Parasexual

A term used to describe a
form of reproduction in which
genetic recombination occurs
in the absence of meiosis,
wherein one ‘partner’ is DNA.

Homologous recombination
The exchange of DNA
sequences between identical
or similar molecules. In the
case of transformation, this
involves the host chromosome
and internalized single-stranded
DNA (ssDNA).
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Bacterial transformation: distribution,
shared mechanisms and divergent

Jean-Pierre Claverys'?

than in nutrition.

Natural bacterial transformation, which was first discov-
ered in the Gram-positive bacterium Streptococcus pneu-
moniae (also known as pneumococcus)’, is regarded
as a parasexual process that involves two partners:
exogenous DNA and a recipient cell. Internalization
of exogenous DNA and integration into the recipient
genome by homologous recombination enables bacteria
to acquire new genetic traits and to adapt to changing
environmental conditions, promoting — for example —
resistance to antibiotics and evasion of vaccines®. Unlike
other mechanisms of horizontal gene transfer, such as
transduction and conjugation, transformation is entirely
directed by the recipient cell and all required proteins
are encoded in the core genome. Most transformable
bacteria do not permanently express the proteins that
are involved but instead require specific conditions to
develop competence for genetic transformation. Com-
petence is thus a transient ‘window of opportunity’ for
DNA internalization and thereby enables subsequent
transformation.

The number of species that are known to be natu-
rally transformable has almost doubled in 20 years**. A
total of 82 species have now been shown to be naturally
transformable (Supplementary information S1 (table)).
This number could be an overestimate as, in several
cases, only a single report documents transformation
and molecular proof of natural transformation (such
as inactivation of a key DNA-uptake or processing gene

Calum Johnston'2, Bernard Martin'2, Gwennaele Fichant’2, Patrice Polard’? and

Abstract | Natural bacterial transformation involves the internalization and chromosomal
integration of DNA and has now been documented in ~80 species. Recent advances have
established that phylogenetically distant species share conserved uptake and processing
proteins but differ in the inducing cues and regulatory mechanisms that are involved. In this
Review, we highlight divergent and common principles that govern the transformation
process in different bacteria. We discuss how this cumulative knowledge enables the
prediction of new transformable species and supports the idea that the main role of
internalized DNA is in the generation of genetic diversity or in chromosome repair rather

— for example, comEC or dprA; see below) is lacking.
Nevertheless, an analysis of the phylogenetic distribution
of 57 of these 82 species shows that transformability is
spread throughout the main taxa, with Gram-positive
and Gram-negative bacteria equally represented (FIC. 1a).

Over the past 10 years, several reviews have addressed
various aspects of transformation, including its preva-
lence and the mechanisms of DNA uptake and process-
ing®?. Other reviews have focused on competence regula-
tion in Gram-positive'® and Gram-negative bacteria''. In
this Review, we aim to provide an update of recent stud-
ies that describe the molecular mechanisms that control
competence, with an emphasis on Gram-positive organ-
isms, including S. pneumoniae and species that were not
previously known to be naturally transformable, such as
Streptococcus thermophilus and Staphylococcus aureus.
We also discuss recent insights that have been obtained
for the Gram-negative species Vibrio cholerae, Helico-
bacter pylori and Haemophilus influenzae. We compare
how competence is regulated in these phylogeneti-
cally distinct bacteria, focusing on common principles
and species-specific mechanisms. Finally, we revisit the
question of the role of imported DNA and discuss
the prediction of new transformable species.

Transformation: a brief overview
With the exception of H. pylori (BOX 1), all transformable
bacteria are thought to share common mechanisms of
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a Species phylogeny

b DprA phylogeny
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Transduction

A mechanism of horizontal
gene transfer, in which DNA is
accidentally transferred to a
new host by a bacteriophage
vector.

Conjugation

A mechanism of horizontal
gene transfer by cell-to-cell
contact that is primarily used
for plasmid transfer but
occasionally leads to
chromosomal transfer.

Regulons

Sets of genes that are under
coordinated control by
dedicated regulatory circuits.

1.5

DprA distance
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Species distance

DNA uptake and processing (FIC. 2). These mechanisms
rely on conserved proteins, which are mainly encoded
by a set of genes that are simultaneously expressed at the
onset of competence. In this Review, we will refer to these
gene arrays as com regulons. Exogenous double-stranded
DNA (dsDNA) is the substrate for transformation: one
strand is degraded and the other is internalized in
single-stranded form through the ComEC transmem-
brane channel'? in a 3’-5’ orientation. This model is
mainly based on observations from Bacillus subtilis
and S. pneumoniae, which are the two species for which
key aspects of transformation have been established.
Internalized single-stranded DNA (ssDNA) is bound
by the transformation-dedicated DprA (DNA process-
ing A) protein, which loads the recombinase RecA onto
ssDNA". RecA polymerizes on the ssDNA and promotes

ComEC distance

Species distance

a homology search in the host chromosome. When a
homologous sequence is found, RecA-driven homolo-
gous recombination occurs, which involves pairing
of the ssDNA with a homologous strand of chromo-
somal DNA to form a transformation heteroduplex. These
duplexes can be fully homologous or can contain het-
erologous DNA (such as pathogenicity islands), which
remain in single-stranded form and are flanked by the
homologous regions (FIC. 2). Thus, ComEC, DprA and the
ubiquitous recombinase RecA have key roles in natural
transformation.

Conserved DNA uptake. Gram-positive and Gram-nega-
tive bacteria rely on highly similar DNA-uptake systems,
with the only major difference being the requirement for
transport across the outer membrane in Gram-negative
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< Figure 1| Phylogenetic distribution of naturally transformable species,
the DNA-uptake protein ComEC and the DNA-processing protein DprA.
a| Phylogenetic tree of naturally transformable species (which was generated as
described in REF. 85), on the basis of a collection of 137 conserved protein sequences.
The numbers refer to species that are detailed in Supplementary information S1 (table) .
The parametric bootstrap'®’ values were greater than 96% for all branches except those
at the origin of clades 16-20 (66%) and 41-42 (50%). b | Phylogenetic analysis of DprAin
naturally transformable species. The upper panel shows a schematic of Streptococcus
pneumoniae and Escherichia coli DprA proteins, with the known domains indicated. The
centre panel shows a phylogenetic tree that was constructed using subsequences from
the pfam02481 domain. The parametric bootstrap*®’ values were greater than 90% for all
branches except those at the origin of clades 14-15 (87%), 13-17 (75%) and 30-31 (70%).
In the lower panel, a comparison of the rate of evolution of DprA sequences and species
evolution is shown. The evolutionary distances were computed as described in REF. 85
(each blue dot corresponds to the distance computed for a given species pair and the
blue colour gradually changes to red when spot density increases). The data suggest
that DprA evolves at a rate that is threefold higher than the rate of species evolution.
c| Phylogenetic analysis of ComEC in naturally transformable species. The upper panel
shows a schematic of S. pneumoniae ComEC protein, with the known domains indicated.
The centre panel shows a phylogenetic tree constructed using subsequences from the
pfam03772 domain. The parametric bootstrap*®’ values were greater than 92% for all
branches except those at the origin of clades 5-20 (89%), 13-20 (74%), 31-32 (71%),
42-43 (77%),49-57 (86%), and 54-57 (80%). The lower panel shows a comparison of the
rate of evolution of ComEC sequences and species evolution, which suggests that
ComEC evolves at a rate that is six-fold higher than the rate of species evolution. The
DprA and ComEC trees were computed using PhyML from a multiple alignment
obtained using the MUSCLE program and trimmed with the trimAl program, as described
in REF. 86; 242 and 168 informative sites, respectively, were used for tree computation.
The Le and Gascuel (LG) model of sequence evolution with a I'-correction (which
incorporates four categories of evolutionary rates) was used and the shape parameter
and the proportion of invariant sites that were estimated from the data were selected by
the ProtTest3 program®. The branch supports were estimated using 100 replicates of
non-parametric bootstrap. e, extension of Rossman fold; RF, Rossman fold; SAM, sterile
alpha motif.

