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Rhodococcus sp. strain RHA1, a potent polychlorinated-biphenyl (PCB)-degrading strain, contains three
linear plasmids ranging in size from 330 to 1,100 kb. As part of a genome sequencing project, we report here
the complete sequence and characterization of the smallest and least-well-characterized of the RHA1 plasmids,
pRHL3. The plasmid is an actinomycete invertron, containing large terminal inverted repeats with a tightly
associated protein and a predicted open reading frame (ORF) that is similar to that of a mycobacterial rep
gene. The pRHL3 plasmid has 300 putative genes, almost 21% of which are predicted to have a catabolic
function. Most of these are organized into three clusters. One of the catabolic clusters was predicted to include
limonene degradation genes. Consistent with this prediction, RHA1 grew on limonene, carveol, or carvone as
the sole carbon source. The plasmid carries three cytochrome P450-encoding (CYP) genes, a finding consistent
with the high number of CYP genes found in other actinomycetes. Two of the CYP genes appear to belong to
novel families; the third belongs to CYP family 116 but appears to belong to a novel class based on the
predicted domain structure of its reductase. Analyses indicate that pRHL3 also contains four putative
“genomic islands” (likely to have been acquired by horizontal transfer), insertion sequence elements, 19
transposase genes, and a duplication that spans two ORFs. One of the genomic islands appears to encode
resistance to heavy metals. The plasmid does not appear to contain any housekeeping genes. However, each of

the three catabolic clusters contains related genes that appear to be involved in glucose metabolism.

Rhodococcus is a widely occurring genus of aerobic, nonmo-
tile soil bacteria that are closely related to three other genera
of GC-rich actinomycetes: Gordonia, Nocardia, and Mycobac-
terium. Rhodococci degrade an extraordinarily wide variety of
organic substrates and thus play an important role in the global
C cycle. The unusual armamentarium of enzymatic activities
involved in these processes has been exploited in applications
ranging from commodity chemical production to the desulfu-
rization of fossil fuels (6). Consequently, the metabolic capa-
bilities of rhodococci are of interest to the pharmaceutical,
environmental, chemical, and energy sectors.

Rhodococcus sp. strain RHAL1 is characterized by its excep-
tional ability to transform polychlorinated biphenyls (PCBs)
(53), a particularly widespread and persistent class of environ-
mental pollutants. It is generally thought that in aerobic bac-
teria, PCBs are cometabolized by the bph pathway, which is
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responsible for the aerobic degradation of biphenyl (23). The
upper bph pathway consists of four enzymatic activities that
together transform biphenyl to benzoate and 2-hydroxypenta-
2,4-dienoate. For each of these four steps, RHA1 appears to
possess multiple isozymes, which may help explain the strain’s
superior PCB-transforming capabilities. Thus, the strain con-
tains at least three bph-type ring-hydroxylating dioxygenases
(33) and at least seven different bph-type ring cleavage en-
zymes (51). It is unclear which of these isozymes is involved in
the catabolism of biphenyl or closely related compounds and
how these different activities are regulated.

The genome of Rhodococcus sp. strain RHAL is organized
into a chromosome of unknown topology and three large linear
plasmids: pRHL1 (1,100 kb), pRHL2 (450 kb), and pRHL3
(330 kb). Most of the genes of the upper biphenyl catabolic
pathway are located on the two largest linear plasmids (56).
However, genes encoding related isozymes are distributed
throughout the genome, as are the genes involved in the deg-
radation of benzoate and 2-hydroxypenta-2,4-dienoate. Anal-
ysis of the telomeres of pRHL?2 revealed the presence of ter-
minal inverted repeats with covalently associated proteins (56).
This structure is characteristic of invertrons, a class of linear
elements found in a variety of bacteria, bacteriophages, and
viruses (50). A second class of linear elements, found thus far
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in Borrelia spp. and prophage, has covalently closed hairpin
loops at the termini. A probe derived from the right end of
pRHL2 cross-hybridized to the pRHL1 and pRHL3 termini,
suggesting that these plasmids may also be invertrons (56).

Actinomycete invertrons include plasmids and chromo-
somes. Although the latter have only been definitively reported
to occur in streptomycetes (63), linear plasmids have been
characterized in most genera of actinomycetes, including rho-
dococci (60), streptomycetes (28, 59, 65), planobisporetes (47),
and mycobacteria (38, 50). It has been proposed that linear
plasmids evolved from bacteriophages (27) and that linear
chromosomes arose from the recombination of linear plasmids
with circular chromosomes (12). The cores of large linear plas-
mids replicate bidirectionally from a unique internal origin,
similar to replication of circular plasmids (9), and some linear
replicons can replicate in circular forms when their telomeres
are deleted (55). Regardless of their precise origins, it is clear
that actinomycete invertrons are dynamic genetic elements. For
example, plasmids can exchange ends with the host chromo-
some, mobilizing large regions of the chromosomal ends (44),
and large regions of linear chromosomes can be duplicated.

As part of an effort to characterize metabolism and its ge-
netic regulation in Rhodococcus sp. strain RHA1, we are de-
termining the sequence of this organism’s genome. Within the
context of this project, we report here the complete sequence
of pRHL3, the smallest of the strain’s three plasmids. Se-
quence analysis of pRHL3 revealed the presence of several
interesting plasmid-borne genes, including clusters of catabolic
genes, and enabled the identification of regions that may have
been acquired by horizontal transfer.

MATERIALS AND METHODS

Chemicals. The following compounds of the indicated purity were purchased
from Sigma-Aldrich: (§)-(—)-limonene (96%), (R)-(+)-limonene (97%), (—)-
carveol (mixture of isotopes, 97%), and (S)-(+)-carvone (96%). All other chem-
icals were of analytical grade and used without further purification.

Strains, media, and growth. Rhodococcus sp. strain RHA1 was grown at 30°C
on Luria-Bertani (LB) broth or W medium supplemented with an appropriate
carbon source (53). Liquid cultures of 25 ml were incubated in 125-ml Erlen-
meyer flasks shaken at 200 rpm. Limonene, carvone, and carveol were provided
in the vapor form to cultures on W medium. For solid medium, 5 pl of the
specified compound was placed in a sterile Eppendorf tube placed in a 50-ml
tube (Sardstedt) attached to the lid of a petri plate. Several holes in the lid of the
petri plate permitted vapors to pass from the tube into the petri plate. The petri
plates were sealed with parafilm and incubated lid down. For liquid medium, an
Eppendorf tube containing substrate was suspended in the headspace of a flask.
Plasmid and fosmid libraries were propagated in Escherichia coli strains DH10V
and EPI10, respectively. Genomic libraries were plated on 2xYT supplemented
with appropriate antibiotics and, in the case of plasmid libraries, X-Gal (5-
bromo-4-chloro-3-indolyl-B-p-galactopyranoside) and IPTG (isopropyl-B-p-thio-
galactopyranoside). For cloning the telomeres and the origin of replication, E.
coli JM109 was used for DNA propagation and was cultured on LB medium. All
E. coli strains were grown at 37°C on medium containing the appropriate anti-
biotics.

Preparation of RHA1 DNA. Linear plasmid DNA was prepared, detected,
digested with restriction enzymes, and subjected to pulsed-field gel electrophore-
sis (PFGE) and Southern hybridization analysis as described previously (56).
Genomic DNA was prepared for library construction essentially as described by
Marmur (39).

