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Abstract
Competence for natural transformation is a widespread developmental process of streptococci. By allowing the uptake and 
recombination of exogenous naked DNA into the genome, natural transformation, as transposable elements, plays a key role 
in the plasticity of bacterial genomes. We previously analysed the insertion sites of IS1548, an insertion sequence present in 
Streptococcus agalactiae and S. pyogenes, and showed that some targeted loci are involved in competence induction. In this 
work, we investigated on a large scale if loci coding for early competence factors (ComX and the two pheromone-dependent 
signalling systems ComCDE and ComRS) of streptococci are especially targeted by transposable elements. The transposable 
elements inserted in regions surrounding these genes and housekeeping genes used for Multilocus Sequence Typing (MLST) 
were systematically searched for. We found numerous insertion events in the close vicinity of early competence genes, but 
only very few into the MLST loci. The incidence of transposable elements, mainly insertion sequences, is particularly high in 
the intergenic regions surrounding comX alleles in numerous species belonging to most streptococcal groups. The identifica-
tion of scarce disruptive insertions inside early competence genes indicates that the maintenance of competence is essential 
for streptococci. The specific association of transposable elements with intergenic regions bordering the main regulatory 
genes of competence may impact on the induction of transformability and so, on the genome plasticity and adaptive evolu-
tion of streptococci. This widespread phenomenon brings new perspectives on our understanding of competence regulation 
and its role in the bacterial life cycle.
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Introduction

The bacterial genus Streptococcus is composed of a large 
diversity of species with different lifestyles including, 
among others, the human or animal pathogens S. pyogenes, 
S. pneumoniae and S. suis, the commensal S. salivarius, or 
the dairy bacterium S. thermophilus (Richards et al. 2014; 
Póntigo et al. 2015). Furthermore, several streptococcal 
species, such as S. suis or S. pneumoniae, display a par-
ticularly high gene turnover, and a large proportion of their 
pan-genome is thought to have been subject to horizontal 
gene transfer (Richards et al. 2014). The elucidation of the 
mechanisms underlying this genetic diversity and of their 
dynamics is thus of critical importance for the understanding 
of the evolution of streptococci.

Mobile genetic elements (MGEs) play a critical role in 
the evolution and in the plasticity of bacterial genomes. They 
provide an important way of adaptation to environmental 
constraints, allowing the emergence of subpopulations of 
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bacteria displaying new features that potentially confer an 
adaptive advantage under some specific conditions (Wieden-
beck and Cohan 2011; Casacuberta and González 2013; 
Fléchard and Gilot 2014). They are involved in these phe-
nomena by (1) providing “passenger” genes in addition to 
those necessary for their insertion/excision and/or replica-
tion; (2) negatively modulating gene expression, e.g., by the 
disruption of a promoter or an open reading frame (ORF), 
(3) positively modulating gene expression, e.g., by the pro-
vision of a promoter for a neighbouring ORF; (4) allowing 
important chromosomal rearrangements by homologous 
recombination between similar elements inserted at different 
locations of the genome (Casacuberta and González 2013). 
MGEs are very diverse and can be divided into two catego-
ries: the intercellular MGEs, such as phages, plasmids or 
integrative and conjugative elements (ICEs), that can spread 
from cell to cell, and the intracellular MGEs or transpos-
able elements (TEs) that are not themselves transmissible. 
TEs include insertion sequences (ISs) and composite or 
non-composite transposons, as well as group II introns and 
integrons. (Siguier et al. 2014; Brüssow et al. 2004; Wozniak 
and Waldor 2010; Casacuberta and González 2013; Toro 
et al. 2007; Labbate et al. 2009).

The target-site specificity varies a lot among char-
acterized TEs, ranging from insertion into low-specific 
sequences, e.g., ISS1 of Lactococcus lactis, to insertion into 
very specific sequences, such as Tn7 at the attTn7 site of the 
Escherichia coli glmS terminator (Craig 1997; Maguin et al. 
1996). Between these two extremes, other mechanisms of 
targeting have been described, including the recognition of 
GC- or AT- rich regions or of consensus sequences, as well 
as the involvement of binding sites of transcription factors or 
of structural features of DNA (Sengstag et al. 1986; Zerbib 
et al. 1985; Goryshin et al. 1998; Zhang and Saier 2016; 
Hallet et al. 1994). Diverse examples of genes preferentially 
targeted by ISs have also been described. Some of them, 
such as comP of Bacillus subtilis, are targeted by the same 
transposable element (IS4Bsu1 in this specific example) but 
at different positions of the locus (Nagai et al. 2000). Oth-
ers, such as the cps capsular locus of S. pneumoniae or the 
cryptic bgl operon of E. coli, are interrupted by various TEs 
(Moscoso and García 2009; Reynolds et al. 1981). It is not 
always known if the insertions of TEs into these hotspots 
are induced by specific environmental signals or if TEs are 
maintained at these locations according to some selection 
pressure encountered by the bacteria. Nevertheless, it was 
proposed that some of these events are regulated by specific 
environmental conditions, and so physiologically controlled 
(Hall 1998; Takahashi et al. 2007; Zhang et al. 2017). The 
possible preferential targeting of certain genes or functional 
classes of genes by TEs would imply the existence of a com-
plex regulatory mechanism called adaptive mutation (Hall 
1998; Wang and Higgins 1994; Zhang and Saier Jr 2011).

We previously analysed the insertion targets of IS1548 
(Fléchard and Gilot 2014; Fléchard et al. 2013a, b). IS1548 
is a 1317-bp element belonging to the ISAs1 family, which 
was first described in S. agalactiae (Granlund et al. 1998). 
It carries terminal inverted repeats of 19 bp. A putative 
promoter located just before the right-inverted repeat is 
outwardly directed and is thought to induce an increased 
transcription of the downstream genes, as in the case of the 
lmb gene of S. agalactiae (Al Safadi et al. 2010). We showed 
that several targets of IS1548 are genes or intergenic regions 
(IGRs) close to genes involved in or linked to metal homeo-
stasis. Among them are the adcRCB operon, which encodes 
a transcriptional repressor and components of a zinc ABC 
transporter, as well as the adcA and lmb genes which encode 
two alternative zinc-binding proteins of the Adc transporter 
(Fléchard et al. 2013a, b). In bacteria, zinc is involved in a 
wide range of physiological processes, and its transport was 
shown to be necessary for the establishment of competence 
for natural transformation in S. gordonii, S. pneumoniae and 
B. subtilis (Loo et al. 2003; Dintilhac et al. 1997; Ogura 
2011). Furthermore, in some strains of S. pyogenes, IS1548 
targets the downstream IGR of the comX1 gene, which 
encodes the master regulator of competence in streptococci.

The above data led us wonder whether there is a more 
general link between TEs and genes involved in competence 
for natural transformation in the Streptococcus genus. Natu-
ral transformation is a widespread feature of streptococci. 
By allowing the uptake and recombination into the genome 
of exogenous naked DNA, natural transformation, as TEs, 
is involved in the evolution and in the plasticity of bacterial 
genomes. All streptococci possess the effector genes neces-
sary for the establishment of competence, as well as at least 
one homolog of comX (Martin et al. 2006). Furthermore, 
at least one species belonging to each main phylogenetic 
streptococcus group was demonstrated to naturally induce 
transformability: i.e., the historical model S. pneumoniae 
(mitis group), S. gordonii (anginosus group), S. mutans 
(mutans group), S. thermophilus (salivarius group), and 
recently S. macedonicus and S. infantarius (bovis group), 
S. suis (S. suis species), and S. pyogenes (pyogenic group) 
(Griffith 1928; Avery et al. 1944; Pakula et al. 1958; Perry 
and Kuramitsu 1981; Gardan et al. 2009; Morrison et al. 
2013; Zaccaria et al. 2014; Marks et al. 2014). In strepto-
cocci, competence develops during temporally distinct early 
and late phases. Activation of the early phase results in a 
major increase in the expression of the alternative sigma 
X factor (σX) encoded by the comX gene. During the late 
phase, σX associates with the core RNA polymerase to acti-
vate the transcription of late competence genes, including 
those encoding the transformasome. Two major proximal 
pheromone-dependent signal transduction pathways have 
been described to activate comX transcription: the ComCDE 
and ComRS pathways (Fig. 1) (Fontaine et al. 2015). The 



Molecular Genetics and Genomics 

1 3

ComCDE system is present in species belonging to the mitis 
and anginosus groups, whereas the ComRS system is found 
in species of the salivarius, pyogenic and bovis groups, as 
well as in S. suis. Strains belonging to the mutans group 
possess the genes coding for both signalling systems, but 
only the ComRS complex is responsible for ComX induction 
(Håvarstein 2010; Reck et al. 2015).

