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Bacteriocins are antimicrobial peptides (AMPs) thought to contribute to the 

survival of bacteria in niches inhabited by other species, by the elimination of 

competitors. A large variability of known bacteriocins is relatively well studied among 

Gram-positive bacteria. In addition, novel putative bacteriocin peptides are 

continuously identified in newly sequenced genomes. Streptococcus pneumoniae is a 

prominent human pathogen and is known to be highly genetically variable. Up to 

date, only two active bacteriocin clusters have been described for this organism, i.e. 

blp (pnc) and cib. To identify additional putative bacteriocin encoding gene clusters, 

we have chosen to screen the genomes of 11 S. pneumoniae strains using our BAGEL 

program, specifically designed for the identification of putative bacteriocins. Here, we 

describe, in addition to the known Blp (Pnc) and Cib bacteriocins, seven novel 

putative bacteriocin gene clusters within the sequenced S. pneumoniae strains. One of 

the seven clusters displays features of a class I bacteriocin and the other six of class II 

bacteriocins. Interestingly, one of the identified putative clusters belongs to class II 

bacteriocins in all but one examined strain, i.e. CGSP14, where it resembles a class I 

bacteriocin. Notably, some of the identified clusters demonstrate considerable genetic 

variability within the examined strains. Given that we described nine different 

bacteriocin-like clusters in 11 S. pneumoniae strains, it is tempting to speculate that 

there are even more AMPs waiting to be discovered within the species S. pneumoniae. 

 

Introduction 

 

S. pneumoniae is a human pathogen that colonizes the nasopharynx and in certain 

circumstances can cause otitis media, sinusitis, pneumonia or meningitis. The 

nasopharyngeal niche can be inhabited and colonized by, apart from S. pneumoniae, many 

other Gram-positive and Gram-negative bacteria of genera such as Staphylococcus, 

Lactobacillus, Neisseria, Corynebacterium, non-hemolytic and alpha-hemolytic 

Streptococcus and others (494). In order to colonize the human nasopharynx and/or to 

cause subsequent disease, S. pneumoniae has to survive and grow in this competitive niche. 

One of the mechanisms that enable bacteria to compete with other species is the production 

of antimicrobial peptides (AMPs), also named bacteriocins. Their lethal spectrum ranges 

from bacteria of the same and/or other species, to even fungi, yeast and eukaryotic cells 

(350). They are thought to contribute to survival by eliminating competitors, which would 

reduce the competition for nutrients, and allow for the adaptation to changes in an 

environment through gaining genetic material of other residents. Thus, bacteriocins might 

contribute to the evolution of species by facilitating the acquisition of foreign DNA. In 

general, bacteriocins are divided into four classes according to their biochemical and 

genetic characteristics (203). Bacteriocins of class I are posttranslationally modified, which 

results in unusual amino acids such as lanthionine and/or methyllanthionine, and thus they 

are named lantibiotics (307). Class II consists of small heat stable peptides that are non-
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lantibiotics and this class is divided into three subclasses: i) the pediocin-like bacteriocins 

with strong anti-listerial activity, ii) miscellaneous peptides and iii) multi-component 

bacteriocins (203). Class III contains large heat-labile proteins and class IV cyclic peptides 

(203,267).  

Bacteriocins are produced in the form of inactive prepeptides (for lantibiotics they 

are denoted as LanA) that consist of an N-terminal leader peptide and a C-terminal 

propeptide commonly joined by a PR/PQ/GG/GA/GS-cleavage site. Generally, bacteriocins 

become active once the leader peptide is removed from the prepeptide by the protease 

(LanP) or a transporter with a protease domain (LanT). Usually, the gene cluster of each 

class of bacteriocins is composed of a structural gene(s) encoding a precursor peptide, one 

or two dedicated transporters often carrying a domain for protease function, optionally 

autonomous protease, and an immunity protein(s). The lantibiotics have additional 

modification enzyme(s) (LanM or LanB and LanC), which catalyze the formation of 

unusual amino acids. Specifically, serine and threonine residues, in the C-terminal 

propeptide, might be dehydrated by LanM or LanB to didehydroalanine (Dha) and 

didehydrobutyrine (Dhb), respectively, and subsequently in a cyclization reaction of a 

cysteine residue together with a dehydrated amino acid, lanthionine and/or methyl-

lanthionine can be formed by LanM of LanC (67). Generally, once the dedicated 

modification enzyme transforms posttranslationally the C-terminal part, the peptide, with or 

without the N-terminus, is secreted from the cell by a specialized transporter (LanT). Such 

a peptide becomes an active lantibiotic, when the leader sequence is removed by a 

dedicated protease, i.e. LanP, or by LanT that contains a protease domain. Generally, self-

immunity to bacteriocins of class I and II consists of a single protein and/or, for lantibiotics, 

of three-component ABC transporter (LanFEG). Commonly, immunity proteins are very 

specific to their corresponding bacteriocin and they do not show amino acid similarity to 

other immunity proteins, which makes it difficult to identify them. With a few exceptions, 

all genes contributing to bacteriocin biosynthesis, modification (in case of lantibiotics), 

transport, regulation and immunity are clustered together in the genome. 

Despite the extensive knowledge about AMPs, little is known about putative 

bacteriocins produced by S. pneumoniae. So far, two functional bacteriocin clusters have 

been identified, namely blp (pnc) and cib (97,168,307). Furthermore, there is a large 

genetic variation within S. pneumoniae serotypes, and some isolates differ in the capability 

to colonize the nasopharynx and cause infectious diseases (22,253,458). Comparison of the 

genomes of strain R6 and TIGR4 showed that they differ in about 10% of the genes (51), 

even more strikingly, analysis of the genomic contents of 17 different isolates showed that 

less than 50% of all S. pneumoniae gene clusters were conserved (205). 

In the present study, we identified bacteriocin-like gene clusters within S. 

pneumoniae R6 and TIGR4, using the BAGEL software (99), specifically designed to 

identify putative bacteriocins. Subsequently, we performed in silico comparative analysis of 

these clusters in ERGO
TM

, a bioinformatics suite designed for comprehensive genome 
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analysis (392), by use of all 11 available S. pneumoniae genome sequences, i.e. (serotype 

indicated in  superscript) D39
2
, G54

19F
, CGSP

14
, Hungary

19A
-6, Taiwan

19F
-14, P1031

1
, 

JJA
14

, ATCC 700669
23F

 and 70585
5
.
 

All together, seven novel bacteriocin-like gene 

clusters, within the analyzed S. pneumoniae genomes, were identified (Table 1 and Fig. 1). 

Subsequently, an in silico characterization of these and the blp (pnc) and cib clusters is 

described below. Furthermore, the presence of the clusters within the genus of 

Streptococcus was investigated.  

 

 

Materials and Methods 

 

Data source 

Comparisons of the putative bacteriocin-like clusters within the S. pneumoniae strains i.e. (genbank 

entry in brackets) R6 (AE007317), TIGR4 (AE005672), D39 (CP000410), G54 (CP001015), 

CGSP14 (CP001033), Hungary19A-6 (CP000936), Taiwan19F-14 (CP000921), P1031 (CP000920), 

JJA (CP000919), ATCC 700669 (FM211187) and 70585 (CP001015), were performed with the 

ERGOTM bioinformatics suite designed by Integrated Genomics, Inc. 

(http://ergo.integratedgenomics.com/ERGO/) (392). The annotations of the genomes were derived 

from the ERGOTM and/or NCBI database. 

A web-based tool 

Identification of the putative bacteriocin-like peptides was executed with the web-based genome 

mining tool, Bagel (99). Sequence clustering and analysis was performed with ClustalW 2.0 (302). 

Identification of functional domain(s) of proteins was performed using the Pfam database, 

http://pfam.sanger.ac.uk/. Protein-protein BLAST searches were carried out by use of BLASTP, 

http://blast.ncbi.nlm.nih.gov/Blast.cgi. Membrane-spanning regions and their orientation were 

predicted with TMpred-Prediction of Transmembrane Regions and Orientation (210), 

http://www.ch.embnet.org/software/TMPRED_form.html. The map of the S. pneumoniae genome 

was obtained from a BacMap genome atlas (493), an interactive visual database containing bacterial 

genomes, http://wishart.biology.ualberta.ca/BacMap/. 

