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Abstract The carbazole-catabolic plasmid pCAR1 iso-
lated from Pseudomonas resinovorans strain CA10 was
sequenced in its entirety; and it was found that pCAR1
carries the class II transposon Tn4676 containing carba-
zole-degradative genes. In this study, a new plasmid des-
ignated pCAR2 was isolated from P. putida strain HS01
that was a transconjugant from mating between the car-
bazole-degrader Pseudomonas sp. strain K23 and P. putida
strain DS1. Southern hybridization and nucleotide se-
quence analysis of pCAR1 and pCAR2 revealed that the
whole backbone structure was very similar in each. Plasmid
pCAR2 was self-transmissible, because it was transferred
from strain HS01 to P. fluorescens strain IAM12022 at the
frequency of 2×10−7 per recipient cell. After the serial
transfer of strain HS01 on rich medium, we detected the
transposition of Tn4676 from pCAR2 to the HS01 chro-
mosome. The chromosome-located copy of Tn4676 was
flanked by a 6-bp target duplication, 5′-AACATC-3′. These
results experimentally demonstrated the transferability of
pCAR2 and the functionality of Tn4676 on pCAR2. It was
clearly shown that plasmid pCAR2 and transposon Tn4676
are active mobile genetic elements that can mediate the
horizontal transfer of genes for the catabolism of carbazole.

Introduction

Carbazole (CAR) is a nitrogen-containing compound
present in fuels derived from petroleum, oil shale, and tar
sand sources (Mushrush et al. 1999). It is a recalcitrant
azarene compound that is composed of a dibenzopyrrole
ring (Fig. 1) and possesses mutagenic and toxic activity
(Arcos and Argus 1968). Previously, we analyzed CAR
degradation by Pseudomonas resinovorans strain CA10,
which is able to grow on CAR as its sole source of carbon,
nitrogen, and energy (Ouchiyama et al. 1993). The CAR-
degradative car genes and their flanking regions have been
cloned from strain CA10 and sequenced (Sato et al. 1997a,b;
Nojiri et al. 2001). Also, the Car enzymes have been char-
acterized and the degradation pathway for this compound
has been completely characterized (Fig. 1; Nam et al. 2002;
Nojiri et al. 2003; Habe et al. 2003; Iwata et al. 2003). CAR
has a chemical structure similar to dioxin; and the degrada-
tion pathways of these two chemicals are highly homol-
ogous (Nojiri and Omori 2002). In fact, the Car enzymes
can catalyze the respective degradation steps for dioxin
(Sato et al. 1997a; Habe et al. 2001; Nojiri et al. 2003; Iwata
et al. 2003).

Previously, we isolated other CAR/dioxin-degrading bac-
teria, which have car gene clusters that are nearly identical
to that of strain CA10 and are carried either chromosomally
or on plasmids. These bacteria were isolated from various
sites in Japan, suggesting that the car genes have become
broadly disseminated among different bacterial species,
such as P. resinovorans strain CA06, Novosphingobium sp.
strain J30, and Pseudomonas sp. strains K15, K22, and K23
(Ouchiyama et al. 1993, 1998; Habe et al. 2002; Inoue et al.
2004). Many degradative genes such as those for toluene,
biphenyl, chlorobenzene, and so on have been detected
from different environmental bacteria and most of these
genes were shown to be contained within mobile genetic
elements that include both plasmids and transposons
(Tsuda and Iino 1987, 1988, 1990; Furukawa et al. 1989;
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van der Meer et al. 1991a,b; Springael et al. 1993; Davison
1999; Tsuda et al. 1999; Sentchilo et al. 2000; Tsuda and
Genka 2001; Tsuda and Iino 1987). Based on the above
facts, it is likely that the car genes are transferred hori-
zontally by such genetic elements. In our previous study,
we showed that the car operon of strain CA10 is localized
on a large circular plasmid, designated pCAR1 (Nojiri et al.
2001). We determined the entire nucleotide sequence of
pCAR1 by shotgun-sequencing and found genes that are
homologous to the tra and trh genes whose products are
involved in the conjugal transfer of plasmids R27 and Rts1
and/or the conjugative genomic island R391(Maeda et al.
2003). This indicates the possibility that pCAR1 is a self-
transmissible plasmid. However, its transferability has not
been experimentally proven. In contrast, as shown in Fig. 2,
several genes were found on pCAR1 which were related to
class II (Tn3 family) transposons (Grindley et al. 2002)
carrying toluene/xylene-degradative xyl genes on the TOL
plasmid pWW0 (Williams and Murray 1974; Burlage et al.
1989; Assinder and Williams 1990; Greated et al. 2002).
The tnpRaAa and tnpRbAb cistrons on pCAR1 show ho-
mology with the tnpRA genes encoding the transposase

(TnpA) and resolvase (TnpR) of Tn4656 (Tsuda and Genka
2001) and Tn4653 (Tsuda and Iino 1988), although the
products of both tnpAa and tnpAb genes on pCAR1 seem to
be nonfunctional because of the insertion of IS1162 and a
point mutation, respectively. In addition, the tnpAc, tnpC,
and tnpST genes on pCAR1 have more than 70% identity
with genes encoding the transposase (tnpA), the repressor
of tnpA gene expression (tnpC), and the cointegrate-reso-
lution proteins (tnpST) of Tn4651 (Tsuda and Iino 1987;
Hõrak and Kivisaar 1998), respectively. The relative order
and orientation of the tnpAcCST genes (Fig. 2) are similar
to those associated with Tn4651. Furthermore, in the
vicinity of the tnpAcCST genes of pCAR1, there were six
copies of 46-bp sequences that showed >67% identity to
the inverted repeat (IR) of Tn4651, which were designated
IR-a to IR-f (shown by arrowheads in Fig. 2). Generally,
transposition of a transposon results in duplication of the
target sequence and the insert is flanked by a direct repeat
(DR). In pCAR1, the 5-bp DR sequence (5′-CAAAA-3′)
was only observed at the immediate vicinity of the set of
IR-a and IR-f (Maeda et al. 2003). Therefore, the region
from IR-a to IR-f seemed to be a functional transposon and