organisms, which involves the PilQ secretin channel®
(FIG. 2). Although protein nomenclature varies between
species, we mainly use the B. subtilis nomenclature
as the DNA-uptake system was first characterized in
detail in this bacterium. For DNA transport across the
outer layer of the envelope (which consists of the outer
membrane and the peptidoglycan layer), transform-
able Gram-negative species use proteins that are related
to those involved in the assembly of type II secretion
systems and type IV pili (T4P)'*'*. It has been proposed
that a similar structure to T4P, known as a competence
pseudopilus, participates in DNA transport not only in
Gram-negative bacteria but also in Gram-positive bac-
teria. However, despite a correlation between the pres-
ence of T4P and competence in Gram-negative species,
whether pili themselves have a direct role in transfor-
mation has remained unclear®. In Gram-positive bac-
teria, competence pseudopili are encoded in the comG
operon and ComGC is the major pilin®'°. Protrusion
of competence pseudopili beyond the cell surface was
considered to be limited. This assumption originated
Pil from the observation that a B. subtilis cell typically con-
tains 40-100 ComGC monomers and, assuming that
each monomer is ~1 nm in length, this would resultin a
pseudopilus with an overall length of 40-100 nm (com-
pared with the ~55 nm thickness of the periplasm and
the cell wall)"”. However, a bona fide T4P of 2-3 pm in
length was recently identified in S. pneumoniae cells'.

Transformation
heteroduplex

A DNA duplex that is
comprised of one strand of
host chromosomal DNA and a
complementary strand of
internalized DNA.

Filamentous extracellular
appendages that are present
in some bacteria and that
participate in different
processes. Transformation pili
promote the capture of
exogenous DNA for uptake.

REVIEWS

This appendage binds directly to exogenous dsDNA
and is required for transformation; it has therefore been
named the transformation pilus (Tfp) (FIC. 2). As the
pneumococcal Tfp remained elusive despite many years
of investigation, and given the presence of T4P-related
structures in both Gram-negative and Gram-positive
species, it seems probable that both groups use a Tfp
to convey exogenous DNA to the dsDNA receptor
ComEAPY. Pilus retraction®® might participate in DNA
transport but experimental evidence is currently lacking.

ComEA presumably delivers dsSDNA to a protein that
generates ssDNA for internalization (FIG. 2). In S. pneu-
moniae, the nuclease EndA degrades one DNA strand,
thereby enabling import of the complementary strand
through the ComEC pore?"? (FIG. 2). A protein with a
similar function to EndA has not yet been identified in
other species®”. Recruitment of EndA to midcell was
recently documented and was shown to require the
presence of ComEA but not ComEC or Tfp*. Midcell-
bound dsDNA was found to colocalize with ComEA and
EndA, which suggests that uptake occurs at this posi-
tion in S. pneumoniae*, whereas polar DNA uptake is
observed in B. subtilis**. These data suggest that there
is no general rule that governs the subcellular location
of the DNA-transport machinery. In Firmicutes, the
associated ComFA protein is thought to function as an
ATP-dependent translocase that drives internalization
of ssDNA®*,

Thus far, only H. pylori is an exception to this gen-
eral model (BOX 1), as it does not rely on Tfp for transfer
of exogenous DNA to the periplasm, although a distant
homologue of the ComEC channel (Supplementary
information S1 (table)) is required for the uptake of
transforming DNA?". Although this finding sug-
gests that all naturally transformable bacteria encode a
ComEC homologue, this hypothesis has not previously
been rigorously tested. Therefore, a phylogenetic tree
of ComEC homologues from transformable species
was constructed and compared with species and DprA
phylogenetic trees (see below). The data reveal that the
species, DprA and ComEC trees show good congruence
(FIG. 1), which suggests that ComEC is stably maintained
as part of the core genome of transformable species.

Conserved DNA processing. Homologous recombination
is initiated in all organisms by ssDNA; thus, internalized
transforming ssDNA is an ideal substrate for recombina-
tion. However, homologous recombinases (such as RecA
in prokaryotes and Rad51 in eukaryotes) require cofac-
tors called recombination mediator proteins (RMPs)*
to load onto ssDNA and assist the recombination pro-
cess. DprA of S. pneumoniae has been proposed to be
a transformation-dedicated RMP that facilitates RecA
loading onto internalized ssDNA®®. Further structure-
function studies of DprA support this view and have
identified residues that are important for interactions
with RecA, as well as revealing the importance of DprA
dimerization for recombination®. An investigation of the
conservation of DprA in prokaryotes has revealed that
its pfam02481 domain (FIC. 1b) is present in 84% of 317
completely sequenced bacterial genomes'. Moreover, an
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Box 1 | Helicobacter pylori: the black sheep

Itis often said that there is an exception to every rule. In the case of natural bacterial
transformation, this exception seems to be the Gram-negative gastric pathogen

Helicobacter pylori.

An atypical DNA uptake machinery

Rather than relying on a transformation pilus (Tfp) for DNA uptake, H. pylori uses a
type |V secretion system??2. This secretion system, which is known as competence
protein B (ComB), was shown to be essential for transformation!?22. However, a
homologue of the ComEC transmembrane pore is also present and is required for
transformation?”?. Notably, this ComEC protein is only distantly related to other
members of the family; it is much shorter (437 amino acids compared with 746 amino
acids for pneumococcal ComEC) and lacks the carboxy-terminal domain (smart00849;
FIC. 1¢). It has been suggested that DNA uptake involves a two-step process, in which
ComB transports DNA into the periplasm, followed by subsequent import into the
cytoplasm through ComECZ. This differs substantially from the mechanism involving
Tfp that is used by all other bacteria that have been characterized so far, including both
Gram-positive and Gram-negative species (FIG. 2).

Constitutive competence?

Unlike bacteria that require environmental and cellular signals to induce competence,
H. pyloriis often described as being constitutively competent'?*. However, this conclusion
was made on the basis of a study in which peaks of transformation were observed at
different growth phases, but periods of no transformation were also observed'?’, which
suggests that regulation of competence must occur at some level in this species.
Clearly, further work is required before concluding that H. pylori competence is really

constitutive.

Intriguingly, it has also been reported that fluoroquinolone-mediated DNA damage in
H. pylori triggers genetic exchange'*; however, although a number of competence
genes are induced, the induction of comEC and dprA was not observed. This is
surprising considering that the encoded proteins have crucial roles in natural
transformation in other species. At the regulatory level, the recombinase RecA was
found to be required for the induction of competence, which led to the suggestion that
RecA is involved in sensing and transmitting the DNA damage signal'?*. However,
considering that LexA, which is the master regulator of the SOS response, is absent in
H. pylori, the mechanism of RecA-mediated induction remains elusive. Finally, as this
study was carried out using the H. pylori strain for which distinct peaks of competence
are observed during growth'?, caution is needed when interpreting variations in com
gene expression, as these variations could be the consequence of growth

perturbations.

Despite these potential limitations, it is clear that H. pylori is an exception to several
of the general rules that govern natural transformation in other bacteria.
Transcriptomic studies of gene expression are currently lacking and are needed to
determine the genes that are highly expressed when transformation rates are maximal
and to establish a model for this unusual transformation system.

Alternative sigma factors
(alternative o factors).
Alternative RNA polymerase
cofactors that direct the RNA
polymerase to specific
promoters.

Transcription co-regulators
Proteins that lack DNA-binding
activity but can interact with
and stimulate the activity of a
transcription activator, thus
indirectly promoting
transcription.

SOS response

A global response to DNA
damage that enables
DNA repair in bacteria.

analysis of the genome sequences of transformable spe-
cies shows that DprA is conserved in all of these species,
which strongly suggests that a functional DprA protein is
a conserved characteristic of naturally transformable spe-
cies (Supplementary information S1 (table)). There is also
high phylogenetic congruence between the DprA and
species phylogenetic trees (FIC. 1a,b), which indicates that
DprA is stably maintained as part of the core genome
of transformable species. Although many species that
encode DprA have not been shown to be transformable,
arole for DprA in processes other than transformation
has not been found. Thus, DprA may be a remnant of
ancestral transformability or, alternatively, some of these
species may be transformable but this has not yet been
detected (see below).