 

 

Results 

 

Identification of nine putative bacteriocin-like clusters within the S. 

pneumoniae genome 

Bagel, a web-based genome mining tool, identified 96 and 82, putative bacteriocin 

open reading frames (ORFs) within the genome sequence of S. pneumoniae R6 and TIGR4, 

respectively (99). In order to determine which of the identified bacteriocin-like ORFs are 

most likely to encode a functional bacteriocin-like peptide, an in silico analysis of each of 

the ORFs, as well as their neighbouring genes, was performed. This analysis was focused 

on the characteristic features of known bacteriocins i.e. relative abundance of positively 

http://www.ncbi.nlm.nih.gov/nuccore/AE007317
http://www.ncbi.nlm.nih.gov/nuccore/AE005672
http://www.ncbi.nlm.nih.gov/nuccore/CP000410
http://www.ncbi.nlm.nih.gov/nuccore/CP001015
http://www.ncbi.nlm.nih.gov/nuccore/CP001033
http://www.ncbi.nlm.nih.gov/nuccore/CP000936
http://www.ncbi.nlm.nih.gov/nuccore/CP000921
http://www.ncbi.nlm.nih.gov/nuccore/CP000920
http://www.ncbi.nlm.nih.gov/nuccore/CP000919
http://www.ncbi.nlm.nih.gov/nuccore/FM211187
http://www.ncbi.nlm.nih.gov/nuccore/CP001015
http://ergo.integratedgenomics.com/ERGO/
http://pfam.sanger.ac.uk/
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.ch.embnet.org/software/TMPRED_form.html
http://wishart.biology.ualberta.ca/BacMap/
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charged amino acid residues and a high iso-electric point of the mature peptide, as well as 

PR/PQ/GG/GA/GS-cleavage site occurrence (67,114,233). In addition, as a further 

selection criterion, the neighbouring genes were also analyzed to establish whether they 

encode putative modification, regulation, transport and/or immunity proteins. The analysis 

revealed nine (putative) bacteriocin-like clusters, annotated here as clusters I - IX (Table 1 

and Fig. 1) in the S. pneumoniae strains R6, TIGR4, D39, G54, CGSP14, Hungary 19A-6, 

Taiwan19F-14, P1031, 70585, JJA and ATCC 700669.  

 

 

 
 

Figure 1. Circular diagram (atlas) corresponding to a general S. pneumoniae chromosome with nine 

putative bacteriocin-like clusters marked in their approximate position. The origin of replication is at 

the top, as indicated by kbp numbers. The outer rings show the arrangement of coding sequences on 

the two strands of the genome, colored according to the annotated function. The second outer (red) 

ring indicates genes encoding proteins on the forward strand and the second inner (blue) ring points to 

genes encoding proteins on the reverse strand. This figure was adapted from the BacMap genome 

atlas map (493) for S. pneumoniae genome. Accession number: NC_003028 coresponds to the 

complete genome of S. pneumoniae Tigr4. 
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Table 1. General summary of nine bacteriocin-like gene clusters identified in S. pneumoniae strains. ‘+‘ indicates 

gene(s) present in the cluster; a only present in S. pneumoniae CGSP14; ND, not detected/found  

Cluster 

No. 

Bacteriocin 

class 

Distribution of a 
bacteriocin gene 

among/11 strains 

Transport/ 
processing 

gene 

Modification 

gene Closest homolog, (ref) 

I Class I 5/11 +/+ + Nisin, (477) 

II Class II 2/11 + /+ ND ND 

III Class II 6/11 +/ ND ND lactococcin 972, (327,328) 

IV Class II 9/11 +/ ND ND lactococcin 972, (327,328) 

V 
Class II, 
Class Ia 9/11, 1/11a +/+ +a Mutacin, (421-424) 

VI Class II 10/11 +/+ ND 
Bacteriocin-like cluster of 

S. thermophilus 

VII Class II 2/11 +/+ + ND 

VIII 

(cib) 
Class II 11/11 +/+ ND ND 

IX 

(blp) 
Class II 4/11 +/+ ND 

blp of S.thermophilus, 

(141,142) 

 

Cluster I, a putative two-peptide lantibiotic cluster 

 Cluster I, with features characteristic for a lantibiotic cluster, was found in the 

genome of S. pneumoniae R6, D39, TIGR4, JJA and ATCC 700669 (Fig. 2) and appears to 

be conserved in these strains. In silico analysis of the cluster indicated that it consists of 12 

genes encoding structural lantibiotic peptides and proteins presumably involved in 

regulation, modification, transport and immunity (Fig. 2). In R6, the genes SPR1765-1766 

(both genes indicated in Fig. 2 as number 14) encode peptides containing a putative PR-

cleavage site and serine, threonine and cysteine residues in the C-terminal part of the 

peptides (supplemental material, Fig. S1), all of which are well-known features of 

lantibiotic-like peptides. Hence, we propose to name SPR1765 and SPR1766, 

pneumococcin A1 and A2 (PneA1 and PneA2), respectively, (310). Gene SPR1763, gene 

number 8 in Fig. 2, encodes a putative transcriptional regulator, annotated as PlcR (482) 

and might thus control expression of the cluster. Gene SPR1767 (gene number 10 in Fig. 2) 

encodes a protein with 23% amino acid sequence identity to previously described LanM-

type modification enzymes, i.e. MrsM, LctM, SalM, LcnDR2, ScnM, CylM, NukM, 

McdM, MukM and SivM (4,8,224,225,396,441,467,468,523,543). Therefore, the function 

of SPR1767 could be dehydratation of threonine and serine residues followed by formation 

of the lanthionine and/or methyllanthionine residues. Gene SPR1768 (number 11 in Fig. 2) 

encodes most likely a putative LanD-type enzyme because it contains a FAD-dependent 

flavoprotein domain characteristic for these types of enzymes. The LanD proteins are able 

to modify the structural peptide by the oxidative decarboxylation of a C-terminal cysteine 

residue (67,163,553). SPR1769 is a transmembrane protein that contains a site-2 protease 

(S2P) class of zinc metalloproteases (family M50) domain. The SPR1770 protein (gene 

number 2 in Fig. 2) is predicted to be an ABC transporter containing the N-terminal double-

glycine peptidase C39F domain, which might cleave behind the double glycine motif and 

remove the leader peptide from the bacteriocin propeptide (192). Interestingly, SPR1770 

shows approximately 30% amino acid identity to known lantibiotics transport and/or 
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immunity proteins i.e. MrsT, BhtT CylB and SmbG (4,223,467,566). It is possible that 

SPR1769 and SPR1770 are involved in the propeptide processing and the subsequent 

transport of the modified lantibiotic(s) across the bacterial membrane. The SPR1771 

protein (gene number 3 in Fig. 2) shows amino acid sequence identity of over 35% to 

known lantibiotic proteases of the PR-recognition site type, i.e. NisP, EpiP, MutP and 

GdmP, and thus this protein is probably involved in the processing of the prepeptides 

(150,422,477,526). Genes SPR1772 and SPR1773 (gene numbers 4 and 5, respectively in 

Fig. 2) might encode putative immunity proteins (LanE and LanF-like proteins) since 

SPR1772 has two transmembrane domains and SPR1773 is a putative ATP-binding protein 

of an ABC transporter. The function of SPR1764, a short peptide, and of the SPR1774 

protein is unknown and they do not share homology with proteins with known functions. 

Homologs of SPR1764 were found in other S. pneumoniae strains and their amino acid 

sequence alignment is shown in Fig. S2 of the supplemental material. 

 

A. 

 

B. 

Gene IDa  
Gene 

numberb 
Functionc 

SPR1761 9 ATP/GTP hydrolase 

SPR1762 12 Hypothetical protein 

SPR1763 8 Transcriptional regulator, XRE-family like protein 
SPR1764 13 Hypothetical protein  

SPR1765-1766 14 PneA1 and PneA2, two-peptide like bacteriocin (S. pneumoniae: TIGR4 

SP1948-1949; ATCC700669 SPN23F_19700-19710; D39 SPD1747-1748; 
JJA SPJ_1942-1943) 

SPR1767 10 LanM-like modification enzyme 

SPR1768 11 LanD-like FAD-dependent flavoprotein 
SPR1769 1 S2P/M50 family protease 

SPR1770 2 LanT-like, ABC transporter  

SPR1771 3 LanP-like protein 
SPR1772 4 LanE-like protein 

SPR1773 5 LanF-like protein, ABC transporter ATP-binding protein 

SPR1774 15 Hypothetical protein 
SPR1775 6 Nucleoside diphosphate kinase 

SPR1776 7 DNA-directed RNA polymerase beta chain 

 
Figure 2. A. Graphical comparison of the cluster I in the S. pneumoniae strains. B. Table summarizing the cluster 

I genes and their function. a Gene ID refers to S. pneumoniae R6 locus tags. b Gene number refers to gene numbers 

shown in Figure 2 and described in order from left to right. c Putative/predicted function based on ERGOTM, 
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R6/TIGR4 annotation and/or domain prediction, and/or homologous proteins. Genes with the same color are 

predicted to have the same function, colors are arbitrarily designated. 

  

Nucleotide sequence analysis of the 12-gene cluster indicated that it is organized 

presumably in four transcriptional units as sequences resembling -35 and -10 boxes, 

indicating promoter regions, were found in front of four genes. The first unit could be the 

regulatory protein, SPR1763, the second one would consist only of SPR1764, a peptide 

with unknown function, the third unit would include the two structural lantibiotic peptides 

and the modification enzyme (SPR1765-1767), and the fourth unit would consist of 

SPR1768-1774. In conclusion, analysis of the putative pneumococcin gene cluster indicates 

that it likely belongs to the class I of bacteriocins. 

 

Attempts to find antimicrobial activity mediated by the cluster I 

In order to determine whether the cluster is functional and produces biologically 

active peptides, various antimicrobial assays, such as patch and agar diffusion assay, were 

performed using a variety of growth conditions (data not shown). In these assays the wild 

type S. pneumoniae D39 was compared with a pneA1-pneA2 mutant. Nevertheless, no 

antimicrobial activity specific to PneA1 and PneA2 was observed. 

