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Summary. Conjugation and natural competence are two major mechanisms that explain the acquisition of foreign genes
throughout bacterial evolution. In recent decades, several studies in model organisms have revealed in great detail the steps
involved in such processes. The findings support the idea that the major basis of these mechanisms is essentially similar in
all bacteria. However, recent work has pinpointed the existence of new, evolutionarily different processes underlying lateral
gene transfer. In Thermus thermophilus HB27, at least 16 proteins are required for the activity of one of the most efficient
natural competence systems known so far. Many of those proteins have no similarities to proteins involved in natural compe-
tence in other well-known models. This unusual competence system is conserved, in association with the chromosome, in all
other Thermus spp. genomes so far available, it being functional even in strains from isolated environments, such as deep
mines. Conjugation is also possible among Thermus spp. Homologues to proteins implicated in conjugation in model bacte-
ria are encoded in the genome of a recently sequenced strain of Thermus thermophilus and shared by other members of the
genus. Nevertheless, processive DNA transfer in the absence of a functional natural competence system in strains in which
no conjugation homologous genes can be found hints at the existence of an additional and unconventional conjugation mech-
anism in these bacteria. [Int Microbiol 2011; 14(4):187-199]
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Introduction

Comparative whole-genome analyses have revealed that
prokaryotic genomes are extraordinarily plastic. The enormous
internal variation found within closely related species and
strains is most likely produced by the rapid gain (and loss) of
genetic material through lateral gene transfer (LGT) [26,29].
Indeed, lateral gene transfer is a leading force driving the accel-
erated evolution of prokaryotes, conferring on bacteria the

unique ability to rapidly adapt to various environmental
changes. Of particular relevance is the capability of prokary-
otes to colonize novel, previously restricted ecological niches.
This characteristic has come about by the lateral inheritance of
settlement modules or operons that can deliver an entire new
physiological ability in a single evolutionary event [32,39]. 

There are three classical pathways described for LGT:
transduction, transformation, and conjugation. While trans-
duction involves the accidental packaging of bacterial DNA
into prophage capsids and its ulterior propagation through
defective bacteriophage infection, transformation and conju-
gation involve specialized DNA transport machineries able
to actively acquire foreign DNA or to transfer it to recipient
cells. Natural transformation is the least encountered of the
three common LGT processes, with about 70 species of bac-
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teria described as able to introduce external DNA into the cell
through an energy-requiring mechanism [28]. In most cases
this capability is not constitutive but is induced under specific,
normally adverse, growth conditions during which cells
become ‘competent’ for DNA uptake. This state implies the
synthesis of a complex protein machinery that forces the
entrance of external DNA through the various cell envelopes
of gram-negative bacteria [17]. The induction of competence
and the physiology of natural transformation models have
been intensively studied in gram-positive and gram-negative
bacteria [16,17,30,33,41]. These models are remarkably dif-
ferent among species; in fact, it is likely that many naturally
competent bacteria have not been detected yet because of our
inability to define the appropriate inducing conditions [15].
In contrast to these highly regulated pathways in well-studied
naturally competent bacteria, there are at least two species,
Helicobacter pylori and Thermus thermophilus, for which a
high efficiency of DNA incorporation is found along the
whole growth curve, such that these species are considered as
constitutively competent [23,24]. The nature of the compe-
tence apparatus of T. thermophilus is discussed in this article.

An important issue regarding natural transformation is
the fate of the DNA incorporated into the cells, which
depends very much on the nature of the DNA itself. In most
cases DNA that enters the cell as a single-stranded molecule
is used as a nutrient, degraded by nucleases to enter catabolic
cycles or to be used as building blocks for new cell material
[45]. In some cases, single-stranded DNA (ssDNA)
sequences that bear homology to genome sequences can
undergo RecA-mediated homologous recombination, allow-
ing gene alleles and even novel genes to be incorporated into
the genome of the transformant strain, hence favoring the
horizontal spread of new traits. 

Contrary to natural transformation, which depends on the
ability of the recipient cell to take up DNA, conjugation
relies on the direct contact between a donor cell harboring all
the essential genetic determinants for conjugation [42] and a
susceptible recipient strain. Unlike transformation and trans-
duction, conjugation is a highly specialized process in which
the nature of the transferred DNA involves, in most cases, an
episomal double-stranded DNA (dsDNA) molecule—rarely,
chromosomal DNA—that either carries all the genetic mate-
rial needed for conjugative transfer, i.e., self-transmissible
mobile genetic elements, or requires an accessory, generally
plasmid-borne, conjugative apparatus in order to be mobi-
lized from one cell to another. However, in some cases, the
integration of one of these conjugative episomes into the
chromosome, either by specific integrases or through homol-

ogous recombination, results in the mobilization of the whole
chromosome, as in the case of Hfr strains of Escherichia coli
[25,47]. The existence of the so-called conjugative trans-
posons, or integrative and conjugative elements (ICEs) that
can integrate into the genome and be excised from it as a
plasmid via a prophage-like mechanism, is also common.
Such ICEs encode the conjugative apparatus required for
their transfer to a recipient strain [53]. 