Despite the observation of longer phylogenetic dis-
tances between ComEC genes than between DprA
genes (FIC. 1b,c), which suggests a faster evolution rate for

ComEGC, the congruent phylogenies of two key transfor-
mation proteins and transformable species suggests that
transformation is an ancient process that was inherited
from a common ancestor.

Divergent central competence regulators
Competence is a regulated property and regulation
occurs at specific growth phases in different bacteria.
It is induced during early exponential phase in S. pneu-
moniae, but restricted to stationary phase in B. subtilis.
H. pylori and Neisseria spp. are exceptions, and are
generally described as being ‘constitutively competent’
(although this is questionable for H. pylori; BOX 1).
Despite conserved DNA-uptake and processing mech-
anisms, competence regulation varies considerably
among transformable species. Central competence reg-
ulators, which are defined as proteins that directly con-
trol the com regulon, include dedicated alternative sigma
factors (alternative o factors), transcription activators
and transcription co-regulators. Interestingly, all known
central competence regulators function as activators.
By contrast, even though competence is regarded as an
SOS substitute in some species'®*"*2, the master regula-
tor (LexA) of the SOS response functions as a repressor
until the SOS response is triggered (reviewed in REF. 33).
Below, we focus on the best characterized examples of
each type of central competence regulator to illustrate
the stark regulatory differences that exist.

Alternative o factors. A number of transformable species
rely on an alternative o factor to regulate competence.
The best characterized alternative o factor, 6* of S. pneu-
moniae, is encoded by two identical comX genes* and
is widely distributed among the Firmicutes. * forms
a complex with RNA polymerase that recognizes an
8 bp sequence in the promoter of all com genes that are
required for transformation® (with the exception of
endA) resulting in the induction of competence (FIC. 3a).
It is likely to be the central competence regulator in all
streptococci® as a similar role for o* has been identified
in several species”~*. Reliance on an alternative o factor
for competence regulation is unlikely to be exclusive to
streptococci as 0* is also present in Lactobacillales®, and
a o factor that is phylogenetically related to o* (known as
o") has recently been shown to control competence in
the distantly related Firmicute Staphylococcus aureus®.

Transcription activators. The best characterized example
of a transcription activator that controls competence is
the B. subtilis ComK protein®. In this bacterium, compe-
tence is induced in stationary phase when ComK binds
to its own promoter, which creates an autostimulatory
cycle that is central to the development of competence
(reviewed in REF. 10). Unusually, only 15% of the popula-
tion becomes competent, which is attributed to stochastic
fluctuations in the cellular levels of ComK, resulting in
so-called bistability*>*”. ComK drives the expression of
more than 100 genes, including all the genes required
for transformation (FIC. 3a), and most of these genes are
directly regulated by the binding of ComK to recognition
sites within their promoters*-.
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Figure 2 | An overview of the transformation process. The key steps of transformation in Gram-positive and
Gram-negative species are shown. The DNA-uptake machinery generally comprises a transformation pilus (Tfp), which
consists mainly of ComGC subunits in Gram-positive bacteria and captures exogenous double-stranded DNA (dsDNA),
the DNA receptor ComEA and the transmembrane pore ComEC. In Streptococcus pneumoniae, the EndA nuclease
receives DNA from the DNA receptor ComEA and degrades one DNA strand, whereas unidentified nucleases (or
strand-separating proteins) generate single-stranded DNA (ssDNA) for uptake in other species. In Firmicutes, ssDNA
internalization through ComEC is presumably driven by the ATP-dependent translocase ComFA. In Gram-negative
bacteria, such as Neiserria gonorrhoeae, the PilQ secretin channel enables the pilus (which is mainly composed of PilE
subunits) to cross the outer membrane and dsDNA is transported across the outer membrane through PilQ. In both
Gram-positive and Gram-negative cells, additional proteins are required for DNA uptake (for example, the ComGA and
ComGB proteins of Firmicutes). A homologue of the ComFA translocase might be present in Gram-negative bacteria, but
this is currently unclear. Internalized ssDNA is presumably bound by DprA (DNA processing protein A), which recruits the
recombinase RecA. RecA polymerizes on ssDNA and promotes a homology search along chromosomal DNA, followed by
strand exchange. The transformation heteroduplex that forms can be a fully homologous double-stranded recombination
intermediate, or if the imported DNA contains heterologous sequences (such as a pathogenicity island) flanked by
homology, a recombination intermediate with a single-stranded loop is formed. If heterologous donor DNA is
unmethylated (light grey circles), this DNA remains fully unmethylated in the recipient chromosome after replication. The
methylation and restriction activities of the restriction-modification (R-M) system compete (dashed arrows) for access to
this sensitive DNA, and restriction can kill transformants and limit heterologous transformation. PG, peptidoglycan.
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Orthologue

A homologous gene that is
derived by a speciation event
from a single ancestral
sequence. Orthologues
typically carry out equivalent
functions in closely related
species.

Two-component
signal-transduction system
(TCS). A system that comprises
a histidine kinase and a
response regulator; TCSs
enable bacteria to sense
signals (including those in the
extracellular environment) and
to regulate genes accordingly.

Transcription co-regulators. The competence activa-
tor Sxy in H. influenzae and its orthologue®, TfoX, in
V. cholerae are transcription co-regulators. Interactions
between cyclic AMP (cAMP)*>* and its receptor protein
CRP* (cAMP receptor protein) are required but not suf-
ficient to induce competence in H. influenzae. The sxy
gene was subsequently shown to be essential for compe-
tence* and the encoded protein is thought to function
as a positive regulator, despite lacking a DNA-binding
motif*. Microarray studies identified 25 genes in the com
regulon that depend on both CRP and Sxy for expres-
sion”. Sites of 22 bp were found in the promoters of these
genes (known as CRP-S sites) and the binding of CRP
was shown to be dependent on Sxy. Thus, Sxy has been
suggested to function as an activating cofactor for CRP,
preferentially directing it to competence-specific CRP-S
sites rather than canonical CRP sites™*’.

In V. cholerae, TfoX is essential for competence®®
and, as it is an orthologue of Sxy, it presumably func-
tions as a CRP-activating cofactor®. Surprisingly, TfoX
does not directly regulate expression of the DNA-uptake
genes comEA and comEC, which were recently shown
to be controlled by the transcription activator QstR®.
Although gstR itself is positively regulated by TfoX, this is
the first example of bipartite regulatory control of a com
regulon (FIG. 3a).

Regulating central regulators

In addition to important differences between the cen-
tral regulators of competence in transformable species,
the regulatory cascades that govern the activity of these
regulators are also diverse.

Two-pronged regulation of ComK. Expression of the
central regulator of competence in B. subtilis is controlled
at the transcriptional and post-translational levels®'.
Briefly, five proteins directly control comK expression:
ComK itself*? and the response regulator DegU® activate
transcription, whereas transition state regulatory pro-
tein AbrB®, GTP-sensing transcriptional pleiotropic
repressor CodY® and Rok (repressor of comK)* inhibit
transcription. The post-translational control of ComK
stability involves ComS, ClpCP and the adaptor protein
MecA. After formation of a ternary complex comprised
of MecA, ComK and ClpC, MecA targets ComK to the
ClpP protease for degradation®*s. ComS, which is
the product of a small ORF that is embedded in the
sfrA operon®, has a key role in promoting the stability
of ComK by displacing it from this ternary complex®,
Expression of the srfA operon, and thus ComS pro-
duction, also depends on a complex regulatory system
involving the response regulator ComA™ (BOX 2), which
is interconnected with other adaptive responses (for
example, sporulation), as well as the transcriptional
regulators CodY® and peroxide-responsive repressor
PerR”! (reviewed in REF. 10).