Transcriptional lacZ fusions were constructed to three of the four predicted 

putative promoters for this region, i.e. Pspr1763, Pspr1764 and PpneA1-pneA2 (data not 

shown). Their activity was studied in a variety of conditions, e.g. various media, 

carbohydrate sources, temperatures and pH stress. None of the tested conditions induced 

expression directed by the promoters (data not shown). The average activity of Pspr1763 

and Pspr1765-1766 was 0.8 and 5.2 Miller Units, respectively (data not shown), which 

indicates that the pneumococcin promoter might not be very active. In contrast, expression 

of Pspr1764 was rather high, about 80 Miller Units in all tested conditions (data not 

shown), which suggests that SPR1764 might have a repressing activity. In brief, no 

(growth) condition, in which Pspr1765-1766 was induced, was identified. This might 

indicate either that a further screen for expression condition is required or that there is 

negative regulator or that the pneumococcin cluster is not functional in the D39 strain. To 

identify a putative negative regulator of the pneumococcin cluster, random transposon 

mutagenesis was performed using the Pspr1765-1766 lacZ fusion. Approximately 36.000 

mutants were screened, on both GM17 and BHI medium, but none of them showed 

increased expression of the putative pneumococcin promoter, i.e. PpneA1 -pneA2 (data not 

shown). 

Another approach was to put the expression of the pneumococcin A1 and A2 

peptides under control of a chromosomally integrated fucose-inducible promoter (data not 

shown) (63); upon addition of fucose, no expression of the PneA1 and PneA2 peptides was 

detected in the examined supernatants (data not shown). However, the PneA1 and PneA2 

peptides do have intrinsic antimicrobial activity as we showed in chapter 3 of this thesis. In 

short, two chimeras were constructed by fusion of the leaderless pneA1 and pneA2 genes to 
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the nisin leader peptide. Subsequently, the chimeras were produced in the Lactococcus 

lactis NZ9000 strain containing the nisin biosynthetic enzymes, NisBTC (310,439). 

Importantly, the chimeric peptides were modified and showed antimicrobial activity against 

Micrococcus flavus (310), suggesting that in S. pneumoniae the pneumococcin peptides 

might be produced and display antimicrobial activity under yet unidentified conditions. 

Further investigation is needed to confirm this. 

 

Cluster II, a non-lantibiotic cluster found in the genomic region of the pneumococcin 

cluster in S. pneumoniae strains G54, CGSP14, 70585, P1031, Taiwan19F-14 and 

Hungary 19A-6 

 Interestingly, in the same genomic region of the pneumococcin cluster, a second 

non-lantibiotic bacteriocin-like cluster is located in the other analyzed S. pneumoniae 

strains, namely G54, CGSP14, 70585, P1031, Taiwan19F-14 and Hungary19A-6 (Fig. 3). 

This cluster II contains some homologs of the pneumococcin cluster, namely the genes 

encoding putative regulatory and immunity proteins and those with unknown function 

(SPR1763, SPR1764, SPR1772, SPR1773 and SPR1774, Fig. 3). In all these strains, the 

bacteriocin-like cluster II contains a putative regulator (genes number 23 in Fig. 3), a LanE-

like protein (gene number 1 in Fig. 3), a LanF-like protein (gene number 4 in Fig. 3) and 

several additional genes are present in some strains (Fig. 3). For instance, gene number 12 

(strain 70585, P1031 and CGSP14) and gene number 15 (strain G54, 70585, P1031, 

Hungary19A-6 and Taiwan19F-14) both encode a protein of unknown function, gene 

number 25 (strain G54 and Hungary19A-6), which encodes a bacteirocin-like peptide, and 

gene number 26 (strain G54) encoding a putative ABC transporter (Fig. 3). Gene number 

25 of cluster II, annotated in Hungary19A-6 as SPH_2096 and in G54 as SPG_1856, has a 

GG-cleavage site and a high pI of 8.8, and positive amino acids in the C-terminal end 

suggesting that it encodes a putative bacteriocin-like peptide. Notably, only G54 and 

Hungary19A-6 have this specific bacteriocin like-peptide, thus an antimicrobial activity 

specific to this putative bacteriocin would likely be unique to these strains. As it is shown in 

the amino acid sequence alignment in Fig. 4, SPH_2096 and SPG_1856 are identical and 

they show similarity to other putative bacteriocin-like peptides from cluster III and IV (Fig. 

4). To conclude, the lack of the pneumococcin cluster in the same genomic region in these 

six S. pneumoniae strains and instead the presence of other genes, i.e. SPH_2096 or 

SPG_1856, and homologs of SPR1772 and SPR1774, indicates that this region is 

genetically variable among S. pneumoniae. Furthermore, two homologs of gene number 1 

and 4, encoding LanE and LanF-like protein, respectively, were also found in L. lactis and 

Streptococcus equi. 
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A. 

 

B. 

Gene IDa Gene 

numberb Functionc 

SPR1764 12 peptide with unknown function 

SPR1765-1766 13,24 PneA1 and PneA2;two-peptide like bacteriocin 

SPR1767 10 LanM-like modification enzyme 

SPR1768 11 LanD-like FAD-dependent flavoprotein 
SPR1769 14 S2P/M50 family protease 

SPR1770 5 LanT-like, ABC transporter containing N-terminal double-glycine 

peptidase C39 family 
SPR1771 6 LanP-like protein 

SPR1772 1 LanE-like protein 

SPR1773 4 LanF-like protein 
SPR1774 15 Unknown function 

SP1959 7 Nucleoside diphosphate kinase 

SP1960 8 DNA-directed RNA polymerase beta‘ chain 
SP1961 9 DNA-directed RNA polymerase beta chain 

SPG_1848 16 Na+ driven multidrug efflux pump 

SPG_1849 17 RecA protein 
SPG_1850 18 CinA; competence-damage protein  

SPG_1851 19 Transcriptional regulator, LytR family 

SPR1760 20 Acetyltransferase, GNAT 
SPR1761 21 ATP/GTP hydrolase 

SPR1762 22 Hypothetical protein 

SPR1763 23 Transcriptional regulator, XRE-family like protein 
SPG_1856 

 

25 Bacteriocin-like peptide (S. pneumoniae: G54 SPG_1856; Hungary19A-6 

SPH_2096) 

SPG_1858 26 ABC transporter, ATP-binding protein 
yujA 3 Adenine-specific methyltransferase  

ackA 2 Acetate kinase 

 

Figure 3. A. Comparison of the cluster II genomic region in the S. pneumoniae strains. Dashed lines indicate 

insertion elements and genes marked as grey indicate those that do not have have homology to other ones shown 

in this figure. B. Table listing the genes and their function of the genomic region of the cluster II. a Gene ID refers 

to S. pneumoniae R6 or TIGR4 or G54 locus tags. b Gene number refers to gene numbers shown in Figure 3 and 
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described in order from left to right. c Putative/predicted function based on ERGOTM, R6/TIGR4 annotation and/or 

domain prediction, and/or homologous proteins. Genes with the same color are predicted to have the same 

function, colors are arbitrarily designated. 

 

 
 

Figure 4. Amino acid sequence alignment of the bacteriocin-like peptide (gene number 25) of cluster II, 

SPG_1856, with other putative bacteriocins of cluster III and IV of S. pneumoniae strains. Alignment was 

performed using ClustalW (302). Asterisk, identical residues; colon, conserved residues; period, semi-conserved 

residues. 

 

Cluster III shares structural and amino acid similarity to the well-characterized 

bacteriocin cluster, namely lactococcin 972 

Cluster III was found in strains CGSP14, G54, Hungary19A-6, JJA, 70585 and 

ATCC 700669, and consists of a putative bacteriocin structural gene (indicated as number 1 

in Fig. 5), a putative ABC transporter, a hypothetical protein and a hypothetical protein 

with eight transmembrane domains (gene numbers 3, 4 and 5, respectively, in Fig. 5). The 

amino acid sequence of the bacteriocin-like peptide (SP70585_2060; ATCC 700669 

SPN23F_20090; CGSP14 SPCG_1952; G54 SPG_1890; Hungary19A-6 SPH_2130; JJA 

SPJ_1981) of cluster III in all strains is identical and contains a putative GG-proccesing 

site, and positive residues in the C-terminal part of the peptide, all features characteristic for 

known bacteriocins (Fig. 4 and supplemental material Fig. S3). Notably, the amino acid 

sequence of these bacteriocin-like peptides is similar (approximately 41% identity) to the 

known L. lactis plasmid-encoded bacteriocin, lactococcin 972 (327,328), (supplemental 

material Fig. S3). Additionally the putative immunity protein of cluster III (number 5 in 

Fig. 5) demonstrates significant similarity to the immunity protein of lactococcin 972. 

Interestingly, cluster III is not present in the genomes of S. pneumoniae R6, D39 and 

TIGR4, three strains often used for studying S. pneumoniae pathogenesis. Taken together, 

the resemblance between the bacteriocin-like peptides of cluster III and the lactococcin 972 

suggests that cluster III is likely to produce a functional antimicrobial peptide belonging to 
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class II bacteriocins and that the cluster might be classified to the lactococcin 972 family of 

bacteriocins. 

 

A. 

 

B. 