Fig. 1 Degradative pathway of
CAR by Car enzymes encoded
by car gene clusters distributed
among Gram-negative bacteria,
including P. resinovorans strain
CA10. Compounds: I CAR, II
2′-aminobiphenyl-2,3-diol, III
2-hydroxy-6-oxo-6-(2′-aminobi-
phenyl)-hexa-2,4-dienoic acid,
IV 2-hydroxypenta-2,4-dienoic
acid, V anthranilic acid

Fig. 2 Genetic structure of the 73-kb putative class II transposon
Tn4676 and its flanking region on pCAR1. Black pentagons indicate
genetic elements on pCAR1 (tnpAa, tnpAb, tnpAc, tnpC, tnpRa,
tnpRb, tnpS, tnpT) that showed >70% identity with those of the class
II transposons Tn4651, Tn4653, and/or Tn4656 on TOL plasmids.
The arrow represents the Tn4676 region found on pCAR1. Black

arrowheads indicate the positions of the putative IRs (IR-a to IR-f)
that showed >67% identity with those of Tn4651. The lengthwise
bars attached beneath the physical map show the EcoRI sites. The
solid bars and numbers represent the location of the probes used in
Southern analyses
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was tentatively designated as Tn4676 (Fig. 2). Conse-
quently, the entire sequencing of pCAR1 revealed that two
putative mobile genetic elements contained the car operon:
(1) the putative conjugative plasmid pCAR1, and (2) the
putative transposon Tn4676.

In this study, we performed mating assays with strain
CA10 to test the transferability of pCAR1, but failed to
detect the conjugative transfer of pCAR1. Then, we ana-
lyzed the transferability of CAR catabolic capacity in other
CAR-degraders which carried car genes homologous to
that of strain CA10. Using P. putida strain HS01, which
carries a pCAR1-like plasmid designated as pCAR2, we
demonstrated the conjugative transfer of pCAR2 and the
Tn4676 transposition from pCAR2 into the host chromo-
some. We also compared the genetic organization of the
flanking regions of the car gene clusters on the plasmid or
chromosome of CAR-degraders with those of pCAR1 to
determine the involvement of putative mobile genetic
elements in the distribution of the CAR-degradative capac-
ity among different bacterial strains and species.

Materials and methods

Bacterial strains, plasmids, media, and culture
conditions

Bacterial strains and plasmids used in this study are listed in
Table 1. For the extraction of total DNA or the large plas-
mid from CAR-degrading strains, bacteria were grown on
Luria–Bertani (LB) medium (Sambrook and Russell 2001)
at 30°C with reciprocal shaking (300 strokes/min) for 15 h.
The minimal medium used was carbon-free mineral me-
dium (CFMM) supplemented with CAR as a sole source of
carbon and energy. The composition of CFMM and how to
provide the CAR were described by Nojiri et al. (2001).

Escherichia coli strains JM109 (Sambrook and Russell
2001) and DH5α (Toyobo Co., Tokyo, Japan) were used as
host strains of the plasmids pUC18/19 (Sambrook and
Russell 2001) and pBluescript II SK(−) (Stratagene, La
Jolla, Calif.) and their derivatives. E. coli strains were
grown on 2×YT medium (Sambrook and Russell 2001) at

Table 1 Bacterial strains and plasmids used in this study. Cm Chloramphenicol, Gm gentamicin, Rif rifampicin, Tc tetracycline. Superscript
r/s indicates resistant/sensitive to the antibiotic

Strain/plasmid Relevant characteristics Source or reference

Bacterial strains
Escherichia coli DH5α F−, ϕ80d, lacZΔM15, Δ(lacZYA-argF), U169, endA1,

recA1, hsdR17(rK
−, mK

+), deoR, thi-1, supE44, λ, gyrA96, relA1
Toyobo

JM109 recA1, Δ(lac-proAB), endA1, gyrA96, thi-1, hsdR17, relA1,
supE44, F’(traD36, proAB, lacIq, ZΔM15)

Sambrook and Russell (2001)

Novosphingobium sp. strain J30 Isolate from river sediment, Cms, Tcr, Gms, Rifs Inoue et al. (2004)
P. fluorescens strain IAM12022 Type strain of P. fluorescens, Cmr, Tcr, Gms, Rifs IAM culture collection
P. putida strain DS1 Dimethylsulfide-utilizing bacteria, Cmr, Tcr, Gms, Rifs Endoh et al. (2003)
P. putida strain HS01 Transconjugant of strain DS1 mating with strain K23 This work
P. putida strain HS02 Derivative of strain HS01 This work
P. resinovorans strain CA06 Isolate from soil, Cmr, Tcs, Gms, Rifs Ouchiyama et al. (1993)
P. resinovorans strain CA10 Cmr, Tcs, Gms Rifs Ouchiyama et al. (1993)
Pseudomonas sp. strain K15 Isolate from activated sludge, Cms, Tcs, Gms, Rifs Inoue et al. (2004)
Pseudomonas sp. strain K22 Isolate from activated sludge, Cms, Tcs, Gms, Rifs Inoue et al. (2004)
Pseudomonas sp. strain K23 Isolate from activated sludge, Cms, Tcs, Gms, Rifs Inoue et al. (2004)
Plasmids
pBCA731 Apr, pBluescript II SK(-) with 7.5-kb EcoRV-ClaI

insert of strain CA10 DNA
Nojiri et al. (2001)

pBluescript II SK(-) Apr, lacZ, pMB9 replicon Stratagene
pBSL202 Apr, Gmr-minitransposon consisted of IS50 inner and outer ends Alexeyev et al. (1995)
pSUP2021 Apr, Kmr, Cmr, Mob, Tn5 Kmr Simon et al., 1983
pT7Blue(R) Apr, lacZ Novagen
pUC18/19 Apr, lacZ, pMB9 replicon Sambrook and Russell (2001)
pUCA1 Apr, pUC119 with 6.9-kb EcoRI insert of strain CA10 DNA Sato et al. (1997a)
pUCA610 Apr, pUC19 with 4.0-kb SalI insert of strain CA10 DNA Nojiri et al. (2001)
pUHS02101 Apr, pUC18 with 2.7-kb EcoRI insert of strain HS02 DNA This work
pUHS02201 Apr, pUC18 with 7.0-kb SacI insert of strain HS02 DNA This work
pUK23301 Apr, pUC18 with 4.2-kb EcoRI insert of strain K23 DNA This work
pUK23401 Apr, pUC18 with 10.5-kb SacI insert of strain K23 DNA This work
pUK23501 Apr, pUC18 with 7.8-kb EcoRI insert of strain K23 DNA This work
pUK23601 Apr, pUC18 with 9.5-kb SacI insert of strain K23 DNA This work
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37°C with reciprocal shaking (300 strokes/min). Ampicillin
(50 μg/ml), chloramphenicol (30 μg/ml), kanamycin (50
μg/ml), gentamicin (15 μg/ml), rifampicin (250 μg/ml), or
tetracycline (12.5 μg/ml) was added to selective media.