There is little doubt about the contribution of LGT in the
exceeding dynamism of prokaryotic genomes. However,
LGT is not random but instead has been shown to be greatly
influenced by internal and external environmental variables
that delimit particular gene-exchange communities on the
basis of shared factors such as genome size, GC contents, and
carbon and oxygen sources [26]. High-temperature environ-
ments could, in principle, be perceived as a limiting factor for
LGT, as DNA from mesophiles rarely encodes thermostable
proteins. Nonetheless, it has been shown that temperature tol-
erance is a factor heavily associated with elevated rates of
LGT exchange [26]. Systematic genome-scale comparison
analyses revealed a complex history of LGT events between
and within thermophilic bacteria and archaea. Evidence of
ample LGT from Archaea to Bacteria comes from the
Aquificae class hyperthermophile Aquifex aeolicus, in which
16 % of the predicted coding sequences are likely derived
from Archaea [6]. In another hyperthermophile, Thermotoga
maritima, 24 % of the predicted coding regions have proba-
bly arisen as a consequence of extensive LTG from ther-
mophilic archaea [37]. By contrast, in mesophilic bacteria the
percentage of genes that have probably been acquired from
Archaea is much lower, suggesting that thermal environ-
ments are especially prone to select for LGT events as a
means to accelerate adaptation to such extreme conditions. 

The Thermus-Deinoccocus clade provides a good exam-
ple of specialization and innovation through LGT, as evi-
denced by the thermophile Thermus thermophilus and the
radiation-resistant mesophile Deinococcus radiadurans.
Remarkably, both organisms are archetypical members of
two very distinct lifestyles. Parsimonial evolutionary recon-
struction methods predict that the two species share a
mesophilic or moderately thermophilic ancestor, from which
they evolved through LGT events that facilitated the gradual
acquisition of either thermophile adaptations from other ther-
mophilic bacteria and archaea or radiation resistance deter-
minants [40]. This scenario supports the notion that the com-
mon ancestor of the two genomes was prone to receive genes
by LGT, a property that nowadays is preserved in Thermus
spp. but is apparently absent in the genus Deinococcus.
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Moreover, a particularly interesting characteristic of T. ther-
mophilus strain HB27 that makes it the thermophilic organ-
ism of choice for genetic modification is the constitutive
expression of an extremely efficient natural competence sys-
tem [7,23], which allows strain transformation at high fre-
quencies under laboratory conditions [14]. Indeed, trans-
formability seems to be a widespread characteristic in the
genus Thermus [31]. In addition to the natural transformation
phenotype of Thermus, DNAse-resistant DNA transfer by
means of conjugation has been demonstrated in T. ther-
mophilus, namely, by the ability of aerobic strain HB27 to
acquire from the facultative NAR1 strain a respiratory nitrate
reductase gene cluster (nar) [43,44]. This conjugative
process also has been shown to allow the transfer of a com-
plete set of denitrification genes from strain PRQ25 to the
same aerobic HB27 recipient strain [5,9].

In the following sections of this review, we aim to pro-
vide the reader with a general overview of the mechanisms
and promiscuity of LGT in the genus Thermus, one of the
most widespread genera of thermophilic bacteria. We focus
in particular on T. thermophilus, a reference organism for the
genetic study of thermophiles and for the structural charac-
terization of proteins, as well as an exceptional source of
enzymes of great biotechnological potential. 

Natural competence systems. DNA uptake during
competence is mediated by a complex macromolecular assem-
bly comprising a large number of proteins. In order to achieve
transfer of the incoming DNA into the cytoplasm, the natural
barrier imposed by the cell envelope must be overcome. For
gram-positive bacteria, this process means the breaching of a
robust peptidoglycan (PG) layer and the cytoplasmic mem-
brane (CM). In gram-negative bacteria, the presence of the
outer membrane (OM) is an added barrier to this process.
Despite the marked differences in the cell-envelope structures
and the distinct characteristics of the DNA-uptake pathways,
gram-positive and gram-negative bacteria use related proteins
in the construction of the DNA transporter apparatus.
Regarding the cell-envelope structure, and due to its unique
nature which does not conform to the Gram staining method
for classification, the genus Thermus is a fairly singular case.
Thermus thermophilus cells are covered by an EDTA-extrac-
table material with high sugar content that hides an array of
hexagonal symmetry built up by the SlpA protein, a structure
known as the S-layer but which more closely resembles a reg-
ular OM protein [8]. This structure constitutes the scaffold for
an OM and is tightly bound to an underlying layer of peptido-
glycan-associated secondary cell wall polymers (SCWP) [13]. 