Gene IDa 
Gene 

numberb Functionc 

SPG_1894 9 LPXTG-motif cell wall anchor domain 

SPG_1893 8 Hydrolase, TatD family 

SPG_1892 7 Topoisomerase-primase homolog 
SPG_1891 6 Transcriptional regulator, XRE-family like protein 

SPG_1890 1 Bacteriocin-like peptide (S. pneumoniae: 70585 SP70585_2060; ATCC 

700669 SPN23F_20090; CGSP14 SPCG_1952; G54 SPG_0625; 
Hungary19A-6 SPH_2130; JJA SPJ_1981) 

SPG_1889 5 Immunity protein  

SPG_1888 4 ABC transporter ATP binding protein 
SPG_1887 3 Hypothetical protein 

SPG_1886 2 Dimethyladenosine transferase 

 

Figure 5. A. Graphical representation of the cluster III in the S. pneumoniae strains. Genes marked as grey 

indicate those that do not have have homology to other ones from this figure B. Genes of the genomic region of 

the cluster III and their function. a Gene ID refers to S. pneumoniae G54 locus tags. b Gene number refers to gene 

numbers shown in Figure 5 and described in order from left to right. c Putative/predicted function based on 

ERGOTM, R6/TIGR4 annotation and/or domain prediction, and/or homologous proteins. Genes with the same 

color are predicted to have the same function, colors are arbitrarily designated. 

 

Cluster IV, located in another region of the genome, also shares homology with 

lactococcin 972 

The putative cluster IV is present in the majority of analysed strains: R6, G54, 

D39, CGSP14, TIGR4, 70585, ATCC 700669, P1031 and Taiwan19F-14 (Fig. 6). The 

bacteriocin-like cluster IV consists of three genes, i.e. a putative bacteriocin peptide, a 

putative immunity protein and a putative ABC transporter (gene numbers 1, 18 and 5 in 

Fig. 6, annotated in R6 strain as SPR0600, SPR0601 and SPR0602, respectively). The 

putative propeptide amino acid sequence of the bacteriocin-like peptide IV (gene indicated 

as number 1 in Fig. 6) demonstrates known bacteriocin features e.g. a GG-cleavage site, 

positive amino acids in the C-terminus and high net pI of 9.2.  
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A. 

 

B.  

Gene IDa Gene 

numberb 
Functionc 

SPR0590 7 Hypothetical protein 
SPR0591 8 Ribonuclease Z 

SPR0592 9 Short chain dehydrogenase 
SPR0593 10 Transcriptional regulators, LysR family 

SPR0594 13 Hypothetical cytosolic protein 

SPR0595 14 Rhodanese-related sulfurtransferase 
SPR0596 15 Hypothetical protein  

SPR0597 12 RsuA; ribosomal small subunit pseudouridine synthetase 

SPR0598 11 TypA; GTP-binding protein 
SPR0599 16 Hypothetical membrane spanning protein 

SPR0600 1 Bacteriocin-like peptide (S. pneumoniae: TIGR4 SP0685; 70585 
SP70585_0742; ATCC 700669 SPN23F_06180; CGSP14 SPCG_0640; D39 

SPD0595; G54 SPG_0625; P1031 SPP_0704; Taiwan19F-14 SPT_0707) 

SPR0601 18 Immunity protein 
SPR0602 5 ABC transporter ATP binding protein 

SPR0603 4 MurD; UDP-N-acetylmuramoylalanine—D-glutamate ligase  

SPR0604 3 MurG; UDP-N-acetylglucosamine--N-acetylmuramyl-(pentapeptide) 
Pyrophosphoryl-undecaprenol N-acetylglucosamine transferase 

SPR0605 2 DivIB; cell-division initiation protein 

SPR0606 19 Hypothetical protein  
SPR0607 17 Hypothetical protein 

SPG_0631 21 PyrF; Orotidine 5-phosphate decarboxylase 

SPG_0632 22 Orotate phosphoribosyltransferase 

 

Figure 6. A. Organization of the cluster IV in the S. pneumoniae strains. B. Table summarizing the list of genes 

and their function of the genomic region of the cluster IV. a Gene ID refers to S. pneumoniae R6 or G54 locus tags. 
b Gene number refers to gene numbers shown in Figure 6 and described in order from left to right. c 

Putative/predicted function based on ERGOTM, R6/TIGR4 annotation and/or domain prediction, and/or 

homologous proteins. Genes with the same color are predicted to have the same function, colors are arbitrarily 

designated. 

Notably, peptide IV shows approximately 34% amino acid identity towards the known 

bacteriocin lactococcin 972 (327,328), (Fig. 4 and supplemental material Fig. S3), and 

about 58% towards bacteriocin-like peptides of cluster III, i.e. gene number 1 in Fig. 5. The 

amino acid sequence of peptide IV is identical in all strains except for TIGR4, ATCC 
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700669 and CGSP14 (Fig. 4 and supplemental material Fig. S3). In these three strains, the 

peptide IV lacks approximately half of its N-terminus, which consequently could result in a 

loss of activity of the cluster. The putative immunity protein of cluster IV (gene number 18 

in Fig. 6) is homologous to the immunity protein of cluster III (gene number 5 in Fig. 5). In 

addition, the putative ABC transporter of cluster IV (gene number 5, Fig. 6) might be 

involved in transport of the bacteriocin-like peptide IV across the cell envelope. However, 

the protein(s) responsible for processing of the bacteriocin-like peptide of cluster IV and as 

well of the peptide of cluster III is unknown because in the close vicinity of these clusters 

there are no putative proteases in the genome. Nevertheless, processing as well as transport 

of the peptides of cluster III and IV might happen in a manner analogous to that of 

lactococcin 972, where it is probably mediated by the Sec-secretion system (327). This 

hypothesis is supported by the fact that the putative bacteriocins of cluster III and IV 

contain signal peptide with characteristics that probably match requirements of the Sec-

export system (supplemental material Fig. S3), i.e. the N-terminus of the leader peptide is 

positively charged, the C-terminus of the leader contains a consensus cleavage site (AXA) 

and the sequence between the N- and C-terminus is hydrophobic (512). However, whether 

the putative bacteriocins of cluster III and IV are secreted by the Sec-pathway or by the 

putative ABC transporter of these clusters needs to be determined.  

The bacteriocin-like cluster IV is highly conserved in all examined S. pneumoniae 

strains, except for strain JJA and Hungary19A-6 (Fig. 6), indicating that it is probably also 

present in the genomes of other not yet sequenced S. pneumoniae strains. In agreement with 

that, a BLAST search showed that the cluster is present in some S. pneumoniae strains, for 

which a partially sequenced genome is available in the public databases (data not shown). 

In conclusion, this cluster likely produces a functional antimicrobial peptide of class II 

bacteriocins, since it possesses the structural bacteriocin gene in addition to a transport and 

an immunity protein. Additionally the cluster IV, as it is for the cluster III, can be classified 

to the lactococcin 972 family.  

 

Cluster V contains a pneumococcal peptide of unknown function (ppu) 

In all sequenced S. pneumoniae strains except CGSP14, the putative bacteriocin-

like cluster V consists of six genes (Fig. 7). The cluster encodes a putative regulator, PpuR, 

a bacteriocin-like peptide, PpuA, two CAAX amino terminal proteases, PpuBC, a 

transporter belonging to the major facilitator family (MFS), PpuD, and a putative branched-

chain amino acid transporter, PpuE, (numbers 1, 8, 14, 22, 5 and 4, respectively in Fig. 7). 

The PpuR regulator, of the Rgg/GadR/MutR protein family, shows 30% amino acid identity 

to known positive regulators of bacteriocins i.e. MutR of Streptococcus mutans (277,421-

424) and BhtR of Streptococcus rattus (223). The amino acid sequence of PpuA (indicated 

as number 8 in Fig. 7) displays characteristic features of bacteriocins, e.g. positive amino 

acids in the C-terminal end and a putative GG-processing site (supplemental material Fig. 

S4). Interestingly, in strain CGSP14 four genes encoding a putative bacteriocin 
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(SPCG_0144), a putative serine (threonine) dehydratase (SPCG_0145) and a putative 

lathionine synthetase (SPCG_0146), and lantibiotic efflux protein (SPCG_0147), have 

replaced the ppuA gene. In addition, the amino acid sequences of SPCG_0145 and 

SPCG_0146 show approximately 25% identity to known lantibiotics biosynthesis proteins, 

e.g. EpiB and EpiC of Staphylococcus epidermidis (463), MutB and MutC of S. mutans 

(421-423), GdmB and GdmC of Staphylococcus gallinarum (526), SrtB and SrtC of S. 

pyogenes (249), SpaB and SpaC of Bacillus subtilis (74,169), NisB and NisC of L. lactis 

(130,285), NsuB, and NsuC of Streptococcus uberis (555), and PepB, and PepC of S. 

epidermidis (346). Moreover, the amino acid sequence of the putative bacteriocin 

(SPCG_0144) shows high similarity to a putative lantibiotic precursor of S. thermophilus 

strains LMD-9, LMG18311 and CNRZ1066 (supplemental material Fig. S5). Notably, all 

examined S. thermophilus strains possess a putative lantibiotic locus homologous (identity 

of 70-88%) to that of strain CGSP14 (116) except for strain LMD-9, where the similarity is 

lower. Therefore, we hypothesize that a genetic exchange occurred between S. 

thermophilus and the CGSP14 strain within this genomic region. 