In the ComCDE system, a peptide pre-pheromone, 
encoded by the comC gene, is produced, then cleaved and 
exported outside of the bacterial cell by the ATP-dependent 
ComAB transporter. The processed peptide, called CSP for 
Competence-Stimulating Peptide, is the active form. CSP 
then activates the ComDE two-component system that is 
composed of the ComD transmembrane histidine kinase 
and of the ComE response regulator. ComD also acts as a 
CSP captor responsible for the retention of the pheromone, 
limiting its diffusion in the extracellular medium (Prud-
homme et al. 2016). In response to CSP binding, ComD 
autophosphorylates and then phosphorylates ComE. The 
phosphorylated form of ComE induces transcription of its 
regulon, including the comCDE and comAB operons and 
the comX alleles. In the ComRS system, the product of the 
comS gene is a peptide pre-pheromone that is exported by 

an unknown mechanism and matured. The processed form 
of ComS, called XIP for sigX/comX-Inducing Peptide, is 
the active pheromone. XIP is then reimported into the cyto-
plasm by the Ami/Opp oligopeptide ABC transporter, and 
associates with ComR, a transcriptional regulator belong-
ing to the RNPP family (from Rap, Npr, PlcR, and PrgX). 
Finally, the XIP-ComR complex induces transcription of its 
regulon, including comS and comX. The comR and ami/opp 
transporter genes are not known to be regulated by this way 
(Fig. 1) (Fontaine et al. 2015).

In this work, we investigated the association of TEs 
with genes involved in the early phase of competence in 
126 completely sequenced Streptococcus genomes from 28 
different species (Supplemental Table S1). We focused our 
analysis on the genic environment of the loci encoding the 
master regulator ComX and the two types of competence-
inducing signalling pathways (the comCDE and comAB 
operons, the comRS genes and the ami/opp region). This 
investigation was compared to a similar analysis performed 
on the genic environment of several unrelated genes [Mul-
tilocus Sequence Typing (MLST) genes] distributed along 
the genome. The potential consequences of the insertion of 
identified TEs on genome plasticity of streptococci and on 
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Fig. 1  Early steps of the signalling cascade leading to the induc-
tion of competence in streptococci. The ComCDE system is used by 
strains of the mitis and anginosus groups, whereas the ComRS sys-
tem is used by strains of the salivarius, bovis, pyogenic and mutans 
groups, and of the S. suis species. In the ComCDE system, a peptide 
pre-pheromone (double triangle) encoded by comC is matured (white 
triangle, CSP) and exported by the ComAB transporter (AB). CSP 
binds to the ComD histidine kinase (D) which activates the ComE 
response regulator (E). Activated ComE induces transcription of its 

regulon, including the comX alleles that encode σX. In the ComRS 
system, a peptide pre-pheromone encoded by the comS gene (dou-
ble square) is exported and cleaved by an unknown protease. The 
truncated form of ComS (white square, XIP) is reimported into the 
cytoplasm by the Ami/Opp oligopeptide ABC transporter, where it 
associates with ComR (R). Finally, the XIP-ComR complex induces 
transcription of its regulon, including comX. CSP, Competence-Stim-
ulating Peptide; XIP, sigX-Inducing Peptide; P, phosphate group
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their ability to induce competence for natural transformation 
are discussed.

Materials and methods

Streptococcus strains analysed

The genomes of 126 Streptococcus strains belonging to 28 
different species were analysed in this study (Supplemental 
Table S1). These are all the genomes that were available in 
the SyntTax database on the 16th of August 2015, with the 
exception of S. pneumoniae SPN033038 and SPN032672 
and S. salivarius K12 and M18, which were not properly 
annotated. Strains were classified into the seven main phy-
logenetic groups (i.e., the anginosus group, the bovis group, 
the mitis group, the mutans group, the salivarius group, the 
pyogenic group, and the S. suis species), according to Rich-
ards et al. (2014) and Póntigo et al. (2015).

Retrieval of the genic environment of the analysed 
genes with the synteny web server SyntTax

For the analysis of the MLST loci, the translated sequences 
of aroE (GenBank Acc. n°AAK75474), gdh (GenBank 
Acc. n°AAK75348), gki (GenBank Acc. n°ABJ55324), 
recP-2 (GenBank Acc. n°AAK76095), spi (GenBank Acc. 
n°AAK74565), xpt (GenBank Acc. n°AAK75919), and ddl 
(GenBank Acc. n°AAK75750) of S. pneumoniae TIGR4 (a 
strain known to be competent for natural transformation) 
were submitted to the SyntTax server (http://archa ea.u-
psud.fr/syntt ax/) (Oberto 2013). For the analysis of the 
comCDE, comAB, comRS, amiA3, amiA1BCDF and comX 
loci, the following sequences were submitted to the Synt-
Tax server : (1) ComD of S. pneumoniae TIGR4 (GenBank 
Acc. n° AAK76283); (2) ComA of S. pneumoniae TIGR4 
(GenBank Acc. n° AAK74231); (3) ComR of: S. agalac-
tiae A909 (GenBank Acc. N° ABA45988), S. agalactiae 
NEM316 (GenBank Acc. N° WP_000912098), S. agalac-
tiae 138spar (GenBank Acc. N° AHX74410), S. gallolyti-
cus UCN34 (GenBank Acc. N° WP_009853198), S. mutans 
UA159 (GenBank Acc. n° NP_720543), S. pyogenes Man-
fredo (GenBank Acc. N° CAM29376), S. suis D9 (Gen-
Bank Acc. N° AER16335), S. suis TL13 (GenBank Acc. 
N° AGL47035), and S. thermophilus LMD-9 (GenBank 
Acc. N° ABJ65625); (4) AmiA3 of S. thermophilus LMD-9 
(GenBank Acc. n° ABJ66575); (5) AmiF of S. thermophi-
lus LMD-9 (GenBank Acc. n° ABJ66569); (6) ComX of S. 
pneumoniae TIGR4 (GenBank Acc. n° AAK74207). Sev-
eral ComR sequences were tested, because the ComR pro-
teins from different species are not highly similar (29–59% 
identity for the nine tested strains). Moreover, they display 
a relatively high level of identity with other members of 

the RNPP family of transcriptional regulators. These nine 
ComR sequences are representative of the diversity of ComR 
proteins in streptococci (Fontaine et al. 2015). The proteins 
encoded by the genes localised at each end of the large locus 
of the Ami/Opp transporter of S. thermophilus LMD-9 were 
tested (AmiF and AmiA3). AmiF is an ATP-binding protein 
encoded by the last gene of the amiA1BCDF operon. AmiA3, 
which is encoded outside of the amiA1BCDF operon, is one 
of the binding proteins of the Ami/Opp transporter and was 
proved to have the major role in the triggering of compe-
tence in S. thermophilus LMD-9 (Gardan et al. 2009).

A normalized blast score of 10% (corresponding to the 
cut-off bit score of the alignments compared to a reference 
score of 100% for the BlastP alignment of the query protein 
matched against itself) was selected in the SyntTax program, 
and only the best match of each strain was analysed. An 
exception was made for comX, because one-to-three alleles 
of this gene may be present in Streptococcus strains. In that 
case, all the matches were retrieved. Nevertheless, the genic 
environment of comX2 of S. suis cannot be obtained by this 
way, because this allele is truncated; the ComX2 protein 
of this species is approximately half the size of the ComX 
protein of TIGR4 and shares only 37% identity with it. For 
this reason, the comX2 environment in S. suis was obtained 
by blasting the comX1 sequence of S. suis BM407 against 
the genome of all S. suis strains analysed in this work.

