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The pathogenic actinomycete Rhodococcus equi harbors different types of virulence plasmids associated with
specific nonhuman hosts. We determined the complete DNA sequence of a vapB™* plasmid, typically associated
with pig isolates, and compared it with that of the horse-specific vap4™ plasmid type. pVAPB1593, a circular
79,251-bp element, had the same housekeeping backbone as the vap4™ plasmid but differed over an ~22-kb
region. This variable region encompassed the vap pathogenicity island (PAI), was clearly subject to selective
pressures different from those affecting the backbone, and showed major genetic rearrangements involving the
vap genes. The pVAPB1593 PAI harbored five different vap genes (vapB and vapJ to -M, with vapK present in
two copies), which encoded products differing by 24 to 84% in amino acid sequence from the six full-length
vapA™ plasmid-encoded Vap proteins, consistent with a role for the specific vap gene complement in R. equi host
tropism. Sequence analyses, including interpolated variable-order motifs for detection of alien DNA and
reconstruction of Vap family phylogenetic relationships, suggested that the vap PAI was acquired by an
ancestor plasmid via lateral gene transfer, subsequently evolving by vap gene duplication and sequence
diversification to give different (host-adapted) plasmids. The R. equi virulence plasmids belong to a new family
of actinobacterial circular replicons characterized by an ancient conjugative backbone and a horizontally

acquired niche-adaptive plasticity region.

Rhodococcus equi is a member of the mycolic acid-contain-
ing group of actinobacteria, or mycolata, which also includes
the Corynebacterium, Gordonia, Mycobacterium, and Nocardia
genera (18). Like many other actinomycetes, R. equi is ubig-
uitous in nature and lives as a saprophyte in soil (25, 35, 41).
The genus Rhodococcus is a genetically diverse taxon that may
be empirically classified into two groups (4, 23): the nonpatho-
genic, or environmental, rhodococci, exemplified by Rhodococ-
cus erythropolis, which includes metabolically versatile bacteria
of industrial interest (32), and the pathogenic rhodococci, with
two species, the plant pathogen Rhodococcus fascians (22)
and the animal pathogen R. equi (25, 35, 41). All rhodococci
typically harbor large conjugative plasmids encoding niche-
adaptive functions, such as various primary and secondary met-
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abolic processes in the environmental species and host coloni-
zation (virulence) factors in the pathogenic ones. Some of
these extrachromosomal replicons are linear megaplasmids
of up to 1 Mb in size, whereas others are circular plasmids of
~100 kb (34, 55).

R. equi can be isolated from pulmonary and extrapulmonary
pyogranulomatous infections in various mammalian hosts. It
causes equine purulent bronchopneumonia, or rattles, a severe
respiratory disease of foals characterized by extensive absces-
sation of the lung parenchyma, lymphadenitis, and a high mor-
tality rate. R. equi is also an opportunistic human pathogen
associated with AIDS and immunosuppression. Human rhodo-
coccal infection is clinically and pathologically similar to pul-
monary tuberculosis (36, 41).

R. equi is a facultative intracellular parasite that replicates
within macrophages, causing their destruction by necrosis (25,
33). The pathogenicity of R. equi is associated with the pres-
ence of a large, circular plasmid of 80 to 90 kb (52). The loss
of this plasmid results in an inability to cause disease in foals
and to replicate in macrophages in vitro and in mouse tissues
in vivo (21, 26). Plasmids from equine isolates encode viru-
lence-associated protein A (VapA) (48), an in vivo-expressed,
17.4-kDa surface lipoprotein antigen (6, 10, 51). Deletion of
the vapA gene attenuates R. equi virulence to an extent similar
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to that for plasmid curing, suggesting a major role for VapA in
pathogenesis (21, 28). An analysis of plasmid DNA sequences
from two virulent equine isolates, strains 103 and ATCC
33701, showed vapA to be present in a pathogenicity island
(PAI) encoding other Vap proteins, VapC to VapH (50).
These Vaps display substantial sequence similarity, particularly
at their carboxy termini, and no homologs have been found in
other organisms. The specific roles of the different Vap pro-
teins in R. equi virulence remain unknown.