Species-specific regulation of ¢* expression. The com-
petence regulator o* is controlled by two distinct regu-
latory cascades in different streptococcal species. In
S. pneumoniae, competence is initiated by a 17-residue

Figure 3 | Divergent competence regulatory
cascades. a|Competence genes can be regulated by
alternative o factors (for example, o* in streptococci such
as Streptococcus pneumoniae), transcription factors (such
as ComK in bacilli such as Bacillus subtilis) and transcription
co-regulators (such as the cAMP receptor protein (CRP)
cofactor TfoX in Vibrio cholerae). Although TfoX directly
regulates most of the com genes in V. cholerae, it indirectly
activates comEA and comEC by regulating the expression
of gstR%. b | Distribution of the two distinct two-component
systems that regulate competence in streptococci:
ComDE and ComRS. The ComDE system is present in

S. pneumoniae and the Streptococcus mitis and
Streptococcus anginosus groups, and ComRS is present

in the Streptococcus mutans, Streptococcus salivarius,
Streptococcus bovis and Streptococcus pyogenes groups.
Both of these systems regulate expression of the central
competence regulator ¢*. Lactococcus lactis was used as an
outgroup in the distribution analysis. Filled circles with
white digits indicate species that have been shown to be
naturally transformable. Scale bar represents phylogenetic
distance. For information on the genomes and methods
used to create the tree, see REF. 85. Two additional
transformable species included here are Streptococcus
infantarius (species NC_016826, genome CJ18) and
Streptococcus macedonicus (species NC_016749, genome
ACA-DC 198)*. Part b is modified, with permission, from
REF. 85 ©(2013) Proceedings of the National Academy of
Sciences, USA.

competence-stimulating peptide (CSP), which is encoded
by the comC gene and is exported and matured by the
dedicated ComAB exporter’>7%. At a critical concen-
tration, extracellular CSP activates the two-component
signal-transduction system (T'CS) ComDE?. Interactions
between CSP and the transmembrane histidine kinase
ComD presumably lead to autophosphorylation of
CombD, which then phosphorylates and thereby activates
the response regulator ComE”. Phosphorylated ComE
(ComE-P) directly activates expression of comAB and
comCDE by binding to direct repeats in the promot-
ers of these operons, thereby creating an autocatalytic
feedback loop that amplifies the signal and coordinates
competence in the population. ComE-P uses the same
mechanism to directly activate the comX genes”, which
results in the production of ¢* (BOX 2) and thus pro-
motes expression of the proteins that are required for
transformation.

Although pneumococcal o* is regulated by ComDE,
phylogenomic analysis has shown that many strepto-
cocci lack this TCS, which suggests that a different
regulatory circuit is present in other species*. This alter-
native circuit, which was recently characterized in S. ther-
mophilus™* and Streptococcus salivarius”, involves the
transcriptional activation system ComRS. The system
is induced by expression of the ComS peptide, which is
processed (probably by the Eep membrane protease)
to produce mature XIP (comX-inducing peptide). XIP
initially accumulates extracellularly”’, but at a critical con-
centration, XIP is imported back into the cytoplasm by
the oligopeptide permease Opp (also known as Ami)”
and directly interacts with ComR*”7® (which belongs to the
Rgg” transcriptional regulator family*’). The ComR-XIP
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a complex then activates transcription of comX, which
) B. subtilis promotes the development of competence (BOX 2).
S.pasaepiae Transcriptional Streptococcus mutans deserves a specific mention.
Alternative o factor T

Whereas S. pneumoniae possesses two paralogous®
TCSs (ComDE and BlpRH), phylogenomic analysis has
shown that S. mutans possesses only the orthologue of
BlpRH, which was unfortunately annotated ComDE®.
As its name suggests, in S. pneumoniae BlpRH controls
the expression of the blp regulon, which encodes a group
of bacteriocins®. The phylogenetic differences between
ComDE and BlpRH hle)ivz mgostly been ignored, and even
comGC > ---[_dprA_>=» [DNA binding and processing]  the most recent literature® still refers to the S. mutans
com genes TCS as ComDE. However, the master regulatory system
of competence in S. mutans has since been shown to be
ComRS*. This suggests that the operon controlled by the
mistakenly annotated ComDE TCS in S. mutans actually
regulates bacteriocin production and should be renamed
accordingly. This would involve changing the incorrectly
annotated S. mutans CSP to BIP (for bacteriocin- or
! blp-inducing peptide). However, the BlpRH locus has
@ @ been shown to activate competence in S. mutans. How is
this possible? Activation is clearly indirect and involves
v delayed stimulation of ComRS***%. Consistent with the

. cholerae X .

CRPI observation that competence is induced under stressful
conditions in some species (see below), we propose that
bacteriocin production by a fraction of the population
puts a stress on the non-producing population (those cells

S. anginosus . that lack immunity to the bacteriocin), which eventually
e@ a . induces competence via the ComRS system.
Q e Although both the ComDE and ComRS systems rely
on an exported peptide (XIP and CSP, respectively), XIP
interacts with membrane-bound ComD extracellularly
in S. pneumoniae, whereas CSP is actively imported back
into the cell to directly interact with ComR in S. ther-
mophilus and S. mutans. A phylogenetic tree of strepto-
cocci updated on the basis of concatenation of a set of
orthologous core proteins® enables visualization of the
distribution of ComDE and ComRS regulatory networks
within the streptococci (FIG. 3b). This analysis shows that
ComDE-dependent regulation occurs in the Streptococ-
cus mitis and Streptococcus anginosus groups, whereas

@ ' @ S. salivarius ComRS-dependent regulation occurs in the Streptococcus
$0:000%

bovis, S. salivarius, S. mutans and Streptococcus pyogenes
ComRS regulation of comX

———> [DNAimport |

0.1

groups. Thus, two divergent competence regulatory cas-
S. bovis cades have evolved, both culminating in tight control of
streptococcal o* production and competence.

1. Streptococcus intermedius 20. Streptococcus thermophilus

2. Streptococcus constellatus 21. Streptococcus vestibularis . .

3. Streptococcus anginosus (strain CCUG_39159) 22. Streptococcus equinus Varied regula.tory mechanisms. The regulat.ory Cascade.s

4. Streptococcus anginosus (strain 1_2_62CV) 23. Streptococcus infantarius that are described above document transcriptional acti-

5. Streptococcus gordonii (strain Challis) 24. Streptococcus macedonicus vation of a central competence regulator. However, a

6. Streptococcus sanguinis (strain SK36) 25. Streptococcus gallolyticus large variety of other resulatory mechanisms exist in

7. Streptococcus cristatus 26. Streptococcus pasteurianus R 8 Y 8 . Y

8. Streptococcus australis 27. Streptococcus bovis different transformable species.

9. Streptococcus infantis 28. Streptococcus agalactiae Several diverse mechanisms that control the transla-
10. Streptococcus peroris 29. Streptococcus urinalis tion of competence regulators have been documented in
11. Strepotococcus oralis 30. Streptococcus parauberis diff . le i hol h
12. Streptococcus sanguinis (strain ATCC_49296) 31. Streptococcus uberis ifferent species. For example, in V. cholerae, the sugar
13. Streptococcus mitis (strain B6) 32. Streptococcus porcinus polymer chitin is required for transcription and transla-
14. Streptococcus pneumoniae (strain R6) 33. Streptococcus ictaluri tion of the competence activator TFoX5*%. It was recently
15. Streptococcus mutans (strain UA159) 34. Streptococcus equi h h leotid . :

16. Streptococcus macacae 35. Streptococcus dysgalactiae shown that a 102 nucleotide non-coding small RNA (sSRNA)

17. Streptococcus criceti 36. Streptococcus pyogenes — TfoR — the expression of which is stimulated by the

18. Streptococcus downei 37. Lactococcus lactis transmembrane regulator TfoS in the presence of chitin®,
19. Streptococcus salivarius 38. Streptococcus suis . . . . . .

activates translation of TfoX by interacting directly with
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Bacteriocins

Small peptides that are
produced by bacteria to inhibit
the growth of other species
(sometimes closely related
species) to which the producer
possesses an immunity
mechanism.

Non-coding small RNA
A functional RNA molecule
that is not translated into a
protein.

CAI-1

(Cholerae autoinducer 1).The
main quorum-sensing signalling
molecule of the human
pathogen Vibrio cholerae; it
has been identified as
(S)-3-hydroxytridecan-4-one.