Cloning of the telomeres. Plasmid DNA was extracted by electroelution from
pulsed field gels, digested with Pstl, and ligated into pBluescript II SK(+) that
had been linearized with PstI and EcoRV. The ligation mixture was transformed
into E. coli JM109, and transformants were selected on LB agar plates containing
50 mg of ampicillin/liter, 2 mM IPTG, and 0.04% X-Gal. Plasmids pTPE1R and
pTPEILL, containing 1.2- and 5.0-kb inserts, respectively, were recovered from
the transformants and corresponded to the right and left telomeres of pRHLI1.
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Plasmids pTPE3R and pTPE3L, containing 1.8- and 3.5-kb inserts, respectively,
were recovered and corresponded to the right and left telomeres of pRHL3. The
telomeres were subcloned into pUC18 and pUC19 and were sequenced by using
the dideoxy termination method (52) and a CEQ2000XL sequencer (Beckman
Coulter, Inc., Fullerton, Calif.).

Cloning of the replication region. RHA1 genomic DNA was partially digested
with Mbol, and the resultant fragments were separated by agarose gel electro-
phoresis. Fragments of 9 to 23 kb were extracted and ligated into BamHI-
digested Charomid 9-28::tsr, constructed by inserting the thiostrepton resistance
gene (tsr) into the Smal site of Charomid 9-28 (32). The resulting DNA was
introduced into E. coli DH5a via in vitro packaging. Plasmid DNA was isolated
from the transformants and transformed into Rhodococcus sp. strain RHA1 by
electrotransformation (66). RHAI transformants were selected on LB agar
plates containing 10 pg of thiostrepton/ml. The plasmid DNA was recovered
from each transformant and subjected to Southern hybridization analysis with a
tsr-derived probe to detect plasmids after separation of DNA by agarose gel
electrophoresis.

Fragments of the replication region were generated by digestion with restric-
tion enzymes and were subcloned into pIJ702 (32) or pBSSK::tsr, two thiostrep-
ton resistance vectors that are unable to replicate in RHAIL. Constructs were
transformed into RHA1 and selected on LB agar plates containing thiostrepton
as described above. In determining the incompatibility of replication region-
containing plasmids with pRHL3, the plasmid content was examined by PFGE in
at least 10 independently selected transformants. For these analyses, transfor-
mants were grown in 10 ml of threefold-diluted LB medium at 30°C.

Genomic libraries. Plasmid libraries were constructed by using one of two
methods. In one method, Rhodococcus sp. strain RHA1 genomic DNA was
manually sheared by using a syringe and a 25-gauge needle. Fragments of 2 to 3
kb were double gel purified, end repaired with T4 DNA polymerase plus Klenow
fragment, and phosphorylated by using the T4 polynucleotide kinase. Blunt-end
fragments were cloned into HinclI-linearized, dephosphorylated pUC19. Colo-
nies were analyzed for insertions by PCR (M13F-21/M13R) and restriction
double digests (HindIII/Xbal).

In the second method, RHA1 genomic DNA was sheared by sonication and
end repaired by limited Bal31 nuclease digestion. End-repaired DNA was run on
a 1% low-melting-point agarose gel, and 2- to 3-kb fragments were excised and
recovered by B-agarase digestion, phenol extraction, and ethanol precipitation.
Size-selected fragments were ligated by using an ~1,000-fold excess of BstXI
adapters (Invitrogen). Excess adapter was removed by three rounds of agarose
gel purification. Purified, BstXI-adapted fragments were inserted into BstXI-
linearized pBR194c¢ plasmid.

A fosmid library containing 40-kb inserts of manually sheared genomic DNA
was constructed by using an EpiFOS fosmid library production kit (catalog no.
FOS0901; Epicentre) according to the manufacturer’s instructions.

Fingerprint map. Fingerprints were generated by digesting RHA1 fosmid
clones with BamHI and separating the resulting fragments on 1.2% agarose gels
(40, 52a). Gel images were processed and captured with IMAGE (http://www-
.sanger.ac.uk/Software/Image), and the fragments were called using BAN-
DLEADER software (22). A total of 4,973 fingerprints were obtained from 4992
fosmid clones that were analyzed. Fingerprints were automatically assembled
into contigs by using FPC (42, 57, 58; see also http://www.genome.clemson.edu/
fpc/) based on the restriction fragment overlap determined by the probability of
coincidence score. A probability of 1e—10 and the default parameters were used
for this map, yielding 417 contigs and 1,260 singletons. After the automated
fingerprint binning, each contig was manually edited by using FPC tools. This
involved refining order and overlaps based on the fingerprint similarities. Each
contig was then extended in both directions from comparing the fingerprints of
each contig with all other fingerprints within the FPC database at a less stringent
cutoff and permitting the joins that did not contradict the high-stringency data.
Some singletons were also used to bridge contigs. The final physical map of the
RHA1 genome contained 25 contigs and 366 singletons.

Sequencing. As part of the project to sequence the genome of RHA1, a total
of 76,416 plasmid clones and 9,984 fosmid clones were grown on 2xYT agar
containing 100 pg of ampicillin/ml with IPTG and X-Gal (pUC19 vector) or 25
pg of chloramphenicol/ml (pEpiFos5 vector). Sequencing was accomplished by
using a combination of universal primers that include M13-Reverse, M13-40-
Forward, pEpiFos5-Forward, and pEpiFos5-Reverse. The sequence reactions
were performed in a total reaction volume of 5 pl containing 0.54 pl of Applied
Biosystems BigDye v.3.1 cycle sequencing reaction mix (Applied Biosystems) and
3 wl of alkaline lysis purified plasmid DNA.

Sequence gaps caused by hard stops were closed by using an alternate 10-ul
total volume sequencing reaction mix. The chemistry contained 2 pl of dGTP
reaction mix (Applied Biosystems), 5% dimethyl sulfoxide, and 2 ul of alkaline
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FIG. 1. Analysis of RHA1 telomere fragments. RHA1 cells were lysed in an agarose plug with (+) or without (—) proteinase K treatment.
Agarose plugs containing RHA1 DNA were subjected to PFGE directly (lanes 1, 2, 5, and 6) or after Pstl digestion (lanes 3, 4, 7, and 8).
Electrophoresis was conducted for 6 h with a voltage of 6 V/cm and a pulse time that was increased from 2 to 10 s as the electrophoresis progressed.
Lanes M to 4 and 9 were stained with ethidium bromide. Lanes 5 to 10 represent Southern blots with a probe derived from the right telomere of
pRHL3. The experiment shown in lanes 9 and 10 was performed by using conditions of higher stringency. Lane M, 1-kb plus DNA ladder size
marker (Invitrogen, Carlsbad, Calif.). The position of intact linear plasmid DNA containing pRHL3 is indicated on the left. The estimated sizes

of the fragments detected by hybridization are indicated on the right.

lysis purified plasmid DNA. Reactions were primed by custom oligonucleotides
designed to anneal to sequence flanking each hard stop region.

ABI Prism 3100, 3700, and 3730XL DNA analyzer sequencing instruments
were used. Base calls of the trace data were performed by the program PHRED
(19, 20) with default parameters, and the sequence was trimmed for quality and
vector.

