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ABSTRACT. A fluid genome is a great advantage to prokaryotes, en-
abling quick adaptation to various types of ecological niches and to di-
verse environmental selective pressures. A substantial portion of these
sudden changes is mediated by lateral gene transfer (LGT), through
genetic recombination mechanisms, such as transformation, conjugation
and transduction. The recent sequencing of several organisms has of-
fered a new approach to the study of LGT, using comparison and anal-
ysis of nucleotide sequences dispersed throughout the genome of these
species. This analysis in Choromobacterium violaceum has revealed
four prophage and 12 insertion sequences, suggesting genetic exchange
with several other bacterial species, including Salmonella enterica,
Ralstonia and Xanthomonas. An Rhs (recombination hot spot) element
(containing a vgr-like gene) was also observed, the function of which
remains unknown, but it has a sequence related to species of Acineto-
bacter and Sphingomonas. These results support the role of LGT in
the acquisition of new traits by C. violaceum.
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INTRODUCTION

The genome of more than 100 species of bacteria has been sequenced, and each day
more sequence data are generated. The comparison and the organization of these different
genomes reveal interesting biological and evolutionary information. In fact, the genomes of
bacteria are remarkably fluid (Boucher et al., 2003). A substantial portion of the bacterial ge-
nome has not been inherited from the parental cells; rather it has been acquired horizontally by
a lateral gene transfer (LGT) process, mediated by genetic recombination mechanisms, such as
transformation, conjugation and transduction (Doolittle, 1999; Boucher et al., 2003). Several lines of
evidence indicate that LGT has played a major role in bacterial evolution, disseminating key traits
both within and among bacterial species (Boucher et al., 2003). The acquisition of new traits by this
means could allow a sudden adaptation of bacteria to new environment conditions. Acquisition of
new phenotypes by LGT is considered a “quantum leap” in evolution, as the genes generally are
transferred laterally en bloc, forming “islands™ of heterologous DNA in the new host.

Considering the fluidity of bacterial genomes, the exchange of DNA by transduction, a
process mediated by bacteriophages (or simply phages), seems to play an essential role (Canchaya
etal., 2003a,b; Casjens, 2003). In fact, in several cases, it is impossible to understand the biology
of bacteria without understanding the biology of their phages.

Bacteriophages are extremely varied and their diversity remains uncharacterized
(Briissow and Hendrix, 2002; Rohwer, 2003). Different types of phage virions may carry single-
or double-stranded DNA or RNA, exhibit different morphologies, and use different strategies
for replication. Ninety-six percent of all bacterial viruses are tailed phages (Caudovirales), which
are classified as Myoviridae, Siphoviridae and Podoviridae, based on the type of tail present
(Briissow and Hendrix, 2002). Some phages are only able to trigger a lytic replication cycle.
Others, however, the so-called temperate phages, can “choose” between a lytic or a lysogenic
state. Thus, infection of a bacterial cell with a temperate phage can have two outcomes: multi-
plication of the virion with lysis of bacteria, or lysogenization, where the DNA of the virus is
integrated into the bacterial chromosome (Campbell, 2001). When this latter event takes place,
the bacteria can acquire new traits. In fact, it is well established that integrated virus genomes
(prophages) are responsible for conferring to the bacterial host the ability to produce a variety of
exotoxins, colonization factors, bacteriocins, resistance to serum and phagocytes, and other
traits (Nakayama et al., 2000; Boyd and Briissow, 2002; Wagner and Waldor, 2002; Davis and
Waldor, 2003).

Most of the genomes of bacteria published to date carry prophages, and it is not rare for
bacteria to contain multiple prophages (Canchaya et al., 2003b; Casjens, 2003). An extreme
example is represented by the food-borne pathogen E. coli O157:H7 strain Sakai, which con-
tains 18 prophages that account for 16% of its genome content (Hayashi et al., 2001). Several
unique DNA sequences of the Sakai strain, including genes coding for pathogenic factors are
present in the genome of its phages (Hayashi et al., 2001). The same observation is valid for
other bacterial species (Figueroa-Bossi et al., 2001; Boyd and Briissow, 2002; Wagner and
Waldor, 2002; Boucher et al., 2003; Canchaya et al., 2003a; Casjens, 2003; Porwollik and
McClelland, 2003).