To examine whether the ppu cluster produces a functional bacteriocin-like peptide, 

further extensive investigations were performed, which are described in chapter 3 of this 

thesis. Shortly, we have shown that the ppu cluster is highly expressed in chemically 

defined medium (CDM, (260)) and that CodY, a branched-chain amino acid regulator 

(199), is a negative regulator of this cluster (chapter 3). Investigations of putative 

antimicrobial activity of this cluster were performed using following S. pneumoniae strains, 

namely R6, D39, TIGR4 and the derivatives D39ΔcodY, R6ΔppuA and D39ΔppuA. Several 

antimicrobial activity assays such as patch and agar diffusion assay, and co-culture assays 

were performed (data not shown) with various indicator strains such as L. lactis, M. flavus, 

Moraxella catarrhalis and S. pneumoniae D39ΔcodY, R6ΔppuA and D39ΔppuA. However, 

no antimicrobial activity specifically related to the PpuA peptide was observed (data not 

shown).  

Since extracellular amounts of PpuA might not have been sufficient either to reach 

bactericidal concentration or to visualize the peptide on a gel, isolation of PpuA via diverse 

concentration methods, e.g. TCA precipitation, stirred cells filtering and concentration 

techniques, and FPLC by use of ion-exchange columns, were performed. Alternatively, the 

peptide was cloned with a Strep-tag for expression, detection and purification purposes 

(data not shown). Nevertheless, no PpuA-like peptide was found. Thus, we assumed that 

the isolation/concentration methods were not suitable or sufficient to purify PpuA. 

Therefore, PpuA was synthesized but it still did not show significant antimicrobial activity 

(MIC>1 mg/ml) against the indicator strains mentioned above (data not shown). Thus, we 

speculate that PpuA, and consequently the ppu cluster, performs another function(s) in S. 

pneumoniae, most likely in nitrogen metabolism (chapter 3). 

 

 



Bacteriocin-like gene clusters 

55 

A. 

 

B.  

Gene IDa Gene 

numberb Functionc 

SPR0134 9 Transposase 

SPR0135 10 EpsG; Glycosyltransferase 
SPR0136 13 Glycosyltransferase  

SPR0137 6 ABC transporter ATP-binding protein 

SPR0138 12 Hypothetical protein 

SPR0139 7 Ugd; UDP-glucose 6-dehydrogenase 

SPR0140 1 PpuR; Transcriptional activator Rgg/GadR/MutR family 

SPR0141 8 PpuA; a putative bacteriocin peptide (S. pneumoniae: TIGR4 SP0142; 70585 
SP70585_0216; ATCC 700669 SPN23F_01520; D39 SPD0145; G54 

SPG_0144; JJA SPJ_0175; P1031 SPP_ 0212; Taiwan19F-14 SPT_0189) 

SPR0142-0143  14, 22 PpuBC; CAAX amino terminal protease family 
SPR0144 5 PpuD; Macrolide-efflux protein 

SPR0145 4 PpuE; putative branched-chain amino acid transport protein AzlC 

SPR0146 19 ABC transporter substrate-binding protein 
SPR0147 3 ABC transporter substrate-binding protein 

SPR0148 2 DapE; Acetylornithine deacetylase/Succinyl-diaminopimelate desuccinylase 

and related deacylases 

SPR0149 21 ABC transporter ATP binding protein 

SPG_0134 18 Transposase 

SPG_0135 11 Glycosyltransferase 
SPCG_0139 15 Hypothetical protein 

SPCG_0140 16 Hypothetical protein  

SP70585_0219 17 Hypothetical protein 
SPG_0149 20 putative branched-chain amino acid transport protein AzlD 

 

Figure 7. A. Comparison of the genomic region of the cluster V in S. pneumoniae strains. Dashed lines indicate 

insertion elements and genes marked as grey indicate those that do not have have homology to other ones shown 

in this figure. B. Table summarizing graphical overview of the cluster V. a Gene ID refers to S. pneumoniae R6 or 

G54 or CGSP14 or 70585 locus tags. b Gene number refers to gene numbers shown in Figure 7 and described in 

order from left to right. c Putative/predicted function based on ERGOTM, R6/TIGR4 annotation and/or domain 

prediction, and/or homologous proteins. Genes with the same color are predicted to have the same function, colors 

are arbitrarily designated. 
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Cluster VI is rich in genes that encode putative bacteriocin peptides 

 The putative bacteriocin cluster VI is present in all analyzed S. pneumoniae 

strains (Fig. 8). Cluster VI contains one or more putative bacteriocin peptides, depending 

on the strain (gene numbers 16, 17, 20, 21 in Fig. 8, supplemental material Fig. S6), one 

hypothetical membrane protein and two putative ABC transporters, each of which has a 

multidrug transporter domain (gene numbers 6, 1 and 7, respectively, in Fig. 8).   

 The bacteriocin-like peptide number 17 in Fig. 8 is present in all analyzed S. 

pneumoniae strains but Hungary19A-6. The bacteriocin-like peptide contains a GA-

processing site and, in the C-terminal part, positively charged amino acids. However, this 

propeptide has an atypical low pI value of 4.7 (supplemental material Fig. S6 A). The 

amino acid sequence of the bacteriocin-like peptide of gene number 16 in Fig. 8 has 

lantibiotic-like features such as the PR-processing site and serine, and threonine residues 

important for lantibiotic modifications (Fig. 8, supplemental material Fig. S7). However, 

the lack of cysteine residues in the C-terminus, which are essential for the ring formation in 

lantibiotics, as well as the absence in this genomic region of enzymes required for the 

amino acid modifications specific for lantibiotics, excludes the possibility that the peptide 

with gene number 16 is a lantibiotic. Nevertheless, the bacteriocin-like peptide can be still 

functional.  

The bacteriocin-like peptide with gene number 20 in Fig. 8 contains a GG-processing site 

and is rich in both positive and negatively charged residues but again the net pI value is 

low, 4.5, compared to known bacteriocins (supplemental material Fig. S6 B). The 

bacteriocin-like peptide 21 has a high pI of 8.9 but lacks a known bacteriocin-processing 

site (supplemental material Fig. S6 C). Interestingly, the C-terminal part of the peptide of 

gene number 17 and the N-terminal part of the peptide of gene number 21 show amino acid 

sequence similarities to peptides of S. mutans and S. gordonii with unknown function 

(supplemental material Fig. S8 A and B). Homologs of two putative ABC transporters 

(gene numbers 1 and 7 in Fig 8) were found in several S. thermophilus strains (Fig. 8). 

Interestingly, these homologs in S. thermophilus are also adjacent to a putative bacteriocin 

(gene marked as number 30 in Fig. 8). Therefore, we hypothesize that the two ABC 

transporters are involved in transport of or immunity for the bacteriocin-like peptide VI. In 

conclusion, the bacteriocin-like cluster VI might be involved in antimicrobial peptide 

production, although the genes do not contain all the typical characteristics of bacteriocin 

clusters. However, this cluster is probably functional and further research is necessary to 

establish whether this cluster has a bacteriocin-like function and which of the putative 

bacteriocin genes encodes an active antimicrobial substance. 
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A.  

 

B. 

Gene IDa Gene 

numberb Functionc 

SPR1667 19 Galactose-1-phosphate uridylyltransferase 

SPR1666 18 Thioesterase superfamily protein 

SPR1665 14 DpnC; Type II restriction-modification system restriction subunit  

SPR1664 2 DpnD 

SPR1663 3 Xanthine permease 

SPR1662 4 Xanthine phosphoribosyltransferase 

SPR1661 22 Bleomycin resistance protein 

SPR1660 5 ExoA; exodeoxyribonuclease III 

SPR1659 17 Bacteriocin-like peptide (S. pneumoniae: TIGR4 SP1842; 70585 SP70585_1896; ATCC 

700669 SPN23F_18580;  CGSP14 SPCG_1817; D39 SPD1624; G54 SPG_0144; JJA 

SPJ_1726; P1031 SPP_1841; Taiwan19F-14 SPT_1759) 

SPR1658 6 Hypothetical membrane associated protein 

SPR1656-1657 1, 7 ABC-type multidrug transport system, ATPase and permease components 

SPR1655 8 Probable CPS biosynthesis glycosyltransferase 

SPR1654 9 3-amino-5-hydroxybenzoic acid synthase family  

SPR1653 16 Bacteriocin-like peptide, (S. pneumoniae: TIGR4 SP1836; D39 SPD1618; JJA SPJ_1741) 

SP1835 15 Hypothetical peptide (S. pneumoniae: TIGR4 SP1835; Taiwan19F-14 SPT_1753) 

SPR1652 11 Hypothetical protein 

SPR1651 20 Bacteriocin-like peptide (S. pneumoniae 70585 SP70585_1889; ATCC 700669 

SPN23F_18500; CGSP14 SPCG_1810; D39 SPD1616; JJA SPJ_1739) 

SPR1650 12 Unknown protein 

SPR1649 13 Phosphate transport system protein phoU 

SPG_1735 26 dpnM  

SPD1625 21 Bacteriocin-like peptide (S. pneumoniae: 70585 SP70585_1897; ATCC 700669 

SPN23F_18590; D39 SPD1625; G54 SPG_1727; JJA SPJ_1748; P1031 SPP_1842; 

Taiwan19F-14 SPT_1760) 

STER_1653 32 Bacteriocin processing peptidase 

STER_1652 31 Bacteriocin export accessory protein 

STER_1651 30 Bacteriocin-like peptide 

 

Figure 8. A. The cluster VI and its flanking region in the S. pneumoniae and the S. thermophilus strains. Dashed 

lines indicate insertion elements and genes marked as grey indicate those that do not have have homology to other 

ones from this figure. B. Genes of the genomic region of the cluster VI and their function. a Gene ID refers to S. 

pneumoniae R6 or G54 or TIGR4 or S. thermophilus locus tags. b Gene number refers to gene numbers shown in 

Figure 8 and described in order from left to right. c Putative/predicted function based on ERGOTM, R6/TIGR4 
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annotation and/or domain prediction, and/or homologous proteins. Genes with the same color are predicted to have 

the same function, colors are arbitrarily designated. 