These special features involving the anatomy of the
Thermus cell envelope together with its thermophilic nature
hint at an unusual model of DNA translocation in T. ther-
mophilus strain HB27 [49]. Whole-genome analysis and direct-
ed knockout mutagenesis have led to the identification of 16
genes involved in natural competence that are arranged in seven
transcriptional units. These competence proteins have been split
into three distinct groups: (i) homologues to DNA-transloca-
tion-specific proteins from Bacillus subtilis and Neisseria gon-
orrhoeae (ComEC, ComEA, DrpA), (ii) homologues to com-
ponents of the type IV pili (PilA1-4, PilD, F, C, Q), and (iii)
homologues that are not related to any other natural transforma-
tion systems (ComZ, PilM, N, O, W) [7]. 

Localization and structural analyses performed on these
proteins have yielded a model in which the core of the DNA
translocator apparatus is a pseudopilus that originates from
the cytoplasmatic membrane (CM) and spans the periplasm
(Fig. 1). This type IV-like pilus (T4P) is formed by the poly-
merization of small pilin proteins into long dynamic fibers,
which in gram-negatives emerge through the OM via a ring
formed by the oligomerization of a secretin-like protein (for
a comprehensive review, see [7,17]). T. thermophilus HB27
encodes four pilin-like proteins, PilA1, PilA2, PilA3, and
PilA4. Mutations in any of these lead to a transformation-
negative phenotype but only pilA4 mutants lack pili, as estab-
lished by electron microscopy [20]. The multimeric secretin-
like PilQ is also essential for transformation and its deletion
results in a complete loss of DNA binding ability. PilQ local-
izes to the OM and forms an oligomeric structure of 15 × 34
nm that spans the periplasmic space, forming a channel-like
structure wide enough to accommodate a pilus [11].
Localization of PilQ in the OM depends on the presence of
the competence protein PilW, which is unique to the genus
Thermus [46]. 

Similarly to other systems, prepilins must be processed
into a mature form by a prepilin peptidase, probably encoded
by pilD [20,38]. In addition, T4P systems require the pres-
ence of an AAA+ ATPase to drive the polymerization of
pilins, which are required for both piliation and transforma-
tion in gram-negative bacteria [34]. In the Thermus system,
the putative traffic NTPase function is covered by PilF; how-
ever, in contrast to other traffic NTPases, mutations in this
gene that affect transformation ability result in a piliated phe-
notype, as seen under the electron microscope [21]. 

In the Thermus “system”, the well-conserved proteins
ComEA and ComEC are thought to play roles analogous to
those proposed for other species. ComEA is a periplasmic
protein anchored to the membrane. Its function may be to

LGT IN THERMOPHILIC BACTERIA
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bind DNA in the periplasm and then deliver it to the cytoplas-
mic membrane channel formed by the polytopic ComEC [49].
PilC is another conserved competence protein essential for
transformation. It lies on the CM, where it is believed to link the
periplasmic and cytoplasmic components of the T2SS and T4P
systems [20]. DprA is a cytosolic protein that is also present in
other transformation systems. Although not essential for trans-
formation, it has an active role in processing incoming DNA in
the cytoplasm [35]. Very little is known about the remaining
components of the Thermus competence system. Conservation
of ComZ, PilM, PilN, or PilO in other studied systems is not
evident. ComZ appears to be anchored to the CM as part of the
transporter assembly scaffold [21]. PilM, PilN, and PilO are all
located in the inner membrane [46]. Mutations in the pilM,
pilN, or pilO genes render the cell incapable of being trans-
formed, although no effect has been demonstrated on DNA
binding or transport to the periplasm in any case [48,49]. 

These remarkable structural differences in the DNA
translocator apparatus of T. thermophilus HB27 are conserved
in other Thermus spp. isolates, as revealed by genome
sequence analyses. pBLAST searches against the GenBank
Thermus taxon (including whole-genome projects for T. ther-
mophilus HB8, T. thermophilus SG0.5JP17-16, T. aquaticus
Y51MC23, and T. scotoductus SA-01 strains) retrieved high-
scoring homology matches at the protein level with all the
components of six of the seven competence loci mentioned
above for T. thermophilus HB27. These well-conserved loci
comprise the pilM-Q and comEA-comEC operons, pilD, pilC,
pilF, and dprA. Genetic organization of the competence genes
is also preserved (Fig. 2A) (in our analyses we have included
unpublished data from our laboratory involving the T. ther-
mophilus strain PRQ25). Amino acid sequence alignments of
each individual set of orthologous genes yielded overall iden-
tity scores ranging from 41 % (PilW) to 83 % (PilF).

CÉSAR  ET AL.