Sequence assembly and finishing. Sequence reads were concurrently assem-
bled by using Arachne 1.0 (4) and Phrap (25), and the assembly progress was
monitored by a sequence assembly manager (R. Warren et al., unpublished
results). In the latest stage of genome assembly, reads were binned into super-
contigs (a higher arrangements of contigs based on read pairs information) by
using Arachne and reassembled with Phrap to allow low-quality read bases to be
included in the assembly (R. S. Fulton, unpublished data). The clone tiling path
deduced from the RHALI fingerprint map was used to align and orient super-
contigs into ultracontigs based on the exact position on the fosmid clone end
reads in our sequence assembly. This information, along with self-sequence
alignment of the supercontig bins of Phrap contigs were used to rebin the reads
for every RHA1 genetic element (chromosome and three plasmids). Consed (24)
and Autofinish (25) were used to select primers and clones to finish low-quality
regions, telomeres, and gaps in the pRHL3 sequence. Consed was also used to
inspect sequence quality and integrity, as well as to edit the final assembly.

Annotation. Putative genes were identified and annotated by using integrated
automated and manual approaches. In the automated step, open reading frames
(ORFs) were independently predicted by Glimmer2.10 (14) trained on a set of
500 known rhodococcal genes and by GeneMark-prokaryote (8) trained by using
the supplied Mycobacterium tuberculosis model. RBSfinder (The Institute for
Genomic Research), a ribosome-binding site prediction program, was used to
help determine the start codons of our gene set.

Hand curation was facilitated by using Acedb (17) and an in-house interface to
our pRHL3 annotation MySQL database (http:/www.mysql.com). Each ORF
predicted by the Hidden Markov Model (HMM) was inspected in the context of
the plasmid sequence. ORF function and position were confirmed with BLASTP
alignments (1) and BLASTX alignments of pRHL3 sequences to nr-SPtrEMBL,
NCBI-nr, and Rhodococcus sp. strain 124 (www.integratedgenomics.com) pro-
tein databases. Interproscan (2) was used with the PROSITE, PRINTS, Pfam,
SMART, TIGRFAMs, PIR SuperFamily, SUPERFAMILY, and ProDom data-
bases to search for conserved domains and motifs and to validate predicted gene
function. Finally, BLASTX alignments were used to identify genes that were not
predicted by the gene finders used in the present study.

Sequence analyses (alignments, phylogenetic analyses, and genomic islands).
Sequences were aligned by using CLUSTAL W (61) with all parameters set to
their default values. For phylogenetic analyses, CLUSTAL W alignments were
used as input for the algorithm of the PHYLIP (version 3.6) package (21).
Phylogenetic analyses were performed on 24 sequences: six RHAIL telomere
sequences corresponding to the three RHAL1 plasmids. The first 800 nucleotides
of each were used for the analysis due to high base conservation between pRHL1
and pRHL3. The SEQBOOT program of the PHYLIP package was used to
generate 100 data sets that were used in conjunction with the DNAPARS (DNA
parsimony) program of PHYLIP, forcing 10 permutations per data set. The best
tree was obtained by using CONSENSE (PHYLIP) and plotted by using TREE-
VIEW (43).

Clusters of genes that were potentially acquired through horizontal transfer
(genomic islands) were identified by using IslandPath (29). The G+C content
variation and dinucleotide bias were calculated with reference to the plasmid
average (as opposed to the genome average). Dinucleotide bias was calculated by
using both the “ORF clusters” method previously reported for IslandPath and
the “whole plasmid sequence” method, with a sliding window size of 3 kb shifted
every 0.5 kb. Putative insertion sequence (IS) elements were identified by
BLASTN search against the IS Finder database (http://www-is.biotoul.fr/). Re-
peats were detected by using Reputer’s REPFIND program (35) and MUMmers
v.3.10 (36). Large repeats were investigated for possible gene duplication by using
NCBI-bl2seq and MIROPEATS (45). To identify putative integrons (49), BLASTP
and regular expressions were used to search for integron-associated integrases
(IntI) and the core attachment site (attl) consensus sequence, respectively.

RESULTS AND DISCUSSION

Characterization of RHAL1 linear plasmid termini. The ends
of pRHL1 and pRHL3 were cloned based on the assumption
that the termini of the RHAI linear plasmids are blunt, which
is similar to the strategy used to clone the ends of pRHL2 (56).
The terminal fragments were confirmed by Southern hybrid-
ization analysis of total RHA1 genomic DNA. As seen in Fig.
1, for samples that were prepared without proteinase K, the
terminal restriction fragments remained at the origin of elec-
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trophoresis. This is probably because the termini are covalently
bound by a specific protein(s) (56). In samples digested with
proteinase K and Pstl, the probe (derived from the right telo-
mere of pRHL3) hybridized to fragments derived from the
telomeres of pRHL1 (1.2, 2.2, and 5.0 kb), pRHL2 (1.9 kb),
and pRHL3 (1.8 and 3.5 kb). Under conditions of higher strin-
gency, only four of these were observed: the 1.2-, 1.8-, 3.5-, and
5.0-kb fragments. Consistent with the origin of the probe, the
strongest signal resulted from hybridization to the 1.8-kb frag-
ment, which is derived from the right terminus of pRHL3. The
identity of the 2.2-kb band derived from pRHLI1 is unclear. It
was also observed in a hybridization analysis of PstI-digested,
purified pRHL1 DNA by using a probe derived from the right
terminus of pRHL1. However, the 2.2-kb fragment was not re-
covered in our attempts to clone the plasmid telomeres. More-
over, this fragment was not observed in the hybridization anal-
ysis of PstI-digested total DNA prepared without proteinase K.
It is possible that the fragment originated from an internal
fragment of pRHL1 having an affinity with a terminal pro-
tein(s).

Nucleotide sequences of greater than 600 bp were deter-
mined for the cloned pRHL1 and pRHL3 termini and match
perfectly (results not shown) the corresponding sequences in
the current RHA1 genome assembly (http://www.bcgsc.be.ca
/cgi-bin/rhodococcus/blast_rhal.pl). These sequences are very
similar to each other and, as shown in Fig. 2A, to telomeric
regions of pHG207 of Rhodococcus sp. strain MR2253 (30)
and to the right telomeres of pRHL2 (56), pBD2 of R. eryth-
ropolis (60), pHG201 of R. opacus MR11, and pHG204 of R. opa-
cus MR22 (31). Each of these telomere sequences contains two
sets of inverted repeats flanking the GCTXCGC central motif
(Fig. 2A) originally identified in pHG201 of R. opacus MR11 (31).

The long terminal inverted repeats (TIR) in the telomeres,
together with evidence of covalently bound protein at their
ends, indicate that pRHL1 and pRHL3 are typical actinomy-
cete invertrons. Such telomeres appear to share a common
mechanism for replication and/or maintenance. The inverted
repeats with the central motif GCTXCGC may play a role in
such a mechanism.

Phylogenetic analyses of the TIRs of actinomycete inver-
trons reveal the presence of at least four distinct groups of
telomeres (Fig. 2B). The group formed by the telomeres of
pSV2 and pSCL1 have a single set of the inverted repeats with
the GCTXCGC motif found in the pRHL1 and pRHL3 telo-
meres. Interestingly, the telomeres do not group according to
species or plasmid. Thus, the high divergence between the left
and right ends of pRHL2 and pBD2, respectively, clearly indi-
cate that functional invertrons do not require perfectly match-
ing TIRs.