Identification of mobile genetic elements

The matches retrieved by SyntTax were further analysed to 
identify TEs. To this end, we analysed the proteins encoded 
by the ORFs located either inside or just upstream or down-
stream of the genes of interest with the BlastN and BlastP 
analysis tools of the ISfinder database (https ://www-is.bioto 
ul.fr/) (Siguier et al. 2006) or by searching for conserved 
domains in the Conserved Domains Database (CDD) of 
the NCBI (http://www.ncbi.nlm.nih.gov/Struc ture/cdd/cdd.
shtml ) (Marchler-Bauer et al. 2015). If a protein sequence 
is more than 98% similar and/or the corresponding DNA 
sequence is more than 95% similar to any entry in ISfinder, 
the sequence is an isoform of this IS and the name given in 
the database was used. In other cases, an attribution name 
for the IS elements was asked for to ISfinder. Particular 
cases consisting of ORFs separated from the competence 
genes by a tRNA, a short ORF (smaller than 250 bp) encod-
ing a remnant protein or a short peptide were also consid-
ered. Pseudogenes located close to early competence genes 
were analysed with the ISfinder BlastN tool, and also with 
the BlastP tool for truncated ORFs. ISs with truncated or 
mutated sequences (pseudogenes) were named like the ele-
ment from which they derived. If their origin could not be 
determined, they were named ISxxx-like, with xxx corre-
sponding to the name of the more similar IS in the ISfinder 

http://archaea.u-psud.fr/synttax/
http://archaea.u-psud.fr/synttax/
https://www-is.biotoul.fr/
https://www-is.biotoul.fr/
http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml
http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml
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database (https ://www-is.bioto ul.fr/) (Siguier et al. 2006). 
The names ISSsu10, ISSsu11, ISSsu12, ISSsu13, ISSth8, 
ISStan1, ISSpn14, ISStrs1, ISSlu1 and ISStrsp1 were given 
to ISs reported to ISfinder during this work. The CDD NCBI 
database was used to identify ORFs belonging to group II 
introns or phage integrases (http://www.ncbi.nlm.nih.gov/
Struc ture/cdd/cdd.shtml ) (Marchler-Bauer et al. 2015).

Phylogenetic analysis

For each species for which at least four strains were ana-
lysed, a phylogenetic tree based on the concatenation of four 
MLST marker genes was constructed. The marker genes 
used were aroE, gki, spi and ddl, except for S. agalactiae 
and S. suis for which gki and ddl were replaced by glnA 
and thrA, respectively. This replacement is due to the exist-
ence of large deletions in the gki or ddl genes of some S. 
agalactiae or S. suis strains, respectively. For each marker, 
the sequences of the ORFs of all the strains were aligned 
with the MEGA 7.0 software (Kumar et al. 2016) using the 
Muscle algorithm. Then, the alignments of each marker were 
assembled together with the Fabox Fasta alignment joiner 
tool (http://users -birc.au.dk/biopv /php/fabox /align ment_
joine r.php). Lastly, a phylogenetic analysis based on the 
concatenated alignment was performed in MEGA 7.0 using 
the maximum likelihood method based on the Tamura-Nei 
model (Tamura and Nei 1993), and a bootstrap consensus 
tree inferred from 500 replicates (Felsenstein 1985) was con-
structed to represent the evolutionary history of the species.

Statistics

Chi square tests using fourfold tables and the correction for 
continuity devised by Yates for small values were used to 
compare the association of TEs with each early competence 
loci and with a set of seven MLST genes (Swinscow 1978). 
P indicates the level of significance of the association of TEs 
with early competence genes.

Results

Transposable elements in the MLST loci

To estimate the importance of the association between TEs 
and genes involved in the early events of competence for 
natural transformation, we first analysed the loci of seven 
genes used in MLST of S. pneumoniae and unrelated with 
early competence events. One of these genes, recP-2, was 
described to be involved in competence for natural trans-
formation in S. pneumoniae, but only during the late phase 
(Rhee and Morrison 1988). Homologs of the seven MLST 
genes were retrieved in all the streptococcus phyla; except 

for gdh, which is absent in strains of the bovis, mutans and 
pyogenic groups; and xpt, which is absent in strains of the 
mutans group and of the S. suis species (the best match 
retrieved in this latter species was the purR gene). The fre-
quency of insertion of TEs in each of these MLST genes loci 
is low. Indeed, for any of these analysed genes, the propor-
tion of the strains possessing the MLST allele associated 
with a TE never exceeds 3.2% (from 0% for aroE to 3.2% 
for ddl, Supplemental Table S2).

These data, probably reflecting the random level of inser-
tion of TEs into the chromosome of streptococci, indicate 
that MLST genes are not particularly targeted by TEs.

Transposable element in the comCDE locus 
in the mitis and anginosus groups

Location of the transposable element

Only one IS, annotated IS1239, was found in the comC 
gene of S. pneumoniae AP200. This element is identical 
to ISSpn8 (IS30 family) of S. pneumoniae. Camilli et al. 
previously reported that the presence of the same IS at that 
position makes strain AP200 unable to develop natural com-
petence (Camilli et al. 2011). The comCDE operon is not 
particularly targeted by TEs (0.5 < P < 0.9), as also 1 strain 
out of 71 was targeted by an IS at the gdh MLST gene locus 
(Supplemental Table S2).

Transposable elements in the comAB locus 
in the mitis and anginosus groups

Location of the transposable elements

Two kinds of ISs were identified exclusively upstream of this 
operon in S. pneumoniae strains. In all of the 25 analysed 
strains of these species, a small ORF, which is a remnant 
of an IS, is present upstream of comAB (Supplemental Fig. 
S1). This IS is an isoform of ISSpn7 and of IS1381 (IS5/
ISL2 family). The ISSpn7/IS1381 remnant is separated from 
comA by a small ORF coding for a bacteriocin-like peptide. 
Bacteriocin production is an integral part of the process of 
competence. These antimicrobial peptides are produced con-
comitantly with the induction of competence and are thought 
to provide competent cells with exogenous DNA by pro-
moting lysis of the neighbour cells (Kjos et al. 2016). Fur-
thermore, in three strains of S. pneumoniae (JJA, Hungary 
19A-6 and 70585) and in S. pseudopneumoniae IS7493, a 
genomic islet of six to seven ORFs, which contains a comR-
like gene, is also inserted between the ISSpn7/IS1381 rem-
nant and comAB (Supplemental Fig. S1). Another IS, IS1167 
(ISL3 family), is also inserted between the ISSpn7/IS1381 
remnant and comAB of strain R6 (Supplemental Fig. S1). 
A fragmented pseudogene derived from this element is 

https://www-is.biotoul.fr/
http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml
http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml
http://users-birc.au.dk/biopv/php/fabox/alignment_joiner.php
http://users-birc.au.dk/biopv/php/fabox/alignment_joiner.php
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97

78

52

14

10

5

22

Spy A20

Spy M1 476

Spy M1 GAS

Spy MGAS5005

Spy STAB901

Spy NZ131

Spy MGAS15252

Spy MGAS1882

Spy MGAS10270

Spy MGAS6180

Spy MGAS10750

Spy MGAS10394

Spy MGAS8232

Spy Manfredo

Spy Alab49

Spy HSC5

Spy SSI-1

Spy MGAS315

Spy STAB902

Spy HKU QMH11M0907901

Spy HKU360

Spy MGAS2096

Spy MGAS9429

Sub 0140J

d

IS1239 (4)

IS1548 (4)

ISSpy1
(3)

ISSsu12
(4)

ISSpn14 (4)

ISSpn14 (4)

ISSpn8 (4)
ISSpn8 (4)

ISSpn8 (4)

IS1167 (1)
ISSpn7/
IS1381

(1)

1
1
1
1
1
1
1
1
1
1
2

no IS
4

no IS
no IS
no IS

3
1
4

A

B

C

Type  Group

ISSsu10 (2)ISSsu7 (2)

ISSsu11 (2)
ISSsu12 (4)

ISSsu2 (2)

ISSsu7 
(4)

ISSsu7
(2)

ISSsu12 (4)
ISSsu10 (2)

ISSsu7 (2)
ISSsu2 (2)

A

B
IS1068 (3)

ISSth8 (3,4)

Clusters

A

B

IS861-like
(3)

IS1548 (4)

IS1548 (4)

IS1239 (4)

IS1239 (4)IS1239 (3)

Group II intron (4)

ISSag5 (4)

ISSag5 (4)

ISSeq6 (3)

ISSeq1 (4)
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similarly integrated in strain D39. IS1167 was also reported 
to be present at the same position in S. pneumoniae CP1200 
(Zhou et al. 1995).