Nonequine R. equi isolates often produce a larger (20-kDa)
variant surface lipoprotein antigen, VapB (10, 49), which is
very similar in primary structure to VapA (78% amino acid
sequence identity) (39). VapA and VapB (and corresponding
genes) are mutually exclusive, i.e., they do not occur in the
same isolate, suggesting that they are allelic variants of one
locus that has divergently evolved in two different plasmid
subpopulations (38). In a recent study based on detection of
vapA and vapB gene markers by PCR, we showed that R. equi
virulence plasmids can be classified into three general types:
vapA™,vapB™, and vapAB negative (38). Each of these plasmid
types was almost exclusively associated with a specific nonhu-
man animal host, i.e., horse, pig, and cattle, respectively (38).
Moreover, no vapB™ (pig-type) plasmid was found in equine
isolates, no vapA™ (horse-type) plasmid was identified among
bovine isolates, and no vapAB-negative (bovine-type) plasmid
was found among porcine isolates. By contrast, the three plas-
mid types were common among R. equi strains from humans
(11%, 55%, and 34% of plasmid-positive isolates, respec-
tively), a host in which the infection is opportunistic and asso-
ciated with immunosuppression. These data suggested the ex-
istence of host immunity-driven selection of specific plasmid
types in R. equi (38) and supported a model in which R. equi
host tropism is dictated by the plasmid in naturally susceptible
animal species.

Comparative analysis of virulence plasmid types associated
with specific animal hosts may therefore provide valuable in-
sight into the molecular mechanisms underlying R. equi patho-
genesis and host specificity. We report here the nucleotide
sequence of a vapB-type plasmid from R. equi. We show that
this plasmid, pVAPB1593, and the previously sequenced vapA
(equine)-type plasmid from strains 103 and ATCC 33701 (50)
share the same backbone but differ in terms of their vap PAIs,
suggesting that differences in this locus and the Vap proteins
that it encodes may play an important role in R. equi host
tropism.

MATERIALS AND METHODS

Bacteria, growth conditions, and chemicals. The R. equi vapB* PAM 1593
isolate used in this study has been described previously (38). The bacteria were
grown at 30°C for 24 to 48 h in brain heart infusion medium (Difco-BD, Detroit,
MI). All chemicals were obtained from Sigma (Sigma-Aldrich, Poole, England,
United Kingdom) unless otherwise stated.

Plasmid DNA isolation. Plasmid pVAPB1593 DNA was isolated from early-
stationary-phase broth cultures of PAM 1593 by using a Qiagen midi prep kit
according to a low-copy-number plasmid protocol (42). Lysozyme (5 pg/ml) was
added to the bacterial cell suspension in buffer P1, and the mixture was incubated
at 37°C for 2 h before processing. DNA quality and concentration were assessed
visually by agarose electrophoresis and spectrophotometrically by calculating the
ratio of absorbances at 260 and 280 nm.

DNA sequencing. The pVAPB1593 DNA was sheared by sonication and size
fractionated. A random library was constructed in pUC19 and the complete
plasmid sequence determined by a shotgun method, as previously described (7).
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DNA sequences were collected from paired end reads of pUCI19 library clones
by using BigDye Terminator chemistry and ABI 3730 sequencing machines
(Applied Biosystems, Foster City, CA). Sequence gaps were bridged by read
pairs or end sequenced PCR. Manual error checking and finishing of the se-
quence were performed to ensure that every base was covered by at least two
clones with high-quality sequence in each direction, and that every consensus
base had a Phred quality score (19) of >30 (i.e., <1/1,000 chance of error).

Sequence analysis and annotation. Plasmid DNA sequences were assembled,
finished, and annotated using Artemis software (http://www.sanger.ac.uk
/Software/Artemis/) (46). Glimmer2 software (17) was used for the initial pre-
diction of coding sequences (CDSs). These initial predictions were curated
manually in Artemis, then translated into protein sequences, and used for
searches of the NCBI database with BLASTp (2) and searches of the Pfam (3)
and Prosite (27) databases of protein motifs. Putative secreted and membrane
proteins were identified with SignalP 3.0 (5) and TMHMM (31), respectively
(http://www.cbs.dtu.dk/services/). The sequence of pVAPB1593 was compared
with those of other plasmids by using tBLASTx (1), and the comparisons were
visualized using the Artemis comparison tool (ACT) (14). Multiple DNA and
protein sequence alignments were generated with ClustalW (16) (European
Bioinformatics Institute, EMBL; http://www.ebi.ac.uk/) and T-Coffee (37) (http:
//tcoffee.vital-it.ch/cgi-bin/Tcoffee/tcoffee_cgi/index.cgi). Informational noise was
limited using a conservative annotation approach, allocating putative functions
only when homology and protein domain searches provided consistent, unam-
biguous returns.