Fig. 1. Model of DNA translocation in Thermus thermophilus HB27, as described in [7]. Pre-pilins A1–A4 are processed
to mature pilins by the cytoplasmic membrane peptidase PilD and secreted to the periplasm, where they are assembled
into a fiber-like pilus, powered by the ATPase PilF. The pilin fiber emerges through the outer membrane (OM) via a
secretin ring, formed by PilQ units. Localization of the secretin ring to the OM is strictly dependent on PilW. Retraction
of the pilus (likely powered by PilF) facilitates DNA transport through the cell wall, where it binds ComEA and is then
presented to ComEC. The latter transfers one strand of the DNA molecule to the cytoplasm, while the other strand is
degraded in the cytoplasm by an unknown nuclease. PilC, PilN, and PilO are part of the multiprotein inner membrane
complex. Type IV pilin proteins are shown in blue, homologous proteins found in B. subtilis and N. gonorrhoeae sys-
tems in red, and proteins present only in the Thermus transport system in green. SCWP: secondary cell wall polymers.
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The organization and protein array of the pilA1-4 operon,
on the other hand, are somehow less conserved (Fig. 2B).
BLAST searches on the four prepilin-like proteins of strain
HB27 retrieved positive matches for all the proteins in T. ther-
mophilus strains SG0.5JP17-16 and PRQ25. In T. scotoduc-
tus SA-01, no results were obtained for PilA2-4; however, a
detailed inspection of the genome context of pilA1 and comZ
in the genome of this strain revealed the presence of three
putative genes coding for homologues to PilA2, PilA3, and
PilA4. Overall identities range between 56.7 % for PilA2 and
72.7 % for PilA1 (also present in the T. thermophilus HB8
strain), with the exception of PilA4, which is conserved in all
the analyzed strains with a low overall identity (22.9 %), except
for the N-terminal 50 amino acids (65.3 %). This N-terminal
part of the protein includes the conserved cleavage/methyla-
tion signal that is characteristic of all prepilin-like proteins
[38]. Interestingly, all the strains that conserve the genetic

structure of the HB27 pilA1-4 operon present a gene duplica-
tion involving pilA1. The protein products of these duplicates
are more loosely conserved and have an identity of 40 % with
HB27 PilA1, in contrast with the 73.7 % identity of the other
PilA1 proteins. 

In T. thermophilus HB8, a pBLAST approach did not
identify any homologue to either PilA2, PilA3, or ComZ.
Nevertheless, inspection of the genomic context of the con-
served pilA1 and pilA4 genes revealed a genetic organization
similar to that of the pilA1-4 operon but comprising four
prepilin-like proteins that bear no homology at the sequence
level with any of HB27 competence pilins, the exceptions
being the conserved PilA1 protein; a larger protein of similar
size and operon position to ComZ, which is well conserved
at the N-terminal leader region; and a PilA4 homologue and
a PilinV like protein. A homologue (60.2 % identity) to this
pilinV-like protein was also found downstream from pilA4, in

LGT IN THERMOPHILIC BACTERIA
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Fig. 2. Conservation of competence proteins and loci amongst Thermus spp., based on the transformation system defined for T. thermophilus HB27. Species
include: T. thermophilus HB8, SG0.16-17, and PRQ25, T. aquaticus Y51MC23, and T. scotoductus SA-01 spp. and their corresponding megaplasmids, where
applicable. (A) Competence loci presenting no deviation from those described in strain HB27. Numbers below the transcription units denote the percentage
of overall identity amongst homologous proteins. (B) Conservation of the pilA1-4 operon within Thermus spp. Blocks of proteins presenting significantly
similar identity are represented in the same colors (purple for strain HB27-like proteins, blue for those of strain HB8, and green for those of T. aquaticus)
and drawn together by broken lines. Overall identities are given below each transcription unit block.
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the PRQ25 strain. We performed pBLAST searches with
each individual protein sequence within HB8 pilA1-4
(ttha1217-ttha1220) and found homologous proteins
(29.3–44 % identity) in the T. thermophilus SG0.5JP17-16
plasmid pTHTHE1601 (ththe16_2408-2411), preceding the
PilA4 gene sequence. Therefore, two types of pil-comZ clus-
ters (HB27- and HB8-like operons) are present within
Thermus strains and they probably play similar roles in trans-
formation. In this sense, it is worthy to note the presence of
both types of clusters in T. thermophilus SG0.5JP17-16, one
HB27-like in the chromosome and the other HB8-like in the
megaplasmid, supporting the idea that their activities are
compatible within the cell. Nevertheless, in natural compe-
tence assays parallel to those used with transformable strains,
we were not able to obtain any transformants with this
Thermus strain (C.E. César, unpublished results).