In streptomycetes, linear plasmids can exchange ends with
the host chromosome, mobilizing large regions of the chromo-
somal ends (44). It seems equally likely that linear plasmids
could also exchange ends with each other. This would facilitate
recombination and exchange and may partly explain the ap-
parent duplications that occur in pRHL3 (see below) and in
the other RHAL1 plasmids, as exemplified by the duplications
of aromatic hydroxylation dioxygenase genes (30; W. Kita-
gawa, unpublished results). In the current assembly of the
RHA1 genome, several regions of pRHL3 had identity to
regions of the chromosome or one of the other two plasmids.

J. BACTERIOL.

Regions of 100% sequence identity were as long as 1.5 kb, and
most of these included at least part of a gene putatively in-
volved in recombination. A more complete analysis awaits
completion of the genome sequence.

Replication machinery. When an RHA1 DNA library con-
structed by using Charomid 9-28::tsr (which is unable to
replicate in rhodococci) was introduced into RHAI, 17 trans-
formants were obtained. Two of these transformants yielded
plasmid DNA which, when analyzed by Southern hybridization,
carried the #sr gene. The other transformants may have originated
from the integration of the ftsr sequence into the RHA1 ge-
nome. These plasmids contained the same 18-kb insert and re-
striction fragments, and one of them was designated pCHB79.
Southern hybridization analysis after PFGE revealed that the
4-kb HindIII fragment of pCHB79 hybridized specifically to
pRHL3. All of the RHA1 transformants containing pCHB79 lost
pRHL3, suggesting incompatibility of pCHB79 with pRHL3
(Fig. 3) and that pCBH79 contains the replication origin of
pRHL3.

Subcloning of the pCHB79 insert into plJ702 yielded a sin-
gle construct that propagated in RHAI. This plasmid, desig-
nated pJBG6, contains a 5.7-kb BglII insert (Fig. 4). All inde-
pendently isolated transformants of RHAI carrying pJBG6
had lost pRHL3, suggesting incompatibility of pJBG6 with
pRHL3 (data not shown). Further subcloning of the 5.7-kb in-
sert into pBSSK::tsr yielded pBTSBK, which replicated in RHAL.
Comparison with the other subclones, pBTSKK, pBTSAA, and
pBTSHY, which did not propagate in RHAI1, suggested that
the insert of pPBTSBK possesses the minimal requirement for
plasmid replication and/or maintenance in RHA1.

Nucleotide sequence of the pCHB79 insert revealed two
ORFs (RHL3.237 and RHL3.235) and several features that
are similar to what is found in pCLP, a mycobacterial plasmid
(46). RHL3.237, designated repl, encodes a 444-residue pro-
tein that shares up to 25% amino acid sequence identity with
rep genes of mycobacterial and rhodococcal plasmids (3, 5, 16,
46) (Table 1). RHL3.235 encodes a protein that shares 34%
sequence identity to ParA protein from R. erythropolis (15).
Both pJBG6 and pBTSBK contain repl. However, neither plas-
mid contains RHL3.235. A par4 homolog located elsewhere on
the RHA1 genome may compensate for the lack of RHL3.235
in these subclones. The closest direct repeats (TCGC[GA]CT
CATAGCTCTG; one mismatch) occur downstream of repl,
beginning at position 257072, but do not occur on either pJBG6
or pBTSBK. A 600-bp region immediately upstream of rep1 is
slightly AT rich (G+C content = 59.8%). No homologs to
known parB and parS genes were found on pRHL3.

Plasmid sequence and ORF analysis. The 332,361 bases that
comprise pRHL3 were sequenced by using the whole-genome
shotgun sequencing (WGS) approach (11, 18, 34) to the quality
of the Bermuda standard. The G+C content of pRHL3 is
64.9%. This is similar to that of pRHL1 (64.9%) and pRHL2
(64.0%) in the current assembly but is lower than that of the
chromosome (67.5%). This may reflect the shorter residence of
the plasmids than of the chromosome in RHA1.

The plasmid was predicted to contain 300 genes (Table 1
and Fig. 5), including three possible pseudogenes, each of
which contained a single frameshift (RHL3.16, RHL3.59, and
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pHG204-R GCCAGGGAGCCICTGCGCGGCTCECAGTGGGETCCATTCCCGTTGCCGTCGATCGAGTCGC
pHG207-L GCCAGGGAGCCGCTGCGCIGCTCGCAGTGGGTCCATTCCCGTTGCCGTCGATCGAGTCGC
PRHL3-L GCCAGGGAGCCGCTGCGCGGCTCGCAGTGGGETCGATTCCCGTTGCCGTCGATCGAGTCGC
pRHL2-R GCCAGG-AGCCGCTACGCG-CTCGCAGTGGGTCGATTCCCGTTGCCGTCGATCGAGTCGC
PpHG201-R GCCAGGGAGCCGCTGCGCUGGCTCGCAGTGGGTCGATTCCCGTTGCCGTCGATCGAGTCGC
pHG207-R GCCAGGGAGCCGCTGCGCGGCTCGCAGTGGGTCGATTCCCGTTGCCGTCGATCGAGTCGC
PpRHL1-L GCCAGGGAGCCGCTGCGCGCCTCTCAGTGGGTCCATTCCCGTTGCCGTCGATCGAGTCGL
PRHL3-R GCCAGGGAGCCIGCTGCGCGGCTCGCAGTGGGTCCATTCCCGTTGCCGTCGATCGAGTCGC
pRHL1-R GCCAGGGAGCCIGCTGCGCGGCTCGCAGTGGGTCGATTCCCGTTGCCGTCGATCGAGTCGC
pBD2-R ACCAGGGAGCCGCTGCGCGGCTCGACAGCGGTACCGTATCGTTGCCGTCGCCCGCGTCGC
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FIG. 2. Sequence analysis of actinomycete invertron telomeres. (A) Alignment of rhodococcal invertron telomere nucleotide sequences. The
nucleotide sequences are derived from each of the three RHA1 invertrons (except for pPRHL2-L), as well as pHG201 of R. opacus MR11, pHG204
of R. opacus MR22 (31), pBD2 of R. erythropolis (60), and pHG207 of R. sp. strain MR2253 (30). Strictly conserved nucleotides are indicated with
hodococcus asterisks. The two sets of inverted repeats are indicated with arrows. The GCTXCGC central motif is boxed. (B) Radial view of best
maximum-parsimony tree obtained by PHYLIP analyses of actinomycete telomeres. The first 800 nucleotides of each telomere were aligned.
Sequences were taken from each of the plasmids in 2a, as well as the following invertrons: S. clavuligerus pSCL1 (65), S. coelicolor A3 SCP1,
S. violaceoruber pSV2 (59), S. rochei 7434AN4 pSLA2-L (28), Planobispora rosea pPR1 and pPR2 (47), and M. celatum pCLP (46).

RHL3.141). Two of these pseudogenes encode putative trans-
posases. The coding region covered 79% of the plasmid. This
is lower than what has been reported for other actinomycete
invertrons, whose coding regions cover >85% (7, 60). There is

a slight bias for genes on the lower strand at 60.4%. Interest-
ingly, the largest gene clusters are arranged in operon-like
structures and are all located on the lower strand.