Nucleotide sequence accession number. The nucleotide sequence of the
pVAPB1593 plasmid and the revised annotation of pVAPA1037 have been
deposited in EMBL/GenBank under accession numbers AM947676 and
AM947677, respectively.

RESULTS AND DISCUSSION

General description and annotation of pVAPB1593 and re-
annotation of pVAPA1037. The plasmid harbored by R. equi
PAM 1593 is circular, is 79,251 bp in size, and contains 72
CDSs, including four pseudogenes, equivalent to a coding den-
sity of 78.7%. The overall structure of pVAPB1593 is very
similar to that of the vapA-type plasmids from the equine
isolates ATCC 33701 and 103 (50). As the p103 and p33701
plasmids are virtually identical in size (80,609 and 80,610 bp)
and nucleotide sequence, they clearly are the same element
and will be referred to hereafter simply as pVAPA1037. Com-
parative gene maps of pVAPB1593 and pVAPAI1037 are
shown in Fig. S1 in the supplemental material. Detailed gene
annotation for pVAPB1593 is available in Table S1 in the
supplemental material, together with a revised annotation for
pVAPA1037 based on the same criteria. The reannotated
pVAPA1037 sequence contains 73 CDSs, including eight pseu-
dogenes. A function could be predicted for 39% of the proteins
encoded by the plasmids (see Table S1 in the supplemental
material), and 71% of the CDSs of pVAPB1593 (65% for
pVAPA1037) had homologs in other bacteria. The greatest
similarity was with products from other actinobacteria, partic-
ularly Rhodococcus spp. (55% of genes), followed by Mycobac-
terium spp. (6%) and Nocardia spp. (4%).

pVAPB1593 and pVAPA1037 differ in a variable region
(VR). A segment corresponding to ~75% of the plasmid se-
quence was highly conserved in pVAPB1593 and pVAPA1037
(95% DNA sequence identity). This section corresponded to
the previously described conjugation and replication-and-par-
tition regions (50) and displayed only minor differences in
genetic structure, including two CDSs specific to pVAPB1593
(pVAPB_0101 and -0362) and two genes, one from each plas-
mid (pVAPB_0340 and pVAPA_0270), that had become cor-
rupted (see Table S1 in the supplemental material).

In contrast, significant differences in DNA sequence (43%
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FIG. 1. Genetic structure and ACT analysis of the VR of the R. equi virulence plasmids pVAPB1593 and pVAPA1037. Regions with significant
similarity (tBLASTX) are connected by colored lines (red, sequences in direct orientation; blue, sequences in reverse orientation). The intensity
of the color indicates the strength of the sequence homology (pink/light blue, lowest; red/deep blue, highest). The virulence-associated vap genes
are shown in black, and the mobility-related resA- and invA-like genes are shown in gray. The vap PAI, as defined based on Alien Hunter output
(see Fig. S1 in the supplemental material), is boxed. Gene designations for pVAPB1593 are according to standardized annotation nomenclature
adopted in this study for R. equi virulence plasmids (pVAP) (see Table S1 in the supplemental material), and those for pVAPA1037 are according
to the nomenclature used by Takai et al. (50) (except for the newly identified genes, in which standardized nomenclature has been used) (see Table
S1 in the supplemental material). The reference bar at the top right indicates 1 kb.

identity) and genetic structure were observed in a discrete
region encompassing the PAI identified by Takai et al. in
pVAPA1037 (50) (Fig. 1). Although clearly much more diver-
gent than the conserved housekeeping backbone, a number of
features of this VR were common to pVAPB1593 and
pVAPA1037, such as the presence of vap genes (see below)
and several conserved non-vap genes (see Table S1 in the sup-
plemental material; also Fig. 1), indicating a common origin.
Interestingly, most of the VR was clearly picked up, in both
pVAPBI1593 and pVAPA1037, by the Alien Hunter algorithm
(http://www.sanger.ac.uk/Software/analysis/alien_hunter/)  (see
Fig. S1 in the supplemental material; also see below), which iden-
tifies horizontally acquired DNA by reliably capturing local com-
positional biases based on a variable-order motif distributions
method (54).