Thermus aquaticus Y51MC23 offers a very different pic-
ture. The pilin operon consists of only four coding sequences
(TaqDRAFT_4097-4094) that code for four putative
prepilin-like proteins, including a homologue to PilA4

(TaqDRAFT_4094). The first three prepilin-like proteins of
the operon show no identity to any of the previously men-
tioned pilins. No trace of a putative comZ gene was found by
manual inspection, and pBLAST searches did not retrieve
any homologous protein in this organism. Assuming that the
available genome draft is complete, the absence of this gene
suggests that this strain cannot take up external DNA.
Unfortunately, there are no experimental data to confirm
these results.

The presence in the genome of homologues to all of the
T. thermophilus HB27 competence proteins does not guaran-
tee a high efficiency of transformation. Actually, there is a
great difference in the transformation efficiencies of strain
HB27 and any other strain so far studied. The extraordinary
DNA transformation efficiency conspicuous to strain HB27
(10–2 transformants/viable cells [31]) is not shared by other
T. thermophilus strains, such as HB8, which shows transfor-
mation frequencies one or two orders of magnitude lower
than those of HB27, and PRQ25, which in spite of the high
degree of homology and perfect conservation of the compe-

Fig. 3. Transformation in Thermus scoto-
ductus SA1. Cells of exponential cultures
T. scotoductus SA1 were observed by
phase contrast (A,C) and fluorescence
(B,D) microscopy. Panels C and D cor-
respond to kanamycin-resistant cells of
T. scotoductus SA1 obtained by trans-
formation with a Thermus-E. coli
bifunctional vector expressing a ther-
mostable variant of GFP (green fluores-
cent protein). Panels A and B corre-
spond to the untransformed controls. 
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tence protein components shows very low transformability
(four orders of magnitude lower) when transformed either
with plasmids or with its own chromosomal DNA (our own
results). Nevertheless, it is still possible to transfer genetic
markers to other strains for genetic analysis if appropriate
conditions for transformation and selection are chosen. An
example is strain T. scotoductus SA-01, whose competence
genes are remarkably similar to those of T. thermophilus
HB27 and which can be transformed at low efficiencies with
plasmids expressing fluorescent proteins, when a long
expression period is used (Fig. 3). 

Conjugation proteins in Thermus spp. Undoub-
tedly, LGT accounts for most of the plasticity found within
the restricted thermophile environment, as demonstrated by
the widespread presence of homologous clusters within ther-
mophilic bacteria and archaea. Natural transformation in the
genus Thermus is an example of the tremendous promiscuity
shown by these bacteria, as inferred not only by the high fre-
quency of transformation observed by its members but also
by the broad range of DNA species they are able to accom-
modate, i.e., those from Archaea, Bacteria, and Eukarya
[40]. In this sense, note that several of the genes that can be
considered as having been acquired by LGT in the aerobic
strains HB27 and HB8 are located on their respective pTT27
megaplasmid. These include several genes encoding a DNA
repair system found in thermophilic archaea and even a
reverse gyrase in strain BH8 that could contribute to the ther-
mophilic lifestyle of Thermus spp. [10]. Recently, genes for
denitrification present in facultative strains of this species
were identified in the megaplasmid [5,9]. However, whether
this extraordinary natural competence ability is sufficient to
explain the plasticity observed by Thermus spp. remains to
be determined. 

It is worth considering that conjugation, like DNA trans-
formation, involves a DNA transport system that has to adapt
to different environments and cell types in order to transport
nucleoprotein complexes across cell membranes. The type 4
secretion system (T4SS) is a well-conserved and versatile
system that mediates the transfer of DNA, toxins, and nucle-
oprotein complexes in both Bacteria and Archaea [3,4].
T4SSs have been recently classified in three functional types:
a first type, involved in conjugation processes (cT4SS),
which mediates the cell to cell transfer of proteins and DNA;
a second type, involved in the translocation of virulence fac-
tors to the cytosol of eukaryotic cells by pathogenic species;
and a third type, responsible for the specialized uptake and
release of DNA [4].

The cT4SSs are large macromolecular assemblies that
vary substantially in their subunit number and composition,
they present a number of mating-pair-formation proteins and
two or three dedicated ATPases that provide energy for DNA
and protein transfer and for pilus assembly. The prototypical
models for cT4SS (Fig. 4A) are derived from E. coli
pKM101 plasmid and from Agrobacterium tumefaciens
T4SS [51,52]; the latter does not participate in conjugation
but is specialized in the delivery of oncogenic nucleoprotein
complexes into plant cells. These systems are characterized
by: three ATPases (VirB4, VirB11, and VirD4 or coupling
protein, CP), which are postulated to pump ssDNA during
conjugative transfer [12]; a series of scaffolding proteins
(VirB6-VirB10, and possibly VirB3), that cross the entire cell
envelope; and T4Ps similar to those involved in the compe-
tence DNA translocator system. 