Insertion sequences (IS) and transposons are present in virtually all prokaryotes. These
mobile elements are also implicated in the transference of new traits between different strains
or species of bacteria (Craig et al., 2002).
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The completion of genomic sequencing of C. violaceum ATCC 12472 (Vasconcelos et
al., 2003) has revealed the presence of four prophages, and some open reading frames (ORFs)
with similarity to phage genes, dispersed in the genome. There are also 12 transposase genes;
two of them are part of an RAs (recombination hot spot) element. These mobile elements could
have a role in recombination processes and gain of function by C. violaceum.

RESULTS AND DISCUSSION
Bacteriophages

The positions of the four prophages and the RAs element in the genome of C. violaceum
were determined (Figure 1). The phages were named CvP1 to CvP4, abbreviations for C.
violaceum phages 1 to 4. The position of the RAs element is also indicated.

CvPl1
CvP2

Chromobacterium violaceum

4,751,080 bp

Rhs

CvP4

Figure 1. Position of the CvP prophages and the RAs (recombination hot spot) element in the Chromobacterium
violaceum genome. CvP1-CvP4 = C. violaceum phages 1 to 4.

CvP1

Bacteriophage CvP1 is composed of at least 20 ORFs (CV0337 to CV0356), account-
ing for 19436 bp. The GC ratio is 66.3%, which is quite close to the 64.83% ofthe C. violaceum
genome. The blast analysis of its ORFs indicated that CvP1 is a Mu-like phage. Various ORFs
are similar to those of phage FluMu of Haemophilus influenzae and to Neisseria meningitidis
Mu-like prophages (Morgan et al., 2002).

Bacteriophage Mu is a double-strand DNA phage, with a wide host range and distinc-
tive properties when compared with other phages (Morgan et al., 2002). Mu prophage forma-
tion is accompanied by integration into nearly random chromosomal locations that generally lead
to detectable mutations in the host. Additionally, Mu replicates by transposition, unlike other
known types of phages (Campbel, 2001). An ORF with similarity to a DNA transposition gene
of Neisseria meningitidis was found in the CvP1 genome (CV0355).
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The CvP1 genome is smaller than that of Mu and other Mu-like phages, such as FluMu
of H. influenzae and Pnm1 of Neisseria meningitides, suggesting that it is defective.

CvP2

The CvP2 bacteriophage is composed of at least 27 ORFs (CV0406 to CV0432), ac-
counting for a region of 22408 bp. The GC ratio (63.73%) is very similar to the GC content of
the C. violaceum genome. Most of the CvP2 ORF's exhibit similarities to tail and fiber proteins
of phages found in Salmonella enterica subsp. enterica and in Pseudomonas sp. Regulatory
genes are also present, as a phage Mu middle regulator (CV0406) and a late gene expression
regulator (CV0416). Interestingly, there are ORFs with similarity to Carotovoricin Er of Erwinia
carotovora and the R-type pyocins of Pseudomonas sp. Carotovoricin Er is a phage-tail-like
bacteriocin produced by E. carotovora subsp. carotovora strain Er, a causative agent of soft
rot disease in plants (Nguyen et al., 2001). The R-type pyocins resemble non-flexible and con-
tractile tails of bacteriophages. They provoke a depolarization of the cytoplasmic membrane,
with pore formation (Michel-Briand and Baysse, 2002). These observations suggest that CvP2
has bacteriocin activity. In fact, it has been found that lysates of C. violaceum strain ATCC
12472 inhibit the growth of a wide range of Gram-positive and Gram-negative bacteria, includ-
ing Staphylococcus aureus, Streptococcus sp., Bacillus cereus, Pseudomonas aeruginosa,
E. coli, Salmonella enterica (Ackermann and Gauvreau, 1972). Some CvP2 ORFs are also
related to phage P2 and Mu, indicating its genetic complexity.

CvP3

The CvP3 is composed of few ORFs (CV0645 to CV0652), identified as being of phage
origin because they exhibit similarity to genes of P2 and P4 phages of E. coli. The GC content is
lower (58.97%) than that of the C. violaceum genome, indicating a heterologous origin. Two hypo-
thetical ORFs (CV0649 and CV0650) are located between a regulatory and an integrase gene, and
they have lower GC percentages, 47.6 and 35.61%, reinforcing the heterologous origin of this ele-
ment. It is also flanked by a number of hypothetical ORFs that could belong to the CvP3 genome.