Comparative analyses of DNA sequences and genetic struc-
ture based on ACT (Fig. 1) indicated that the VRs from
pVAPB1593 and pVAPA1037 diversified through gene dupli-
cations, translocations, and inversions, together with insertion/
deletion events. The major gene rearrangements involved the
vap genes (Fig. 1). These genes have very similar nucleotide
sequences (mean identity in the conserved region, 56%; range,
41 to 99%) (see Fig. S2 in the supplemental material) and
therefore form direct repeats which may promote DNA re-
combination. An example in pVAPB1593 is provided by the
vapK1 gene and its almost exact duplicate vapK2, which, to-
gether with their flanking sequences, form an 873-bp-long per-
fect direct repeat (Fig. 1). There is also evidence of gene decay
processes: pVAPA_0460, pVAPB_0560, and pVAPB_0720 are
frameshifted and encode shorter products; pVAPB_0830 is
truncated at its 3’ end; and pVAPA_vapF, -vapl, and -vapX
show various degrees of degeneration (see below). Gene
corruptions were in some cases associated with duplication
events. Thus, pVAPA_0600 and -0740 are 5’-truncated and
degenerate homologs, respectively, of pVAPB_0660, and
pVAPA_0680 encodes an 87-residue degenerate portion of the
pVAPA_0800 (orf21)/pVAPB_0700 product (see Table S1 in
the supplemental material). Most of the pseudogenes identi-
fied in pVAPB1593 and pVAPA1037 were present in the VR.

DNA sequence conservation between pVAPBI1593 and

pVAPA1037 extended beyond the genes to the intergenic se-
quences in the plasmid backbone region. This was not the case
in the VR, in which substantial intergenic sequence divergence
was observed. This, together with the significantly lower level
of CDS similarity between pVAPB1593/pVAPA1037 gene ho-
mologs (excluding the vap genes from the analysis) in the VR
than in the conserved backbone (85.00 = 8.75 versus 96.34 +
8.78 mean percent amino-acid sequence identity; P < 0.01,
Student’s ¢ test), indicates that these two DNA regions are
subject to different evolutionary pressures in both plasmids.

Boundaries of the vap PAIL One of the primary criteria
defining PAI elements is the atypical composition of their
DNA with respect to the surrounding genetic environment,
owing to their lateral acquisition (20, 24). Computational pre-
dictions (see above) localized the horizontal gene transfer
event boundaries to the 5" regions upstream from the Isr2 gene
(pPVAPA/B_0440, or orfl) on the left and the scm2 gene
(pVAPB_0800/pVAPA_0700, or orf21) on the right (Fig. 1
and 2).

Thus, the vap PAI of pVAPB1593 would be 15.5 kb in size
and encompass 17 CDSs, including six vap genes and one
pseudogene, and that of pVAPB1037 would be 21.3 kb in size
(not 27.5 kb as previously suggested by Takai et al. [50]) and
encompass 26 CDSs, including six full-length vap genes, three
vap pseudogenes (see below), and four other pseudogenes.

Despite the significant differences in genetic organization, a
6.2-kb region encompassing pVAPA/B_0460 to -0530 is con-
served in the two vap PAIs (Fig. 1). Five of these CDSs
(pVAPA/B_0480 to -0530) form the virR operon, with a vap
gene in the middle (vapHJ) and a regulatory gene at each end:
pVAPA/B_0480, or virR, encoding a LysR-type transcription
factor, and pVAPA/B_0530, or orf8, encoding a response reg-
ulator (12). Both transcriptional regulators have been shown to
be involved in controlling vap gene expression and virulence in
pVAPA1037 (11, 12, 43, 45).

The conserved non-vap gene complement of the PAI also
includes pVAPA/B_0440 (Isr2), encoding Lsr2, a DNA-bridg-
ing histone-like protein also present in Mycobacterium spp. and
other actinobacteria (15); pVAPA/B_0470 (orf23), encoding a
putative S-adenosylmethionine-dependent methyltransferase;
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FIG. 2. Neighbor-joining unrooted phylogenetic tree of the vap
multigene family constructed from a ClustalW alignment of the mature
Vap proteins encoded by pVAPB1593 and pVAPA1037. For the anal-
yses, a full-length VapF protein was reconstructed by correcting the
two frameshift mutations in the 3’ region of the gene. Bootstrap values
(10,000 replicates) are indicated at the nodes. Outgroup, putative
DnaB protein from pVAPB1593 (pVAPB_0390). The bar indicates
genetic distance.