For plate cultures, the above media solidified with 1.6%
agar were used.

Matings and isolation of transconjugants

Before the mating experiment, natural resistance to anti-
biotics was checked (Table 1). When strain DS1 was used
as a recipient strain, chloramphenicol and tetracycline
were used for counter-selection against the donor strain;
and the ability to grow on CAR was the selection marker
of the transconjugants. When using P. fluorescens strain
IAM12022 as a recipient strain in mating experiments, a
gentamicin-resistant gene on a mini-transposon of pBSL202
was introduced into the spontaneously rifampicin-resistant
strain IAM12022 by electroporation using a Gene Pulsar
System II (Bio-Rad Laboratories, Glattbrugg, Switzerland)
at 1.8 kV, 200 Ω, and 25 μF.

The donor and recipient strains were pregrown in 5 ml of
LB liquid medium with and without an appropriate anti-
biotic, respectively, for 15–24 h. After washing these two
cell lines with CFMM, cells were resuspended in 500 μl of
CFMM and then mixed well by pipeting. These cells were
transferred to 0.45-μm pore-size cellulose nitrate filters
(Toyo Roshi Kaisha, Tokyo, Japan), and the resultant filter
was incubated on a LB agar plate at 30°C for 24 h. After-
wards, the bacteria were resuspended in 1 ml of CFMM and
appropriate dilutions of the cell suspension were spread on
selective media. The number of transconjugants was deter-
mined by counting colonies on selective medium 5 days
after mating. The frequency of plasmid transfer was ex-
pressed as the number of transconjugants per number of
recipients.

DNA isolation and routine DNA manipulations

Plasmid DNAwas prepared from the E. coli host strain by
the alkaline lysis method (Sambrook and Russell 2001).
The total DNA from bacterial strains was isolated as de-
scribed by Sato et al. (1997b). Restriction endonuclease
and DNA the Ligation kit ver. 2 (Takara Shuzo Co., Kyoto,
Japan) were used according to the manufacturer’s instruc-
tions. DNA fragments were extracted from the agarose gel
using the Concert rapid gel extraction system (Invitrogen
Life Technologies Oriental, Tokyo, Japan) according to the
manufacturer’s instructions. The large plasmids of CAR-
degrading bacteria were extracted by a previously reported
method (Ka and Tiedje 1994) or by using the Large-Con-
struct kit (Qiagen, Tokyo, Japan) according to the manu-
facturer’s instructions in Appendix A (Special protocol for
high yields of large-construct DNAwithout removal of ge-
nomic DNA). Other DNA manipulations were performed
according to standard methods (Sambrook and Russell
2001).

Nucleotide sequence determination

The nucleotide sequence was determined by the chain-
termination method, using a model 4200L-2 auto-DNA
sequencer (Li-Cor, Lincoln, Neb.) and the ABI Prism 310
genetic analyzer (Applied Biosystems Japan, Tokyo, Japan)
according to the manufacturers’ instructions; and the nu-
cleotide sequences obtained were analyzed with DNASIS
ver. 3.7 for Mac software (Hitachi Software Engineering
Co., Yokohama, Japan).

Hybridization

Blotting for Southern hybridization was performed using
the VacuGene XL vacuum blotting system (Amersham
Biosciences, Amersham, UK) and a Biodyne B Nylon
membrane (Pall Corp., New York, N.Y.) according to the
recommendations of the manufacturer. The hybridization
was done as described by Nojiri et al. (2001).

Pulsed-field gel electrophoresis

Large DNA was separated in agarose gels by pulsed-field
gel electrophoresis (PFGE), using a GenePath system and
the Clamped homogeneous electric fields bacterial geno-
mic DNA plug kit (Bio-Rad Laboratories). Routinely, a 1%
agarose gel and 0.5× Tris-borate/EDTA buffer (Sambrook
and Russell 2001) were used for PFGE. The angle of pulse
was 120° and the temperature was 14°C. In order to
separate DNAwithin lengths of 0.1–23.0 kb, 1–50 kb, and
5–75 kb, the pulse time and the total running time were,
respectively, 0.1 s and 5 h, 0.1–2.5 s and 8 h, and 1–6 s and
11 h.

PCR for the determination of the integrated region of
Tn4676

For amplification of the DNA fragments containing the
ends of Tn4676 in the chromosomes of strains K15, K22,
and K23, the following primer pairs were used, based
on the results of sequencing K23L1 and K23R1: primers
K23L1-F (5′-TGAAGTTGGATTCTGCTGCG-3′) andK23L1-
R (5′-CGAAAAATCACGTTGCAGCT-3′) for the left ter-
mini and primers K23R1-F (5′-CCTCATAACGCTCACC
ATCAT-3′) and K23R1-R (5′-AAAATCATGCCGGGGAT
GTT-3′) for the right termini. PCR was performed with
denaturation at 94°C for 1 min, annealing at 60°C for 1.5
min and elongation at 72°C for 2 min, for 30 cycles.

Deposition of nucleotide sequences

The nucleotide sequence data of both terminals of the
conserved regions in strains HS01 and K23 reported in this
study were registered in the DDBJ, EMBL, and GenBank
nucleotide sequence databases with accession numbers
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AB164629 (HS02L), AB164630 (HS02R), AB088759
(K23L1), AB088758 (K23R1), AB088751 (K23L2), and
AB088752 (K23R2).