The insertion of ISs close to the comAB operon was only 
identified in S. pneumoniae. We did not detect any ISs close 
to the comAB locus of the analysed strains belonging to the 
anginosus group and in other species of the mitis group 
apart from S. pneumoniae. In this latter species, 100% of the 
analysed strains contain a TE at this location. The comAB 
locus of S. pneumoniae is thus highly associated with TEs 
(P > 0.999).

Phylogenetic analysis of the strains targeted 
by the transposable elements

The ISSpn7/IS1381 remnant was found upstream of comAB 
in all the analysed strains of S. pneumoniae. This suggests 
that the native IS was already inserted at that location in the 
common ancestor of the species. The insertion of IS1167 
arrived more recently, after the divergence of the closely 
related strains R6 and D39 from the rest of the population 
(Fig. 2a).

In conclusion, two independent insertion events seem to 
have occurred in the comAB locus of S. pneumoniae.

Transposable elements in the comRS locus in S. suis 
and in the salivarius, pyogenic, mutans and bovis 
groups

Location of the transposable elements

Four different types of IS(s) insertion were found exclu-
sively in the IGR downstream of the comRS genes of S. suis 
(Supplemental Fig. S2). In types 1 to 3, a tandem of ISs 
is integrated downstream of comRS. The second IS of this 
tandem is a mutated ISSsu2 element (IS4 family), whereas 

its first element varies between types. In type 1, found in 11 
strains (A7, BM407, GZ1, JS14, S735, SC84, SC070731, 
SS12, 05ZYH33, 6407, 98HAH33), the first IS of the tan-
dem, which was not previously assigned in the ISfinder data-
base, received the name ISSsu10 (IS110 family). In type 2, 
identified in strain ST1, the first element of the tandem is a 
degenerated IS very similar to ISSsu7 (IS110 family) of S. 
suis (93% of identical nucleotides or amino acids). In type 
3, identified in strain T15, the first IS of the tandem was also 
not previously assigned in the ISfinder database. It received 
the name ISSsu11 (IS3 family). The type 4, found in strains 
D9 and D12, consists of the insertion of only one isoform 
of ISSsu7.

The insertion of ISs close to the comRS locus was only 
identified in S. suis. We did not detect any ISs close to the 
comRS locus of the analysed strains belonging to the sali-
varius, pyogenic, mutans and bovis groups. In S. suis, 78.9% 
of the analysed strains (15 out of the 19 strains) contain at 
least one IS at this location, whereas only one strain was 
targeted by an IS at the spi MLST gene locus (Supplemen-
tal Table S2). The comRS locus of S. suis is thus strongly 
associated with TEs (P > 0.999).

Phylogenetic analysis of the strains targeted 
by the transposable elements

In the S. suis species, all but one strains displaying type 1 
and 2 insertion patterns are clustered (groupA, Fig. 2b). This 
indicates that ISSsu2 most likely inserted in the comRS locus 
of the common ancestor of these strains. Strain ST1, the only 
representative of type 2, diverged from the ancestor of the 
rest of group A strains. ISSsu7 inserted then into the comRS 
locus in strain ST1, whereas the ancestor of all the other 
strains of group A integrated ISSsu10 at this locus. One type 
1 strain (6407) does not belong to group A. Strain 6407 clus-
ters with strain T15 (group C, Fig. 2b), the only representa-
tive of type 3. ISSsu2 was probably also initially inserted 
in the comRS locus of the common ancestor of these two 
strains. Strain 6407 should then have integrated ISSsu10 at 
that location, whereas strain T15 acquired ISSsu11. Finally, 
the two strains of type 4 are not phylogenetically linked, 
indicating distinct insertion events of ISSsu7 (Fig. 2b).

The above data indicate that several distinct insertion 
events occurred in the comRS locus of the analysed popula-
tion of S. suis strains.

Fig. 2  Phylogenetic relationship among the analysed strains. The phy-
logenetic relationship among the analysed strains of S. pneumoniae 
(Spn, a), S. suis (Ssu, b), S. thermophilus (Sth, c), S. pyogenes (spy, 
d), S. dysgalactiae subsp. equisimilis (sdse, e), S. agalactiae (Sag, 
f), and S. equi [subsp. zooepidemicus (sesz) and subsp. equi (sese), 
g] is represented by a rectangular cladogram. The evolutionary his-
tory was inferred using the maximum likelihood method based on the 
Tamura-Nei model (Tamura and Nei 1993). The trees shown, inferred 
from 500 bootstrap replicates, have the highest log likelihood (Felsen-
stein 1985). Evolutionary analyses and multiple alignments using the 
MUSCLE algorithm were conducted in MEGA7 (Kumar et al. 2016). 
S. mitis (Smi) B6, S. sanguinis (Ssn) SK36, S. salivarius (Ssa) NCTC 
8618, and S. pyogenes (Spy) M1 GAS were used as outgroups to root 
trees a, b, c and f, respectively. S. uberis (Sub) 0140J was used as 
an outgroup to root trees d, e and g. Insertions of TEs in the  early 
competence loci of the strains are represented by arrows, and a spe-
cific number corresponding to the targeted locus is indicated between 
parenthesis after the name of each IS  [(1), comAB; (2), comRS; (3), 
ami and (4), comX]

◂
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Transposable elements in the ami/opp region 
in S. suis and in the salivarius, pyogenic, mutans 
and bovis groups

Location of the transposable elements

All of the six analysed strains of S. thermophilus contain 
an IS between the amiA3 gene and the amiA1BCDF operon 
(Supplemental Fig. S3). This IS which was not previously 
assigned in the ISfinder database received the name ISSth8 
(ISL3 family). In four of these strains (LMD-9, ASCC 1275, 
MN-ZLW-002 and ND03), an IS being an isoform of the 
very similar IS1068/IS1069/IS1076 (IS3 family) of Lacto-
coccus lactis is also integrated into the upstream IGR of 
amiA3 (Supplemental Fig. S3).

Furthermore, several strains of the pyogenic group con-
tain an IS integrated just downstream of the ami/oppF 
gene (Supplemental Fig. S3, yqeG locus 1 in Supplemental 
Table S3). ISSeq6 (IS30 family) is inserted at that position 
in one of the four analysed strains of S. equi subsp. zooepi-
demicus (H70) and an isoform of IS1239 (IS30 family) of 
S. pyogenes is present in this IGR in all of the four analysed 
strains of S. dysgalactiae subsp. equisimilis. Finally, in all 
the 23 analysed S. pyogenes strains, a small IS861-like rem-
nant (IS3 family) is present downstream of oppF. The length 
of this remnant varies between strains, indicating that several 
deletion events occurred since the initial insertion event(s). 
Moreover, in strain Manfredo, a defective isoform of ISSpy1 
(IS3 family) is integrated downstream of this remnant (Sup-
plemental Fig.S3).

The insertion of ISs close to the ami/opp region was 
identified in 40.2% of the analysed strains which use the 
ComRS system to activate comX (33 out of the 82 analysed 
strains), whereas only eight of these strains were targeted 
by an IS or a transposon at either the ddl, xpt, spi or recP-
2 MLST gene loci (Supplemental Table S2). The ami/opp 
region is thus very strongly linked to TEs in this group of 
strains (P > 0.999).

Phylogenetic analysis of the strains targeted 
by the transposable elements

In S. thermophilus, the ISSth8 element located between 
amiA3 and amiA1 was found in all the analysed strains, sug-
gesting its inheritance from the common ancestor of the spe-
cies. In contrast, a copy of IS1068 was identified upstream 
of amiA3 only in the four members of one of the two major 
clusters of strains (group A, Fig. 2c), indicating a subsequent 
insertion of this IS at that locus in the common ancestor of 
group A. In S. pyogenes and S. dysgalactiae subsp. equisi-
milis, the presence in all the analysed strains of IS861-like 
or IS1239, respectively, downstream of oppF suggests again 

that these ISs were already inserted at that location in the 
common ancestors of these species (Fig. 2d, e).

In conclusion, few independent insertion events seem to 
have occurred in the ami/opp region of S. thermophilus and 
of the pyogenic streptococci.

