 
region (BIR). 10) Bacteriocin precursor peptides are exported and processed by BlpAB. Immunity against the active 
peptides is mediated by the self-immunity proteins. Colour code for depicted proteins is indicated in the figure. Colour 
code for the genes is like in  Figures 1 and  2. Transcription from comC and blpC, and translation of ComC and BlpC is 
indicated by densely dashed upward-facing arrows. Processing and transport of the autoinducer precursors ComC and 
BlpC, as well as of the precursor bacteriocin peptides, by the Sun-T like transporters is indicated by thick upward-facing 
arrows. Recognition of the CSP and BIP autoinducers by the HKs is indicated by dash-dotted arrows. Putative induction of 
transcription by the RRs is indicated by downward- facing dotted arrows. Phospho-transfer between the HKs and the RRs 
are indicated by grey thin solid arrows. Self-immunity is indicated with a barred, upward-facing brown line. Question 
marks indicate genes without clear binding sites in their promoter regions. This figure presents a conceptual model 
derived solely from in silico genomic analyses, and experimental validation remains necessary to confirm the regulatory 
interactions and functional relationships proposed.       
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design of bacteriocin cocktails to treat or prevent oral conditions such as tooth decay, gum disease or 
halitosis. To this end, our current experimental efforts are focused on identifying the bacterial targets of 
these bacteriocins. Since purifying the peptides from culture supernatants is technically challenging due to 
the complex composition of the culture media, we are instead pursuing chemical synthesis, followed by 
sensitivity assays against the pathogens of interest (Sup. File 5). However, this is an expensive and not 
always straightforward approach (Sup. Fig. S5). Additional strategies, such as heterologous expression of 
the peptides [50,51], may also be explored in the future. 

In agreement with our bioinformatics analysis, our experimental results prove that all 14 bacteriocins 
are transcriptionally expressed by S. dentisani 7746. As for whether the bacteriocins are produced and 
exported out of the cell, our results suggest that apart from DntD, the remaining 13 are expected to be 
found in culture supernatants; however, post-transcriptional regulatory processes, as well as the anti-
microbial activity, target specificity, and physiological relevance of individual denticins under in vivo 
conditions remain to be investigated. These aspects will require dedicated functional, biochemical, and 
ecological studies. With regard to the number of bacteriocins encoded by strain 7746, other works have 
reported up to seven bacteriocins per genome within S. pneumoniae strains [32,34], and up to ten 
bacteriocins per genome within Streptococcus salivarius [52]. As for now, S. oralis subsp. dentisani strain 
7746 is one of the bacterial isolates with the largest repertoire of bacteriocin coding genes known to date. 
This exceptional bacteriocin arsenal may have been selected to defend this organism from the highly 
diverse and competitive oral biofilm it inhabits, where several hundred species may physically coexist and 
several other antimicrobial defence mechanisms have been identified [53,54]. 
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