Results

Mating experiments between CAR-degraders and P.
putida strain DS1

Prior analysis of the nucleotide sequence of pCAR1
showed that it contained a putative origin of transfer and
a set of genes encoding putative proteins for conjugative
transfer (Maeda et al. 2003). To confirm the transferability
of pCAR1, we first performed cell-mating experiments
with strain CA10 as donor. P. putida strain DS1 was se-
lected as the recipient strain, which was originally isolated
as a dimethylsulfide-utilizing bacterium (Endoh et al.
2003). Southern hybridization analysis confirmed that this
strain did not possess any car genes. In addition, no plas-
mids were detected in this strain. As a result, no trans-
conjugants were obtained from the selective media in
experiments having a detection limit of 1.9×10−10 per
number of recipient cells. Thus, it was concluded that
pCAR1 is not transmissible from strain CA10 to strain DS1
at detectable frequencies.

Subsequent mating experiments were performed using
other CAR-degraders as donors with strain DS1 again serv-
ing as the recipient. Previously, we isolated several CAR-
degraders from different sites in Japan which have car
genes homologous to those of strain CA10, such as P.
resinovorans strain CA06 (Ouchiyama et al. 1993), Novo-
sphingobium sp. strain J30, and Pseudomonas sp. strains
K15, K22, and K23 (Inoue et al. 2004). Prior studies
revealed that strain K23 possesses two types of car gene
cluster, one of which contains duplicated carAa genes on a
6.9-kb EcoRI fragment (including carAaAaBaBbCAcAd)
and the other contains only one carAa gene on a 5.6-kb
EcoRI fragment (including carAaBaBbCAcAd; Inoue et al.
2004). Prior to the mating experiments, we compared
EcoRI fragments containing the car gene cluster in the
above strains by Southern hybridization analysis, using a
car probe prepared from the 6.9-kb EcoRI fragment of
strain CA10, which contains the carAaAaBaBbCAcAd
genes. As shown in Fig. 3, strain J30 contained a DNA
band that hybridized with this probe, which was the same in
size as that in strain CA10 used as a reference. In contrast,
strains CA06 and K15 contained a band that appeared in
different sizes: 7.5 kb and 5.6 kb, respectively. In the case
of strain K22 DNA, two hybridization bands were detected
(5.6 kb, 9.8 kb; Fig. 3). The same results were obtained in
similar experiments with small probes prepared from the
carAa or carAc DNA fragment (data not shown). Mating
experiments with various CAR-degraders as donors and
strain DS1 as the recipient yielded putative transconjugants
only in the mating with strain K23. The frequency was
5.0×10−7 per recipient cell and no colonies were detected
using other strains as donors (the detection limits were 1.0–
2.0×10−10 per number of recipient cells).

Genetic analysis of the transconjugants

Among the transconjugants from the mating between
strains K23 and DS1, five colonies were randomly picked
and genetically analyzed. Total DNA from each strain was
digested with EcoRI and subjected to Southern analysis,
using a car probe and a ssu probe prepared from the ssuD
gene of strain DS1, which encodes a FMNH2-dependent
monooxygenase involved in the desulfonation of methan-
sulfonate, a metabolic intermediate of dimethylsulfide
(Endoh et al. 2003). As shown in Fig. 4a, the car probe
hybridized with the DNA of strain K23 and the five
putative transconjugants, but not with that of strain DS1.
Although the total DNA of strain K23 showed two
hybridization bands, at 6.9 kb and 5.6 kb, the five putative
transconjugants showed only the 6.9-kb hybridization band
(Fig. 4a). In contrast, the ssu probe hybridized with the
10-kb EcoRI-digested total DNA of strain DS1 and five
putative transconjugants, but not with that of strain K23
(Fig. 4b). These results clearly indicated that these five
strains possessed car and ssu genes and thus were definitely
transconjugants of strain DS1 that had recruited the car
genes from strain K23.

Localization of the car gene following conjugative
transfer

The cell lysates containing DNAs of strains K23, DS1 and
CA10 and the five transconjugants prepared by the method
by Ka and Tiedje (1994) were subjected to electrophoresis.
The same results were obtained for all five transconjugants;
and only the result from one transconjugant, which was
designated as strain HS01, is shown in Fig. 5. There were
two bands in strains HS01 and CA10 (reference strain
carrying pCAR1, 199 kb), while only one band was de-

Fig. 3 Southern hybridization analysis of EcoRI-digested total
DNA of CAR-degrading bacteria, using a car probe prepared from
the 6.9-kb DNA fragment containing the carAaAaBaBbCAcAd
genes. The 6.9-kb and 5.6-kb hybridization bands in strain K23
correspond to the DNA fragments containing carAaBaBbCAcAd
and carAaAaBaBbCAcAd, respectively (Inoue et al. 2004)
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tected in strains K23 and DS1. In our previous study, the
upper band of strain CA10 was shown to correspond to
pCAR1 and the lower band to the chromosome (Nojiri et al.
2001). Thus, the upper band of strain HS01 whose mobility
on the gel was similar to that of pCAR1 was regarded as the
plasmid of strain HS01 (Fig. 5) and was designated as
pCAR2. After electrophoresis, these DNAs were subjected
to Southern hybridization analysis with a car probe. As
shown in Fig. 5 (lower panel), clear hybridization occurred
only with the upper band in strain HS01, suggesting that the
car gene of strain HS01 was on pCAR2. In contrast, in
strain K23, the hybridization band was detected only on the
lower band (Fig. 5 lower panel), implying that strain K23
had its car gene on the chromosome. Thus, there were two
possibilities: first, that a part of pCAR2 (including the car
gene cluster) had been transposed into the chromosome of
strain K23, or second, that the whole pCAR2 region had
been integrated into the K23 chromosome. In addition,
when we cannot detect the plasmid in the cell lysates pre-
pared according to this method, we cannot always conclude
that this strain has no plasmid, because the lower band
sometimes contains damaged and sheared plasmid DNA
fragments, depending on the experimental conditions. There-
fore, we tried to detect plasmid DNA from strain K23 by

other available methods, but no plasmid DNAwas detected
(data not shown). At this point, we cannot conclude the
localization of the car gene in strain K23.

Genetic analysis of pCAR2 and the car gene cluster-
flanking region in the strain K23 genome

To obtain information on the mechanism involved in the
generation of strain HS01 in the filter-mating experiment,
we compared the genetic structures of the whole region
of pCAR2 with the car gene cluster-flanking region in
the strain K23 genome, using the pCAR1 structure as a
reference.