Transposable elements in the comX loci

Location of the transposable elements

Streptococci possess one-to-three alleles of comX: specifi-
cally, one allele is found in species belonging to the sali-
varius group, two alleles in S. pneumoniae and S. pyogenes, 
and three alleles in some strains of S. suis (Table 1). Fourty-
seven of the 126 analysed strains (37.3%) contain just close 
to at least one of their comX alleles at least one ORF coding 
for a transposase, for a reverse transcriptase or for a matu-
rase belonging to group II introns, or derived pseudogenes, 
whereas only ten strains were targeted by a TE at either the 
gdh, gki, recP-2, spi, xpt or ddl MLST gene loci (Table 1, 
Supplemental Table S2). The comX alleles are thus highly 
significantly linked with TEs (P > 0.999). These elements 
were found either upstream (for 31 elements identified in 
26 strains) or downstream (for 26 elements identified in 23 
strains) of comX genes. In two strains (S. suis YB51 and 
ST3), a comX allele is directly located between two ORFs 
belonging to TEs (Table 1). Furthermore, the comX2 alleles 
of S. agalactiae ILRI112 and ILRI005 are located between 
ISSag5 and a gene coding for a putative site-specific phage 
integrase (Table 1).

TEs were identified in the IGRs surrounding comX alleles 
in 87.5%, 54.5%, 42.1%, 37.0%, and 30% of the strains 
belonging to the salivarius group, the anginosus group, the 
S. suis species, the pyogenic group, and the mitis group, 
respectively. They are nearly as frequently located down-
stream (45.6% of the TEs) or upstream (54.4% of the TEs) 
of this gene. No TE was identified in the close vicinity of 
comX alleles in the analysed strains of the mutans group (3 
strains) and of the bovis group (6 strains) (Table 1).

TEs linked to comX are mainly related to ISs, whereas 
group II introns are also found, but at a far lesser frequency 
(98.2% and 1.8% of the TEs, respectively). These ISs belong 
to seven unrelated families as well as one unclassified group 
(Table 1 and Supplemental Fig. S4). Those inserted upstream 
of comX alleles are divided into four families: ISL3, IS982, 
IS200/IS605, and IS3 (43.3%, 30.0%, 13.3% and 13.3% of 
the upstream ISs, respectively). Elements of the preponder-
ant ISL3 family are found in four species belonging to four 
different phylogenetic groups: S. pneumoniae of the mitis 
group, S. thermophilus of the salivarius group, S. equi subsp. 
zooepidemicus of the pyogenic group, and S. intermedius of 
the anginosus group. The ISs inserted downstream of comX 
alleles fall into three families (IS30, ISAs1, and IS110) 
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Table 1  Transposable elements identified in the close vicinity of comX alleles of Streptococcus species

Species Transposable  elementa

Downstream Upstream

comX1 comX2 comX3 comX1 comX2 comX3

Non-pyogenic streptococci
 Anginosus group

  S. anginosus C238 ISStan1
IS30 family

– – – – –

  S. anginosus SA1 ISStan1†

IS30 family
– – – – –

  S. constellatus subsp. pharyngis
   C232 – – – ISSpn6-like†

IS200/IS605 family
– –

   C818 – – – ISSpn6-like†

IS200/IS605 family
– –

  C1050 – – – ISSpn6-like†

IS200/IS605 family
– –

  S. intermedius B196 – – – – – IS1193-like†

ISL3 family
 Mitis group

  S. mitis B6 ISSmi1
IS30 family

ISSmi1
IS30 family

NA – – NA

  S. parasanguinis ATCC 15912 IS1139-like†

IS30 family
NA NA – NA

  S. parasanguinis FW213 IS1139-like†

IS30 family
NA NA – NA

  S. pneumoniae AP200 – ISSpn8†

IS30 family
NA – NA

  S. pneumoniae ATCC 700669 – – NA ISSpn14
ISL3 family

– NA

  S. pneumoniae INV104 – ISSpn8
IS30 family

NA – – NA

  S. pneumoniae SPN034156 – ISSpn8
IS30 family

NA – – NA

  S. pneumoniae 70585 – – NA ISSpn14
ISL3 family

– NA

  S. pseudopneumoniae IS7493 IS1202-like†

Unclassified group
– NA – – NA

 Salivarius group
  S. salivarius CCHSS3 – NA NA ISStrs1

IS200/IS605 family
NA NA

  S. thermophilus ASCC 1275 – NA NA ISSth8†,#

ISL3 family
NA NA

  S. thermophilus CNRZ1066 – NA NA ISSth8†,#

ISL3 family
NA NA

  S. thermophilus LMD-9 – NA NA ISSth8†,#

ISL3 family
NA NA

  S. thermophilus LMG 18311 – NA NA ISSth8†,#

ISL3 family
NA NA

  S. thermophilus MN-ZLW-002 – NA NA ISSth8†,#

ISL3 family
NA NA

  S. thermophilus ND03 – NA NA ISSth8†,#

ISL3 family
NA NA

 S. suis
  S. suis D9 – – – – – ISSsu12

IS982  family†

  S. suis ST1 – – – – ISSsu12
IS982 family

ISSsu12
IS982  family•

  S. suis ST3 ISSsu7
IS110 family

– ISSsu7†

IS110 family
– – ISSsu12†

IS982 family
  S. suis T15 – NA – – NA ISSsu12

IS982 family
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–, Absence of a transposable element; NA (not applicable), allele of comX not present in the strain; †, pseudogene; ‡, presence of a tRNA-arg 
between the transposable element and the comX gene; *, presence of (a) small remnant(s) of (a) conserved hypothetical protein(s) between the 
transposable element and the comX gene; •, presence of an ISSsu13 element of the ISL3 family upstream of ISSsu12; #, presence of a small rem-
nant of ISStrs1 upstream of ISSth8
a Proteins encoded by ORFs just upstream or downstream of comX alleles were blasted in the ISfinder or NCBI CDD databases. Annotated pseu-
dogenes with no detectable ORF were identified after a blastN analysis. Truncated and fragmented ORFs were also classified as pseudogenes. In 
these last cases, the truncated or fragmented protein sequences were also blasted

Table 1  (continued)

Species Transposable  elementa

Downstream Upstream

comX1 comX2 comX3 comX1 comX2 comX3

  S. suis TL13 – – – – – ISSsu12†,•

IS982 family
  S. suis YB51 ISSsu7†

IS110 family
– ISSsu7

IS110 family
– – ISSsu12†

IS982 family
  S. suis 05HAS68 – – – – – ISSsu12†

IS982 family
  S. suis 6407 – NA – – NA ISSsu12†

IS982 family
Pyogenic streptococci
 S. agalactiae GD201008-001 – NA NA intron

group II
NA NA

 S. agalactiae ILRI005 – – NA ISSag5*,†

IS3 family
ISSag5*,†

IS3 family
NA

 S. agalactiae ILRI112 – – NA ISSag5*,†

IS3 family
ISSag5†

IS3 family
NA

 S. dysgalactiae subsp. equisimilis:
  AC-2713 IS1239†

IS30 family
– NA – – NA

  ATCC 12394 IS1239
IS30 family

– NA – – NA

  GGS 124 IS1239†

IS30 family
– NA – – NA

  167 IS1239†

IS30 family
– NA – – NA

 S. equi subsp. zooepidemicus:
  ATCC 35246 – – NA ISSeq1‡

ISL3 family
ISSeq1‡

ISL3 family
NA

  CY – – NA ISSeq1‡

ISL3 family
ISSeq1‡,†

ISL3 family
NA

 S. pyogenes A20 IS1548
ISAs1 family

– NA – – NA

 S. pyogenes Alab49 IS1548
ISAs1 family

– NA – – NA

 S. pyogenes M1 GAS IS1548
ISAs1 family

– NA – – NA

 S. pyogenes M1 476 IS1548
ISAs1 family

– NA – – NA

 S. pyogenes MGAS315 IS1548
ISAs1 family

– NA – – NA

 S. pyogenes MGAS5005 IS1548
ISAs1 family

– NA – – NA

 S. pyogenes SSI-1 – IS1548
ISAs1 family

NA – – NA

 S. pyogenes STAB902 – IS1548
ISAs1 family

NA – – NA



Molecular Genetics and Genomics 

1 3

that are different from those of the upstream inserted ele-
ments, as well as in the IS1202 unclassified group of ISs 
(50.0%, 30.8%, 15.4%, and 3.8% of the downstream ISs, 
respectively). Elements of the preponderant IS30 family are 
found in five species belonging to three different phyloge-
netic groups: S. pneumoniae, S. mitis and S. parasanguinis 
of the mitis group, S. anginosus of the anginosus group and 
S. dysgalactiae subsp. equisimilis of the pyogenic group.