pVAPA/B_490 (orf5), encoding a putative major facilitator
superfamily transporter; and pVAPB_0700/pVAPA_0800
(orf21), encoding a protein with similarity to AroQ class cho-
rismate mutase (CM) enzymes (see Table S1 in the supple-
mental material). The conservation of these genes in the PAIs
of both the vapA- and the vapB-type virulence plasmids is
intriguing and points to a potential role in pathogenesis. Par-
ticularly enigmatic is pVAPB_0700/pVAPA_0800 (orf21), here
designated scm2 (see Table S1 in the supplemental material).
The scm2 product belongs to an emerging family of proteins,
designated *AroQ, which differ from the typical cytosolic
AroQ CM enzymes involved in the shikimate pathway for
aromatic amino acid biosynthesis (EC 5.4.99.5) in that they
have a predicted signal sequence. *AroQ family members are
encoded in the genomes of other bacterial pathogens, such as
Mycobacterium tuberculosis, Pseudomonas aeruginosa, and Sal-
monella enterica serovar Typhimurium and have been experi-
mentally shown to be secreted and to have CM mutase activity
(13, 30), and in S. enterica serovar Typhimurium, the coding
gene was found to be selectively induced in vivo in infected
mice, suggesting a role in virulence (9). Although the existence
of a *AroQ-mediated periplasmic pathway for biosynthesis of
phenylalanine from chorismate has been documented (13),
and this may theoretically facilitate bacterial growth in the
aromatic amino acid-deprived vacuolar compartment of the
macrophage, mammals do not possess the shikimate pathway,
and CM substrates (chorismate and prephenate) are unlikely
to be present in animal tissues (44). Smc2 may share a common
enzymatic activity with AroQ enzymes (ciclohexadienyl mu-
tase) (13) but differ in substrate range and be involved in some
unknown aspect of in vivo bacterial survival. Homologs of Isr2
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(two genes) and scm2 (one gene, scml) are present in the R.
equi chromosome (our unpublished observations), and it is
unclear whether there is functional redundancy between the
chromosome- and plasmid-encoded products. The plasmidic
Isr2 and scm2 genes may just be housekeeping, fitness-enhanc-
ing determinants which relocated to the PAI after the intro-
gression of the horizontally acquired virulence-associated
DNA in the pVAP ancestor.

The rest of the non-vap genes present in the PAI encode
products of unknown functions (five in pVAPB1593, nine in
pVAPA1037) (Fig. 1; also see Table S1 in the supplemental
material).

New members of the vap multigene family. Six vap family
genes were identified in the pVAPB1593 PALI: the previously
described vapB (39, 49), plus five new vap multigene family
members, which we named vapJ, vapKl1, vapK2, vapM, and
vapL (Fig. 1; also see Tables S1 and S2 in the supplemental
material). All of the pVAPB1593 vap genes encode full-length
Vap proteins with a potential signal sequence followed by an
~50- to 70-residue nonconserved, structurally disordered re-
gion predicted to contain the lipidation site (10, 49, 50) and a
conserved C-terminal region likely to form the functionally
active domain of the protein (see Fig. S2 in the supplemental
material).

The reannotated pVAPA1037 plasmid has a revised vap
gene complement comprising nine CDSs (Fig. 1). Six of these
encode full-length Vap proteins (vapA4, -C, -D, -E, -G, and -H),
and the other three correspond to vap genes displaying various
degrees of degeneration: vapF, which has a 5’ truncation and
two frameshift mutations at the 3’ end, resulting in an unse-
creted Vap protein with a 39-residue nonconserved C termi-
nus; vapl (11, 40), which is a 5’- and 3’-truncated vap gene
encoding an 80-residue Vap polypeptide having no predicted
signal sequence and lacking most of the conserved C-terminal
domain; and a highly corrupted vap pseudogene (45), here
designated vapX, encoding a 28-residue peptide from the cen-
tral region of the conserved Vap C-terminal domain (see Table
S2 in the supplemental material).

Overall, the pVAPB1593-encoded Vap proteins display a
mean of 37.71 to 41.42% sequence identity (range, 16 to 76%)
to the pVAPA1037-encoded Vaps. The interplasmid Vap se-
quence identities were similar to the mean internal Vap se-
quence identities for each plasmid, suggesting that Vap family
protein diversification is subject to similar evolutionary forces
in the two pVAP plasmids. However, Vap sequence variability
was somewhat greater within pVAPA1037 (mean identity of
21.66 to 38.5%; range, 8 to 48%) than within pVAPB1593
(mean identity 37.75 to 43.5%; range, 33 to 99%) (see Table S3
in the supplemental material).