 

Cluster VII is likely not functional 

The putative bacteriocin cluster VII, or some of its components, is present in 

strains R6, D39, TIGR4, ATCC 700669, Hungary19A-6, 70585 and CGSP14 (Fig. 9). In 

R6 the cluster VII is composed of genes (indicated as gene numbers 16, 8, 7, 2 and 1, 

respectively, in Fig. 9) encoding proteins that are likely involved in the modification, 

processing and transport of putative lantibiotic-like bacteriocin peptides (gene number 14 

and/or 28 in Fig. 9) and the associated immunity.  

 

A. 

 

B. 

Gene IDa Gene numberb Functionc 

SPR1209 29 Hypothetical protein 

SPR1207 20 Arsenate reductase 

SP1346 13 CAAX amino terminal protease family 

SPR1206 19 CAAX amino terminal protease family 

SPR1205 16 Serine/threonine protein kinase 

SPR1204 8 Protease II 

SPR1203 7 ABC transporter ATP binding protein 

SPR1202 2 ABC transporter ATP binding protein 

SPR1201 1 Hypothetical protein 

SPR1200 14 Bacteriocin-like peptide (S. pneumoniae D39 SPD1338) 

SP1339 15 Unknown peptide 

SP1333 9 Unknown peptide 

SPR1199 28 Bacteriocin-like peptide (S. pneumoniae D39 SPD1174) 

SPR1196 27 N-acetylmannosamine-6-phosphate 2-epimerase; NanE 

SPR1195 26 Hypothetical protein 

SPR1194 25 OppA; Oligopeptide-binding protein 

SPR1193 24 OppB; Oligopeptide transport system permease protein 

SPR1192 23 OppC; Oligopeptide transport system permease protein 

SPR1191 22 OppF; Oligopeptide transport ATP-binding protein 

SP1331 6 Transcriptional regulator RpiR family 

SP1330 5 N-acetylmannosamine-6-phosphate 2-epimerase 

SP1329 4 N-acetylneuraminate lyase 

SP1328 3 Sodium-coupled N-acetylneuraminate transporter 

 

Figure 9. A. The genomic region of the cluster VII in the S. pneumoniae strains. Dashed lines indicate insertion 

elements and genes marked as grey indicate those that do not have have homology to other ones shown in this 

figure. B. Table listing genes, and their function, of the genomic region of the cluster VII. a Gene ID refers to S. 
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pneumoniae R6 or TIGR4 locus tags. b Gene number refers to gene numbers shown in Figure 9 and described in 

order from left to right. c Putative/predicted function based on ERGOTM, R6/TIGR4 annotation and/or domain 

prediction, and/or homologous proteins. Genes with the same color are predicted to have the same function, colors 

are arbitrarily designated. 

 

The putative bacteriocin peptides resemble lantibiotics as they contain a GG-processing 

site, a high pI value and positively charged residues in the C-terminus, and serine and/or 

threonine and cysteine residues, which might be involved in ring formation (supplemental 

material Fig.S9 A and B). 

The bacteriocin-like cluster VII is well conserved within R6 and D39 (Fig. 9) in 

contrast to CGSP14 and Hungary 19A-6. In the CGSP14 strain, cluster VII lacks genes 

putatively encoding modification, processing and transport proteins (gene number 16, 8, 7 

and 2, respectively), and bacteriocin-like peptides (gene number 14 and 28 in Fig. 9). 

However, strains CGSP14, P1031, G54 and ATCC 700669 contain a homolog of the 

bacteriocin-like peptide of cluster VII (gene number 28), which is located in another 

genomic region than cluster VII (supplemental material Fig. S10). Strain Hungary 19A-6 

lacks the modification, processing and the bacteriocin-like peptides of cluster VII (gene 

number 16, 8, 14 and 28, respectively, in Fig. 9). The genomic region of the bacteriocin-

like cluster VII contains many insertion elements in all strains, except D39 (Fig. 9), which 

consequently, probably resulted in the destruction of the functionality of cluster VII in S. 

pneumoniae. 

 

Cluster VIII encodes CibAB, a two-peptide bacteriocin required for allolysis 

 Cluster VIII was found in all analyzed S. pneumoniae strains and is composed of 

three genes, namely cibABC (Fig. 10). The name Cib stands for competence-induced 

bacteriocins. When S. pneumoniae cells become competent, they produce a set of 

molecules, which trigger the lysis of non-competent S. pneumoniae cells. This killing 

mechanism was named fratricide and the type of cell-programmed lysis was termed 

allolysis (79,80,168,193). It was shown that CibAB affect allolysis especially in solid phase 

but infrequently in liquid culture (168,193). The cibAB genes encode a class II two-peptide 

bacteriocin (gene numbers 7 and 8, respectively, in Fig. 10 and supplemental material Fig. 

S11). According to S. Guiral et al., an open reading frame (ORF) of a protein conferring 

resistance to CibAB, namely cibC, is located upstream of CibB (between genes number 8 

and 1 in R6 genomic region in Fig. 10) (168). Nevertheless, this gene is not annotated in the 

genomes of the analyzed S. pneumoniae strains and consequently it is not shown in Fig. 10, 

which is automatically generated by ERGO
TM

. The CibAB peptides contain a typical GG-

processing site, but how they are processed or transported outside the cell is not yet known. 

It has been suggested that the proteolytic ABC transporter, ComAB, which processes and 

exports competence stimulating peptide (CSP) also performs this function for CibAB 

(78,79). 
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A. 

 

B. 

Gene IDa Gene 

numberb Functionc 

SPR0135 14 Glycosyltransferase 

 15 EpsG; Glycosyltransferase 

SPR0134 13 transposase 

SPR0133 17 transposase 

SPR0132 6 transposase 

SPR0131 3 O-sialoglycoprotein endoprotease 

SPR0130 4 RimI; ribosomal protein-S18-alanineacetyltransferase 

SPR0129 5 non-proteolytic protein, peptidase family M22 

SPR0128 7 CibA bacteriocin (S. pneumoniae: TIGR4 SP0125; CGSP14 CPSG_0129; D39 

SPD0133; G54 SPG_0129; Hungary19A-6 SPH_0241; JJA SPJ_0158; P1031 SPP_0194; 

Taiwan19F-14 SPT_0173; 70585 SP70585_0204; ATCC 700669 SPN23F_01380)  

SPR0127 8 CibB bacteriocin (S. pneumoniae: TIGR4 SP0124; CGSP14 CPSG_0128; D39 SPD0132; 

G54 SPG_0128; Hungary19A-6 SPH_0240; ; JJA SPJ_0157; P1031 SPP_0193; 

Taiwan19F-14 SPT_0172; 70585 SP70585_0203; ATCC 700669 SPN23F_01379) 

SPR0126 1 Putative regulatory protein 

SPR0125 2 Zn -dependent hydrolase 

SPR0124 9 GidA; Glucose inhibited division protein 

SPR0123 10 Phosphohydrolase 

SPR0122 12 tRNA (5-methylaminomethyl-2-thiouridylate)-methyltransferase; TrmU 

SPR0121 11 Pneumococcal surface protein A 

RPN02123 16 Hypothetical protein 

SPCG_0127 28 Hypothetical protein; bacteriocin-like peptide (Hungary19A-6 SPH_0239) 

SPG_0122 29 Hypothetical protein 

SPJ_0154 30 Hypothetical protein 

   

 

Figure 10. A. Graphical representation of the cibABC (cluster VIII) locus in Streptococcace. Dashed lines indicate 

insertion elements and genes marked as grey indicate those that do not have have homology to other ones shown 
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in this figure. B. List of genes and their function of the genomic region of the cibABC locus in Streptococcace. a 

Gene ID refers to S. pneumoniae R6 locus tags. b Gene number refers to gene numbers shown in Figure 10 and 

described in order from left to right. c Putative/predicted function based on ERGOTM, R6/TIGR4 annotation and/or 

domain prediction, and/or protein homologous. Genes with the same color are predicted to have the same function, 

colors are arbitrarily designated. 