Al-2

(Autoinducer 2). An inter-genera
signalling molecule that is
involved in quorum-sensing; it
has been identified as the
furanyl borate diester (2S,4S)-
2-methyl-2,3,3,4-tetrahydroxy-
tetrahydrofuran borate.

CSF

(Competence and sporulation
factor). A signalling molecule
that contributes to
quorum-sensing in

Bacillus subtilis. CSF is a
pentapeptide that is produced
from Phr precursor peptide,
which is re-imported by the
oligopeptide permease Opp.

Pherotypes

Streptococci that produce the
same competence-stimulating
peptide (CSP) belong to the
same pherotype.

Box 2 | Autoinducers, peptides and competence

The signalling molecules that induce competence are either peptides or autoinducers. Peptides are synthesized by the
ribosome, whereas autoinducers are produced by dedicated synthases (see below).

Synthesis of signalling molecules

Two autoinducers are involved in the induction of competence in Vibrio cholerae: These are CAl-1 (cholerae autoinducer 1)
and Al-2 (autoinducer 2), which are produced by the synthases CqsA'?® and LuxS'?’, respectively (see the figure, part a).

In Bacillus subtilis, two peptide pathways control competence. The main peptide involved is ComX (a small peptide
consisting of ten amino acids), which is initially synthesized as a 55-residue precursor and is post-translationally modified
by ComQ before export to the extracellular environment® (see the figure, part b). The signalling pentapeptide CSF
(competence and sporulation factor) is also involved; its precursor (PhrC) is exported by Sec and then processed into
CSF by one of three redundant proteases'?'*° (see the figure, part b). Similarly, the 17-residue competence-stimulating
peptide (CSP) of Streptococcus pneumoniae is processed and exported by the ComAB transporter from a 45-residue
pre-CSP protein that is encoded by comC* (see the figure, part c). Interestingly, there are only two CSP pherotypes in

S. pneumoniae, whereas the closely related commensal bacterium Streptococcus mitis possesses multiple different
pherotypes'. Unlike in S. pneumoniae, the ComX-inducing peptide (XIP) precursor ComS (which consists of 24 residues)
of Streptococcus thermophilus lacks a dedicated exporter. In this species, ComS is possibly exported by the Sec translocon
and undergoes one or more unknown maturation steps to produce the heptapeptide XIP*"7" (see the figure, part d).

Sensing and responding to autoinducers

Extracellular CAI-1 is sensed by the sensor kinase CqsS**!, whereas Al-2 is sensed by the LuxPQ receptor complex'* (see
the figure, part a). In the absence of these autoinducers, the response regulator LuxO is phosphorylated and the downstream
regulatory cascade inhibits production of the HapR regulator (for full details, see REF. 133), whereas at high cell densities
both signals promote dephosphorylation of LuxO, thereby promoting HapR production®* (see the figure). HapR drives the
production of QstR, which is the transcriptional activator of comEA and comEC, resulting in the induction of competence .

Sensing and responding to peptides

Competence peptides are either sensed extracellularly or are actively imported back into the cytosol. In B. subtilis, ComX
is sensed extracellularly by the histidine kinase ComP, which autophosphorylates and passes a phosphoryl group to its
cognate response regulator ComA (see the figure, part b). Phosphorylated ComA (ComA-P) activates the transcription
of ComS, which results in ComK accumulation and competence development. Similarly to ComX, CSP stimulates the
ComD histidine kinase, which phosphorylates the ComE response regulator in S. pneumoniae. Phosphorylated ComE
(ComE-P) actively stimulates expression of 0¥, which leads to the induction of competence’ (see the figure, part c).
Conversely, XIP is imported by the oligopeptide permease Opp’® and activates ComR intracellularly to drive o* expression
in S. thermophilus® (see the figure, part d). In B. subtilis, CSF is also imported through Opp and indirectly activates
competence by inhibiting the ComA-antagonizing protein RapC*° (see the figure, part b).

Modulating CSP production

CSP is not a true quorum-sensing device as its accumulation does not depend on pneumococcal cultures reaching a
critical cell density. By contrast, its production is induced in response to external® or cellular cues. This is illustrated by
direct and indirect control of comCDE expression by the CiaRH two-component system (not shown)'**. The response
regulator CiaR regulates the expression of small RNAs that inhibit competence by masking the ribosome binding site of
the comC mRNA, thus repressing the production of CSP**¢. CiaR also regulates the membrane-associated HtrA protease,
which is proposed to sense errors in translation and repress competence by digesting extracellular CSP when error rates
are low""13,

:D—»DCSF

b B. subtilis

a V.cholerae

Sec

c S.pneumoniae Extracellular environment d S. thermophilus
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Quorum-sensing

The regulation of gene
expression in response to cell
density; secreted inducing
molecules are sensed and
induction occurs only when a
critical cell density is reached.

Cell—cell signalling

A mechanism of cell—cell
communication in which an
inducing molecule is produced
and can be sensed by
neighbouring cells, resulting in
coordinated gene expression.
This mechanism is not
necessarily dependent on cell
density owing to the fact that
inducer expression can be
regulated by external signals.

Alarmone

Asignalling molecule that is
produced by bacteria in
response to stress, which
stimulates the expression of
proteins involved in cellular
processes that counteract the
stress.

Autoinducers
Non-proteinaceous chemical
signalling molecules that are
involved in cell—cell signalling
and quorum-sensing.

Carbon catabolite
repression

(CCR). A regulatory mechanism
in which the regulation of
phosphotransferase systems
enables the sequential
utilization of carbon sources.

Mitomycin C

A DNA-damaging agent that
crosslinks target DNA and is
toxic to bacterial cells.

Hydroxyurea

A synthetic compound that
promotes the stalling of
bacterial replication forks by
depleting nucleotide pools.

the tfoX mRNA®. This interaction enables the ribosome
to access the ribosome binding site (RBS) on the tfoX
mRNA, which is otherwise sequestered by a secondary
structure in the 5" end of the mRNA. Nutrient starvation
induces natural competence in H. influenzae®, Actinoba-
cillus pleuropneumoniae® and Actinobacillus suis™, and a
recent study showed that depletion of purine nucleotides
activates translation of the sxy mRNA, which encodes the
central competence regulator Sxy*'. Conversely, high lev-
els of purines inhibit translation of sxy; thus, competence
in H. influenzae is modulated in response to nucleotide
pools. Although the exact mechanism remains unclear,
regulation is dependent on a stem structure in the sxy
mRNA; this is consistent with the finding that RNA sec-
ondary structure regulates the translation of sxy and the
induction of competence®. Another example of transla-
tional regulation occurs in S. aureus, in which an inverted
repeat that is immediately upstream of the sigH transla-
tional start site sequesters the RBS within a stem-loop
secondary structure, thus inhibiting the production of
o' (REF. 40).

Post-translational regulation of central competence
regulators is not limited to B. subtilis ComK (see above).
In S. thermophilus, the adapter protein MecA was recently
shown to function as a negative regulator of competence,
and it interacts with both ClpC and ¢* (REF. 93), which is
consistent with a role for ClpC in ¢* degradation®. The
Clp proteases are also involved in o* regulationin S. pneu-
moniae, as CIpE targets o* to ClpP for degradation®. In
this species, a competence-dependent protein ComW
contributes to the stability and activation of 0%, although
the underlying mechanisms remain unclear®.

The regulatory systems that are described above illus-
trate the wide variety of molecular mechanisms that con-
trol competence. These regulatory cascades are induced
by a range of environmental or endogenous triggers,
which are summarized below.

Recurrent themes and inducing cues

An examination of the environmental and cellular cues
that trigger competence reveals that common themes
exist. However, the signals that are involved are diverse
and sometimes have opposing effects in different bacterial
species.