The functional classes of the predicted genes of pRHL3 are
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FIG. 3. Analysis of RHALI transformants containing origin of rep-
lication of pRHL3. Transformants were analyzed by PFGE (A) and
Southern hybridization with a probe derived from the #sr gene (B).
Lanes were loaded with the following: M, a chromosome size marker
derived from Saccharomyces cerevisiae; 1, wild-type RHA1; and 2 to 4,
independent transformants of RHA1 containing pCHB79. The posi-
tions of the RHA1 chromosome and each plasmid are indicated on the
left. An arrow on the right indicates the deduced position of pCHB79,
which corresponds to the origin of electrophoresis.
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summarized in Table 2. Over half of the predicted genes (153
[51%]) have no known function, including 39.7% that had no
match in the searched protein databases. The largest func-
tional class (20.7% of the predicted genes) comprise those that
are most similar to reported catabolic genes. Approximately
half of these encode dehydrogenases, and six are predicted to
code for oxygenases. Regulatory genes constitute the second
largest class of functional genes, followed by those involved in
transport processes and DNA recombination.

G+C composition. The G+C composition of pRHL3 was
calculated for each window of 100 bases, with a sliding window
of 10 bp (Fig. 5, graph). Although the overall G+C content of
pRHL3 is 64.9%, the analysis reveals several regions of 100 to
500 bp in size that are more than 75% G+C, as well as
stretches of 100 to 1,300 bp that are less than 50% G+C. Most
of the latter appear to be intergenic and are typically 5’ to
coding regions. As noted below, one of the regions of high
G+C content is associated with a putative genomic island,
RHL3-GI4 (Fig. 5). This island contains many genes coding for
transporters and metal-binding proteins, as well as a two-com-
ponent signal transduction system. There are several 100-bp
stretches in this island that have more than 75% G+C.

The telomeres have a distinctive G+C content: the first 100

(A) 1kb BamH transformants
— Bglll Hindlil Bglll EcoRI
BamHI Bglll Hindlli EcoRl Bglll Bglll
pCHB79 | 253,532 257,810 260,6711 263,489 1267,9391 +
: ! | i | pJE679 | |
! I 1 | EREEEs—— | | ]
. pJE1279 | B | o
| | | pBTSHo! |
I S — |
:A I K |: :K |Apal'<! I
| Apa pnly | Kpn pn
pJBGﬁ: T 260,312, +

pBTSAA!

(B)

RHL3.233 234 236 237
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PBTSKK e

PBTSBK i

243 244

238 241
239 242 245

FIG. 4. Replication origin region of pRHL3. (A) Subcloning of the origin of replication. Subclone plasmids are labeled, and their inserts are
represented by horizontal thick bars. The results of transformation experiments are presented on the right: +, clones that yielded transformants of RHA1;
—, clones that yielded no transformants. The six-digit numbers indicate the nucleotide positions of restriction sites on pRHL3. (B) Annotated ORFs in
the replication origin region. ORFs are numbered according to Fig. 5 and are represented by horizontal arrows; repl is presented by a shaded
arrow. A closed vertical arrowhead and an open box indicate the respective locations of the direct repeats and AT-rich region described in the text.
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TABLE 1. Selected ORFs predicted on pRHL3 of Rhodococcus sp. strain RHA1

Start Stop Product
I({)]—}I{If coordi- coordi- S:;:Zd size (no. of I de:ﬁit v Gene product description” Closest organism(s)”
nate (bp) nate (bp) amino acids)
RHL3.14 12172 11930 - 81 Hypothetical protein/some similarity with two-
component histidine kinase
RHL3.15 13116 12187 - 310 Conserved hypothetical protein/putative endonuclease
RHL3.16a 13528 13815 + 96 Hypothetical protein/methyltransferase/possible
pseudogene
RHL3.16b 13814 14131 + 106 20 Hypothetical protein/possible pseudogene C. equii (R. equi)
RHL3.24 22119 21229 - 297 43 Putative transposase S. violaceoruber
RHL3.25 22466 22119 - 116 82 Conserved transposase Rhodococcus sp. strain 124
RHL3.36 34389 33994 - 132 Putative recombinase/integrase
RHL3.37 34679 35092 + 138 27 Hypothetical protein/putative transposase Micrococcus sp. strain 28
RHL3.41 40363 39539 - 275 50 Conserved carveol dehydrogenase R. erythropolis
RHL3.42 41024 42184 + 387 44 Putative limonene monooxygenase R. erythropolis
RHL3.46 44886 44254 - 211 20 Hypothetical protein/putative transposase R. erythropolis
RHL3.55 58568 59461 + 298 67 Conserved GND protein/6-phosphogluconate M. smegmatis
dehydrogenase
RHL3.56 59461 60462 + 334 85 Conserved F420-dependent glucose 6-phosphate M. phlei
dehydrogenase
RHL3.57 60462 62114 + 551 67 Conserved glucose 6-phosphate isomerase M. tuberculosis and M. bovis
RHL3.59a 63480 63989 + 170 31 Putative transposase/possible pseudogene S. coelicolor
RHL3.5% 63956 64327 + 134 30 Putative transposase/possible pseudogene S. avermitilis
RHL3.60 65785 64430 - 452 43 Conserved reductase P. putida
RHL3.61 66164 65754 - 137 43 Putative ferredoxin B. japonicum
RHL3.62 67411 66167 - 415 27 Putative cytochrome P450 S. avermitilis
RHL3.65 70574 70368 — 69 — Hypothetical protein
RHL3.66 71454 70582 - 291 Conserved hypothetical protein/possible
endonuclease
RHL3.85 91424 92161 + 246 Putative transposase
RHL3.88 95128 97482 + 785 44 Conserved putative ABC transporter ATP-binding S. avermitilis
protein
RHL3.91 102553 100637 - 639 25 Probable serine/threonine-protein kinase M. tuberculosis and M. bovis
RHL3.112 119957 121129 + 391 53 Conserved transposase S. coelicolor
RHL3.135 144075 143851 - 75 Hypothetical protein
RHL3.136 144427 146160 + 578 52 Putative methylase C. crescentus
RHL3.137 146217 147332 + 372 25 Putative type I restriction modification system enzyme M. acetivorans
RHL3.138 147322 150444 + 1,041 41 Putative DNA helicase C. efficiens
RHL3.139 150662 152125 + 488 42 Putative ABC transporter ATP-binding protein Synechococcus sp. strain
PCC 7942) (A. nidulans R2)
RHL3.141a 152739 153395 + 219 26 Putative transposase/possible pseudogene M. abscessus
RHL3.141b 153148 153597 + 150 30 Putative transposase/possible pseudogene M. abscessus
RHL3.150 161508 162518 + 337 84 Conserved F420-dependent glucose 6-phosphate M. phlei
dehydrogenase
RHL3.151 162550 164199 + 550 69 Conserved glucose 6-phosphate isomerase M. tuberculosis and M. bovis
RHL3.156 172382 171159 - 408 31 Putative permease transporter S. coelicolor
RHL3.157 174191 173097 - 365 21 Putative transporter bacterial inner membrane P. multocida
translocator RbsC
RHL3.158 175723 174203 - 507 38 Putative ABC transporter ATP-binding protein S. coelicolor
RHL3.159 176971 175808 - 388 Putative ABC-type sugar transport system peri-
plasmic component
RHL3.183 202742 203497 + 252 53 Putative sensory transduction protein/two-component  C. efficiens
regulatory system
RHL3.184 203497 204651 + 385 36 Putative two-component system/sensory transduction  C. glutamicum (B. flavum)
histidine kinase
RHL3.235 256695 255916 - 260 34 Putative plasmid partioning protein (ParA) R. erythropolis
RHL3.237 261733 260402 - 444 25 Rep-like protein M. celatum
RHL3.246 269639 268476 - 388 31 Putative cytochrome P450 S. avermitilis
RHL3.276 307112 306021 - 364 46 Conserved alcohol dehydrogenase class IV C. acidovorans (P. acidovorans)
RHL3.277 308001 307105 - 299 43 Conserved dioxygenase A. tumefaciens strain
C58 (ATCC 33970)
RHL3.279 308851 308336 - 172 36 Putative oxidoreductase S. coelicolor
RHL3.280 310077 308857 - 407 30 Putative indole dioxygenase S. avermitilis
RHL3.281 310249 311304 + 352 30 Probable the operon regulatory protein/AraC family  R. erythropolis
RHL3.284 313807 314808 + 334 33 Probable the operon regulatory protein/AraC family  R. erythropolis
RHL3.286 315759 316727 + 323 20 Putative ferredoxin/reductase Rhodococcus sp. strain NCIMB 9784
RHL3.287 316809 318125 + 439 26 Conserved cytochrome P450 Rhodococcus sp. strain NCIMB 9784
RHL3.294 324660 322984 - 559 70 Conserved G6PI M. tuberculosis and M. bovis
RHL3.295 325563 324667 - 299 63 Conserved GND protein/6-phosphogluconate M. smegmatis
dehydrogenase
RHL3.299 329871 328591 - 427 90 Putative G6PDH R. opacus