 

The CibAB peptides have not been isolated neither could their contribution to 

allolysis be detected in a cell-free supernatant or when the peptides were synthetically 

produced (168). Hence, it was proposed that cell-to-cell interaction is required for CibAB 

antimicrobial activity (168). Analysis of the cibABC region in five S. pneumoniae strains,  

i.e. of serotype 2, 4, 19F, 23F and 6B, showed only two changes in protein sequences, 

indicating that allolysis might be a conserved process within S. pneumoniae species (168), 

which is in accordance with the fact that all strains are thought to be competent. 

Interestingly, strains CGSP14, Hungary19A-6 and Taiwan19F-14 harbor, adjacent to 

cibAB, a gene (with a gene number 28 in Fig. 10) encoding a peptide of unknown function. 

The amino acid sequence of this peptide shows bacteriocin-like characteristics 

(supplemental material Fig. S11 C). This raises the possibility that this peptide belongs to 

the cibABC cluster in these three strains and it might perform a bacteriocin-like function, 

which could change the fratricide mechanism in these strains. Strikingly, cluster VIII is 

present in all analysed S. pneumoniae genomes, except for Hungary19A-6. A comparison 

of the cibABC genomic region across some other species of the family Streptococcaceae 

(Fig. 10) revealed that CibAB bacteriocins are specific for S. pneumoniae, although the 

neighbouring genes of cibABC are conserved. Accordingly, we hypothesize that CibAB-

specific allolysis occurs only in S. pneumoniae or that other Streptococcus species use 

different peptides. The latter is more likely since peptides similar to CibAB were found in 

another genomic region of S. mitis and S. gordonii, but not in S. thermophilus, S. sanguinis 

and S. mutans (80), suggesting that in other Streptococcus species, an allolysis-like 

phenomenon might exists.  

 

Cluster IX encodes the Blp (Pnc) bacteriocins belonging to the class IIb of bacteriocins 

The blp (bacteriocin-like peptide, or pnc) cluster was first described by R. Lange 

et al. (300) and antimicrobial activity has been shown for the Blp-bacteriocins (97,98,307) 

(Fig. 11). Within the blp cluster, genes with number 9 and 10 in Fig. 11 encode bacteriocin 

peptides, namely BlpM and BlpN. However, it is predicted that more bacteriocin-like 

peptides of the Blp cluster, namely BlpI, BlpJ and BlpK (indicated by gene number 12 in 

Fig. 11), and BlpU located in another genomic region than the Blp cluster, are involved in 

Blp mediated antimicrobial activity (97,307). Interestingly, the Blp bacteriocins show both 

inter- and intraspecies activity. For instance, the BlpM and BlpN bacteriocins of S. 

pneumoniae type 6A and 19A were shown to inhibit the growth of the TIGR4 strain (97). 

Similarly, the Blp bacteriocins of S. pneumoniae 632 were active against other S. 

pneumoniae strains, namely R6 and 2306 but also against other species i.e. S. mitis, 
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A. 

 

B. 

Gene IDa Gene numberb Functionc 

SP0547 34 (PncP) CAAX amino terminal protease family 
SP0546 31 BlpZ (PncQ) Immunity protein 

SP0545 23 BlpY (PncO) CAAX amino terminal protease family 

SP0544 28 BlpX (PncN) Immunity protein 
SP0542 30 Hypothetical protein 

SP0540 10 BlpN (PncJ) Bacteriocin-like peptide 

SP0539 9 BlpM (PncI) Bacteriocin-like peptide 

SP0536, SP0543 29 BlpL (PncM and PncH, respectively) immunity protein 

SP0535 33  (PncG) Immunity protein 

SP0531,SP0532, 
SP0533, SP0541 

12 BlpI, BlpJ, BlpK and BlpO (PncA, PncD, PncE2 and PncV, 
respectively) bacteriocin-like peptides 

SP0530 1 BlpC ABC transporter (SpiDCBA)  
SP0529 4 Bacteriocin export accessory protein 

SP0528 32 BlpC (SpiP) Pheromone peptide 

SP0527 6 BlpH (SpiH) Histidine kinase 
SP0526 5 BlpR (SpiR2) Response regulator 

SP0525 26 BlpS (SpiR1) Response regulator 

- 13,16,24,25, 
41,57,58 

Transposase 

 

Figure 11. A. The blp (pnc; cluster IX) genomic region in Streptococcace. Dashed lines indicate insertion 

elements and genes marked as grey indicate those that do not have have homology to other ones from this figure. 

B. Genes of the blp cluster and their putative function. a Gene ID refers to S. pneumoniae TIGR4 locus tags. b Gene 

number refers to gene numbers shown in Figure 11 and described in order from left to right. c Putative/predicted 
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function based on ERGOTM, R6/TIGR4 annotation and/or domain prediction, and/or homologous proteins. Genes 

with the same color are predicted to have the same function, colors are arbitrarily designated.  

 

Streptococcus oralis, and S. pyogenes (307). Additionally the Blp peptides of S. 

pneumoniae 632, 2306, TIGR4 and 628 inhibited growth of L. lactis and Micrococcus 

luteus (307). 

The BlpRH (TCS13), two-component system (marked as numbers 5, 6 and 26 in 

Fig. 11), regulates production of the Blp-bacteriocins. It is thought that BlpH senses the 

pheromone peptide, BlpC (number 32 in Fig. 11), and subsequently activates BlpR, which 

induces expression of the blp cluster. This has been shown using synthetic BlpC, since the 

natural conditions that induce blp expression remain unknown (102,436). In addition, the 

blp cluster is negatively regulated on a posttranscriptional level by the serine protease HtrA 

(98). 

Extensive analysis of the genomic region of the blp cluster in various S. 

pneumoniae strains and its isolates has been performed (97,307,436), which showed that 

the size of the region can differ up to 5 kb, as it is in R6 and TIGR4 (307). Accordingly, 

there are also variations in the number of bacteriocin encoding genes and their amino acid 

sequence, as well as the number of immunity proteins and dedicated transporter proteins 

(307). We determined that the blp-like cluster is also present in other streptococcal species 

(Fig. 11). In some of these species, e.g. S. thermophilus, S. pyogenes, S. mutans and S. equi, 

the cluster has been described and, in addition, for two latter species, it was shown to be 

functional (141,142,217,273,531,532). Interestingly, the blp-like cluster in S. mutans and S. 

thermophilus also contains significant variations in the number of bacteriocin-encoded 

genes (142,531). All together, the data indicates that the blp-like cluster is ubiquitous 

among streptococci and likely it contributes to their survival in the environment probably 

by eliminating closely related species. In addition, the variation in the Blp-dependent intra- 

and interspecies competition might be explained by the genetic variability of the IX cluster 

in S. pneumoniae strains (97,307).  

 

Discussion 

 

Here, we present a comparative analysis of nine putative bacteriocin gene clusters 

identified within 11 S. pneumoniae strains. Following a BAGEL analysis in strains R6 and 

TIGR4, nine clusters were identified based on their amino acid similarities to known 

bacteriocins (Fig. 1) and their genomic region was further analyzed. We hypothesize that 

two clusters, I and VII, likely encode lantibiotics and that the other seven may encode 

bacteriocins of the class II non-lantibiotics. Strikingly, for only two clusters, i.e. VIII (cib) 

and IX (blp), antimicrobial activity has been shown (97,102,168,436) and for the remaining 

seven clusters there is no experimental data indicating that they encode functional AMPs. 

Therefore, we have chosen two clusters, namely I and V, for further study (chapter 3 and 4 

of this thesis). Cluster I likely produces a lantibiotic type two-peptide bacteriocin that we 
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named PneA1 and PneA2. Although we were unable to show PneA1 and PneA2 specific 

antimicrobial activity in S. pneumoniae, chimeras of the leaderless pneA1 and pneA2 genes 

and the nisin leader peptide, which were modified by the nisin modification and export 

enzymes, NisBTC (439), were found to be active against M. flavus (chapter 4 of this thesis). 

This strengthens our prediction that PneA1 and PneA2 are active lantibiotics. We were 

unable to show that cluster V produces a bacteriocin-like peptide. Instead, we demonstrated 

that cluster V is likely involved in nitrogen metabolism of S. pneumoniae D39 (chapter 3 of 

the thesis).  

Bacteriocins enable bacteria to survive in a competitive niche by eliminating other 

microorganisms colonizing the same environment. Additionally bacteriocins could 

indirectly facilitate bacterial evolution since the AMP-mediated destruction of the sensitive 

bacteria causes release of DNA that can be taken up and integrated into the genome. This is 

strongly suggested by the role of bacteriocins in fratricide, the predation of non-competent 

cells by competent ones. The CibAB bacteriocin plays an important role in fratricide and 

this mechanism has been suggested to be common among streptococci (168). Strikingly, a 

similar process was described for S. sanguis (462) and analogous mechanisms driven by 

e.g. nutrient limitation, were described for other bacteria (2,128,129,157,270). Notably, as 

shown in Fig. 10, the genomic region of the cibABC cluster (cluster VIII) is similar in many 

streptococci, such as S. pyogenes, S. thermophilus, S. suis, S. uberis, S. equi, S. agalactiae 

and S. gordonii. However, all these species lack homologs of CibAB, which suggests that 

they might use other peptides or mechanisms for fratricide. Altogether, it seems that in S. 

pneumoniae strains the CibAB cluster is conserved and possibly all strains are able to 

commit fratricide.  