Plasmids from strains CA10 (pCAR1) and HS01
(pCAR2) were extracted using the Qiagen Large-Construct
kit and digested with BamHI, EcoRI, HindIII, HpaI, NotI,
SacI, SpeI, or XhoI. The resultant DNA fragments were
subjected to PFGE and Southern hybridization analysis
with a pCAR1 probe prepared from restriction endonucle-
ase-digested pCAR1. Visual analysis indicated that there
was no difference in the restriction fragment patterns for
each plasmid (data not shown). Moreover, sequencing anal-
ysis revealed that the nucleotide sequence of the 2,276-bp
putative ori region, including the repA gene and oriV
(Maeda et al. 2003), were identical in both plasmids (data
not shown). The terminal regions of putative Tn4676 on
pCAR2 were also cloned and sequenced; and it was re-
vealed that the nucleotide sequence of the transposition
sites and target duplication on pCAR2 were also identical
with those of pCAR1 (left end at 184,777–185,775 bp,
right end at 59,208–59,834 bp in AB088420). From the
above results, there does not appear to be any difference in
the nucleotide sequence and genetic organization of these
two plasmids; and thus it can be predicted that the whole
genetic structure of pCAR2 is quite similar to that of
pCAR1.

To determine whether the strain K23 had the whole
pCAR2 DNA in its genome, Southern hybridization anal-
ysis was performed against EcoRI- and SacI-digested to-
tal DNA of strain K23. The probes were prepared from
pCAR1, as shown in Fig. 2. The DNAs of strains HS01 and
CA10 were also analyzed as references. As expected, the

Fig. 4 Southern hybridization
analysis of EcoRI-digested total
DNAs of strains K23 and DS1
and the five transconjugants of
strain DS1, using a car probe (a)
and a ssu probe (b)

Fig. 5 Location of the car gene cluster in the genomes of strains
K23, HS01, HS02, and CA10. Each panel shows the results of
electrophoresis (upper) and Southern hybridization analysis using a
car probe (lower) for cell lysates prepared by the methods of Ka and
Tiedje (1994)
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same-sized hybridization signals were detected both in
strains HS01 and CA10 with all of the probes (Table 2). In
contrast, although probe02–probe08 all hybridized to the
DNAs of both strains K23 and HS01, surprisingly probe01
and probe09–probe11 did not hybridized to the DNA of
strain K23. In addition, plural and different-sized hybrid-
ization bands from that of strain HS01 were detected in
strain K23 using probe02 and probe08, while the other
hybridization bands with probe03–probe07 were the same
size in both strains (Table 2). The 6.8-kb EcoRI fragment
from DNA of strain HS01 was detected with probe02,
whereas the sizes of the target EcoRI fragments of strain
K23 were 4.2 kb and 7.8 kb (Fig. 6a, Table 2). In contrast,
probe08 hybridized to 10.5-kb and 9.5-kb SacI fragments
in strain K23, but hybridized to an 8.1-kb fragment from
CA10 DNA (Fig. 6b) and HS01 DNA (data not shown).
These results definitely indicate that strain K23 possessed
only a part of the DNA of pCAR2 and implied that there
were two copies of a similar part of the DNA region of
pCAR2, which was detected by probe02 and probe08.
Since, in the pCAR1 sequence, these DNA regions were
contained by Tn4676 and the loci of probe02 and probe08
corresponded to the termini of Tn4676, it was inferred that
these two additional hybridized fragments contained the
termini of the putative Tn4676 region located on the K23
genome. To confirm this hypothesis, we cloned 4.2-kb and
7.8-kb EcoRI fragments from the left termini in the strain
K23 genome (Fig. 6a) into pUC18, to give pUK23301 and
pUK23501, respectively. Similarly, the 10.5-kb and 9.5-kb
SacI fragments, including the right termini (Fig. 6b), were
cloned into pUC18, to give pUK23401 and pUK23601,

respectively. The inserts of these plasmids were sequenced
using the internal primers prepared from the pCAR1
sequence; and the borders of the conserved regions
were observed in pUK23301, pUK23501, pUK23401, and
pUK23601, which were designated as K23L1, K23L2,
K23R1, and K23R2, respectively.

As shown in Fig. 7a, two sets of IR-a and IR-f were
found. Sequence comparisons revealed that the 4-bp com-
mon sequence (5′-GATA-3′) was located in the immediate
vicinity of the IR-a and IR-f sequences in the K23L1 and
K23R1 regions, respectively. Similarly, 5-bp common se-
quences (5′-TACCA-3′) were found in K23L2 and K23R2
(Fig. 7a). Because common DR sequences are thought to be
the result of target-site duplications, it was suggested that
K23L1 and K23R1 contain the respective ends of a copy of
Tn4676 and that K23L2 and K23R2 contain the respective
ends of another copy of Tn4676. After connecting the DNA
regions of the K23L2 and K23R2 and removing both the
Tn4676 region and one of the DRs, there was a part of the
open reading frame (ORF) whose deduced amino acid
sequence showed 76% identity with that of the putative
flavin-dependent oxidoreductase of P. fluorescens strain
Pf0-1 (accession ZP_00086468), although no homologous
proteins were detected in the corresponding region of
K23L1 and K23R1. This fact also supported that K23L2
and K23R2 included the ends of Tn4676, which was one of
the Tn4676s of strain K23.

In conclusion, it was revealed that the whole genetic
structure of pCAR2 in strain HS01 is highly similar to that
of plasmid pCAR1, in addition to the DNA region of the
car gene cluster. In the case of strain K23, it was clearly

Table 2 Comparison of the car
gene cluster-flanking regions of
CAR-degrading strains by
Southern hybridization analy-
sis. – Hybridization signals not
detected

aSignals detected differed in size
from strain CA10

Strain Probe number and size (kb) of EcoRI fragments showing hybridization

01 02 03 04 05 06 07 08 09 10 11

CA10 11.5 6.8 4.8 7.3 6.2 9.4 3.0 8.3 0.8 6.0 1.9
K23 - 4.2a, 7.8a 4.8 7.3 6.2 9.4 3.0 15a, 15a - - -
DS1 - - - - - - - - - - -
HS01 11.5 6.8 4.8 7.3 6.2 9.4 3.0 8.3 0.8 6.0 1.9
HS02 11.5 6.8, 2.5a 4.8 7.3 6.2 9.4 3.0 8.3, 6.0a 0.8 6.0 1.9
K15 - 4.2a 4.8 7.3 6.2 9.4 3.0 15a - - -
K22 - 4.2a, 7.8a 4.8 7.3 6.2 9.4 3.0 18a, 15a - - -

Fig. 6 Southern hybridization
analysis of restriction enzyme-
digested total DNAs prepared
from strains HS02, K23, K22,
and K15 using probes annealing
to the border regions of Tn4676.
Restriction endonuclease and
probe used are: EcoRI and
Probe02 in a, and SacI and
probe08 in b, respectively
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proven that this strain possesses two copies of Tn4676 on
its genome and that it does not have the other DNA region
of pCAR2 (pCAR1) in its genome.