“ Based on BLASTP alignment with members of the nonredundant SPtrEMBL protein database only. B. japonicum, Bradyrhizobium japonicum; M. acetivorans,
Methanosarcina acetivorans; A. nidulans, Anacystis nidulans; B. flavum, Brevibacterium flavum; P. multocida, Pasteurella multocida; C. acidovorans, Comamonas acido-
vorans; C. crescentus, Caulobacter crescentus; C. efficiens, Corynebacterium efficiens.

® Gene product description was inferred by BLAST sequence similarity of predicted genes with annotated proteins of the nr-SPtrEMBL, NCBI-nr, and Rhodococcus
sp. strain 124 protein databases and identification of protein motifs from a collection of protein domain databases as described in Materials and Methods.
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FIG. 5. Physical map and G+C content of pRHL3. The G+C content is depicted in a histogram in which each vertical bar indicates the G+C
composition calculated over a 100-bp interval by using a sliding window of 10 bp. The bottom bar depicts predicted ORFs grouped into eight
functional categories (a color code is provided in the lower right corner of the figure). The orientation of each ORF is indicated by an arrowhead.
The symbols between the upper and lower bars indicate the respective positions of genomic islands (GI1 to -4; fuchsia-colored bars), IS elements
(light blue bar), TIRs (dark blue arrows), and possible duplications (light blue and green arrows).
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TABLE 2. Functional classification of pRHL3 ORFs

No. of

Functional classification %
genes

Catabolism 62 20.67
Membrane proteins/transport/metal binding 18 6.00
Partition/replication/maintenance 17 5.67
Integration/recombination 19 6.33
Regulation (transcription) 21 7.00
Protein modification 10 3.33
Conserved genes 34 11.33
Hypothetical 119 39.67
Total 300 100

nucleotides have a very high G+C content (79 to 80%), fol-
lowed by a considerable decrease in G+ C content in the region
between positions 300 and 400 bp (36 and 39% G+C for
pRHL3-L and pRHL3-R, respectively). A similar pattern is
evident for the related telomeres shown in Fig. 2A.

Catabolic gene clusters. Many of the predicted catabolic
genes of pRHL3 appear to be arranged in one of three clusters.
Genes within these clusters have the structural characteristic of
functional operons, including overlapping stop and start co-
dons, unidirectional transcription, and nearby genes encoding
transcriptional regulators. Each of the three catabolic clusters
contains up to three genes that encode enzymes with high
similarity to 6-phosphogluconate dehydrogenase (gnd gene),
glucose 6-phosphate dehydrogenase (G6PDH), and glucose
6-phosphate isomerase (G6PI), respectively. These correspond
to RHL3.55, RHL3.56, and RHL3.57 in the first cluster and to
RHL.295, RHL3.299, and RHL3.294 in the third cluster. The
second catabolic cluster only contains genes encoding G6PDH
and G6PI: RHL3.150 and RHL3.151. The three putative
isomerases share ca. 66% amino acid sequence identity. Sim-
ilarly, the two putative 6-phosphogluconate dehydrogenases,
encoded by RHL3.55 and RHL3.295, share 67% amino acid
sequence identity. In contrast, the putative G6PDHs are not all
identical: RHL3.56 and RHL3.150 appear to encode F420-
dependent G6PDHs and share 86% amino acid sequence
identity, whereas RHL3.299 is similar to NADP-dependent
G6PDHs. These findings suggest that at least some of the
genes utilized by RHA1 to metabolize glucose may originate
from pRHL3.

The first catabolic cluster (RHL3.20 to RHL3.63) spans a
region of 54 kb and includes 13 dehydrogenase genes, all of
whose products share >23% sequence identity. The substrates
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of most of these enzymes have yet to be identified. However,
RHL3.41 and RHL3.42 of this region encode enzymes that
share high sequence identity with carveol dehydrogenase and
limonene monooxygenase, respectively, from R. erythropolis
DCL14 (62). Rhodococcus sp. strain RHA1 grew on carveol or
limonene as the sole organic substrate.

The second catabolic cluster, spanning kilobase positions
158 to 190 of the plasmid, is characterized by the presence of
genes encoding metal and permease transporters, inner mem-
brane translocators, and members of the ABC transport system
for glucose. The transporter genes are located just downstream
of the genes encoding the possible G6PDH (RHL3.150) and
Go6PI (RHL3.151). Located 10 kb downstream of the second
catabolic gene cluster is a 40-kb region containing at least four
genes predicted to be involved in heavy metal transport (metal-
associated proteins and ATPases), as well as membrane pro-
teins, permeases, and members of the ABC transport system.

The last 30 kb of pRHL3 harbors the third and shortest
catabolic gene cluster. This region appears to contain at least
two operons. The first of these contains genes predicted
to code for a dioxygenase (RHL3.280), a flavoreductase
(RHL3.279), an intradiol dioxygenase (RHL3.277), and an
iron-containing dehydrogenase (RHL3.276) that appear to
constitute an operon involved in the degradation of an aro-
matic compound. The RHL3.277-encoded protein shares 43%
sequence identity with an intradiol dioxygenase from Agrobac-
terium tumefaciens C58. The protein encoded by RHL3.280 has
some similarity to poorly characterized indole dioxygenases
from R. opacus and Streptomyces avermitilis. It does not appear
to be either a flavin-type oxygenase or a ring-hydroxylating di-
oxygenase, since the appropriate sequence motifs were not
found. This putative operon appears to be regulated by an AraC-
type transcriptional regulator (RHL3.281), whose best hit (30%
sequence identity) is ThcR from R. erythropolis (41). The sec-
ond operon contains a cytochrome P450 gene (RHL3.287), as
described in the next section.