Autoinducers, peptides and competence. Induction
of competence in S. pneumoniae has frequently been
described as one of the first examples of quorum-sensing
in bacteria. However, if quorum-sensing is defined in
the strictest sense as a mechanism that relies on a critical
cell density for induction, then pneumococcal com-
petence is not consistent with this definition, as it can
develop at widely different cell densities'® and is spe-
cifically induced by external stimuli®* (for example, by
antibiotics such as streptomycin or the fluoroquinolones;
BOX 2). Instead, the pneumococcal competence model
can be considered to be an example of cell-cell signalling,
in which cells coordinate the response to environmental
and cellular triggers, irrespective of cell density. Coordi-
nation involves the synthesis and export of CSP, which
promotes competence in neighbouring pneumococci;
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thus, CSP functions as an alarmone or a timing device'’.
The use of peptides or autoinducers as an induction cue
is a recurring theme in transformable species; however,
the diversity of the peptides that are involved (in terms
of their synthesis, structure and mode of sensing; BOX 2)
supports the conclusion that competence regulatory
cascades evolved independently in different species'®*.

Nutritional status. A frequently encountered signal
for the induction of competence is the availability of
nutrients in the extracellular environment. Exhaustion
of nutrients coincides with maximal transformability
in H. influenzae, which becomes competent on entry
into stationary phase® or following transfer from rich
to defined non-growth medium®. Similarly, compe-
tence spontaneously develops in B. subtilis in stationary
phase, which suggests that nutritional exhaustion is an
induction cue'. However, nutrient starvation is not a
universal trigger of competence; in Acinetobacter baylyi,
competence is induced by high nutrient levels®, and in
S. thermophilus, competence is induced by casein-derived
peptides’™.

The situation is more complex in V. cholerae, as
competence is induced by the absence of glucose, which
shows that there is a link between competence and carbon
catabolite repression (CCR)*. However, it is difficult to
conclude that V. cholerae competence is a response to
nutrient starvation as it is also induced by the biopolymer
chitin®, which is a source of both carbon and nitrogen
and is abundant in the aquatic habitat of the bacterium?®.
The divergence of inducing cues is further illustrated by
S. pneumoniae and H. influenzae, which are two spe-
cies that inhabit the human nasopharynx, where nutri-
ents are in limited supply”. Nutrient starvation induces
competence in H. influenzae, whereas no nutritional
signal has been reported for S. pneumoniae. By contrast,
S. pneumoniae becomes competent during early expo-
nential growth in the laboratory (when nutrients are not
limiting).

Stressful conditions. Competence can also be induced
in response to environmental stresses that threaten cell
survival. Sublethal concentrations of aminoglycoside
and fluoroquinolone antibiotics were shown to induce
competence in S. pneumoniae® and Legionella pneu-
mophila'®. Competence in both species is also induced
by exposure to DNA-damaging agents, such as ultra-
violet (UV) radiation and mitomycin C. However, neither
fluoroquinolones nor mitomycin C induce competence
in S. thermophilus; these compounds actually reduce
transformation'” (see below). Hydroxyurea generates
stalled replication forks and was shown to induce com-
petencein S. pneumoniae® and L. pneumophila'®, which
suggests that there is a link between replication stress
and the induction of competence.

As described above, competence is induced in
H. influenzae® by depletion of purine pools. There is
also a link between nucleotide pools and competence in
other species; for example, the central competence regu-
lator CodY (which represses competence in B. subtilis®)
senses and responds to GTP levels'*'®); and in V. cholerae,
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Box 3 | The pros and cons of the DNA-for-food hypothesis

Importance of nutritional signals?

The recently documented positive correlation between the depletion of purine pools
and induction of competence in Haemophilus influenzae has been used to support a
nutritional role for competence®. Alternatively, changes in nucleotide pools could
function as markers of replication stress, which induces competence in
Streptococcus pneumoniae and Legionella pneumophila®. This illustrates the difficulty of
drawing conclusions on the basis of a single observation. More generally, it no longer
seems justifiable to use inducing cues and conditions to infer the present-day role of
competence and the selective pressure for its maintenance!’. For example, nutrient
depletion induces the SOS response in Escherichia coli**’, but it has not been suggested
that this response has any nutritional function.

Recycling internalized DNA

The inclusion of comEB— which encodes deoxy-CMP deaminase (an enzyme that is
required for the salvage of dCMP) —in a DNA-uptake operon of Bacillus subtilis'** was
used to support a nutritional role for the imported DNA?’. However, comEB
orthologues are not induced in competent S. pneumoniae or H. influenzae, arguing
against a universal role'. Similarly, although digestion of internalized DNA into
nucleotides has been documented in H. influenzae'*! and S. pneumoniae'*, the selective
internalization of self-species DNA in H. influenzae'* and the induction of DNA release
only from other pneumococci and closely related streptococci via fratricide in

S. pneumoniae*****>!*¢ are inconsistent with the import of DNA for catabolism. More
generally, if DNA is used as food, why is uptake limited by tight control of competence
in S. pneumoniae’*, by modulation of DNA binding and uptake in Neisseria gonorrhoeae'*’
or by the use of species-specific DNA-uptake sequences (DUS) in the Pasteurellaceae*®
and Neisseriacae'*?

Nucleotide import versus DNA import

The Vibrio cholerae extracellular nuclease Dns is argued to have an important role in
nutrition at low cell density when competence is switched off'*°; however, Dns is
specifically repressed at high cell density**° by the same regulatory circuit that induces
competence (FIG. 3a). Although it is unclear whether uptake of long single-stranded
DNA (ssDNA) is more efficient for nutrient provision than the import of nucleotides by
dedicated transporters, preventing degradation of exogenous DNA is clearly crucial to
enable transformation. Furthermore, Dns™ activity constitutes an example of the
previously suggested efficient route for the consumption of environmental DNA"; thus,
it seems counterintuitive to assemble a complex transformation machinery to achieve
the same goal.

DNA as a nutrient source?

It was previously reported that E. coli uses extracellular DNA as the sole source of
carbon and energy, and that some com genes are essential for this use’*'*2. However,
the importance of the comEC orthologue ycal was not investigated. Investigation of
ycalis needed to establish if DNA internalization occurs through the transforming DNA
uptake machinery. In addition, the conditions for induction of the com regulon in E. coli
remain unknown (BOX 4). Furthermore, recent attempts to confirm these observations
in three independent laboratories did not succeed and suggested that there were
possible inconsistencies in the previous data. For example, the amount of DNA that was
used as the sole carbon source could not account for the increase in biomass that was
observed, which would imply other nutrient sources were present**>.

Fratricide

The ability of competent
pneumococcal cells to promote
lysis of non-competent
neighbouring pneumococci
and closely related
streptococci, liberating DNA
for transformation and
virulence factors.

the presence of cytidine impedes comEA expression and
prevents transformation'®. Whether these observations
indicate that nucleotide pools function as a sensor of
replication stress or, alternatively, represent nutritional
cues, is discussed in the next section.

Thus, despite similarities among competence regula-
tory cascades (such as the use of peptides as inducing
cues), it is clear that they have almost certainly evolved
independently in different species (which is exemplified
by the use of different peptides for induction; BOX 2).
Furthermore, although common competence-inducing
cues also exist, none of these are universal inducers of
competence and, in fact, some have opposing effects
in different bacteria. Finally, there are probably other

unidentified competence-inducing signals, which could
provide clues to the conditions under which competence
is favourable for a given species.

Roles of imported DNA

The evolutionary raison détre of importing DNA for
nutrition, genome maintenance or genome diversifica-
tion remains controversial''**1%. Although competence
undoubtedly facilitates genetic exchange, it has been pro-
posed that the nutritional benefits of internalizing DNA
provide a sufficient selective advantage to account for its
evolutionary maintenance'®. However, the arguments
surrounding this hypothesis are inconclusive (BOX 3). By
contrast, an earlier report concluded that an example of
a competence gene selected to cause genetic exchange
did not exist'””. Since then, at least three competence-
induced genes (dprA, recA and ssbB) have been shown
to favour genetic exchange via the stabilization and/or
processing of internalized ssDNA into recombinants,
and a fourth gene (dpnA) has been shown to favour
genetic exchange via the specific protection of heterolo-
gous sequences that are integrated into the chrosomome.