Transferability of pCAR2

A mating experiment to confirm the transferability of
pCAR2 from strain HS01 was performed with P. fluo-
rescens strain IAM12022 and P. putida strain Dfi175 as
recipients. The latter strain is a DS1 mutant having a Tn5
insertion in the ssuA gene encoding a putative component
of an ABC-type transporter for sulfonate uptake (Endoh
et al., 2003). Putative IAM12022-based and Dfi175-based
transconjugants were observed at frequencies of 2×10−7

and 7×10−2 per recipient, respectively. These putative trans-
conjugants were genetically analyzed as follows. Southern
analyses were performed with total DNAs of the putative
transconjugants of strain Dfi175, using a probe prepared
from a 3.4-kb HindIII fragment of pSUP2021 including
Tn5. As a result, the probe hybridized with the DNAs of
both strain Dfi175 and the putative transconjugants but not
with that of strain HS01 (data not shown). As to the putative
transconjugants of strain IAM12022, the 16S rDNA se-
quences of selected transconjugants were sequenced and

shown to be identical that of the recipient strain (data not
shown), confirming that these colonies were definitely
derived from strain Dfi175 and IAM12022. In addition,
pCAR2 was again detected from these transconjugants by
the methods described above (data not shown). These re-
sults clearly indicated that pCAR2 was a self-transmissible
plasmid.

Analysis of the chromosomal car gene in the HS01
derivative strain

After several transfers of strain HS01 in rich media (LB
media), we fortuitously obtained a derivative strain of
HS01, named HS02. Because the car probe clearly hy-
bridized with both the upper and lower bands of DNA from
HS02 (Fig. 5), it was suggested that strain HS02 carried the
car genes both on the plasmid (pCAR2) and within its
chromosome. As described above, the genetic structure of
pCAR2 was supposed to be highly similar to that of
pCAR1 and thus it was predicted that pCAR2 also carried
Tn4676. Generating strain HS02 from strain HS01 sug-
gested the possibility that Tn4676 on pCAR2 was a func-
tional transposon and that the putative chromosomal car
gene of strain HS02 was carried by Tn4676 that had trans-

Fig. 7 Comparison of both ends of Tn4676 in pCAR1 with the
corresponding ends of those in the strain K23 chromosome (a) and
the strain HS02 chromosome (b). Asterisks indicate nucleotides
identical with those in pCAR1. The underlined stretches indicate the
target duplications (DRs) observed in each set of termini. The

arrows indicate the 46-bp imperfect IR-a and IR-f. The sequences of
K23L1 and K23L2 are derived from the left termini of two Tn4676s
in the strain K23 genome. Similarly, those of K23R1 and K23R2 are
from the right termini of two Tn4676s
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posed from pCAR2 into the strain HS01 chromosome
during cultivation. To confirm this, Southern analyses were
performed using probe01–probe11 with the EcoRI- or
SacI-digested total DNA of strain HS02. Although the
same-sized hybridization signals were detected with all
probes in both strain HS01 and strain HS02, additional
different-sized hybridization bands were detected in strain
HS02 for probe02 (2.5-kb EcoRI fragment) and probe08
(6.0-kb EcoRI fragment; Fig. 6a, Table 2). Since it was
implied that these two additional fragments contained the
termini of the putative Tn4676 that might transpose from
pCAR2 into the HS02 chromosome, these were cloned to
pUC18 (pUHS02101, pUHS02201, respectively). Then,
the inserts of the resultant plasmids were sequenced with
the same primers used in the analysis of strain K23. In this
analysis, IR-a and IR-f were found as the termini of the
transposed DNA region from pUHS02101 (HS02L) and
pUHS02201 (HS02R), respectively; and the 6-bp target
duplication (5′-AACATC-3′) was observed (Fig. 7b). After
connecting the nucleotide sequence of HS02L and HS02R
and removing both the Tn4676-homologous region and
one of the DRs, one ORF was found, whose deduced ami-
no acid sequence showed 85% identity with part of the
probable acyl-CoA synthetase of P. putida strain S5

(accession BAD07369) and 46% identity with part of the
medium-chain fatty acid CoA ligase of P. putida strain
KT2440 (accession NP_742924). Since these homologous
proteins were thought to be encoded on the chromosome of
each host strain, the data suggested that the ORF found on
the outer region of the transposed region was also located
on the chromosome of strain HS02. Furthermore, Southern
analyses were performed with EcoRI-digested total DNA
of strains DS1, HS01, and HS02, using a probe prepared
from the above ORF. In this case, the probe hybridized with
DNAs of all three strains, although the size of the signal
detected in strain HS02 DNA was different from those in
the other strains (data not shown). This indicated that the
EcoRI fragment that hybridized with the probe in strain
HS02 was located on the chromosome and was disrupted
by Tn4676. Therefore, it was concluded that Tn4676 had
transposed from pCAR2 into the chromosome of strain
HS02.