While the presence of VirB-like proteins is not apparent
in those T. thermophilus strains in which conjugation has
been addressed (T. thermophilus HB27, T. thermophilus
HB8, T. thermophilus NAR1, and T. thermophilus PRQ25),
the recently available T. thermophilus SG0.5JP17-16
megaplasmid pTHTHE1601 sequence contains a putative
and structurally novel VirB operon consisting of 20 open
reading frames (ORFs; conjugative transfer region, ctr, 1-20,
Tthe16_2024-2005, Fig. 4B). Three protein products display
clear homologies in the amino acid sequence with VirB pro-
teins: the pilin precursor TrbC/VirB2 and the VirB4 and
VirD4 ATPases. pBLAST searches involving VirB4 and
VirD4 retrieved matches in many different phyla, which is
not surprising since VirB4 and T4CPs are extremely well
conserved and systematically found in all T4SSs described to
date [19]. VirB2 searches, on the other hand, produced signif-
icant alignments (E < 0.01) only with T. aquaticus
Y51MC23, T. scotoductus SA-01, Meiothermus ruber
DSM1279, and M. silvanus DSM9946 proteins. Routine
pBLAST searches with each orf product revealed that the
conservation of the Thermus VirB-like operon is restricted to
these species (Fig. 5).

Assignment of VirB functions. Aside from the
already mentioned VirB2, VirB4, and VirD4 coded by ctr1,
3, and 7, respectively, the predicted protein products of
ctr10, 12, 13, 18, and 20 have annotated functions, while the
remaining ctr2, 4–6, 8, 9, 11, 14–17, and 19 code for pro-
teins of unknown function. Ctr10 is a putative lytic transgly-
cosidase (LT). These murein-degrading enzymes are ubiqui-
tous to gram-negative T4SS, where they participate in the
degradation of the PG to allow pilus assembly [55,56]. In the

LGT IN THERMOPHILIC BACTERIA
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A. tumefaciens system, the LT role is performed by VirB1.
Based on the functional similarities and widespread pres-
ence of LTs in T4SS, we have defined Ctr10 as VirB1. ctr12
codes for a 466-residue polypeptide that contains an N-ter-
minal S-layer homology (SLH) domain, involved in the
anchoring of secreted protein to the cell surface, and a spec-
trin-repeat domain typical of cytoskeletal structural proteins.
Two other genes, ctr4 and ctr16, code for proteins with 3D
structures similar to actinin (E = 0.65) and contractile/cell
adhesion proteins (E = 2.5 × 10–05). The conserved presence
of cytoskeletal elements in the cluster is unforeseen. The

prokaryotic cytoskeleton is postulated to be a central organ-
izer for the accurate positioning of proteins and nucleopro-
tein complexes, thereby controlling macromolecular traf-
ficking in cells. We can only speculate that these three pro-
teins are members of a novel cytoskeleton-like scaffold that
provides a dynamic brace to the T4SS, with Ctr4 anchored
to the inner membrane (topological predictions, SOSUI
server, reveal the presence of a transmembrane helix (TM) at
the N-terminal end of the protein), Ctr12 anchored to the cell
surface via SLH, and the predicted soluble Ctr16 located in
the cytoplasm (Fig. 4B).

CÉSAR  ET AL.

Fig. 4. Type 4 secretion system model structures. (A) Experimentally predicted conjugative VirB4/VirD4 transfer system, based on [51]. OM,
outer membrane; CM, cytoplasmic membrane; P, periplasm; C, cytoplasm; PG, peptidoglycan. (B) Predicted subunits for the Thermus termophilus
SG0.Jl VirB-like system. Membrane disposition as well as the transmembrane (TM) domains of T4SS subunits are represented schematically,
according to SOSUI predictions and the presence of putative peptide signals. The localizations of Ctr12, VIrB1, VirB2, VirB3, VirB4, VirB6,
VirB11, and VirD4 are based on the VirB4/VirD4 Agrobacterium tumefaciens model [52]. Proteins with homologous functions are depicted by the
same color, proteins of unknown function are represented in purple. SL-OM, S-layer outer-membrane; SCWP, secondary cell wall polymers; PG,
peptidoglycan; CM, cytoplasmic membrane.
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Ctr13 is an AAA+ type ATPase, as is VirB11. No sequence
similarity is found between Ctr13 and VirB11-like proteins,
and VirB11 is not part of all T4SS. T4SS, as it is absent from
most gram-positive cT4SSs [22]. We have designated this
protein as VirB11, since the protein structure prediction
(Phyre version 0.2) of Ctr11 ATPase revealed a 100 % match
with Brucella suis VirB11 ATPase (E = 3.1 × 10–20). 