Cytochrome P450s. Genes encoding three cytochrome P450s
(CYPs) were found on pRHL3 based on sequence alignments
to known CYPs and the presence of a cysteine-containing
heme-binding motif (Table 3). Of the three putative P450s,
only that encoded by RHL3.287 may be assigned to an existing
CYP family based on sequence identity, and this one appears
to belong to a new class. RHL3.287 lies in the middle of the
third cluster of catabolic genes on pRHL3, ~5 kb downstream
of a putative operon that appears to specify the catabolism of
an aromatic compound. RHL3.287 encodes a family 116 CYP,

TABLE 3. CYP genes of pRHL3

ORF Closest CYP® % Identity” Species® Family Heme-binding motif?
RHL3.287 CYP116A1 48 R. erythropolis Actinomycetes FGFGRHLCLG
RHL3.62 CYP225A1 27 N. aromaticivorans a-Proteobacteria FGAGAHRCIG

CYP125A2 25 S. avermitilis Actinomycetes FGAGAHRCIG
RHL3.246 CYP107X1 37 S. avermitilis Actinomycetes FGRGPHYCLG

“ CYP names and sequences as annotated at the following web address: drnelson.utem.edu/CytochromeP450.html.
> The percent identity represents the number of exact matches over the closest CYP length.

¢ N. aromaticivorans, Novosphingobium aromaticivorans.
@ Residues conserved in the heme-binding motif are indicated in boldface.
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showing highest identities to the N-terminal portion of
P450RhF from Rhodococcus sp. strain NCIMB9784 (47%) and
a theB-encoded P450 from Rhodococcus sp. strain NI86/21
(48%). The latter is involved in the degradation of two herbi-
cides: EPTC (S-ethyl dipropylthiocarbamate) and atrazine (41).
The substrate of P450RhF is unknown. However, PAS0RhF has
an intriguing multidomain structure: a C-terminal domain is
similar to the reductase of some dioxygenases, harboring a
2Fe-2S cluster and an FMN (48). Accordingly, P450RhF was
proposed to belong to a newly identified class of CYPs (class
IV). The RHL3.287-encoded P450 is not a multidomain pro-
tein: it corresponds to the N-terminal heme-binding domain of
P450RhF. However, RHL3.286, which apparently forms an
operon with RHL3.287, encodes a protein whose sequence is
50% identical to the C-terminal reductase domain of P4A5S0RhF
and is also predicted to harbor a 2Fe-2S cluster and an FMN.
Thus, RHL3.286 and RHL3.287 potentially encode a class V
system, predicted by Roberts et al. (48).

The putative operon to which RHL3.286 and RHL3.287
belong appears to be regulated by an AraC-type transcriptional
regulator (RHL3.284) whose best hits are CYP gene regula-
tors: ThcR and EthR (33.1 and 33.4% sequence identity, re-
spectively). TheR is proposed to regulate the transcription of a
CYP system that degrades the thiocarbamate herbicide EPTC.
EthR regulates the transcription of a CYP system that de-
grades ethyl fert-butyl ether (ETBE) by R. ruber (10). Indeed,
the sequence and genetic organization similarities between the
eth genes of R. ruber and this putative operon on pRHL3 are
remarkable.

The other two P450s, encoded by RHL3.62 and RHL3.246,
cannot be assigned to existing families. The sequence of the
RHL3.62-encoded P450 is most similar to family 125 and 225
P450s. The genes coding for the putative cognate ferredoxin
(RHL3.61) and reductase (RHL3.60) are located immediately
downstream of RHL3.62: the three genes appear to be ar-
ranged in a transcriptional unit. The physiological role of this
system is unclear, and no substrate of a CYP125 or CYP225
has been identified to date. However, the function of RHL3.62
may be linked to the catabolic genes with which it clusters on
pRHL3. The sequence of the RHL3.246-encoded P450 is most
similar to family 107 CYPs. Many family 107 CYPs have been
linked to macrolide biosynthesis. Interestingly, the genes sur-
rounding RHL3.246 encode proteins of no known function,
and genes encoding a ferredoxin or a reductase do not appear
to be in its vicinity.

The relatively high number of CYP-encoding genes on
pRHL3 reflects the total number of CYP genes in the RHALI
genome, currently estimated to be 12. More generally, the
number of CYP genes in RHAL seems to be a hallmark of
actinomycete biology. For example, the genome sequences of
Streptomyces coelicolor A3 (2), S. avermitilis, and Mycobacte-
rium tuberculosis have 18, 33, and 20 CYP genes, respectively
(7, 13, 37). Many of the streptomycete P450s are predicted to
be involved in secondary metabolite biosynthesis. In the rhodo-
cocci, catabolic function may dominate.

Horizontal gene transfer and recombination. Clusters of
horizontally acquired genes, or “genomic islands,” are fre-
quently associated with a particular adaptation of the recipient
microorganism, such as increased virulence, a particular cata-
bolic capability, or resistance to an antimicrobial or heavy
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metal (26). Moreover, identification of horizontally acquired
regions can help elucidate the evolutionary history of a ge-
nome, providing insights into recent adaptations. Analyses in-
cluded IslandPath analysis (29) and searches for mobility
genes, repeats, IS elements, and integrons.

Plasmid pRHL3 carries at least 19 putative “mobility” genes
that encode proteins likely to be involved in DNA recombina-
tion, including 15 possible transposases and 2 possible inte-
grases. Two of the transposase-encoding genes, RHL3.59 and
RHL3.141, are pseudogenes; each contains a single frameshift
mutation. Six copies of a tandem repeat of GGCGGTC lie
immediately upstream of pseudogene RHL3.59. Five integra-
tion/recombination genes are found within the first catabolic
gene cluster. There appears to be a “hot spot” for transposase
genes in the 105- to 154-kb region: 11 transposases are located
in this region, many of which are clustered side by side (Fig. 5).
The plasmid also contains an intact IS element at position 265
kb that is highly similar to IS7764 (85% nucleotide identity)
identified in R. rhodochrous J1. There are several IS-like ele-
ments and IS remnants. Thus, RHL3.112 shows 58% identity
at the amino acid level to the IS770 transposase, and RHL3.46
has some similarity to the IS1676 transposase but is shorter and
possibly truncated. Finally, RHL3.24 and RHL3.25 are most
similar to two genes of the transposase operon found in
IS1206, and RHL3.85 is highly similar to a transposase found
in IS7295 (82% nucleotide identity). However, RHL3.24 and
RHL3.25 lack detectable inverted repeats characteristic of IS
elements, and RHL3.85 has a 3" deletion compared to 1S7295.
Consequently, these three ORFs in pRHL3 may represent IS
remnants. No obvious integron-like element was detected on
the plasmid.

IslandPath (29), which combines sequence analysis features
(%G+C and dinucleotide bias) and annotation features (mo-
bility genes and tRNAs), was used to improve the prediction of
genomic islands on pRHL3. Dinucleotide bias was initially
calculated by using ORF clusters, as in previous IslandPath
analyses. However, due to the smaller size of this plasmid
versus the size of the genomic sequences previously analyzed
by IslandPath, dinucleotide bias was also calculated over the
entire plasmid sequence by using a window of 3 kb, shifted
every 0.5 kb. Three regions showed dinucleotide bias by using
both approaches. These three regions, together with a fourth
that has an unusual G+C content, are described below as
putative genomic islands. Each region is proximal to probable
mobility genes. This is the first time that IslandPath has been
adapted for plasmid analysis.