Other CAR-degraders related to strain K23

Strains K15 and K22 were isolated from the same activated
sludge with strain K23 (Inoue et al. 2004) and were thought

Fig. 8 PCR analysis using primer sets to amplify the spanning
region from inside to immediately outside the termini of Tn4676s. a
The genetic map of Tn4676 (bold bar) is shown on the chromosome
of strain K23; and the amplified regions at both terminals are
indicated by solid blocks on the bar. The black arrows represent IR-a

and IR-f on Tn4676. The arrowheads represent primers (K23L1-F,
K23L1-R, K23R1-F, K23R1-R). The PCR primer sets for the am-
plification of K23L1 (K23L1-F, K23L1-R) and K23R1 (K23R1-F,
K23R1-R) observed in strain K23 are used, respectively, in b and c
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to have car genes in their genome (data not shown). The
16S rDNA sequences of strains K15, K22, and K23 showed
>99% identity and were related to one another with close
phylogenetic affiliation (data not shown). Southern ana-
lyses with probe01–probe11 revealed that these two strains
also had Tn4676 in their genome (Table 2). In detail,
probe02 hybridized with a 4.2-kb fragment in strain K15
and 4.2- and 7.8-kbEcoRI fragments in strain K22 (Fig. 6a),
while probe08 hybridized to SacI-digested DNA of strains
K15 and K22, which were detected at 10.5 kb and 9.5 kb,
and 10.5 kb and 12.0 kb, respectively (Fig. 6b). A set of
4.2-kb EcoRI and 10.5-kb SacI fragments containing the
respective ends, K23L1 and K23R1, of a single copy of
Tn4676 in strain K23 chromosome, were also detected in
strains K15 and K22 (Fig. 6), although we cannot explain
the 9.5-kb hybridization band with probe08 to SacI-di-
gested K15 DNA (Fig. 6b). Thus, it was suggested that
these three strains might have Tn4676 at the same locus in
their genomes. To examine this hypothesis, we performed
PCR amplification using the primer sets spanning the
respective ends of Tn4676 (K23L1-F, K23L1-R, K23R1-F,
K23R1-R in Fig. 8a), designed from the nucleotide se-
quence of K23L1 and K23R1. As a result, same-sized PCR
products were amplified from the total DNAs of strains
K15, K22, and K23, while no amplification or nonspecific
amplification was observed when total DNA of strain
CA10 was used as thetemplate DNA (Fig. 8b,c). Together
with the facts that: (1) only the 5.6-kb EcoRI fragment of
strain K15 genome hybridized with the car probe (Fig. 3),
and (2) the 5.6-kb EcoRI fragment of strain K23 genome
contains a single copy of the carAa gene (Inoue et al.
2004), it was concluded that these three strains possessed
an insertion of Tn4676 containing a single copy of the
carAa gene at the same site in their genome.

Discussion

In our results, the conjugative transfer of pCAR1 from
strain CA10 to strain DS1 was not detected. However, we
obtained P. putida strain HS01 as a transconjugant of P.
putida strain DS1, which recruited a car gene cluster on
plasmid pCAR2 (Fig. 4). The whole genetic structure of
pCAR2 was proposed to be quite similar to that of pCAR1;
and it was proven that pCAR2 was a self-transmissible
plasmid. In contrast, we also detected the transposition of
Tn4676, whose termini were IR-a and IR-f, from pCAR2 to
the chromosome of strain HS02 (Fig. 7); and strains K15,
K22, and K23 had Tn4676 at the same loci in their
genomes. These facts clearly indicated the transferability of
pCAR2 and the transposability of Tn4676 and suggested
that these functional mobile genetic elements have an
important role in the distribution of the car gene in different
bacteria. Many other bacteria carrying a car gene homo-
logue have been isolated, such as Pseudomonas sp. strain
LD2 (Riddle et al. 2003), Janthinobacterium sp. strain J3
(Inoue et al. 2004), P. stutzeri strain OM1 (Ouchiyama et al.
1998; Shintani et al. 2003), and so on; and it was implied
that their car gene homologues were also distributed by this

machinery. This hypothesis is also supported by our obser-
vation that the CAR-degrading strains CA06 and J30 pos-
sessed CAR-degradative plasmids whose genetic structures
were similar to pCAR2 (and pCAR1; data not shown).

The dual mechanism (conjugation, transposition) to
transfer the car gene into the genome of the host strain(s) is
similar to those used for other catabolic genes. The molec-
ular diversity of the TOL plasmid in Pseudomonas strains
isolated from different sites has been reported (Sentchilo
et al. 2000). Some TOL plasmids, such as pWW0 and
pWW53, carry large transposable elements that contain the
whole xyl genes (Keil et al. 1987; Tsuda and Iino 1987,
1988; Burlage et al. 1989; Greated et al. 2002). The plas-
mid pWW0 was unstable in E. coli when cultured at 42°C;
and thus it was possible to detect the transposition of
Tn4651 and Tn4653 from pWW0 into the chromosome of
E. coli (Tsuda and Iino 1988). It is likely that the car gene
cluster could exist on pCAR2 or its derivative plasmids in
some hosts, while the plasmid can be maintained in the host
cell environment (strains CA06, CA10, J30, HS01). In
other strains, such as strains K15, K22, and K23, pCAR2
might be unstable and the car gene cluster could be main-
tained by transposition of the Tn4676 into the chromosome
(or other stable plasmid). Although the plasmid instability
and frequency of transposition should be estimated, the
above-mentioned dual transfer (maintenance) system of
car gene cluster by transposon and plasmid is thought to be
largely advantageous for distributing CAR-catabolic ca-
pacity in nature.

As to the conjugation between strains K23 and DS1, we
first hypothesized that strain DS1 recruited plasmid pCAR2
by conjugal transfer from strain K23. However, we failed to
detect any plasmids in strain K23 after a mating experi-
ment, and instead, we could detect only two copies of
Tn4676 and no other regions of pCAR2 in the strain K23
genome. Secondly, there was a possibility of retrotransfer
(a plasmid from strain DS1 going into strain K23, “picking
up” Tn4676, and returning into DS1) for generating strain
HS01. However, this possibility could be excluded because
of the following reasons. First, we could not detect any
plasmids from strain DS1 by any available methods. Sec-
ond, we could not detect pCAR2 DNA, including both the
inside and outside regions of Tn4676 from strain DS1 by
Southern hybridization using probe01–probe11 (Table 2).
Third, the integration sites of Tn4676 in both pCAR1 and
pCAR2 were identical; and thus it was difficult to suppose
the possibility that a plasmid had picked up Tn4676 in
strain K23 (data not shown). Since Tn4676 did not carry the
genes related to conjugative transposition (transfer, inte-
gration), this excluded the possibility of conjugative trans-
position of Tn4676 into the strain DS1 genome. The only
possible hypothesis to explain this phenomenon was that
at least one copy of Tn4676 transposed from pCAR2 to
the K23 chromosome after the conjugal transfer of pCAR2
from strain K23 to strain DS1 and pCAR2 was then lost
from strain K23 during culture in our laboratory, resulting
in the present genomic status of strain K23.