Evolution of the vap genes. The highest sequence identity
scores in pairwise comparisons between all of the Vaps from
pVAPB1593 and pVAPA1037 corresponded to proteins from
different plasmids in some cases and to proteins from the same
plasmid in others (see Table S3 in the supplemental material).
We investigated the evolution and phylogenetic relationships
of the vap multigene family in pVAPB1593 and pVAPA1037
by constructing a multiple alignment and a neighbor-joining
tree for the mature Vap proteins, using the amino acid p-
distance model (Fig. 2). This procedure was repeated with the
aligned C-terminal conserved domains and with the vapl and
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FIG. 3. Model of the evolutionary dynamics of the vap multigene family. On a schematic representation of the vap PAIs from pVAPB1593 and
pVAPA1037, vap genes (in black) presumably derived from vertical evolution of a preexisting common ancestral determinant are connected by
straight arrows, and those probably originated by gene duplication in the specific plasmid are connected by curved arrows (see the text for details).
The connection between vapM and the vapX pseudogene was deduced from a phylogenetic tree constructed with the 28-residue VapX product
aligned with the corresponding protein fragments from other members of the Vap family (not shown). Asterisks indicate degenerate vap genes;
note in pVAPA1037 that one gene in each of the duplicated vapIE and vapCF tandems is undergoing decay.

vapX pseudogene products and the corresponding fragments
of all the Vap proteins (not shown). Comparing the results
obtained with the genetic structure and synteny of the PAIs
from pVAPB1593 and pVAPA1037 made it possible to recon-
struct the probable evolutionary dynamics of the vap multigene
family in these plasmids (Fig. 3).

Thus, vapA and vapB seem to be divergent allelic variants of
the same ancestral vap gene, consistent with the observed mu-
tual exclusivity of their corresponding PCR gene markers
among R. equi isolates (38, 39). Similarly, vapG and vapL, both
of which are transcribed in the opposite direction relative to
the other vap genes, appear to be derived from a common
ancestral gene despite mapping to very different sites in their
corresponding PAIs (Fig. 3). The same would apply to vapH
and vapJ, in this case clearly supported by the conserved syn-
teny of the surrounding virR operon genes in pVAPA1037 and
pVAPBI1593. VapK is closely related to VapAB and therefore
probably arose by an initial duplication of the ancestral vapAB
gene early in the evolution of pVAPB1593, followed by a
second, relatively recent duplication of the vapK locus to gen-
erate two almost identical gene copies. It appears that vapD is
the counterpart of vapK in pVAPA1037 and that vapE and the
vapF pseudogene arose by en block duplication of vapl (cur-
rently also a pseudogene) and vapC in pVAPA1037. Finally,
the product of the vapX pseudogene is most closely related to
VapM (Fig. 3). In summary, the PAI of the last common
ancestor of pVAPB1593 and pVAPA1037 probably contained
four precursor vap genes (from left to right, vapHJ, vapXM,
vapGL, and vapAB) (Fig. 3); these underwent further duplica-
tion and sequence diversification (and in some cases decay)
events in different plasmid subpopulations, possibly in re-
sponse to specific host-driven evolutionary forces. Considering
synteny and phylogenetic data, vap gene evolution was clearly
accompanied by substantial genetic rearrangements in the PAI
(Fig. 1).

Conserved architecture for the large, circular rhodococcal
plasmids: common housekeeping backbone and horizontally
acquired VR. About 40% of the pVAPB1593 and pVAPA1037
genes had homologs in the only other example of a large,
circular plasmid sequenced to date in the genus Rhodococcus,
the 104-kb pRECI1 plasmid from strain PR4 of the environ-