The conservation of synteny of a given comX locus 
between strains belonging to the same species and possess-
ing or not an IS inserted just close to the comX gene suggests 
that, in most cases, the presence of the IS is more likely due 
to individual insertion events than to major horizontal gene 
transfer events involving large genomic regions (Table 1 and 
Supplemental Table S3). This assumption is reinforced by 
the fact that a group II intron was also identified upstream 
of comX1 in one strain of S. agalactiae (GD201008-001) 
(Table 1).

Phylogenetic analysis of the strains targeted 
by the transposable elements

In S. pneumoniae, ISSpn8 is inserted at the comX2 locus of 
strains which are not phylogenetically related. ISSpn14 is 
also inserted at the comX1 locus of two strains not phyloge-
netically linked. This suggests several independent insertion 
events of both ISs (Table 1; Fig. 2a). In S. thermophilus, 
the ISSth8 element is inserted at the comX locus of all the 
analysed strains, indicating one single insertion event in the 
ancestor of these strains (Table 1; Fig. 2c). In S. suis, the 
two strains possessing ISSsu7 at the comX1 and comX3 loci 
are phylogenetically linked, suggesting previous insertions 
in their last common ancestor (Table 1; Fig. 2b). On the 
contrary, insertions of ISSsu12 were found in strains belong-
ing to three different phylogenetic groups (groups A, B and 
C, Fig. 2b), suggesting three independent insertion events. 
In S. agalactiae, only two of the analysed strains (ILRI005 
and ILRI112) possess two comX alleles. In each of these 
strains, an ISSag5 element is present in the upstream region 
of each of these alleles. However, the ILRI005 and ILRI112 
strains are not closely related (Table 1; Fig. 2f). The two 
comX alleles are identical within each of these strains but 
are different from one strain to the other, indicating that the 
acquisition of comX2 is likely due to an internal duplica-
tion event that occurred independently in the two strains. 
ISSag5 insertions should thus have also occurred indepen-
dently in the two strains. In all the analysed strains of S. dys-
galactiae subsp. equisimilis, IS1239 is located downstream 
of comX1. Nevertheless, it is divergently oriented in strain 
ATCC 12394 compared to the three other analysed strains 
indicating at least three distinct insertion events in the sub-
species (Table 1; Fig. 2e). In S. equi subsp. zooepidemicus, 

ISSeq1 insertions at the two comX alleles were identified 
in two strains (ATCC 35246 and CY) which are closely 
related, indicating insertion events in the ancestor of these 
strains (Table 1; Fig. 2g). In S. pyogenes, IS1548 insertions 
downstream of one of the two comX alleles were detected in 
two clusters of strains (groups A and B) that are not closely 
related to each other (Table 1; Fig. 2d). The four members 
of group A possess IS1548 at the comX1 locus, suggesting 
only one insertion event in their last common ancestor. On 
the contrary, the absence of IS1548 or even of the duplica-
tion of its target sequence at the comX loci of one of the five 
strains of group B (strain HSC5) suggests two independent 
insertion events within this group. Altogether, these data 
indicate that at least three independent insertion events of 
IS1548 occurred in the downstream IGR of comX genes in 
S. pyogenes.

In conclusion, several different TEs targeted the comX 
alleles of streptococci belonging to various species, with 
either putative single insertion events in the ancestor of 
some groups of strains, or several insertion events in dis-
tinct strains.

Potential impact of the transposable elements 
on the genome plasticity

The identified TEs might have an impact on the genome 
plasticity. We tested this possibility by analysing the duplica-
tion of two competence-related genes.

The amiA homologs

An additional amiA homolog (amiA2), present in some 
strains of S. thermophilus (e.g., LMG 18311 and ND03), 
is located at the mscS locus 1 between two remnants of 
ISSth8 a few genes upstream of comX1 (Supplemental 
Table S3). The presence of these remnants on both sides 
of amiA2 suggests that ISSth8 was involved in its insertion 
at this locus. No other similar structure could be detected 
at another genomic location of S. thermophilus. However, 
an amiA2 homolog is also present on a cis-mobilizable ele-
ment (ΔCIME308) flanked on one side by a transposase 
gene showing the highest homology to ISSth8, and on the 
other side by a DNA sequence of 178 bp displaying more 
than 90% identity with a few ISs of the ISL3 family includ-
ing ISSth8, ISSmu2 and IS1193 (Pavlovic et al. 2004). These 
elements could have been involved in the mobilisation of 
amiA2. Garault et al. also previously proposed that the loca-
tion of ISs on both sides of the S. thermophilus amiA3 gene 
reveals its mobilisation by an IS-directed event (Garault 
et al. 2002). However, in this case, the mechanism involved 
is not clear as these ISs belong to different families.
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The comX homologs

The presence of TEs close to comX alleles might also have 
impacted the gain, the loss or the maintenance of an addi-
tional copy of the gene. The acquisition of an additional 
comX allele may contribute to a gene dosage effect alter-
ing the amount of ComX produced after the activation of 
the competent state. Because the transformation rate of a 
given strain is generally correlated to the expression level 
of ComX (Blomqvist et al. 2006), the acquisition of an addi-
tional copy of comX may increase the efficiency of DNA 
uptake and recombination and so, have a positive impact on 
the integration of exogenous DNA into the genome. This 
hypothesis is nevertheless contradicted, at least in S. pneu-
moniae and S. gordonii, where the effect of the two comX 
alleles does not appear to be additive (Lee and Morrison 
1999; Heng et al. 2006) Furthermore, due to their different 
genic environment and/or the putative drift of the regulatory 
sequences governing their expression, these multiple comX 
homologs may contribute to a more complex signalling net-
work leading to the induction of competence. We have thus 
analysed in more details the relationships between TEs and 
comX homologs in S. suis.

Strains of S. suis possess a variable number of comX 
alleles, which can be found at three distinct loci [ftsH locus 
1, proS-rpsJ, and rplQ loci, supplemental Table S3]. The 
different S. suis strains possess comX1 alone or in addition 
to either a truncated comX2 allele, a comX3 allele, or both 
alleles. A horizontal gene transfer event from an exogenous 
source is unlikely to be the cause of the presence of comX2 
and comX3. Indeed, comX1 and comX3 of a given strain are 
identical (except in the case of strain 6407 in which they dif-
fer by only one mutation). Moreover, the truncated comX2 
alleles are more similar to the comX1/comX3 alleles of S. 
suis than to comX genes from other species. The comX3 
allele, which is present in 42.1% of the analysed strains, 
is the only one always associated with ISs. In all cases, it 
is linked to ISSsu12, an upstream IS of the IS982 family 
(Table 1 and Supplemental Fig. S5). The alignment of the 
genomic sequences of two strains of S. suis comprising or 
not the comX3 allele at the rplQ locus (the ST1 and BM407 
strains, respectively), showed that comX3 is not located on 
a genomic island (dot-plot analysis, Supplemental Fig. S6). 
As no IS is inserted at the rplQ locus in strains devoid of 
the comX3 allele, it is possible that the ISs associated with 
comX3 were involved in its acquisition or maintenance. We 
thus analysed the IGRs of representative comX loci of strains 
possessing both comX1 and comX3 (Supplemental Fig. S5). 
We found that a region of 37 to 59 bp located upstream of 
comX1 is similar (93% identity in strain ST1) to a part of 
the IGR upstream of ISSsu12 (black rectangles, Supplemen-
tal Fig. S5) and that a next region of 196–200-bp is highly 
similar (99% identity in strain ST1) to the IGR between this 

IS and comX3 (white rectangles, Supplemental Fig. S5). 
Moreover, the comX3 alleles are always more similar to the 
comX1 gene of the same strain (from 99 to 100% identity) 
than to comX3 genes of other strains. As no trace of inser-
tion of ISSsu12 could be detected at the comX1 locus (not 
even that of a direct repeat), the above data suggest that 
the comX3 allele results from individual duplication events 
of the comX1 region that occurred independently in several 
strains, and that in a second time ISSsu12 inserted only into 
the comX3 locus, possibly due to a particular genetic envi-
ronment that could influence the structure of the DNA. By 
comparing the sequence homology of comX1 and comX3 
in all the strains possessing the additional comX3 allele, 
five probable independent duplication events leading to the 
appearance of comX3 were found (one in each of the strains 
ST1, TL13, T15 and 6407, and one in the common ancestor 
of strains D9, 05HAS68, ST3 and YB51) (data not shown). 
This suggests that more independent insertion events of 
ISSsu12 than proposed in Fig. 2b could have occurred. 
Because the presence of comX3 in S. suis strains is always 
associated with at least an upstream IS element, these ISs 
might be involved in comX3 maintenance by modulating its 
expression. Alternatively, the insertion of ISSsu12 at the 
comX3 locus should also decrease the length of the region 
of homology between the comX1 and comX3 loci and thus, 
reduce the probability of any homologous recombination 
events that would lead to the loss of one of the two comX 
alleles.