Comparison of the genomic region containing the blp (pnc) locus (cluster XI) in 

many S. pneumoniae strains of different serotypes showed clear variations since the locus 

can vary in size from 2.5 kb up to 8 kb. Furthermore, there are differences in the numbers 

of bacteriocin encoding genes, as for instance the ATCC 700669 strain lacks blpM and 

blpN, but surprisingly still showed Blp-like antimicrobial activity (92,97,307). In other 

words, the spectrum of antimicrobial activity of the Blp bacteriocins differs in the S. 

pneumoniae strains and is strain-dependent due to variations in the amino acid sequence of 

the Blp bacteriocins and/or even of the whole blp bacteriocin encoding gene cluster. The 

variation of the Blp-specific antimicrobial activity, might mediate inter- and intraspecies 

competition (92,97,307). We showed (Fig. 11) that a genomic region similar to that of 

cluster IX (blp) could be found in S. pyogenes, S. thermophilus, S. uberis and S. equi. This 

indicates once more that genetic exchange occurs rather frequently between streptococci.  

 In general, Gram-positive bacteria commonly produce lantibiotics, for which the 

encoding loci can be found either on the chromosome, (e.g. subtilin and salivaricin A) on 

plasmids (e.g. epidermin and cytolysin), or on conjugative transposons (e.g. nisin). It has 

been proposed that the bacteriocin biosynthetic genes might have spread out among Gram-

positive bacteria from a common ancestor, using these mobile genetic elements (56,72). 
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Interestingly, cluster V in strain CGSP14 varies from the other analyzed S. pneumoniae 

strains due to the presence of four genes that disrupted the cluster (Fig. 7). The four genes 

encode proteins homologous to that of the putative lantibiotic production locus of S. 

thermophilus LMG18311 and CNRZ1066, and a gene for a putative lantibiotic precursor 

(supplemental material Fig. S5). Interestingly, analysis of sixteen other S. pneumoniae 

strains, of the same serotype 14, showed that only one strain, namely SPnINV200, contains 

the same four genes as the CGSP14 strain in cluster V (116). Notably, the locus in the S. 

thermophilus LMG18311 and CNRZ1066 strains is flanked by genes encoding a phage 

transcriptional repressor and a phage integrase family protein. Additionally downstream of 

the locus in S. thermophilus LMG18311, CNRZ1066 and LMD-9, are two IS elements. 

Consequently, we hypothesize that this putative lantibiotic locus could be easily 

transferable among the genus Streptococcus.  

Genome sequencing of S. pneumoniae strains/isolates regularly reveals novel 

bacteriocin-like encoding loci. The comparative genomic analysis of eight S. pneumoniae 

clinical isolates of different serotypes revealed that three of them, i.e. SP23-BS72, SP3-

BS71 and SP6-BS73, harbor genes encoding proteins potentially involved in lantibiotic 

biosynthesis (472). Some of these are homologs of either MrsM or MrsT, which are 

required for the production of the lantibiotic mersacidin in Bacillus licheniformis (4,472). 

However, only SP23-BS72 seems to have a complete lantibiotic encoding locus (472) with 

similarity to proteins and peptides of the haloduracin, Bht and lacticin biosynthesis 

machinery (4,15,62). Notably, this locus is not present in the TIGR4 and R6 strains (472), 

which is why the BAGEL screen did not identify them. Similarly, genome sequencing of S. 

pneumoniae ATCC 700669 of serotype 23 identified a novel lantibiotic-like encoding 

locus, of which the structural gene has features of mersacidin and lichenicidin (4,24,92). 

Notably, the locus seems to be carried on a transposon (92) and again the locus is not 

present in the TIGR4 and R6 strains, which once more, underscores the genetic variability 

of S. pneumoniae. 

For only two out of the nine bacteirocin-like clusters described here, namely Blp 

and CibAB, antimicrobial activity has been demonstrated (97,168,193,307,526). In 

addition, we have shown that chimeric peptides of cluster I have antimicrobial activity 

against M. flavus (310). It is surprising that no bacteriocin-like activity has been found for 

at least one of the other seven clusters. Our comparative analysis of potential bacteriocin 

encoding clusters demonstrates that bacteriocins are likely a large part of the lifestyle of S. 

pneumoniae. However, at the same time it appears difficult to find growth conditions in the 

laboratory that stimulate production of these peptides, suggesting that they are perhaps 

induced by signals specific for the host niche or competitive bacteria. This remains a great 

challenge for future research. Furthermore, it seems that S. pneumoniae can potentially 

produce a variety of bacteriocins and the nine putative bacteriocin clusters described here 

are probably just a minor fraction of the number and diversity of the potential AMPs that 

more than 90 serotypes of S. pneumoniae could produce.  
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Supplemental Material 

 

 

 

Figure S1. The amino acid sequences of the putative two-peptide lantibiotics of Figure 2, A. PneA1 and B. 

PneA2. The putative cleavage site is underlined. Positively charged amino acids in propeptide part are bolded. 

Residues possibly contributing to modification and ring formation in propeptide part, i.e. serine, threonine and 

cysteine, are highlighted as italic letters. 

 

 

 
 

Figure S2. Amino acid sequence alignment of SPR1764 from the cluster I in Figure 2 with other homologous 

peptides of S. pneumoniae strains. Alignment was performed using ClustalW (302). Asterisk, identical residues; 

colon, conserved residues. 

 

 
Figure S3. Alignment of an amino acid sequence of the putative bacteriocin peptide of the cluster III of gene 

number 1 in Figure 5, SPG_1890, with other putative bacteriocins of the same or other cluster from the S. 
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pneumoniae strains and known bacteriocin of L .lactis, lactococcin 972. Alignment was performed using ClustalW 

(302). Asterisk, identical residues; colon, conserved residues; period, semi-conserved residues. 

 

 

 

 

 

Figure S4. Amino acid sequence alignment of the bacteriocin-like peptide of gene number 8 of the cluster V in 

Figure 7, SPR0141, with bacteriocin-like peptides of the same cluster but in different S. pneumoniae strains. 

Alignment was performed using ClustalW (302). Asterisk, identical residues; colon, conserved residues; period, 

semi-conserved residues. 

 

 

 

 

 

 
 

Figure S5. Amino acid alignment of the bacteriocin-like peptide, SPCG_0144, from the cluster V in Figure 7 of S. 

pneumoniae CGSP14 with homologous peptides of S. thermophilus. Alignment was performed using ClustalW 

(302). Asterisk, identical residues; colon, conserved residues; period, semi-conserved residues. 

 

 

 

 

 

 

 

 

Figure S6. The amino acid sequence of the S. pneumoniae putative bacteriocin peptides of the cluster VI in Figure 

8, A. peptide of a gene number 17 (SPR1659; pI 4.7), B. peptide of a gene number 20 (SPR1651; pI 4.5), C. 

peptide of a gene number 21 (SPD1625; pI 8.9), and D. peptide of a gene number 17 in TIGR4 (SP1842; pI7.5). 

The putative cleavage site is underlined and positively charged amino acids in the C-terminus are bolded. 
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Figure S7. Amino acid sequence alignment of the bacteriocin-like peptide, SPR1653, of a gene number 16 from 

the cluster VI in Figure 8 with other peptides of S. pneumoniae TIGR4 and D39 from the same cluster. Alignment 

was performed using ClustalW (302). Asterisk indicates identical residues. The putative cleavage site is underlined 

and positively charged amino acids in the C-terminus are bolded.  

 

 

 

 

 

 
 

Figure S8. Amino acid sequence alignment of the bacteriocin-like peptide of a gene number A. 17 (SPR1659) and 

B. 21 (SPD1625) of cluster VI in Figure 8 with other peptides of S. pneumoniae, S. gordonii Challis substr. CH1 

and S. mutans UA159. Asterisk indicates identical residues; colon, conserved residues and period, semi-conserved 

residues. Alignment was performed using ClustalW (302). 

 

 

 
 

Figure S9. The amino acid sequence of the S. pneumoniae putative bacteriocin peptides of the cluster VII in 

Figure 9, A. peptide of a gene number 14 (SPR1200; pI 7.2), B. peptide of a gene number 28 (SPR1199; pI 10) 

and C. peptide of a gene number 15 (SP1339; pI 3.7). The putative cleavage site is underlined and positively 

charged amino acids in the C-terminus are bolded. 
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Figure S10. ClustalW sequence alignment of the putative bacteriocin-like peptide of a gene number 28 in Figure 9 

(SPR1199) of the bacteriocin-like cluster VII with bacteriocin-like peptides of various cluster from S. pneumoniae 

strains. Asterisk points to identical residues, colon to conserved residues and period to semi-conserved residues.  

 

 

 

 

 

 

 
 

Figure S11. The amino acid sequence of the CibAB S. pneumoniae bacteriocins A. CibA of gene number 7 in 

Figure 10 (SPR0128; pI 3.4), B. CibB of gene number 8 in Figure 10 (SPR0127; pI 10.3) of the cluster VIII. C. An 

amino acid sequence of a putative bacteriocin-like peptide of gene number 28 of cluster VIII (SPH_0239; pI 12). 

The putative cleavage site is underlined and positively charged amino acids in the C-terminus are bolded. 
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