mental species Rhodococcus erythropolis (47). The pVAP back-
bone can be subdivided into three modules: (i) a conjugation
module, with genes encoding a putative methylase/helicase,
TraA and TraG/TraD conjugal transfer protein homologs, and
a type I DNA topoisomerase; (ii) an unknown-function model,
encoding hypothetical proteins, many of which may be mem-
brane associated; and (iii) a replication/partition module, with
genes encoding ParA, DnaB, and ParB gene homologs (see
Fig. S1 and Table S1 in the supplemental material). A multiple
comparison by ACT showed that the pREC1 and pVAP plas-
mids are colinear, with two regions of similarity: one highly
conserved and syntenic, encompassing the conjugation and
unknown-function modules, and the other much less con-
served, corresponding to the replication/partition module (Fig.
4; also see Fig. S1 and Table S1 in the supplemental material).
There is in addition a region of dissimilarity, or a VR. This
pRECI1-specific VR, which encodes products involved in the
B-oxidation of fatty acids, together with many hypothetical
proteins, was also identified as laterally acquired DNA by
Alien Hunter analysis (see Fig. S1 in the supplemental mate-
rial). Unlike the pVAP VR, it is not immediately adjacent to
the conserved backbone but is inserted in the middle of the
replication module, splitting it into two sections; thus, in
pRECI1 the rep and parA genes lie ~37 kb apart from the parB
and dnaB genes. Interestingly, the left section of the pREC1
replication module was also identified as laterally acquired
DNA, together with the contiguous VR (see Fig. S1 in the
supplemental material). In addition, the Rep and ParA pro-
teins encoded by this left section of the pRECI replication
module are unrelated to their pVAP counterparts (no signifi-
cant protein similarity detected with BLASTp), whereas the
ParB and DnaB proteins from pREC1 and the pVAP plasmids
are homologous (43% and 32% identities, respectively, similar
to the mean level of identity for pVAP/pRECI1 homologs) (see
Table S1 in the supplemental material). Therefore, although
gene synteny is conserved, the left section of the pRECI rep-
lication/partition module seems to be derived from a replicon
different from that of the pVAP plasmids. The replication
region of the pVAP/pRECI1 backbone seems thus to be a hot
spot for the integration of foreign DNA. Consistent with this,
a putative phage excisionase/recombinase gene is present, at
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FIG. 4. ACT analysis of the rhodococcal pVAP and pREC1 plasmids and Gordonia westfalica pKB1 plasmid (8). See the legends to Fig. 1 and
to Fig. S1 in the supplemental material for an explanation of gene color codes and ACT output. To facilitate the visualization of the colinearity
and gene synteny, the plasmids were aligned on the first conserved gene of the backbone. Arrowheads indicate the mobility genes present in pKB1
(the black arrowhead shows the conserved phage excisionase [phage exc.] gene also present in the rhodococcal plasmids) (see Fig. S1 and Table

S4 in the supplemental material).

an identical position downstream from the par4 gene, in the
replication modules of both the pVAP (CDS 0310) and the
pREC1 (CDS 0059) plasmids (see Fig. S1 and Table S1 in
the supplemental material).

Interestingly, putative DNA resolvase (res4-like) and inver-
tase/resolvase (invA-like) genes, normally found in transposons
and other mobile genetic elements, are present at or near the
end of the pVAP VR (see Fig. S1 and Table S1 in the supple-
mental material). Homologous genes are also present in
pERCI, not flanking—but rather located within—the VR,
close to each other, together with additional DNA mobiliza-
tion/recombinase determinants (see Fig. S1 and Table S1 in
the supplemental material). This suggests an evolutionary
model in which the initial insertion of a mobile element or
elements carrying res4 and invA homologs in an ancestor of
the rhodococcal plasmids provided a flexible landing platform
for the horizontal acquisition of DNA. Unlike the conjugal
transfer/plasmid replication backbone, which is constrained by
obvious housekeeping selective pressures for conservation, the
newly acquired alien DNA would have been free to evolve
under various niche-specific pressures, leading to functional
diversification, as found in the contemporary niche-adapted
VRs of the pVAP and pRECI plasmids.