Discussion

Significant association of most early competence 
loci with transposable elements

In this work, we show that most of the main early compe-
tence genes are intensively targeted by TEs, and particularly 
comX loci (Table 1). ComX alleles are as often targeted in 
the strains which use the ComCDE or the ComRS system 
(in 36.6 and 37.8% of the strains, respectively). The search 
for TEs in the neighbouring of other key early competence 
genes revealed several insertion events particularly frequent 
in certain species, but failed to identify any locus targeted 
by a so large variety of elements and in so many Strepto-
coccus species. In strains which use the ComCDE system, 
the comCDE operon is nearly never targeted (an insertion 
was detected in only one strain) and the comAB operon is 
only targeted in strains of S. pneumoniae (in 100% of the 
strains of this species). The lack of synteny conservation of 
the region located upstream of the comAB locus between S. 
pneumoniae and other species using the ComCDE system, 
such as S. pseudopneumoniae, S. mitis or S. anginosus (data 
not shown) suggests that a transposition hotspot, necessary 



Molecular Genetics and Genomics 

1 3

for ISs targeting, may be specific to the S. pneumoniae spe-
cies. Similarly, in strains which use the ComRS system, the 
comRS locus is only targeted in S. suis (in 78.9% of the 
strains of this species). As in the case of the comAB operon, 
this could be due to the particular synteny of the region 
located downstream of comRS, that may contain a transpo-
sition hotspot only in S. suis. Indeed, the comRS genes of 
the analysed S. suis strains are located two or three ORFs 
downstream of the ruvB gene, whereas in the other species 
using the ComRS system (with the exception of the sali-
varius group, where the genetic environment of comRS is 
totally different), these genes are located just upstream of 
ruvB (data not shown). ISs were detected in the ami/opp 
region in 40.2% of the cases. Again, one species is largely 
concerned by this last targeting, as 100% of the S. pyogenes 
strains possess a remnant of an IS integrated downstream 
of the oppF gene. As the presence of TEs is otherwise not 
specifically linked to a random set of Streptococcus genes 
(MLST genes), their association with early competence 
genes should have a physiological significance that seems 
to particularly affects the expression of the master regulator 
ComX. Several studies have shed light on the critical impor-
tance of the expression level of ComX in streptococci, and 
artificial comX overexpression or addition of synthetic com-
petence pheromones is a common strategy used to render 
non-competent strains transformable or, at least, to stimulate 
the expression of late competence genes (Blomqvist et al. 
2006; Fontaine et al. 2010; Mashburn-Warren et al. 2012).

Acquisition of transposable elements into early 
competence loci during the evolution 
of streptococci

The study of the phylogenetic trees of the analysed species 
indicates that the acquisition of ISs close to early compe-
tence genes presumably arrived over different time scales 
during the evolution, some of them being acquired very 
early in the history of the species (e.g., ISSpn7/IS1381 of S. 
pneumoniae or IS861-like of S. pyogenes) and others more 
recently (e.g., IS1548 of S. pyogenes, IS1167 of S. pneu-
moniae, ISSag5 of S. agalactiae) (Fig. 2). Several of the 
elements acquired early in the evolution are degenerated. 
For example, this is the case of the ISSpn7/IS1381 element 
identified upstream of the S. pneumoniae comAB operon, of 
the ISSsu2 element of the types 1–2 inserted downstream of 
comRS in the group A of S. suis, or of the IS861-like element 
inserted downstream of the S. pyogenes oppABCDF operon. 
A substantial part of the ISs present in the close vicinity of 
comX alleles seem to have been acquired later during the 
evolution of streptococci (Fig. 2). However, 55.4% of the 
transposase genes of these elements are pseudogenes and 
are thus non-functional (Table 1). The presence of ISSth8 at 
the comX locus of S. thermophilus is an example of a more 

recent insertion event. The clonal species S. thermophilus is 
thought to have emerged only recently, about 7000 years ago, 
from a commensal ancestor of the salivarius group (Delorme 
et al. 2015). All of the analysed strains of S. thermophi-
lus, but not those of S. salivarius, possess ISSth8 upstream 
of comX (Table 1). It seems thus that S. thermophilus has 
acquired ISSth8 after the emergence of the species from the 
ancestor of the salivarius group.

Insertion of ISs into early competence loci seems thus 
to be a regular process since the emergence of streptococci.

Specific insertion of transposable elements 
inside intergenic regions flanking early competence 
loci

With the only one exception of an insertion into the comC 
gene of S. pneumoniae strain AP200, all the TEs identified 
are inserted into IGRs. The ORFs of early competence genes 
are thus either not targeted by TEs, or such insertions are 
not conserved during the evolution, because they are det-
rimental for streptococci. In this context, it is worth noting 
that ISs were described to preferentially insert into superhe-
licity-induced duplex stabilization regions (SSID) that are 
significantly associated with IGRs containing promoters 
(Zhang et al. 2017; Wang et al. 2004). A completely oppo-
site situation is found for genes encoding late components 
of the transformation machinery, in which numerous cases 
of integrative disruption by long MGEs were described in 
the literature. In particular, prophage or genomic island inte-
grations occur into the comYC and comFA genes of strep-
tococci belonging to different phylogenetic groups, or into 
the comEC gene of S. pneumoniae, respectively (Croucher 
et al. 2016). In streptococci, the early phase of competence 
has an additional function consisting on the control of bac-
teriocins production (Wang and Dawid 2018). As the pre-
dation mechanism is probably crucial for the persistence of 
bacteria in their ecological niche, this could explain why the 
genes governing the early phase, but not those encoding the 
transformasome, are preserved from disruption by MGEs.

Putative mutual influence on the regulation of gene 
expression

TEs inserted close to early competence genes might allow 
a modulation of the induction of competence under par-
ticular environmental constraints, by either providing the 
competence gene with additional promoter(s), disrupting a 
regulatory element involved in its expression, affecting the 
stability of the transcript or its expression by the synthesis 
of antisense RNAs from intrinsic outwarded promoter(s) 
(Casacuberta and González 2013). Besides, the presence of 
numerous putative transcriptional promoters and terminators 
was predicted in the sequence of the identified TEs (data 
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not shown). In the case of comX alleles, as in each species 
only one kind of IS is found at a particular comX locus, it is 
probable that these ISs induce specific adaptive mechanisms 
affecting the expression of each comX homolog in each spe-
cies (Table 1). As comX is duplicated in numerous strains 
of streptococci, ISs inserted in their close vicinity would 
additionally complexify the regulatory network by providing 
a specialised response of a particular allele to a specific envi-
ronmental stimulus. Further studies with knockout mutants 
of these ISs are necessary to evaluate their functional impact 
on the induction of competence. Conversely, early compe-
tence genes may also have an impact on the expression of 
the transposase genes, as it was previously described for 
some copies of ISWpi18_1 of Wolbachia wVulC which are 
transcribed from external promoters located in the genomic 
background, close to their insertion site (Cerveau et al. 
2015). It was also suggested that the transposase genes of 
IS1167 and IS630-Spn1 of S. pneumoniae are part of the 
competence regulons, as they belong to the late CSP-induced 
genes (Peterson et al. 2004). It seems thus that the com-
petence process might influence the transposition activity. 
Nevertheless, several protection mechanisms are used by ISs 
to prevent their fortuitous activation by external promoters, 
notably post-transcriptionally. For instance, in readthrough 
transcripts of IS10, the Ribosome Binding Site and the start 
codon of the transposase gene are sequestered into a stem-
loop structure, preventing its translation (Davis et al. 1985). 
Further studies are thus needed to assess the production of 
the transposase protein and the transposition activity of these 
ISs whose transcription could be activated by the genomic 
context.