The two other annotated proteins are putative iron-
dependent transcriptional repressors, Ctr18, of unknown
function within the system, and a zinc-dependent metal-
lopeptidase, Ctr20. While no peptidases are commonly found
in VirB operons, many VirB-like proteins contain a signal
peptide for translocation into the periplasm and that peptide
is processed from the mature protein once the latter has been
delivered. Hence, the presence of a membrane peptidase
within the VirB-like operon could represent a novel feature
of the Thermus T4SS, whose role is covered by an unknown
accessory function not preserved in other well-characterized
systems. The fact that ctr20 is not conserved within other
Thermus VirB-like operons, or anywhere in the genome,
points to the existence of an alternative system, perhaps rem-
iniscent of other, traditional VirB-like systems, for the pro-

cessing of T4SS subunits. Note that the protein product of
ctr19, which shows no significant homology to any known
function either at the amino acid sequence or structural level
but is topologically predicted to be an integral membrane
protein, yields multiple low-score pBLAST hits with eukary-
otic zinc transporters. We can therefore hypothesize a puta-
tive role for this transporter, in which it would act in concert
with the zinc-dependent metallopeptidase.

With the exception of Ctr6 and Ctr8, which failed to
retrieve any sequence or structural similarities with any
known protein and were not predicted to contain any signal
peptide or TM helices, protein products from ctr2, 5, 9, 11,
15, and 17 contain one or more TM helices (Fig. 4B). Ctr2 is
a small protein, 105 residues, that contains two TM helices;
its gene is located immediately upstream from that of VirB4.
These characteristics are reminiscent of those of VirB3,
which in many systems is coded as a chimeric protein fused
to the N-terminal portion of VirB4. The presence of VirB4,
together with VirB7 and VirB8, is essential in stabilizing
VirB3 during T-pilus biogenesis [36]. While we could infer
the role of Ctr2 to be that of VirB3, we were unable to extend
our analysis to predict putative VirB7 and VirB8 functions.

LGT IN THERMOPHILIC BACTERIA
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Fig. 5. Conservation of the putative conjugative virB operon in Thermus spp. Overall identities (as obtained by BLASTp searches) with respect to the T. ther-
mophilus SG0.15-16 virB operon are shown above each open reading frame (ORF). The (–) symbol denotes homologous proteins whose score value is lower
than the threshold for BLASTp retrieval. A hypothetical/predicted role for each gene product is given, whereas uncertain roles are denoted by question marks.
Purple arrows represent ORFs with significant homology. Blue ORFs code for predicted homologous transmembrane proteins of reduced overall identity.
Light green ORFs code for proteins that are unique for a particular spp. A black-filled lightning bolt represents either an interruption of the coding frame or
a truncated product.
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Similarly, we could not assign identities to VirB9- or VirB10-
like functions. VirB7-10, together with the already men-
tioned VirB3, and VirB6 are probably members of the theo-
retical scaffold that spans the cell envelope and supports sub-
strate translocation [51,52]. VirB6-like proteins are large
polytopic proteins (5 ≤ TM segments) characterized by the
presence of a central periplasmic domain and a C-terminal
hydrophilic domain [4, 27]. Like VirB6, Ctr5 is a polytopic
protein containing nine TM segments as well as a central and
a C-terminal hydrophilic domain. VirB6-like proteins display
a low overall similarity at the sequence level but are ubiqui-
tous to all T4SS described to date. They are proposed to be
essential for conjugation and the absolute minimal require-
ment for substrate translocation across membranes together
with the ATPases T4CP and VirB4 [4]. Because of the pre-
dicted structural similarities between Ctr5 and VirB6 proteins
and corroborated by its position within the Thermus VirB-
like operon in addition to the low conservation displayed
between homologues present in the genus Thermus (Fig. 5),
we have tentatively assigned Ctr5 to the large family of
VirB6 proteins. It is likely that this scaffolding function is

provided by the above-mentioned cytoskeletal elements Ctr4,
12, and 16, together with some or all of the non-assigned pro-
teins, Ctr8, 9, 11, 15–17. The presence of genes coding for
small, non-conserved, TM-containing proteins overlapping
virB-like genes is common to gram-positive VirB operons
and very probably represents different strategies, with a com-
mon denominator, the T4SS, used by bacterial cells to
translocate substances across the cell envelope, in cell sur-
face recognition, and in the formation of mating pairs [4].

Thus, we propose that these unique features of the
Thermus T4SS represent an imposed requirement due to the
thermophile niche of the genus and the unusual structure and
nature of the cell envelope of Thermus species. Our model is
corroborated by the strict preservation of this unusual T4SS
system within the Thermus group, including not only
Thermus but also Meiothermus spp. It is feasible that with the
gathering and sequencing of new Thermus strains other struc-
turally similar virB-like operons will come to light. 

Experimental evidence is still needed to address the par-
ticipation of these T4SS in conjugation. All functioning
cT4SSs are always associated, by CPs, with DNA transfer

CÉSAR  ET AL.