Conservation and roles of DNA-processing proteins.
Both DprA and RecA are required for protection of
incoming ssDNA in S. pneumoniae, and their absence
results in the immediate degradation of internalized
DNA'", However, this protective role might not be uni-
versal, as plasmid establishment in B. subtilis'® is inde-
pendent of RecA, which suggests that internalized plas-
mid DNA is still protected when this protein is absent.
In S. pneumoniae, further protection from endogenous
nucleases is afforded by SsbB, which is the transforma-
tion-dedicated paralogue of the essential house-keeping
ssDNA-binding protein SSB'"’and SsbB has been shown
to promote chromosomal transformation"'. Although
SsbB is also found in B. subtilis®, it is not ubiquitous
among transformable species®. For example, H. influen-
zae lacks a transformation-dedicated SSB paralogue, but
SSB is induced at competence''?, which suggests that it
might be a substitute for SsbB in this species and in other
transformable species.

Importantly, DprA and RecA are crucial for homol-
ogous recombination. Although recA is ubiquitous in
bacteria, its induction during competence has thus far
only been documented in B. subtilis and S. pneumo-
niae'. In S. pneumoniae, recA expression was found to
be responsible for generating 95% of transformants'?,
which suggests that recA recruitment to the com regu-
lon facilitates chromosomal integration of internalized
DNA. By contrast, DprA is specific for transformation
and loads RecA onto ssDNA'>*. DprA is highly con-
served in transformable species (FIG. 1b); this universal-
ity among transformable species and its demonstrated
role in homologous recombination provide the strong-
est argument that DNA is imported for chromosomal
integration.

DNA for genome repair or genome diversification?
Although the active protection of internalized ssDNA
from endogenous nucleases is incompatible with the
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Paralogue

One of a pair of homologous
genes that are derived by a
duplication event from a single
sequence. Paralogous
relationships occur both within
and between genomes, and
paralogues can evolve to have
novel functions.

Restriction—modification
system

(R—M system). A bacterial
immune system that protects
cells from invading foreign
DNA, such as that injected by
bacteriophages. Most of these
systems encode a restriction
enzyme that cleaves specific
sequences in unmethylated
DNA and a methylase that
methylates the host genome,
thereby protecting it from
restriction.

K-state

An alternative for competence
in ComK-possessing bacteria
(Bacilli), representing induction
of the ComK regulon.

X-state

An alternative for competence
in o*-possessing bacteria
(Streptococci), representing
induction of the o* regulon.

hypothesis that imported DNA is primarily used as a
source of nutrition, the generation of recombinants does
not distinguish between whether the imported DNA is
used for repair or genome diversification. Direct support
for the DNA-for-diversity hypothesis is provided by the
competence-induced DpnA protein of S. pneumoniae',
which was recently shown to be crucial for the acquisition
of heterologous DNA, such as pathogenicity islands'".
DpnA belongs to the DpnlI restriction-modification system
(R-M system), which also includes a classic restriction
enzyme and a dsDNA methylase''*. In general, R-M sys-
tems possess only these two activities; however, DpnA
is an unusual methylase that modifies ssDNA. Restric-
tion enzymes potentially antagonize transformation by
a mechanism that is proposed to involve the post-rep-
lication degradation of newly integrated unmethylated
heterologous sequences, thereby killing potential trans-
formants'’ (FIC. 2¢). However, methylation of internalized
ssDNA by DpnA has been shown to protect the trans-
formed chromosomes from attack by the DpnlI restric-
tion enzyme. Thus, methylation of ssDNA by DpnA
promotes the acquisition of heterologous sequences!*.
As heterologous sequences are of no use for genome
maintenance, this study provides the first direct evidence
that imported DNA in S. pneumoniae is primarily used
to generate genome diversity''>!"®. The recruitment of
dpnA to the com regulon of S. pneumoniae thus suggests
that competence has evolved owing to an evolutionary
pressure to increase genome diversification.

Limiting DNA import. The existence of various mecha-
nisms that limit competence (see below) or the uptake
of exogenous DNA in different species (BOX 3) are also
difficult to reconcile with the DNA-as-food hypoth-
esis. The limitation of DNA uptake might arise from
the inherent risk of altering the order of genes and the
overall structure of the recipient chromosome, which
can occur when exogenous DNA is integrated. Mecha-
nisms that trigger the lysis of close relatives that share
the same environment (BOX 3) — leading to the release
of DNA — also minimize this risk, although even trans-
formation with self-DNA was recently shown to trigger
the formation of large tandem duplications, ranging in
size from ~100 kb to ~900 kb at several chromosomal
locations in S. pneumoniae'”. Considering that dupli-
cated genes provide opportunities for the evolution of
new traits, these events illustrate not only the genetic
plasticity that is potentially afforded by transformation
but also the inherent risk of disrupting chromosome
organization.

Roles of competence

Although competence is generally defined as the abil-
ity to internalize exogenous DNA, some competence-
dependent phenomena might not rely on DNA uptake.
Evidence that competence per se enhances pneumococ-
cal survival during stress was recently obtained®. This
is reminiscent of an earlier observation that competent
pneumococci show a transient increase in resistance
to UV radiation®, possibly owing to the temporary
increase in the cellular levels of recombination proteins,
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such as RecA, which are needed for repair. In another
striking example, a relationship between competence
and virulence in Listeria monocytogenes has also been
documented'. Although this species is not known to be
naturally transformable, it possesses a comK gene that is
interrupted by a temperate prophage. Prophage excision
is specifically induced during growth of the bacterium in
macrophages, leading to restoration of the comK coding
sequence and induction of the com regulon, which pro-
motes bacterial escape from phagosomes'®. The precise
role of competence remains unclear, as only the ComEC
channel was required, whereas Tfp and ComEA were
dispensable, which strongly suggests that DNA uptake
does not contribute to virulence.

More generally, the number of genes that comprise
the com regulon varies widely between different spe-
cies, which raises questions regarding the roles of the
additional genes. In H. influenzae, the Sxy regulator
controls a very limited set of genes (26 in total), 17 of
which are absolutely required for transformation'?.
By contrast, ComK drives the expression of more than
100 genes in B. subtilis, whereas only a quarter of these
genes are required for transformation'®. Expression of
the B. subtilis com regulon was thus suggested to result
in a differentiated state known as the K-state, one fea-
ture of which renders cells naturally transformable®.
Similarly, although S. pneumoniae o* controls the
expression of all of the key transformation genes, at
least 70 genes of the regulon are not required for trans-
formation®. As a result, it was proposed that transient
induction of the 6* regulon should be referred to as the
X-state (rather than competence)'®. However, notably,
in both B. subtilis and S. pneumoniae, the most highly
expressed genes in the com regulons are those that are
required for transformation.

In view of the induced gene set, the K-state in B. sub-
tilis was proposed to be “...a global adaptation to stress,
distinct from sporulation, which enables the cell to
repair DNA damage, to acquire new fitness-enhancing
genes by transformation, to use novel substrates and to
detoxify environmental poisons” (REF. 48). Induction of
the X-state by mitomycin C, together with the absence
of an SOS system in S. pneumoniae, led to the proposal
that the X-state is an SOS substitute, in which CSP
functions as an alarmone'**'. Similarly, L. pneumophila
lacks a prototypical SOS response and this organism
also becomes competent in response to DNA damage,
which strengthens the hypothesis that competence
evolved to be a global stress response in SOS-deficient
bacteria®»'%.

However, competence has not evolved to be an SOS
substitute in all transformable species. Several species,
such as B. subtilis, V. cholerae and S. thermophilus, have
maintained both a functional SOS system and a com reg-
ulon. In S. thermophilus, the two systems even seem to
be antagonistic: the fluoroquinolones and mitomycin C
both induce the SOS system and simultaneously reduce
transformability'®!. This observation further illustrates
the diverse behaviour of transformable species, particu-
larly with respect to the mechanism of induction and the
roles of competence.
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Box 4 | The long road from prediction to the demonstration of transformation

Although the identification of a full set of transformation genes or the presence of an orthologue of a central competence
regulator might suggest that a new species is transformable, the examples below show that it is a long road from
prediction to the actual demonstration of transformation.