The first putative island of pRHL3, GI1 in Fig. 5, contains
no apparent dinucleotide bias. However, several other consid-
erations indicate that this region may be a genomic island.
First, four of eight genes in this region have a G+C value >1
standard deviation below the mean ORF G+C content of the
plasmid. Second, these genes are adjacent to a gene predicted
to encode a recombinase/integrase (RHL3.36) and two genes
predicted to encode transposases (RHL3.37 and RHL3.46).
Finally, a pair of 8-bp direct repeats flanks the region. Al-
though repeats of this size often occur by chance, they may
represent a duplicated insertion point. GI1 contains the genes
predicted to encode limonene monooxygenase, carveol dehy-
drogenase, and an oxidoreductase.

The second putative island of pRHL3, RHL3-GI2 (Fig. 5),
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spans positions 78 to 92 kb, includes RHL3.72 to RHL3.85,
and is flanked by a pair of 9-bp direct repeats. The majority of
these predicted genes encode proteins of no known function
(hypothetical or conserved hypothetical). The only annotated
gene product corresponds to histone protein H1. Several of the
genes in this region have moderate similarity to chromosomally
located genes from other actinomycetes. The G+C content of
ORFs in this region averages 67%, which is close to the chro-
mosomal G+C content.

The third putative genomic island, RHL3-GI3 (Fig. 5), spans
positions 135 to 153 kb and includes RHL3.128 to RHL3.141.
The region appears to be an insertion hot spot since there are
six transposases flanking this region. At least three pairs of 7-
to 8-bp direct repeats also flank this region, suggesting a com-
plex recombination history. As noted above, the significance of
such short repeats is unclear. Interestingly, three of the pre-
dicted ORFs (RHL3.136, RHL3.137, and RHL3.138) in this
island together encode a putative type I restriction modifica-
tion (R-M) system that has moderate similarity to a Caulo-
bacter system. It has been suggested that horizontal exchange
of type I R-M systems may contribute to sequence divergence
within R-M families (54). There are also several genes with
unknown functions in this second island. The G+C content of
each ORF in this region varies. However, the average G+C
content, 63%, is slightly below the mean for all ORFs in the
plasmid (65%).

The fourth putative island, RHL3-GI4 (Fig. 5), spans posi-
tions 194 to 213 kb, includes ORFs RHL3.174 to RHL3.193,
and is flanked by a pair of 9-bp direct repeats. The G+C of the
region, at 68.1%, is almost 1 standard deviation above the
mean for all plasmid ORFs. This island is notable for the
presence of several genes encoding probable metal transport-
ers. No other metal transporter genes were found elsewhere on
this plasmid. The island also contains two genes, RHL3.183
and RHL3.184, which are predicted to encode the sensor ki-
nase and regulator, respectively, of a two-component signal
transduction system.

Finally, pRHL3 contains evidence for a duplication event
that involves two ORFs of unknown function (Fig. 5). The
respective regions spanning 11.8 to 13.3 kb (RHL3.14 and
RHL3.15) and 69.7 to 71.7 kb (RHL3.65, RHL3.66) share an
overall nucleotide identity of ca. 92%, which rises to 98% over
the first 160 bp. The second region is slightly larger due to a
possible insertion between nucleotides 69880 and 70396.
The insertion effectively truncates RHL3.65 with respect to
RHL3.14. As more sequences from related bacterial species
become available, comparative genomic analysis will be helpful
in further ascertaining the evolution history of pRHL3.

Regulatory genes. A significant proportion (7%) of the
pRHL3 genes are predicted to be transcriptional regulators. This
preponderance of regulatory processes correlates well with the
proportion of catabolic genes found on the plasmid and their
tightly regulated expression. Indeed, more than half of the puta-
tive regulatory genes are distributed within the three main cata-
bolic gene clusters described above. Members of the following
subfamilies of transcriptional regulators containing a helix-turn-
helix motif are predicted to be encoded by pRHL3 genes: TetR/
AcrR, LuxR/UhpA, GntR, MarR/EmrR, DeoR, ArsR, and
AraC/XylS. Particular examples of such regulatory proteins are
discussed above with respect to catabolic gene clusters. Other
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putative regulatory genes include those encoding a two-compo-
nent signal transduction system that are part of the putative
genomic island RHL3-GI4 (see above) and RHL3.91 which is
predicted to encode a serine/threonine kinase.

Transport. As noted above, genes involved in transport con-
stitute a significant proportion of the pRHL3 genes. Except for
genes encoding putative ATP-binding proteins at 95.1 kb
(RHL3.88) and at 150.7 kb (RHL3.139), all of the ORFs pre-
dicted to encode transporters, metal-carrying proteins, mem-
brane proteins, and transport-related proteins occur within or
near the second catabolic gene cluster in a 70-kb region. With-
in this region, there are three distinct clusters of transport-
related genes located at 171, 202, and 234 kb, respectively. The
first of these comprises four genes that appear to encode a func-
tional ABC transport system including a permease (RHL3.156),
an RbsC-like inner membrane translocator (RHL3.157), an ATP-
binding protein (RHL3.158), and a periplasmic or lipoprotein
component (RHL3.159). In gram-positive bacteria, these sys-
tems are also known as binding-lipoprotein-dependent trans-
port systems. The substrate for this ABC system is unknown.
However, two lines of evidence suggest that it is a sugar. First,
sequence analyses indicate that the translocator is most similar
to RbsC, a ribose translocator, and the lipoprotein component
is most similar to a putative periplasmic component of a sugar
transport system. Second, the putative transporter genes are
close to genes that are apparently involved in glucose catabo-
lism. The second “transport cluster” is located in the putative
genomic island RHL3-GI4 and is characterized by genes whose
products show significant sequence similarity with actinomy-
cete clusters involved in heavy metal transport.

Concluding remarks. The analyses of telomeres and repli-
cation components indicate that pRHL3 is an actinomycete in-
vertron typical of those thus far characterized. The analysis of the
genes suggests that the principal function of pRHL3 is to increase
the catabolic capabilities of RHA1. However, the overall organi-
zation of the plasmid is very different from that of the classic
catabolic plasmids of pseudomonads, such as pWWO, NAH, and
CAM (64). In the latter plasmids, a significant proportion of the
genes are responsible for the transformation of a specific com-
pound to tricarboxylic acid cycle intermediates. Moreover, these
genes occur in well-organized operons. The high number of mo-
bility genes detected in pRHL3, together with the presence in
RHAL1 of other invertrons with which it can exchange ends, may
help to explain the mosaic nature of this plasmid.

Due to the high number of unknown genes in catabolic gene
clusters and the fact that the RHA1 genome is not yet com-
pletely known, it is difficult to assess the full catabolic role of
pRHL3 in RHAI. However, the presence of several oxygen-
ase- and numerous dehydrogenase-coding genes, known to
play central roles in the degradation of aromatic compounds,
along with the structural organization of these genes, and the
putative nature of some of their regulatory genes strongly
suggest that it plays a role in the assimilation of such com-
pounds. Further studies are necessary to shed more light on
the true catabolic nature of this plasmid and how it interacts
with the RHA1 genome.
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ADDENDUM IN PROOF

For the most current annotation of pRHL3 and the rest of
the RHA1 genome, see http://www.rhodococcus.ca.
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