Fig. 6. Ten μl of saturated cultures of HB27d-pTT27::hyg strain (containing a plasmid-encoded hygromycin resistance marker, hyg), and
HB27::pilA4::km (containing a chromosomally encoded kanamycin marker, km, and transformation-deficient) were plated on hyg-km10 ng/μl.
Growth was observed only for the transformation-proficient HB27d-pTT27::hyg strain. When 10 μl of each strain were mixed together, growth
was observed (bottom image), due to the conjugation-like transfer of marker genes.
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replication systems, determined by the presence of a relaxase
protein, a site-specific endonuclease that recognizes trans-
ferred DNA at a specific site, origin of transfer (OriT),
cleaves it, and brings it to the recipient cell [18]. Remarkably,
no relaxase-like sequence has ever been described for any
Thermus organism. Whereas relaxases have been thoroughly
characterized and categorized within six distinct families,
there is a strong belief that new families of relaxases could
emerge with the sequencing and characterization of novel
conjugation systems, particularly in bacteria other than pro-
teobacteria [50]. We believe the genus Thermus, and by
extension thermophilic bacteria, are examples of this novel,
yet ancient, family of relaxases and as such, part of an unusu-
al conjugation system. 

A new conjugation mechanism in Thermus
thermophilus? Although no conjugation-like homologous

proteins have been found in T. thermophilus NAR1, HB27, or

PRQ25, a conjugative-like mechanism has been described that

involves these strains. This uncharacterized LGT mechanism

is responsible for the transfer of a pTT27-plasmid-encoded nar
operon from T. thermophilus NAR1 to strain HB27 [43,44],

and from T. thermophilus PRQ25 to strain HB27 [5]. Further

proof of the existence of this atypical LGT between Thermus
strains comes from experiments involving the transfer of an

antibiotic resistance marker, coded within the pTT27

megaplasmid, from HB27-pTT27::hyg (hygromycin resistant)

to HB27pilA4::Km-pTT27 (transformation-deficient due to the

insertion of kanamycin resistance cassette into pilA4, a gift

from B. Averhoff) strain (C.E. César, unpublished results, Fig.

6) at frequencies up to 10–2 transconjugants per recipient cell.

In all cases, this conjugation-like mechanism involves transfer

of (part of) the pTT27 megaplasmid—which is ubiquitously

found as part of the T. thermophilus genome, although chro-

mosomal markers have also been shown to be transferred in

what was reportedly an HFR-like process [44]—at much lower

frequencies than those obtained with plasmid markers (C.E.

César, unpublished results). 

Transduction. Literature reports on Thermus bacterio-

phages are scarce, and despite the identification of 113 virus-

es in a single article [54], only a pair of them have been thor-

oughly studied. This small number of known strains probably

correspond to the very tip of an unknown repertoire of ther-

mophilic bacteriophages. A good indication of this misrepre-

sentation is the presence in the HB8 strain of 12 cluster reg-

ulatory interspaced short palindromic repeat (CRISPR) sys-

tems [1]. CRISPR systems are host genetic modules encoded

by several bacteria and most archaea to act against invading

genetic elements, such as plasmids, transposons and, particu-

larly, bacteriophages (for a comprehensive review see [2]).

The unusually high number of CRISPR systems coded by

HB8 supports a scenario of frequent foreign-DNA invasion

events. Notably, the transcription profiles of most of the

CRISPRS-associated proteins are up-regulated after phage

infection [1], supporting phage infection and probably trans-

duction as a fairly active event in Thermus spp. strains. It is

difficult to acknowledge and quantify LGT by transduction in

the genus Thermus; nonetheless, transduction is yet another

mechanism that likely participates in the extensive LGT

shown by Thermus spp.

Concluding remarks. The ability of microorganisms to

exploit and inhabit different environments relies on the plastic-

ity of prokaryotes in acquiring those genetic determinants that

facilitate the colonization of diverse, often extreme, niches. In

extremophilic bacteria, LGT has been recognized as a major

force in adaptation and diversification, and inter-domain gene

flow between Archaea and Bacteria has been widely reported.

The high-temperature habitat is a good example of this phe-

nomenon, and T. thermophilus, due to its unique repertoire of

LGT strategies, provides an excellent model to study horizon-

tal gene flow in this harsh environment. The enormous LGT

promiscuity observed in Thermus strains is manifested in the

presence of a large megaplasmid as part of the genome, where

most of the plasticity observed between T. thermophilus strains

resides [11]. We believe that T. thermophilus megaplasmid acts

as a reservoir for non-essential to life adaptation traits (e.g.,

denitrification and carotenoid biosynthesis clusters, CRISPR

antiviral systems, etc.) and that the constant gene flow of these

traits as needed is a common characteristic in the genus

Thermus. 
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