From ‘synthetic’ transformation to natural transformation

Streptococcus thermophilus is the most encouraging example for those seeking new transformable species. This
streptococcal species was initially shown to transform only after ‘synthetic’ expression of sigma factor X (6¥) (REF. 154)
and was therefore listed as a transformable species in a previous review*. Subsequent studies have confirmed that natural
transformation occurs in this species 7%, with the accompanying discovery of a new regulatory cascade controlling ¢*
expression in streptococci, which is distinct from the archetypal cascade that is used in Streptococcus pneumoniae

(FIG. 3b). Similarly, synthetic overexpression of the o*-related ¢" factor in Staphylococcus aureus resulted in the induction
of com operons’**. However, it took almost 10 years to show that two distinct mechanisms potentially lead to the
activation of endogenous o' and the subsequent transformation of S. aureus*.

From prediction to ‘synthetic’ expression of a com regulon

Compared with S. thermophilus and S. aureus, demonstrating transformation in other species has turned out to be more
of a challenge. Overexpression of a gene encoding ¢ in Lactobacillus sakei leads to com regulon induction®*®; however,
this did not lead to detectable transformation. Similarly, although Streptococcus pyogenes encodes all the genes that are
required for natural transformation as well as the alternative sigma factor o* (REF. 157), it has not been possible to
transform this species under laboratory conditions, despite attempts to synthetically activate the com regulon®*® and the
demonstration of natural activation of the com regulon by the competence-inducing peptide XIP via o (REF. 159). It has

been suggested that transformation is blocked at the stage of DNA uptake®**, but this requires further study.

Transformation among the Bacilli

Natural transformation has been documented only in Bacillus subtilis, Bacillus licheniformis'®® and Bacillus
amyloliquefaciens*®*, even though homologues for most genes that are required for natural transformation are present in

almost all Bacilli in addition to a comK gene orthologue!®

, which suggests that transformation is widespread within this

genus. In support of this view, synthetic expression of B. subtilis comK in Bacillus cereus resulted in chromosomal

transformation?®.

Transformation among Gammaproteobacteria, including Escherichia coli

Homologues of the competence activators Sxy and TfoX have been identified in many Gammaproteobacteria, which
suggests that there is a common competence regulatory mechanism in this taxon'®*. In E. coli, initial studies showed that
the regulator cAMP receptor protein (CRP) binds to non-canonical CRP-binding sites (CRP-S) and is dependent on Sxy;,
which is the master regulator of competence in Gammaproteobacteria'®. Microarray analyses then showed that the
CRP-S regulon included all of the E. coli com gene homologues'®. A study recently showed DNA uptake in E. coli by
overexpression of native sxy, which confirms that this bacterium does encode a functional uptake machinery'®®. However,
bona fide transformation could not be shown, and the environmental conditions that render E. coli naturally competent
remain elusive. As exemplified by S. thermophilus and S. aureus, it is hoped that it is only a matter of time (and
perseverance on the part of researchers in the field) before transformation-permissible conditions are found for some

of these species.

Switching off competence

Compared with the abundance of information that
has been gained on the mechanisms of competence
induction in various species, the mechanisms by which
competence is turned off have received little attention.
However, the shut-down of pneumococcal competence
was recently shown to involve both ComE”™ and DprA®.
Shut-down relies on ComE-mediated repression of its
cognate promoters, particularly P, — the promoter
of the comCDE operon”. In addition, DprA directly
interacts with ComE-P to block ComE-P-driven tran-
scription®. Owing to a differential transcriptional acti-
vation and repression of P .and P_ by ComE and
ComE-P respectively, DprA predominantly accelerates
the shut-down of the promoters of the comX genes,
which, together with the instability of 6* (REF. 95), ensures
the rapid cessation of o*-driven expression®. Notably,
phylogenetic analyses showed that the acquisition of
this new regulatory function by DprA had affected the
evolution of its amino-terminal domain (which interacts
with ComE) in all streptococci that rely on ComE for the
direct regulation of comX. This suggests that DprA has

a similar role in competence shut-down in these other
streptococcal species®. However, the potential advan-
tage of using this key DNA-recombination protein for
the regulation of competence remains elusive. As DprA
directly interacts with ssDNAY, it has been proposed
that DprA regulates pneumococcal and streptococcal
competence as a function of DNA availability; however,
this hypothesis remains to be experimentally verified®.

Predicting new transformable species

Whole-genome sequences have revealed that several
bacterial species that were not previously known to be
naturally transformable contain complete sets of genes
required for the uptake of exogenous DNA. This obser-
vation raises the question of whether such gene sets
are the signature of active transformation or whether
they are only remnants of an ancestral ability to trans-
form™'. The prediction of new transformable species is
now aided by the identification of genes encoding pro-
teins that are dedicated to transformation (for example,
DprA). However, although suggestive, the mere pres-
ence of all transformation genes is insufficient to obtain

192 [ MARCH 2014 | VOLUME 12

www.nature.com/reviews/micro

© 2014 Macmillan Publishers Limited. All rights reserved



spontaneous transformants (BOX 4), as expression of
these genes is typically only transient and requires spe-
cific environmental conditions. Knowledge of compe-
tence regulatory cascades in model species can be helpful
for predicting central regulators that are used by related
species, as exemplified by ¢ in streptococci.

In attempts to predict a new transformable species, it
is important to bear in mind that the identification of a
putative central competence regulator might not be suf-
ficient to define the conditions that are most favourable
for the spontaneous transformation of a species (BOX 4).
At least two potential caveats must be considered. First, it
is possible that there is an alternative mechanism of regu-
lation, as illustrated by the division of streptococci into
two subgroups that rely on completely different regula-
tory circuits (the ComDE and BlpRH TCSs) to control o*
expression (FIC. 3b). It is therefore important to carry out
robust phylogenetic analyses to avoid drawing mislead-
ing parallels between different transformation models, as
exemplified by S. mutans (see above). Second, the pos-
sible existence of species-specific competence-inducing
signals (such as chitin in the case of V. cholerae®®) should
also be considered. Owing to these potential caveats, it can
take several years to unravel the regulatory circuits and/or
natural conditions that control the spontaneous induction
of natural competence, after the demonstration of ‘syn-
thetic’ competence or ‘synthetic’ transformation (which
involves the use of strains that are engineered to express
the genes required for transformation), as illustrated for
S. thermophilus (BOX 4).

Stumbling blocks for demonstrating transformation. To
determine whether or not a particular species is trans-
formable, a large number of isolates should be studied, as
transformability within a single species is often sporadic.
Particular attention should be devoted to the choice of
chromosomal markers for the selection of transfor-
mants. The use of plasmids should be avoided owing
to the poor efficiency of plasmid transformation, which

REVIEWS

has been observed in both B. subtilis and S. pneumoniae.
Reconstitution of a plasmid replicon following uptake
of ssDNA fragments is very inefficient compared with
insertion of DNA into the chromosome, in part because
SsbB antagonizes plasmid transformation'!!. Chromo-
somally inserted cassettes should only be used if donor
DNA is available from a strain with a genetic background
that is similar to the recipient, to guarantee methylation
of donor DNA and thereby avoid antagonization of
transformation by R-M systems!"”.

Concluding remarks

In contrast to the overall conservation of the DNA-
uptake and processing machinery in naturally trans-
formable species, there is an impressive variety of com-
petence regulatory cascades. Important challenges for
future research include determining not only how and
when competence is turned on but also the cues and
mechanisms that are involved in switching competence
off. This should provide new insights into the biology
of natural genetic transformation and might shed a
different light on the debated role of imported DNA.
Further investigations are also needed to elucidate the
mechanistic aspects of DNA uptake and processing, such
as the mechanisms that enable insertion of the DNA-
transport machinery into the cell wall of competent bac-
teria. In addition, future work needs to address how the
Tfp facilitates access of exogenous DNA to its receptor,
whether this involves pilus retraction, and how dsDNA
is converted into ssDNA before delivery to the trans-
membrane channel. Whether transformation-dedicated
proteins other than DprA are required for integration of
internalized DNA into the chromosome, including for
the final resolution of recombination intermediates, also
remains unknown. Solving these questions will improve
our understanding of a central process that is a major
contributor to the genetic plasticity of bacteria and that
is shared by an increasing number of phylogenetically
diverse species.
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