CvP4

The CvP4 is composed of about 51 ORFs (CV2114 to CV2150), corresponding to a
region of 27668 bp. CvP4 seems to be a chimeric prophage, containing ORFs with similarity to
different phages. The tail and tail fiber genes are similar to P2-like phage genes (Rishovd et al.,
1998). These genes exhibit similarity to a P2-like prophage of S. enterica subsp. enterica
serovar Typhi, the so-called CT18 phages (Parkhill et al., 2001; Canchaya et al., 2003b). Other
ORFs exhibit similarity to other phage genes, such as Mu and phages of Erwinia carotovora.
Interestingly, there are a number of conserved hypothetical ORFs with similarity to genes of S.
enterica subsp. enterica Typhi. We can speculate that CvP4 was responsible for introducing a
number of genes from S. enterica to the C. violaceum genome. The presence of a gene
(CV2157), with motifs of a type Il secretion protein of V. cholerae, is also interesting. A gene
with these characteristics was also found in the genome of CT18-02 (Canchaya et al., 2003b),
reinforcing the similarity between CvP4 and the CT18 phages.
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Reminiscent phages

There are two ORFs (CV3545 and CV3546) with similarity to hypothetical phage ORFs
of Yersinia pestis (Deng et al., 2002). However, the genes flanking these ORFs do not exhibit
similarity to phage genes. In Y. pestis, those ORFs are localized between toxin genes, and they
do not seem to compose a functional phage. The CV3861 is a conserved hypothetical ORF with
motifs of a phage-related tail transmembrane protein found in Ralstonia solanacearum
(Salanoubat et al., 2002).

Insertion sequences

There are 12 ORFs coding for transposases and forming IS in the C. violaceum ge-
nome. Five of them (CV0004, CV 1248, CV1923, CV2224, and CV2556) are homologous to the
[S1404 of Xanthomonas campestris pv. campestris (da Silva et al., 2002), with an identity of
about 65%. IS1404 belongs to the IS3 family of insertion sequences. These more abundant IS of
C. violaceum are almost identical to each other, and they have a GC content (58.4%) different
from that of C. violaceum, indicating a heterologous origin. There are two ORFs (CV(0957 and
CV0958) homologous to ORFb and ORFa of IS1421, respectively. [S1421 is a transposable
element member of the IS5 family present in R. solanacearum (Salanoubat et al., 2002). Again,
the GC content is lower (60.19% for ORFa and 57.43% for ORFb) than that of the C. violaceum
genome. The other ORFs present similarity to the IS found in Ralstonia sp. (CV2316),
Sphingomonas sp. (CV3035) and Anabaena (CV3036).

Recombination hot spot element

A remarkable characteristic of the C. violaceum genome is the presence of a putative
Rhs element. The Rhs elements are complex genetic composites, well studied in £. coli (Hill et
al., 1994). The prototypical structure of this family of elements is characterized by a GC-rich
core region of about 3.7 kb, forming a single-open reading frame, and an adjacent AT-rich core
extension. The core ORF is followed or overlapped by a shorter ORF, called the downstream
ORF (dsORF), also AT-rich. Another feature common to RAs elements is the presence of one
or more IS, positioned to the right of the dsORF (Hill et al., 1994).

An element with a similar structure is present in C. violaceum. It is formed by a longer
core region (CV1431), followed by an AT-rich region, probably corresponding to the core exten-
sion, and a shorter ORF (CV1428), corresponding to the dsORF. Two IS (CV1426 and CV1427)
are associated with this element. Differently from E. coli, they do not exhibit similarity to H-rpt,
the most frequently observed IS of E. coli Rhs elements (Zhao et al., 1993). On the contrary,
the transposases of the C. violaceum Rhs element exhibit similarity to transposases of Acine-
tobacter sp. and Sphingomonas sp. Despite the presence of IS, there has been no experimen-
tal demonstration of RAs movement (Hill et al., 1994). However, a possible role of this element
in site-specific recombination was proposed, although this recombination event seems to occur
much less frequently than has been observed for other mobile elements, such as phages and IS
(Hill etal., 1994).