The R. equi pVAP plasmids belong to a distinct family of
actinobacterial replicons. We finally investigated the possible
presence of plasmids similar to the R. equi pVAP virulence
plasmids and R. erythropolis pRECI in other bacteria. We used
the products of the conserved unknown-function module as a
search signature and the conservation of backbone synteny as
an identity criterion. A conjugation-unknown-function—repli-
cation/partition-FR (CURV) modular arrangement was iden-
tified in the pKB1 plasmid from another mycolata species,
Gordonia westfalica (Fig. 4) (8). pKB1 is also circular, similar in
size to the rhodococcal plasmids (101 kb), and its conserved
backbone encodes proteins 36% identical on average (range,
25 to 65%) to the corresponding pVAP homologs. The con-
served genes include a pVAPA/B_0310/pREC1_0059 (putative
phage excisionase) homolog located in a similar position in the
replication module, providing further evidence of a common
origin for pKB1 and the rhodococcal plasmids. The pKB1-
specific VR encodes products putatively involved in heavy
metal ion detoxification and redox processes, together with
many hypothetical or membrane proteins (8). As in the rhodo-
coccal plasmids, the VR is also flanked by mobility genes, but
their putative products (a transposase and a bacteriophage-
related protein) are different from the resA4- and invA4-like gene
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FIG. 5. ACT analysis of the conserved signature region of the CURV plasmids, a new family of large, circular actinobacterial plasmids. This
highly syntenic region includes the conserved gene encoding a putative conjugal transfer protein, TraG/TraD (indicated by an arrow), and spans
the second half of the conjugation and the first half of the unknown-function plasmid modules (see the text for details). An ~15-kb fragment of
each of the indicated plasmids from Arthrobacter and Micrococcus spp. (total size in brackets) was compared with the corresponding fragment from

pVAPB1593 (above). See also Table S4 in the supplemental material.

products (Fig. 4). Thus, functional plasticity in this group of
plasmids involves a VR which is acquired horizontally through
diverse mechanisms.

The similar modular architectures of the pVAP, pRECI,
and pKB1 plasmids, with a conserved syntenic backbone con-
taining a cluster of unique genes of unknown functions near
the conjugation module, suggests that they belong to one fam-
ily of large, circular replicons. The CURV signature was
also identified in a number of large, circular plasmids from
Arthrobacter spp. (e.g., Arthrobacter aurescens plasmid TC2,
Arthrobacter sp. strain FB24 plasmids 1, 2, and 3, or Arthro-
bacter sp. strain AK-1 plasmid pSI-1) (29) and in the pSD10
circular plasmid from Micrococcus sp. strain 28 (NCBI acces-
sion no. NC_004954), but surrounded by a much more degen-
erate conserved backbone (see Table S4 in the supplemental
material), consistent with the greater phylogenetic distance
separating these actinobacterial genera from Rhodococcus
(53). All these plasmids seem to belong to an ancient family of
replicons that was widespread among the actinobacterial an-
cestors and diversified during the speciation process. A distinc-
tive feature of this CURV plasmid family is the presence of a
highly conserved syntenic gene cluster which always includes a
conserved conjugal transfer TraG/TraD protein-coding gene
and spans the second and first halves of the conjugation and
unknown-function modules (Fig. 5).

Conclusions. Our previous findings suggested a model in
which R. equi host tropism is determined by the type of pVAP
plasmid harbored by the bacteria (38). Consistent with this
model, we recently found that a specific R. equi chromosomal
pulsed-field gel electrophoresis macrorestriction type can be
isolated from different animal species in association with the
corresponding host-adapted plasmid type (A. Ocampo-Sosa,
D. Lewis, and J. A. Vazquez-Boland, unpublished results). The
complete vapB-type plasmid sequence reported here and its

comparison with the vapA-type plasmid sequence provide valu-
able insight into the evolution of the virulence-associated vap
PAI and the possible mechanisms underlying host tropism in
R. equi. We show that the vapA- and vapB-type virulence plas-
mids, each associated with a specific nonhuman animal host
(38), share a conserved backbone but differ in their vap PAIs.
The vapB PAI encodes a set of new different Vap proteins,
suggesting that the specific vap multigene family complement
carried by the virulence plasmid may play a critical role in the
specificity of the interaction of R. equi with its animal hosts.
Sequence analyses indicated that the vap genes had evolved by
gene duplication and sequence diversification and are respon-
sible for the genetic plasticity of the PAI through their recom-
bination-prone, duplicated sequences. Comparison of the se-
quences of the two R. equi virulence plasmids with those of a
third rhodococcal plasmid from the nonpathogenic species R.
erythropolis, and with other circular plasmids from more-
distantly related mycolata (Gordonia) and nonmycolata
(Arthrobacter and Micrococcus), led to the identification of a
new group of large extrachromosomal elements widespread
among actinobacteria. This family of circular plasmids, the
CURV family, is characterized by an ancient housekeeping
backbone—presumably transferable by conjugation—and a
horizontally acquired plasticity region encoding niche-adap-
tive functions.
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