Association of particular transposable elements 
with several competence loci

The IS1167, ISSpn8, IS1548, IS1239, ISSth8 and ISSsu7 
elements are associated with different competence genes in 
either the same strain, or the same species, suggesting their 
potential role in a coordinate regulation of several steps of 
the competence process.

In S. pneumoniae, IS1167 is present upstream of comX1 
in the ATCC 700669 and 70585 strains but this IS is also 
present upstream of comA in the R6 and CP200 strains. 
An IS1167A element is likewise located upstream of the 
ciaRH operon in strains ATCC 700669 and JJA. IS1167 and 
IS1167A are similar elements possessing 87.8% of identical 
nucleotides. The ciaRH operon codes for a two-component 
system, which negatively regulates the induction of compe-
tence of this species (Sebert et al. 2005). In some strains, an 
IS1167-like remnant is also located upstream of the comW 
gene (Martin et al. 2013). In S. pneumoniae, the comW gene, 
which belongs to the comE regulon, codes for a protein 

involved in both the stabilization and activation of ComX 
(Sung and Morrison 2005).

In three S. pneumoniae strains, ISSpn8 is inserted down-
stream of comX2 (Table 1). In strain SPN034156, this IS 
is also present at three other loci, two of which are also 
involved in the induction of competence. One copy of 
ISSpn8 is inserted upstream of spxA1, a gene coding for 
a transcription regulator that represses the comCDE early 
competence operon and so, prevents the induction of the 
competent state. Another copy is inserted upstream of pepO, 
a gene encoding an endopeptidase able to inactivate CSP 
(Turlan et al. 2009; Bergé et al. 2002).

In some strains of S. pyogenes, IS1548 targets the comX1 
or comX2 downstream IGRs (Table 1). Homologs of the 
transposase gene of IS1548 are also present just downstream 
of the dprA-topA genes of strain Alab49 and just down-
stream of the cinA-recA-spxA1 genes of strain STAB901. 
These genes belong to the ComX regulon of other strepto-
coccal species, and dprA and cinA are induced following XIP 
exposure in S. pyogenes (Boutry et al. 2012; Zhu et al. 2015; 
Mashburn-Warren et al. 2012). The DprA protein is required 
for the recruitment of the RecA recombinase onto single-
stranded DNA and these two proteins mediate the homolo-
gous recombination process that can occur after DNA entry 
(Mortier-Barrière et al. 2007). DprA is also involved in the 
shut-off of competence of S. pneumoniae (Mirouze et al. 
2013). We also found an IS1548 element (GGS_0054) just 
downstream of the comRS genes of S. dysgalactiae subsp. 
equisimilis RE378. Moreover, we previously described that 
IS1548 targets the promoter and the first gene of the adcRCB 
operon, which encodes a transcriptional repressor and subu-
nits of a high-affinity zinc ABC transporter involved in the 
induction of competence in other streptococci and in B. sub-
tilis (Fléchard et al. 2013a, b; Loo et al. 2003; Dintilhac et al. 
1997; Ogura 2011). The disruption of the gene encoding the 
repressor of the adc operon and/or the putative promoter 
located at the right end of IS1548 could have a direct impact 
on the transcription of the downstream genes (Fléchard et al. 
2013a; Al Safadi et al. 2010).

In all the analysed strains of S. dysgalactiae subsp. equi-
similis, an isoform of IS1239 is inserted in the downstream 
IGRs of both amiF and comX1.

In S. thermophilus, ISSth8 is present upstream of comX1 
(Table 1) and is also inserted between the amiA3 gene and 
the amiA1BCDF operon (Supplemental Fig. S3).

Finally, in S. suis, ISSsu7 is inserted downstream of 
comX1 and comX3 in strains ST3 and YB51, and down-
stream of comRS in strains of the types 2 and 4 described 
above. This IS appears thus to target the major genes of the 
signalling cascade triggering the induction of competence 
in the S. suis species (Zaccaria et al. 2014).

Altogether, these data suggest that some ISs may specifi-
cally target competence genes.
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Specific regulation of competence genes by/with 
mobile genetic elements

In bacteria, the existence of specific targeting mechanisms 
of a locus by one or several ISs was first proposed in the 
late 1980s and was called adaptive mutations (Hall 1998). 
These genetic events, still controversial, are thought to occur 
under some specific environmental conditions such as pro-
longed stationary phase in the presence of some specific 
carbon substrates (Hall 1998; Wang and Higgins 1994). In 
B. subtilis, the comP gene, which encodes the sensor his-
tidine kinase of a two-component system involved in the 
early steps leading to the establishment of competence, was 
shown to be a hotspot for spontaneous insertions of IS4Bsu1 
under competence-developing conditions (Nagai et al. 2000; 
Takahashi et al. 2007). Other examples of targeting of key 
competence genes by MGEs involve prophages. A genetic 
switch due to the excision of a temperate phage was recently 
shown to induce the transformation machinery of Listeria 
monocytogenes. In this species, the DNA uptake system is 
cryptic, because Listeria prophage is inserted into the comK 
gene, that codes for the master regulator of competence. 
Prophage excision is specifically induced during intracellular 
growth and allows the formation of a functional comK gene 
that leads to the induction of the com regulon and promotes 
phagosomal escape and virulence (Rabinovich et al. 2012). 
Furthermore, a recent analysis of within-host evolution of 
S. pneumoniae isolates showed that competence can be tran-
siently inactivated by prophage integrations into the comYC 
gene encoding a component of the transformation machinery 
(Croucher et al. 2016). Lastly, in B. subtilis, the Rok repres-
sor was shown to co-regulate the induction of competence by 
downregulating the comK gene and the excision of a MGE 
by decreasing the expression of the genes of ICEBs1 (Smits 
and Grossman 2010).

The use of MGEs as sensors of the cellular physiological 
state to regulate the induction of competence by their inser-
tion/excision under some specific conditions may be thus a 
widespread strategy among bacteria.

Benefits of regulating the induction of competence 
by mobile genetic elements

As competence is an energy-consuming process, the reg-
ulation of its induction by MGEs might aim at triggering 
transformability only under circumstances under which it 
provides an adaptive advantage for the strain. Congruently, 
it was shown that, in S. pneumoniae, the benefits of com-
petence are context-dependent, because transformability is 
specifically advantageous under slightly stressful conditions 
(Engelmoer et al. 2013). Moreover, regulating the induc-
tion of competence by inserted TEs could also be part of a 

bet-hedging strategy allowing the emergence of a subpopu-
lation of competent bacterial cells with an increased capac-
ity to adapt to changing environmental conditions without 
exposing the whole population to the deleterious effects of 
the competent state. Indeed, induction of competence is an 
exhausting process, during which bacteria undergo growth 
arrest and cell wall alterations that can be detrimental for 
their survival (Zaccaria et al. 2016; Haijema et al. 2001; 
Bergé et al. 2017). This kind of bet-hedging may be par-
ticularly important for bacteria exposed to very diverse 
successive ecological niches, such as pathogens during the 
infection process. Lastly, as suggested for long MGEs such 
as prophages and ICEs whose insertion/excision in/from late 
competence genes can be used as a control switch of the 
transformability of their host strain allowing them to avoid 
their elimination from the genome, the insertions of TEs 
close to early competence genes might also have somehow 
an impact on their maintenance and spread in the genomes 
(Croucher et al. 2016).

In conclusion, this work sheds light on the importance of the 
targeting of streptococcal intergenic regions neighbouring 
early competence loci by ISs. Although all early competence 
loci are involved in this phenomenon, the association of ISs 
with the alleles coding for the central regulator of this pro-
cess (ComX) is particularly strong and widespread among 
the main phylogenetic groups of streptococci. As this associ-
ation suggests a possible co-regulation between the inserted 
ISs and the induction of competence, the questions of its 
consequences on streptococcal transformability and on the 
transposition efficiency of ISs, as well as of the mechanisms 
governing the targeting specificity, remain to be addressed 
by experimental approaches. Moreover, it would be interest-
ing to evaluate the extent of this phenomenon among other 
groups of competent bacteria. These studies should bring 
new perspectives on our understanding of the regulation of 
competence and its role in genomic plasticity and adaptive 
evolution of prokaryotes.
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