Wang et al. (1998) proposed the inclusion of a new ORF called vgr as a structural
component of some Rhs elements. This proposal was based on the close linkage of vgr to the
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core region of the RAsG and RAsE elements of E. coli. However, in other cases the vgr is
absent, which argues against the inclusion of this gene as a component of Rhs. Adjacent to the
core region of the C. violaceum Rhs element, spaced by only 41 bp, there is a vgr-like ORF. The
presence of vgr in Rhs elements found in bacterial species phylogenetically distant from each
other, such as E. coli and C. violaceum, led us to believe that this gene must be a structural
component of at least some RAs elements. On the contrary, no homolog to the Vibrio cholerae
hemolysin-corregulated protein (4cp) was found, which reinforces the hypothesis of Wang et
al. (1998) that this gene is not a component of Rhs, despite its presence in the RhsG of E. coli.

The biological function of Rhs elements remains unknown. They are not essential for
the cell because there are E. coli isolates that do not contain this element (Hill et al., 1994,
1995). However, they are widespread in natural E. coli populations and their presence corre-
lates with the population structure (Hill et al., 1995), indicating that these elements are main-
tained by selective pressures. The predicted core protein sequence is similar to the sequence of
a Bacillus subtilis wall-associated protein, leading to the speculation that the core product is a
cell surface protein and has a binding function (Hill et al., 1994). These authors also hypoth-
esized that this element provides the cell with an advantage in a specific habitat, such as a
mammalian host or the soil/water environment.

CONCLUDING REMARKS

There are papers on phages in C. violaceum (Ackermann and Gauvreau, 1972; Rucinsky
etal., 1972; Rucinsky and Cota-Robles, 1973). These studies demonstrated bacteriophage tail-
like particles in cultures of C. violaceum after induction with UV light or mitomycin C. The
information from the genomic sequencing of this bacterium confirms this pioneering work. The
CvP prophages are of different origins, and they have a mosaic genome, a characteristic shared
with the majority of the phages sequenced so far. The CvP apparently had an important role in
the biology of C. violaceum, probably promoting exchange of genetic material with other spe-
cies. Interestingly, some prophages exhibit a GC content close to that of the bacterium genome,
indicating that they are ancient elements or that they were acquired from organisms with similar
percentages of GC. For instance, CvP1 probably was acquired prior to the divergence of C.
violaceum and N. meningitidis, as indicated by the similarity between ORFs of CvP1 and
Pmnl. The study of these prophages also has a potential to find practical applications. For
instance, it is interesting to explore the potential use of CvP2 prophage as a bacteriocin, as
revealed by the analysis of its genome and from previous experimental data (Ackermann and
Gauvreau, 1972).

The presence of IS in the genome also indicates that there has been exchange of
genetic material between C. violaceum and other free-living bacteria, such as Xanthomonas
sp. and Ralstonia. The IS3 family is strongly represented, particularly by the presence of IS1404.
The GC contents of these IS are different from that of the C. violaceum genome, indicating a
heterologous origin.

A remarkable characteristic of C. violaceum ATCC 12472 is the presence of an Rhs
element. Our data reinforce the proposal of Wang et al. (1998), who considered the vgr gene a
structural component of at least some RhAs elements. We can only speculate on the biological
function of this element, but its presence in C. violaceum suggests a function in the adaptation
to a free-living mode of life. It would interesting to investigate if RhAs is widespread in natural
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populations of C. violaceum. If this is the case, it would be an attractive element to be used in
studies of the clonal structure of populations.

C. violaceum is a [-proteobacterium phylogenetically related to Neisseria meningiti-
dis and belonging to the Neisseriaceae tfamily. However, the comparison of the ORFs of C.
violaceum with those of other organisms reveals a considered close similarity to ORFs of free-
living organisms, including R. solanacearum and P. aeruginosa. These ORFs are particularly
related to this bacterium’s interaction with the environment. On the other hand, the similarity to
N. meningitidis involves ORFs related to housekeeping functions (Vasconcelos et al., 2003).
Thus, environmental adaptation is to some extent due to the presence or absence of particular
ORFs within the genome. The presence of mobile elements, such as prophages and IS, exhibit-
ing similarity to ORFs of free-living organisms, is indicative of lateral gene transfer between C.
violaceum and other free-living organisms and could explain the acquisition of genes that prob-
ably performed a central role in the evolution and adaptation of C. violaceum to its present
mode of life.
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