When strain HS01 was obtained in the mating experi-
ment, the whole nucleotide sequence of pCAR1 had not
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been determined and we had only the information about the
44-kb nucleotide sequence of the car gene clusters and
flanking regions of strains CA10 and K23 (Nojiri et al.
2001; Inoue et al. 2004). Nor was there any information on
the occurrence of the 73-kb transposon that contains the
whole above-mentioned 44-kb DNA region. At that time,
we had cultured these strains on minimum media with
CAR; and CAR catabolic capacity was used as a selective
marker. Thus, we could not detect whether Tn4676 could
have transposed into the chromosome of strain K23, with
the subsequent loss of pCAR2 during culture in the
laboratory. The proposed genetic versatility of the “origi-
nal” strain K23 is in accordance with the fact that the CAR-
metabolizing capacity of strain K23 was liable to be lost at
that time. (Now, the CAR-metabolism of strain K23 is
stable because the car genes have been transposed into its
chromosome by Tn4676.) The above speculation is sup-
ported by the fact that strains K15 and K22, which were
isolated from the same activated sludge with strain K23 and
were related to one another with close phylogenetic affil-
iation, had Tn4676s containing single carAa genes at the
same location in their genome as did strain K23.

One strain having two copies of a class II catabolic
transposon seems rare. To the best of our knowledge, the
only other report detecting the duplication of Tn4651 was
for the cointegrate intermediate of Tn4651 on the chromo-
some of P. aeruginosa PAO1, which was stably maintained
and was not resolved by resolvase (Sinclair and Holloway,
1991). Strain K23 was found to have two copies of Tn4676,
which are not the cointegrate intermediate, because no
hybridizations were detected with the probes from a
location outside of Tn4676 on pCAR1 (Table 2). Since it
is known that the Tn3 family transposon is immune to
further insertions of the same transposon (Grindley et al.
2002), the fact that the transpositions of Tn4676 had
occurred twice in strain K23 is noteworthy. Because the
increment in the copy number of the degradative gene may
result in the enhancement of degrading ability, this phenom-
enon is of interest.

Previously, we reported that the putative genes for
replication of pCAR1 were similar to those of Pseudomo-
nas group plasmids, while the putative genes for transfer
showed a high degree of homology with those of Entero-
bacteriaceae group plasmids (Maeda et al. 2003). The
frequency of conjugative transfer of pCAR2 from strain
HS01 to P. fluorescens strain IAM12022 was about 10−7

per recipient cell, which is not very high when compared
with transfer rates reported for plasmids from Pseudomo-
nas group bacteria such as RP4 (about 10−2 to 10−1 per
recipient cell; Maher and Taylor 1993), pWW0 (about 10−1

to 10−5 per donor cell; Bradley and Williams 1982), and
Enterobacteriaceae group plasmids such as R27 (6.0×10−4

per recipient; Maher and Taylor 1993). However, when
strain Dfi175 (which is a P. putida strain DS1 derivative
strain like strain HS01) was used as a recipient, the
frequency of conjugation was about 105-fold higher than
with strain IAM12022. The frequency of conjugation is
regulated by various factors from the plasmid itself and the

host cell (Zechner et al. 2000). In order to reveal the reason
why the conjugative frequency to strain IAM12022 of
pCAR2 was lower than these plasmids and why the
frequency was quite different in changing the recipients, it
is necessary to analyze the functionality of the genes related
to conjugative transfer.

Recently, we performed transfer assays of pCAR1 from
strain CA10 into its plasmid-cured strain by filter-mating
and succeeded in detecting its transconjugants (data not
shown). We concluded that pCAR1 is also a self-transmis-
sible plasmid, although it did not transfer from strain CA10
to strain DS1 at a detectable frequency. Thus, the trans-
ferability of pCAR1 from strain CA10 and that of pCAR2
from strain HS01 were markedly different in conjugation
with strain DS1 as the recipient. However, as described
above, we could not detect any difference in the genetic
structure between pCAR1 and pCAR2 by Southern hybrid-
ization and sequencing analysis. To reveal what made the
difference in transferability, an investigation into the effect
(s) of host factor(s), or gene product(s) of plasmids to
conjugative transfer is now underway and the data will be
published elsewhere. However, the functionalities of the
tnpAa and tnpAb genes on pCAR2 are still not clear,
whereas tnpAc gene product was revealed to be functional
because a mini-transposon containing tnpAc, tnpC, tnpS,
and tnpT genes could transpose into other replicons (data
not shown). Amore detailed characterization and a compar-
ison of pCAR1 and pCAR2 are necessary to understand the
mechanism of car gene transfer in different hosts.

By artificially controlling the distribution of the car gene
by mobile genetic element(s), we might be able to direct car
gene-containing bacteria to be dominant in bacterial con-
sortia. This strategy is a potential tool for developing new
techniques for the bioremediation of CAR or dioxin con-
tamination. In order to improve the efficiency of horizon-
tal gene transfer as a tool in bioremediation, the questions
still remain as to when, where, at what rates, and between
what range of “species” these horizontal gene transfer
events actually occur (Top et al. 2002; Top and Springael
2003; Nojiri et al. 2004). Ilves et al. (2001) reported that
the frequency of transposition of Tn4652, which is a 17-kb
derivative of toluene/xylene degradative Tn4651, was ele-
vated at the stationary growth phase of P. putida. It will be
necessary to investigate the relations between the environ-
mental conditions or the types of host/recipient cells and
the frequencies of the conjugal transfer of pCAR2 and the
transposition of Tn4676 in more detail. We also know very
little about the natural host range to maintain such plas-
mids and transposons and to express car genes in both the
absence and presence of selective pressure. In P. resinovor-
ans strain CA10, we have not detected the pCAR1-cured
strain under normal conditions, suggesting that the plasmid
pCAR1 is highly stable in a CA10 cell background. We are
now determining the stability of pCAR1 (or pCAR2) in
various cell backgrounds, including strain K23. To under-
stand this natural distribution/maintenance mechanism of
the car gene cluster, the above basic information on pCAR1
behavior in nature is quite important.
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